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A B S T R A C T

The regulation of gene expression by steroid hormones plays an important role in the

normal development and function of many organs, as well as in the pathogenesis of

endocrine-related cancers, especially breast cancer. However, clinical data suggest that

combined testosterone and estrogen treatments on post-menopausal women increase

the risk of breast cancer. Experiments have shown that many, if not all kallikreins are un-

der steroid hormone regulation in breast cancer cell lines. Their implication as prognostic

and diagnostic markers has also been well-documented. Thus, we investigated the effect

of combined hormone stimulation with androgens and 17b-estradiol on the ductal carici-

noma cell line BT474. This cell line has been shown to be sensitive to both, androgens

(secreting PSA) and estrogens (secreting a number of kallikreins including KLK10,

11, and KLK14). We found that PSA expression was downregulated upon combined hor-

mone stimulation, confirming reports that estrogen can antagonize and block the activity

of the androgen receptor. Upon analysis of estrogen-sensitive kallikreins 10, 11, and 14,

all showed to be synergistically enhanced in their expression three- to fourfold, upon

joint hormone treatment versus individual hormone stimulation. The enhancement is

dependent upon the action of androgens as treatment with the androgen receptor antag-

onist cyproterone actetate normalized the expression of KLK10, 11, and KLK14 to

estrogen-stimulation levels. The synergistic effects between estrogens and androgens

on estrogen-sensitive genes may have implications on the role of the kallikreins in asso-

ciated risk of breast cancer and progression.
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1. Introduction

Steroid hormones play a critical role in breast cancer develop-

ment and have been associated with an increased epithelial

cell proliferation and in turn facilitating malignant transfor-

mation. In particular, two sex hormones that have been very

well characterized both in vitro and in vivo are estrogen and

progesterone (Somboonporn and Davis, 2004a; Stein and

McDonnell, 2006). The serum concentrations of these

hormones together with their respective receptors are also

used as epidemiological markers in assessing breast cancer

risk. Studies have also shown that the direct action of these

steroid hormones on different breast tissues is dependent

upon their specific receptors. Another category of sex hor-

mones that has been extensively studied in breast cancer in

human and mice are androgens. Androgens have been shown

to have both stimulatory and inhibitory actions on the growth

of several breast cancer cell lines (Maggiolini et al., 1999;

Hackenberg et al., 1988; Poulin et al., 1988; Zhou et al., 2000).

However, their etiological role in breast cancer has been un-

clear. Unclear is whether the action of androgens is direct

through their cognate receptor or via their metabolization

into estrogen-like byproducts by aromatase activity. Also, re-

cent studies suggest that subnormal levels of androgens

may adversely affect a women’s health, while on the other

hand other studies indicate that supranormal levels may

also have adverse effects on the female reproductive system

including abnormal growth and tumorgenesis.

When women reach menopausal age, there is a decrease in

endogenous levels of sex hormones, particularly testosterone

and estrogen, and have been associated with menopausal

symptoms. Clinical trials have demonstrated that the exoge-

nous administration of these hormones can ameliorate these

symptoms partially. However, there have been several studies

that have associated endogenous elevated serum levels of

estrogen and free testosterone hormone with breast cancer

risk. This increased risk is of particular significance in post-

menopausal women receiving HRT (Somboonporn and Davis,

2004a,b; Kaaks et al., 2005; Cummings et al., 2005; Cauley et al.,

1999; Tworoger et al., 2005).

The molecular mechanism of the action of sex hormones is

that they exert their effect by binding to their cognate hor-

mone receptor. Upon binding to the receptor, the hormone–

receptor complex translocates into the nucleus, binds to

DNA cis-elements known as hormone response elements

(HREs) in the upstream proximal promoter, and interacting

with several other coactivating proteins and the general tran-

scriptional machinery to modulate transcriptional activation.

