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Accumulating evidence indicates that androgens and the
androgen receptor modulate the development and progres-
sion of breast adenocarcinoma; however, the precise role and
actions remain poorly defined. We examined previously the
steroid hormone regulation of 2 known androgen-regulated
kallikreins, KLK3 (encoding PSA) and KLK2 (encoding human
kallikrein 2 or hK2) in BT-474, T-47D, ZR75-1, MCF-7, MFM-
223 and BT-20 human breast cancer cells and found that they
were differentially regulated, with the cells showing variable
responses to androgen. To determine if this variable re-
sponse was reflected by differences in androgen receptor, we
characterized the expression of androgen receptor in these
cells by Western blot analysis and saturation binding analysis.
In addition, we sequenced androgen receptor cDNA from
each of these cell lines to check whether any androgen re-
ceptor mutations were present. The expression of 11 nuclear
receptor co-regulatory factors (SRC-1, AIB1, ARA24,
ARA54, ARA55, ARA70, ARA160, FHL2, PDEF, NCoR1,
SMRT) was compared in these cell lines by semi-quantitative
RT-PCR to determine if the pattern of receptor co-activators
or -repressors expressed in these cells might explain the
differential regulation of KLK2 and KLK3. The levels of andro-
gen receptor varied among the cell lines, but did not corre-
late with hK2 and PSA secretion determined previously. No
mutations within the coding regions of the receptor were
detected. With the exception of receptor expressed by
MCF-7 cells, the polymorphic CAG repeat length was in the
normal range. Every breast cancer cell line exhibited a dis-
tinct expression pattern of the nuclear receptor co-regula-
tors examined raising the possibility that the relative levels of
these co-activators/-repressors might differentially modulate
androgen receptor transcriptional activity within the pro-
moter/enhancer region of KLK2 and KLK3 of these cells.
© 2002 Wiley-Liss, Inc.
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Prostate specific-antigen (KLK3 or PSA) and human glandular
kallikrein (KLK2) are 2 androgen regulated members1,2 of the
human kallikrein gene family3 of serine proteases. The serum PSA
level is a well-established indicator for the detection of prostate
cancer4 and for monitoring disease progression. The potential
value of hK2, the protein product of KLK2, as a further indicator
is strongly suggested by recent studies.5–7 Although both kal-
likreins are highly expressed in prostate, they have been detected
in other tissues as well, particularly in female breast and breast
cancer cells.8–10

The prognostic and biological role of PSA in breast cancer is not
fully known; however, several studies indicate a correlation be-
tween PSA levels and early stage disease and longer relapse-free
survival,11–13 suggesting PSA is a positive prognostic indicator.
Recent studies suggest that PSA may function as an endogenous
antiangiogenic protein,14 perhaps by converting plasminogen to
biologically active angiostatin-like fragments.15 PSA levels in
recurrent disease correlate with a poor response to tamoxifen
therapy and a shorter overall survival period.16 hK2, which acts to
cleave the proPSA zymogen and thus liberate active PSA, has also

been detected in breast tumour cytosols, where its expression was
directly proportional to PSA as well as to estrogen and progestin
receptor levels.17 Further study into the regulation of KLK2 and
KLK3 expression and function are necessary to clarify their role in
the pathophysiology of breast cancer and to better define their
utility as prognostic indicators of this disease.

Androgen receptor (AR) expression is frequently found in pri-
mary breast cancer tumors,18–20 but the precise role of androgen in
this disease is not well established. Recent findings suggest that
breast cancer cell lines may differently respond to androgen treat-
ment, with proliferation stimulated in MCF-7 and MDA-MB-453
cells and inhibited in T-47D, ZR-75-121 and MFM-22322 cells.
Despite the divergence of androgen effects, these results are con-
sistent with an involvement of androgen in regulating breast cancer
cell growth via an interaction with the AR.