The consensus HRE sequence consists of a palindromic se-

quence separated by a unique nucleotide sequence. Hormone

receptors, in particular the glucocorticoid, androgen and pro-

gesterone receptors (GR, AR and PGR, respectively) recognize

very similar DNA cis-elements, however, the estrogen receptor

(ER) binds to a quite unique sequence (Klinge, 2001; Aranda

and Pascual, 2001; Claessens et al., 2001). Therefore, the

sensitivity/expression of a particular hormone-dependent

regulated gene in a cell line to any given steroid hormone is

dependent upon both the presence of the hormone receptor

and consensus HRE binding sites. By far, the gene whose
regulation by steroid hormones has been most thoroughly

studied is the human tissue kallikrein gene, prostate-specific

antigen (PSA). ThePSA gene possesses three androgen response

elements (ARE-I, ARE-II, and ARE-III). ARE-I and ARE-II were

identified in the upstream promoter region (�170 bp and

�400 bp), functionally tested and found to be active in LNCaP,

a prostate cancer cell line (Cleutjens et al., 1996; Cinar et al.,

2004). ARE-III was found at �4316 bp, which induced

a dramatic increase in PSA transcription, in comparison to

ARE-I and ARE-II (Cleutjens et al., 1997). AREs have been found

in other genes, including other members of the kallikrein gene

family. We are currently in the process of elucidating

hormone responsive elements for other kallikreins. More

recently, literature is accumulating for non-genotropic actions

of steroid hormones via another category of hormone recep-

tors, which are associated with the plasma membrane.

Instead the actions of these steroid hormone receptors are

characterized by activation of a variety of signal transduction

pathways including, MEK/ERK, PI3K/AKT, and JNK pathways

(Zivadinovic and Watson, 2005; Peterziel et al., 1999; Kang

et al., 2004; Papakonstanti et al., 2003; Stoica et al., 2003a).

All 15 kallikrein genes show differential expression

patterns in many cancers at the mRNA and protein levels

and many kallikreins have been examined as prognostic indi-

cators in breast cancer including, PSA, KLK5, 6, 10, and KLK14

(Yousef et al., 2002a,b; Sidiropoulos et al., 2005; Pampalakis

and Sotiropoulou, 2006; Borgono et al., 2003; Yu et al., 1996;

Obiezu and Diamandis, 2005; Paliouras et al., 2007). Previous

studies have found that there is a close association between

steroid hormone stimulation of breast cancer cell lines and

coordinated kallikrein gene expression (Borgono et al., 2003;

Luo et al., 2000; Paliouras and Diamandis, 2006a; Magklara

et al., 2000). However, it has never been examined if the ex-

pression profiles would change upon multiple hormone stim-

ulations. Therefore, would significant changes in kallikrein

gene expression be of clinical importance within the context

that HRT with estrogen and testosterone and increases in

breast cancer risk? Thus, in this paper we examined a number

of androgen and estrogen hormone-regulated kallikrein genes

in the breast cancer cell line BT474, to determine if these two

steroid hormones can act synergistically to enhance kallikrein

gene expression.
2. Materials and methods

2.1. Cell lines

The breast cancer cell line BT474, used in the following

experiments was obtained from the American Type Culture

Collection (ATCC), Rockville MD, and was selected as to their

well-defined kallikrein expression.

2.2. Steroids and inhibitor compounds

All steroid hormones, the steroid antagonist cyproterone

acetate, and BSA-conjugated testosterone (testosterone

3-(O-carboxymethyl)oxime:BSA) were obtained from Sigma

Chemical Co., St. Louis, MO. The aromatase inhibitor xanthe-

none (4-(imidazolylmethyl)-1-nitro-9H-9-xanthenone) was
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purchased from EMD Biosciences Inc., San Diego, CA. Steroid

and inhibitor stock solutions and dilutions were prepared in

100% ethanol and the aromatase inhibitor in DMSO.
2.3. Cell culture: hormone stimulations and blocking studies