We examined a number of androgen receptor positive human
breast cancer cell lines for expression of KLK2 and KLK3 mRNA
and protein.23 Significant amounts of both kallikreins were se-
creted by BT-474, T-47D and MFM-223 breast cancer cells after
androgen stimulation, but not by MCF-7, ZR-75-1 or MDA-MB-
453 cells. BT-474 cells produced 500–1,000-fold more hK2 than
T-47D cells. Unlike T-47D and MFM-223 cells, BT-474 cells
produced much more hK2 than PSA. The differential expression of
these kallikreins in only certain cell lines might reflect differences
in androgen receptor function or signaling in these cells, the
elucidation of which could shed some light on the molecular
mechanisms underlying the role of androgen as well as kallikreins
in breast cancer.

Two of the most common factors that might modulate androgen
receptor function are the cellular levels of the receptor and muta-
tions within the receptor coding sequence that affect receptor
interactions and function. In addition, it is now clear that transcrip-
tional control by steroid receptors is a multistep process involving
a diversity of nuclear receptor co-regulatory proteins (co-activators
and co-repressors) that the activated receptor recruits to the gene
promoter region.24 The activity of a steroid receptor in a particular
cell line thus depends not only on the expression levels of the
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receptor itself, but may also be influenced by which co-regulatory
proteins are expressed.

We compare the expression of androgen receptor in 6 human
breast cancer cell lines (BT-474, ZR-75-1, T-47D, MCF-7, MFM-
223 and BT-20) showing differential regulation of KLK2 and
KLK3 by androgen. In addition, cDNA prepared from androgen
receptor mRNA from these cells was sequenced to establish
whether mutations in the coding region are present. Lastly, the
expression of 11 nuclear receptor co-regulatory factors was com-
pared in these cell lines to determine if the pattern of receptor
co-activators or -repressors expressed in these cells might explain
the differential regulation of KLK2 and KLK3.

MATERIAL AND METHODS

Cell culture
All breast cancer cell lines were purchased from American Type

Culture Collection with the exception of MFM-223 cells, which
were a gift from Dr. R. Hackenberg (Philipps University, Marburg,
Germany). All cells were maintained in DMEM (without phenol
red) supplemented with 10% fetal bovine serum (FBS) at 37°C in
a humidified 5% CO2 atmosphere, with the exception of T-47D
cells, which were grown in RPMI 1640 with the addition of 0.25%
insulin. Cells were plated in medium supplemented with FBS
treated with charcoal to remove steroids, 48 hr before beginning
experiments.

Western blot analysis
Cytosol extracts were prepared as described previously25 and

the total protein concentration was determined by the Bradford
method (Pierce, IL). Aliquots of extract (10 �g protein) were run
on a NuPAGE 4–12% Bis-Tris Gel (Invitrogen, Carlsbad, CA) and
transferred to Hybond-C Extra membrane (Amersham Life Sci-
ences, Piscataway, NJ), which was incubated overnight with
blocking solution (50 mM Tris-HCl, 0.15 M NaCl, pH 7.4, 0.2%
Tween 20 and 5% powdered skim milk) at 4°C. After washing, the
membrane was incubated for 1 hr at room temperature with 1
�g/ml PAR-1 affinity-purified polyclonal antibody to the human
androgen receptor,26 followed by a 1-hr incubation with horserad-
ish peroxidase-labeled goat anti-rabbit antiserum (Kirkegaard
Perry Laboratories, Gaithersburg, MD) diluted 1:10,000 in block-
ing solution. Immunoreactive bands were visualized by enhanced
chemiluminescence (SuperSignal West Pico Chemiluminescent
Substrate, Pierce, Rockford, IL) and exposure of the membrane to
Hyperfilm ECL (Amersham Pharmacia Biotech, Piscataway, NJ)
according to kit instructions.

Ligand binding analysis of the AR in cytosols
Cytosols extracted from cell lines were used in saturation ligand

binding analyses as described previously.25 Briefly, aliquots of the
cytosol preparations were incubated with varying concentrations
of [3H-methyl]trienolone ([3H]R1881; New England Nuclear, Bos-
ton, MA), in the presence or absence of 1 �M dihydrotestosterone
(Sigma Chemical Co., St. Louis, MO). Triamcinolone acetonide
was added to all incubants to prevent possible binding of
[3H]R1881 to the progesterone receptor.27 Bound [3H]R1881 was
separated from unbound by gel filtration on Sephadex LH-20
mini-columns and radioactivity was measured at 50% efficiency in
a LS6500 (Beckman Coulter, Hialeah, FL) liquid scintillation
spectrophotometer. Specific binding was calculated as the differ-
ence between total binding (measured in the absence of DHT) and
non-specific binding (measured in the presence of DHT). The
resulting data were analyzed by the method of Scatchard28 using a
computer-assisted nonlinear curve fitting method.29 For each cell
line the analysis was done in triplicate.

RNA extraction and RT-PCR
Cells were grown until 80% confluent, harvested and total RNA

was extracted using Trizol reagent (Gibco BRL, Gaithersburg,
MD) as directed by the manufacturer. Total RNA yield and purity

were determined spectrophotometrically by measuring the absor-
bance of aliquots at 260 and 280 nm. Two micrograms of total
RNA were reverse transcribed using oligo dT primers and Super-
script II reverse transcriptase (Gibco BRL) in a final volume of 20
�l. One �l of cDNA was amplified in a reaction mixture contain-
ing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 100
�M dNTPs (deoxynucleoside triphosphates), 2.5 U of HotStarTaq
DNA polymerase (Qiagen, Valencia, CA) and 100 ng of the
appropriate primers in an Eppendorf thermal cycler. The cycling
conditions were 95°C for 15 min followed by 35 cycles of 94°C for
30 sec, 58°C for 30 sec, 72°C for 1 min and a final extension step
at 72°C for 10 min, unless listed otherwise.

Androgen receptor cDNA sequencing
Four sets of primers were used for the amplification of exon 1 of

the androgen receptor (Table I). For primers A7–A8, 45 cycles of
94°C for 1 min, 54°C for 1 min and 72°C for 3 min were carried
out. The primers used for the amplification of exons 2–8 have been
described previously31 and are listed in Table II. The primers used
amplify overlapping regions of the whole AR cDNA sequence.
Equal amounts of PCR products were electrophoresed on 1%
agarose gels and visualized by ethidium bromide staining. The
visible bands were cut out, purified using a Gel Purification Kit
(Qiagen) and the purified DNA was directly sequenced by the
Sanger method using the corresponding forward PCR-primer. The
PCR product was sequenced again in the opposite direction if
sequencing results showed a departure from the published andro-
gen receptor mRNA sequence deposited in GenBank (accession
number XM 010429).

Semi-quantitative RT-PCR
For quantification of nuclear receptor co-regulator mRNA ex-

pression levels using relative RT-PCR,32 a range of dilutions
(0.35–350 ng) of reverse transcribed cDNA from the cell lines
were subjected to PCR using the primers and conditions indicated
in Table III. PCR products were isolated by electrophoresis on 1%
agarose gels and were stained with SYBR-gold (Molecular Probes,
Eugene, OR) and visualized on a Epi Transilluminator (UVP,
Upland, CA). Images were analyzed densitometrically by software
incorporated in the transilluminator. Data were plotted as the log of
densitometric units against the log of equivalent RNA concentra-
tion to identify a linear range of exponential amplification. Linear
regressions were obtained using SigmaPlot Scientific Graphing
Software (version 2.00, Jandel Corporation, San Rafael, CA). For
comparisons within a particular cell line, measurements were
corrected for �-actin. A 28-cycle PCR for both actin and the target
gene was carried out and the �-actin primers were F: 5�-ACAAT-
GAGCTGCGTGTGGCT-3� and R: 5�-TCTCCTTAATGTCACG-
CACGA-3�. For comparisons between cell lines, measurements
were corrected for 18S rRNA, as we found �-actin expression
varied considerably between cell lines. In this case, random hex-
amers were used during the reverse transcription instead of oligo
dT primers and the linear range of amplification of the 18S rRNA
was determined at 16 cycles. The primers used for the amplifica-

TABLE I – PRIMERS USED FOR THE AMPLIFICATION AND DIRECT
SEQUENCING OF AR EXON 11

Primer
name Sequence (5�33�) PCR product

length (bp)

A1 cgcctgttgaactcttctgagc
A2 gctgtgaaggttgctgttcct 427

A3 cacaggctacctggtcctgg
A4 ctgccttacacaactccttggc 416

A5 gctcccacttcctccaaggacaattac
A6 cgggttctccagcttgatgcg 528

A7 ccagagtcgcgactactacaactttcc
A8 ggactgggatagggcactctgctcacc 477
1See reference 30.
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tion of 18s rRNA were F: 5�-CTACCACATCCAAGGAAG-
GCA-3� and R: 5�-TTTTTCGTACTACCTCCCCG-3�. The rela-
tive levels of the co-factors are expressed as the percentage of
�-actin or 18S RNA concentration that gave the same optical
density.