BT474 cell line was cultured in phenol-red-free RPMI 1640

media supplemented with FBS (11%), at 37 �C, 5% CO2 in plas-

tic culture flasks. Once confluent, 8� 105 cells were seeded

into 6-well plates with the same medium to allow the cells

to adhere. Twenty-four hours after plating the medium was

changed to RMPI supplemented with 10% charcoal–dextran

stripped FBS and incubated for an additional 24 h. The

following day, the medium was changed to fresh RMPI/

charcoal–dextran stripped FBS for stimulation and inhibitor

studies.
2.4. Stimulation experiments

The following steroid hormones were used for all stimula-

tions: dihydrotestosterone (DHT), 17b-estradiol (Est), testos-

terone (Test), and BSA-conjugated testosterone (BSA:Test).

Cells were incubated with each hormone added once for

24 h for RNA analysis and for 6 days for measuring secreted

kallikrein protein production in cell supernatants. All stimula-

tions were performed in triplicate.
2.5. Blocking and inhibitor studies

The cell line BT474 was cultured as described in the stimula-

tion experiments. To block steroid hormone receptors,

blockers for different hormones (1 mM final concentration)

were added for 1 h into the culture media, to which the cells

were then stimulated with hormones. After 24 h, the cells

were harvested for total mRNA extraction or 6 days for

analysis of secreted kallikrein proteins. Blocking experiments

were repeated in triplicate.

Aromatase inhibitor treatments were carried out similarly,

with multiple doses every second day at a final concentration

of 400 nM, as recommended by the manufacturer, for this

particular cell line.
2.6. RNA extraction and RT-PCR

Total RNA was extracted from breast cancer cells using TRIzol

reagent (Invitrogen, Carlsbad, CA) following the manufactur-

er’s instructions. RNA concentration was determined spectro-

photometrically and 5 mg of total RNA was reverse-transcribed

into first strand cDNA using the Superscript� First Strand

Synthesis kit (Invitrogen) using an Oligo(dT) primer. PCRs

were carried out using Qiagen HotStar Taq Polymerase

(Qiagen, Valencia, CA) on first strand cDNA for multiple kalli-

kreins. Table 1 lists the primers and expected product size for

each kallikrein and other transcript analyzed. An equal

amount of each PCR product was run out on 0.9% agarose

gels and visualized by ethidium bromide staining. Primer

sequences for RT-PCRs can be found in Table 1.
2.7. Quantification of KLKs in cell culture supernatants

The concentration of each KLK was measured with specific

and quantitative immunofluorometric ELISA assays devel-

oped in our laboratory. In brief, 96-well polystyrene plates

were first coated with 500 ng/well of an KLK-specific capture

antibody. After overnight incubation, the plates were washed,

50 mL of culture supernatant or standards and equal volume of

assay buffer were added and incubated at room temperature

for 2 h. Plates were washed and biotinylated antibodies were

subsequently added. Following incubation with biotinylated

antibodies, alkaline phosphatase-conjugated streptavidin

was added. Finally, diflunisal phosphate (DFP) and terbium-

based detection solutions were added and fluorescence was

measured with the Cyberfluor 615 Immunoanalyzer (MDS

Nordion, Kanata, ON, Canada). The calibration and data

reduction were performed automatically. More details for

the ELISA assays used have been described elsewhere as

follows: PSA, hK10, hK11, and hK14.

2.8. Western blot analysis

BT474 cell lysates from 24 h hormone stimulated and inhibitor

treated cells were prepared for Western blot analysis. The

antibodies used for Western blot analysis included, AR

(N-20), ERa (D-12), and PGR (AB-52), and b-ACTIN (C4) from

EMD Biosciences Inc., San Diego, CA and GR (Clone 41) from

BD Biosciences, San Jose, CA. Phospho-specific Western blots

were carried out from lysates derived from 30 min, 8 h, and

24 h hormone stimulated BT474 cells with phospho-Thr308-

AKT and phosphor-p44/42 (Thr202/Tyr204) ERK1/2 (E10) along

with anti-AKT (pan-11E7) and p44/42 ERK1/2 used as loading

controls Westerns and purchased from Cell Signaling Tech-

nology, Davers, MA.
3. Results

3.1. Estrogen-sensitive kallikreins are synergistically
enhanced by androgens

Previous hormone studies on the kallikreins in breast cancer

cell lines have focused on individual hormone stimulations,

with many kallikreins showing either estrogen-specific

expression such as, KLK5, 6, 10, 11, 13, and KLK14, while others

show androgen-dependent expressions like PSA and KLK2

(Paliouras and Diamandis, 2006a). Translation studies have

assessed the kallikreins as prognostic indicators in breast

cancer, and as combined hormone treatments that are carried

out in post-menopausal women have been associated with

increased risk for breast cancer we decided to investigate

the mechanism of regulation of a number of hormone-

regulated kallikreins. We selected the breast cancer cell line,

BT474, to carry out these studies for several reasons. First,

the cell line expresses the androgen, estrogen, progesterone

and glucocorticoid receptors at relatively the same level (Luo

et al., 2003). Second, the kallikrein hormone-dependent

expression patterns for this cell lines have been well charac-

terized in previous publications (Borgono et al., 2003; Paliouras

and Diamandis, 2006a; Magklara et al., 2000; Luo et al., 2003).
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Finally, the cell line was isolated from localized ductal carci-

noma, representative of Stage II cancer of a post-menopausal

woman (Lacroix and Leclercq, 2004). Thus, these above criteria

were optimal for clinical association of the potential increased

risk of combined hormone therapies and kallikrein

expression.

BT474 were stimulated with two concentrations of DHT

(100 nM and 10 nM) and 17b-estradiol and possible combina-

tions of these hormones and concentrations. These concen-

trations fall within the normal physiological levels of these

hormones. We first analyzed the expression of PSA protein

levels, as BT474 is sensitive to androgen to produce PSA. It

has been shown that estradiol can antagonize the androgen

receptor by directly competing for the androgen binding site

on the AR and block PSA expression in the presence of
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Figure 1 – Enhanced kallikrein expression upon combined DHT and estrad

and 100 nM or 10 nM estradiol and combinations of the two hormone conc

(A) Kallikrein protein expression profiles. PSA shows specific dose-depend

presence of estradiol. KLK10, 11, and KLK14 show specific estrogen-depe

(B) RT-PCR analysis of KLK10, 11, and KLK14 genes also show enhanced

Actin expression was used as a control for all RT-PCR analysis.
androgen (Zhu et al., 2005; Stover et al., 1987). We observed

a similar blocking of PSA expression upon combined DHT

and estradiol stimulation (Figure 1A).

The expression of KLK10, 11, and KLK14 proteins in BT474

have been shown to be estrogen-dependent, however, upon

combined hormone stimulation the expression of these

kallikreins were synergistically enhanced, rather than an ad-

ditive effect of the presence of DHT in the presence of estra-

diol. KLK10 is enhanced approximately twofold by either

concentration of DHT. When BT474 cells are jointly stimulated

with estradiol and DHT, KLK11 and KLK14 expression levels

are enhanced by almost three- and fourfold, respectively.

These enhanced changes in kallikreins’ levels are specific to

androgen and estradiol stimulations as combined stimula-

tions with the glucocorticoid dexamathesone did not show
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transcriptional activation with joint DHT and estradiol stimulation.
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Figure 2 – Aromatase inhibitor treatment. PSA, KLK10, 11, and

KLK14 protein expression profiles were analyzed for synergistic

enhancement upon stimulation with the aromatizable androgen,

testosterone, and estradiol. BT474 cells were also subsequently

treated with the aromatase inhibitor xanthenone in the presence of

both steroid hormones.
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any effect (data not shown). The increase in secreted

kallikrein protein levels observed in the condition media is

a transcriptional event as RT-PCR analysis of KLK10, 11, and

KLK14 mRNA expression shows a pattern of increased

transcript levels upon joint hormone stimulation (Figure 1B).

3.2. Aromatase activity does not contribute to synergistic
enhancement of kallikreins’ expression

It has been proposed that the link of combined testosterone

and estrogen HRT and increased breast cancer risk is a result

of aromatase activity of the conversion of testosterone into

estrogen-like products (James et al., 1987; Thijssen et al.,

1991; Perel et al., 1980). Although our initial enhancement

experiments were performed with non-aromatizable DHT,

we performed combined hormone stimulations using estra-

diol with an aromatizable androgen, testosterone. Again, we

saw a similar synergistic enhancement pattern of PSA,

KLK10, 11, and KLK14 protein expression upon joint stimula-

tion of estradiol with testosterone as we observed with DHT

(Figure 2). The addition of the aromatase inhibitor xanthenone

(Recanatini et al., 2001) did not alter the expression patterns,

suggesting that result of the aromatization of testosterone is

not the contributing process by which estrogen-dependent

expression of KLK10, 11, and KLK14 are enhanced upon andro-

gen stimulation. Similarly, it has been reported that the

aromatization results in a conversion of less than 2% of andro-

gen compounds into estrogen-like products (Karaer et al.,

2004), a factor that is insignificant to the enhanced kallikrein

expression we are observing.

3.3. No significant changes in hormone receptor levels upon
combined hormone stimulation

We next asked whether the enhanced changes in KLK10, 11

and KLK14 that were observed upon combined DHT and

estradiol treatment may be resulting from changes in hor-

mone receptor levels. Therefore we carried out Western blot

analysis of the androgen, estrogen and progesterone receptors

(Figure 3). We did not observe any significant changes in AR,

ER, and GR steroid hormone receptor levels that may attribute

to the dramatic changes we see in kallikrein expression. How-

ever, the estrogen-responsive expression of the progesterone

receptor (PGR) was antagonized by the additional treatment

of DHT.

3.4. Identifying other estrogen-sensitive genes with similar
androgenic enhanced expression

We then analyzed the expression profiles of other known

estrogen-regulated genes to determine whether the synergis-

tic enhancement we are observing with the KLK10, 11 and

KLK14 upon joint hormone stimulations with DHT and estra-

diol is shared phenomena or exclusive to these kallikreins.

Using unpublished microarray data of steroid hormone stim-

ulated BT474 cells, we selected a number of estrogen and

androgen-sensitive genes to identify other genes whose

transcription may also be affected by combined estrogen

and androgen hormone treatments. The known estrogen-

sensitive genes we analyzed by RT-PCR were the included,
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pS2, c-fos, c-myc, and IGFBP4 and an androgen-responsive gene,

ADAMTS-1 (A Disintegrin And Metalloproteinase with Thrombo-

Spondin repeats-1) (Figure 4). Similar to estrogen-dependent

PGR protein expression, RT-PCR analysis indicated that nei-

ther, pS2, c-fos or c-myc transcripts are stimulated by estradiol,

but antagonized by the addition of DHT. Only IGFBP4 expres-

sion was enhanced by the treatment of both DHT and

estrogen. As for the one other androgen-sensitive gene

ADAMTS-1, it also showed a similar expression pattern to

PSA with its androgen responsiveness repressed by the

presence of estradiol. Thus, it appears that the synergistic en-

hancement observed amongst the kallikreins is exclusive to

a small number of estrogen-regulated genes. Due to the scale

of our initial screening we have not attempted to exhaust

other transcripts but focused only on the best-characterized

estrogen-regulated genes, this does not exclude the possibility

that many other estrogen-dependent genes do not share such

a similar regulatory mechanism.
3.5. The synergistic enhancement of the estrogen-regulated
kallikreins is dependent androgen receptor activity

To further elucidate a mechanism we wanted to determine

whether the enhancing effect observed by joint hormone

stimulations is dependent on hormone receptor activity.

Thus, we carried out blocking experiments using antagonists

of estrogens (ICI 182,780) and androgens (cyproterone acetate).

A single final dose of 1 mM of each antagonist was added with

the stimulating hormones, followed by ELISAs for KLK10, 11,

and KLK14, 6 days later. As shown in Figure 5, the estrogen an-

tagonist ICI 182,780 completely blocks the expression of these
kallikreins in estradiol and DHT stimulated cells, confirming

the expression of these kallikreins as estrogen-dependent.

However, the addition of the androgen receptor antagonist

cyproterone acetate lowers the expression levels to near

estradiol-only stimulated. Therefore, the synergistic enhance-

ment of the expression of these kallikreins observed upon the

stimulation of DHT and estradiol is dependent upon andro-

gens and androgen receptor activity.
3.6. Membrane androgen receptor is responsible for the
enhanced expression of estrogen-regulated kallikreins

Our results were indicating two contrasting actions of andro-

gen treatment on estrogen-sensitive gene expression. First,

that the expression of estrogen-dependent kallikreins 10, 11,

and 14 were synergistically enhanced by the combined stimu-

lation of DHT and estradiol. Second, some estrogen-sensitive

genes, including pS2 and PGR, were antagonized by androgens.

Therefore, we asked whether two different forms of the

androgen receptor may be responsible for our observations.

Our approach was to use a BSA-conjugated testosterone

(BSA:Test) in conjunction with estradiol stimulation. The

BSA:Test cannot be internalized to the cell and can only there-

fore act upon the membrane bound androgen receptor

(Erlanger et al., 1957, 1959). It has been shown that BSA:Test

can stimulate PSA secretion in LNCaP cells (Papakonstanti

et al., 2003; Kampa et al., 2005; Stathopoulos et al., 2003), and

our results were able to similarly stimulate PSA in BT474 cells
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Figure 5 – Hormone receptor antagonist treatment of combined

hormone stimulated cells. Jointly hormone stimulated BT474 cells

were treated with a single dose of 1 mM final concentration of either

ICI 182,780 (ICI) or cyproterone acetate (CPA). After 6 days, the cell

supernatants were collected and ELISAs were carried out on, KLK10,

KLK11, and KLK14.
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(Figure 6A). Moreover, BSA:Test-dependent PSA expression

was also antagonized by estradiol treatments. When we ana-

lyzed levels of KLK10, 11, and KLK14 proteins of combined

BSA:Test and estradiol stimulation, we once again observed

a synergistic enhancement in their expression, as previously

shown with DHT and testosterone.

RT-PCR analysis of KLK10, 11, and KLK14 mRNA also

indicated that the enhancement was a transcriptional event

(Figure 6B). Also important was that our results were able to

segregate the two androgen functions that we had observed

in our initial characterization of other estrogen-sensitive
genes. As kallikrein gene expression was enhanced by BSA:

Test, the expression of pS2 and PGR were no longer antago-

nized by the action of an androgenic compound functioning

through a membrane bound receptor (Figure 6B, C).

3.7. Membrane bound androgen receptor activates PI3K/
AKT pathway

Previous reports indicated that membrane associated

hormone receptors can act through a variety of intracellular

signaling pathways together with our observations that

a membrane bound androgen receptor can affect estrogen-

dependent kallikrein gene expression. Therefore, we looked

for changes in the active states of both MEK/ERK and PI3K/

AKT pathways. BT474 cells were stimulated with DHT, BSA:

Test and estradiol alone and together for a time course, corre-

sponding to time points used in our previous experiments,

and changes in ERK and AKT activity were analyzed by

phosphor-specific Western blot analysis (Figure 7). DHT and

BSA:Test were able to stimulate and sustain AKT but not

ERK activity over the three time points (30 min, 8 h and

24 h). The results that AKT activation by either DHT and

BSA:Test can be sustained for a 24 h period, together with

the protein expression data for KLK10, 11, and KLK14, illus-

trate that the action of the membrane bound androgen

receptor is not a rapid event as several reports would suggest.
4. Discussion

We have extensively published the steroid hormone-

dependent regulation of the kallikrein gene family members

in several cancer cell lines, especially breast cancer cells,

whose expression patterns have been linked as cancer bio-

markers. This report provides an innovative insight into the

mechanism required for the genetic regulation of estrogen-

dependent kallikrein gene expression in breast cancer cells.

The observations of androgens to synergistically enhance

estrogen-sensitive kallikrein gene expression of a breast

cancer cell line representative of an early stage ductal adeno-

carcinoma also provide a unique pathway of the action of

steroid hormone receptors.

Our data show that the expression of estrogen-responsive

kallikreins is synergistically enhanced by androgens. The

addition of DHT to estrogen stimulated BT474 cells increased

the expression of KLK10, 11, and KLK14 greater than the

additive effects of individual hormone stimulation (Figure 1).

The synergistic effect of androgens was also dose-dependent,

as higher concentrations of DHT enhanced lower concentra-

tions. Analysis of other observed and independently charac-

terized estrogen-responsive genes, pS2, PGR, c-myc, and c-fos,

did not show a similar enhancing phenotype and were

downregulated by the presence of androgens. However, of

the non-kallikrein estrogen-responsive genes, IGFBP4 was

the only one also enhanced by DHT (Figure 4). The observation

that IGFBP4 is also synergistically enhanced by androgens is of

some significance as other members of the IGFBP family have

been associated with cancer progression (Marshman and

Streuli, 2002). Most recently, it has been shown that IGFBP3,

IGFBP4 and IGFBP5 are modulated in ER-positive by estrogens
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in ovarian cancer cells and provide a predictive signature of

outcome of a subset of ovarian cancers (Walker et al., 2007).

Moreover, contrast to androgen enhancement of estrogen-

responsive kallikreins, the androgen stimulation of PSA was

antagonized by estrogens. A similar result was observed for

the androgen-responsive gene, ADAMTS-1. The antagonizing

of PSA expression by estrogen has also been observed by other

authors and reported that estrogens’ ligands with androgens

can compete for the androgen receptor. Furthermore, this en-

hancement is a result of increased transcriptional activity and

not a result of increased secretion or protein stability in the

condition media. The synergistic action of androgens is also

not a result of aromatase conversion of androgens, like testos-

terone, into estrogen-like products (Figure 2). However,
microarray analysis is a means to discern all estrogen-

responsive genes that are transcriptionally enhanced by co-

stimulation of androgens. Western blot analysis indicated that

enhancedchanges inkallikreinexpression, fromcombinedhor-

mone treatments, were not a result of changes in hormone re-

ceptor expression levels but directed by androgens through

changes in androgen receptor activity (Figure 5). Inhibition of

the activity of the androgen receptor by the use of cyproterone

acetate blocked enhanced expression of all the kallikreins to

a near estrogen-alone stimulated expression level. It has been

shown that cyproterone acetate can inhibit androgen binding

to both cytosolic and membrane androgen receptors.

Membrane associated hormone receptors have been

shown to activate several signaling pathways and in turn
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augment gene expression. A membrane associated ER recep-

tor has been shown to stimulate ERK and AKT phosphoryla-

tion upon estrogen-stimulation in MCF7 breast cancer cells

(Zivadinovic and Watson, 2005; Stoica et al., 2003a,b). More-

over, a membrane bound androgen receptor has also been

shown to stimulate AKT activity and PSA expression in pros-

tate cancer cell lines upon stimulation with a BSA-conjugated

testosterone analog (Papakonstanti et al., 2003; Stathopoulos

et al., 2003). Stimulation with BSA:Test also increased secre-

tion of PSA in BT474 cancer cells, but more importantly we

could also enhance estrogen-dependent kallikrein gene

expression through activation of the membrane bound andro-

gen receptor (Figure 6). The experiment also distinguished

between the two activities of the androgen receptor isoforms.

We no longer observed the repression of pS2 or PGR expres-

sion, upon stimulation with BSA:Test. However, what remains

unclear is a mechanism by which other estrogen-regulated

genes may be repressed by androgens. Thus, the activation

of a membrane bound androgen receptor contributing to en-

hanced estrogen-induced gene expression provides a unique

mechanism of hormone-dependent kallikrein regulation.

The possibility of androgens, via a membrane bound receptor,

to activate AKT signaling also has implications on other cellu-

lar events and downstream targets that may be associated

with tumorgenesis.

Androgen but not estrogen-stimulation corresponded with

an increased AKT phosphorylation. AKT activation occurs

specifically through the androgen ligand activation of the

membrane bound receptor. The downstream targets of AKT

are many; however, it has been reported that AKT can phos-

phorylate ERa at several serine residues with Ser167 as an

AKT-consensus phosphorylation site (Vilgelm et al., 2006;

Sun et al., 2001; Campbell et al., 2001). The phosphorylation

of ERa via AKT has been correlated with an increased receptor

activity and estrogen-induced gene expression. Moreover, in-

creased AKT activity is associated with tamoxifen resistance

in breast cancer cells (McCubrey et al., 2006). Altogether our

results would suggest that the association of AKT activation
by androgens and subsequent increase of ER activity plus

estrogen ligand binding may attribute to the synergistic

enhancement in gene expression that we are observing for

the estrogen-dependent kallikrein genes and IGFBP4, and pos-

sibly other estrogen-regulated genes (Figure 8). Such activity

of the receptor and downstream signal pathways would

have repercussions on gene expression and cellular transfor-

mations associated with cancer progression. Finally, most

often membrane bound hormone receptor activity often is

associated with rapid non-genotropic events. However, our

results clearly show that kallikrein expression and AKT activ-

ity by way of androgen activation of the membrane hormone

receptor can be sustained for prolonged periods of time.

The correlation of hormone-dependent kallikrein regula-

tion and the clinical observation of the major contribution of

estrogens associated to their expression and disease manifes-

tation is well understood. In vitro, we have also identified

several kallikrein proteolytic targets that further provide

a physiological function for the kallikreins in tumorgenesis.

Many of the substrates that have been identified include the

extracellular matrix (ECM) proteins, laminin a-5 chain precur-

sor, matrilin-4, and collagen IV. KLK5, 6 and KLK13 are also

able to hydrolyze a variety of ECM proteins including, laminin,

fibronectin and collagen I, II, and III. The targeting of ECM

proteins by the kallikreins is theorized to be associated with

an increase in aggressiveness of tumor cells. In prostate

cancer cells overexpression of both PSA and KLK4 showed in-

creases in cell migration, linked to loss of E-cadherin (Borgono

et al., 2004; Yousef and Diamandis, 2002; Paliouras and

Diamandis, 2006b). In addition, we have published extensive

clinical research articles correlating this association (Obiezu

and Diamandis, 2005; Paliouras et al., 2007; Borgono and

Diamandis, 2004). Therefore, our results showing that

androgens can significantly increase expression of estrogen-

dependent kallikrein gene expression under estrogen-

stimulating conditions would have major clinical implications

especially as it relates to HRT strategies. Furthermore, our re-

sults would also indicate a need to return to expanding our
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screening of kallikreins as it specifically relates to samples of

individuals receiving combined testosterone and estrogen

treatments. Such screening will be emphasized in post-meno-

pausal women where the association of combined HRT and

breast cancer risk is greatest.
Appendix A. Supplementary data

Supplementary data associated with this article can be found,

in the online version, at doi:10.1016/j.molonc.2008.01.001.
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