RESULTS

Androgen receptor protein expression
Cytosol extracts from 6 breast cancer cell lines were analyzed

for AR protein by Western blot analysis. LNCaP and DU-145
prostate cancer cells were included as a positive and negative
control respectively. A single immunoreactive band of approxi-
mately 110 KDa was detected in all cell lines, except for BT-20
and DU-145 cells, which are known to be devoid of androgen
receptor (Fig. 1). MFM-223 cells had the highest content of
androgen receptor protein among the breast cancer cell lines,
similar to that of LNCaP cells. Second in rank were ZR-75-1 cells,
with significantly lower AR levels than the MFM-223. BT-474 and
T-47D cells appeared to have equal amounts of receptor, whereas
an immunoreactive band was barely detectable for MCF-7 cells.

For the comparison of androgen receptor capable of binding
ligand, saturation binding assays using [3H]R1881 as radioligand
were carried out on cytosol extracts prepared from the various cell
lines. Figure 2 illustrates representative data obtained for BT-474
cells. The results from all cell lines are summarized in Table IV. A
single class androgen binding site of high affinity (Kd � 0.1–0.2
nM) was detected in all breast cancer cell lines examined except
BT-20. In concordance with our Western blot analysis, MFM-223
and ZR-75-1 cells had the highest concentrations of androgen
binding and MCF-7 cells had the lowest level. T-47D cells exhib-
ited �25% of the androgen binding measured in BT-474 cells,
even though the 2 cell lines appeared to have equivalent amounts
of receptor protein by Western blot analysis.

Androgen receptor sequence
RT-PCR was used to amplify androgen receptor cDNA from the

breast cancer cells lines. The PCR products were purified and
directly sequenced. To validate our ability to detect mutations
androgen receptor cDNA from LNCaP cells was also analyzed as
a control. The known mutation at codon 877 of the receptor33–34 of
these cells was detected. No mutations were detected in any of the
androgen receptor cDNA amplified from the breast cancer cell
lines; however, differences within the polymorphic CAG repeat
region of exon 1 were noted. ZR-75-1 and MFM-223 cells had 26
CAG repeats, BT-474 cells had 25 and T-47D cells had 22,
whereas MCF-7 cells had only 14 CAG repeats (these sequences
have been deposited in GenBank accession numbers AF321914–
AF321917). LNCaP cells analyzed in parallel had 26 repeats.
Comparison of the second polymorphic region within exon 1 of the
androgen receptor, the GGN repeat region, indicated that all ex-
amined cell lines had 23 repeats, except for ZR-75-1 cells, which
had 24 repeats. In addition to full-length receptor, a splice variant
isoform lacking exon 3 was detected in both MCF-7 and BT-474
cells, as has been reported previously.31

Expression of the nuclear receptor co-regulators
The expression of 11 transcriptional co-regulators was exam-

ined in 6 breast cancer cell lines (BT-474, T-47D, ZR-75-1,
MCF-7, MFM-223 and BT-20) by RT-PCR. In our study, we
included 2 co-activators (SRC-1 and AIB1) and 2 co-repressors
(SMRT and NCoR1) that are known to interact with several
members of the thyroid and steroid hormone receptor superfam-
ily,35–38 a number of androgen receptor-associated proteins
(ARA24, ARA54, ARA55, ARA70 and ARA160)39–43 and 2
co-activators that are reported to interact specifically with the
androgen receptor (FHL2 and PDEF).44–45 Our results showed that
most of the co-factors tested were expressed in all cell lines at
various levels. ARA24 was ubiquitously expressed at very high
levels, which was not surprising because it was first identified as a
nuclear G-protein (RAN, Ras-related nuclear protein) involved in
multiple nuclear functions.46 ARA55 was present in relatively high
amounts only in BT-20 cells and was barely detectable after 35
cycles of amplification in T-47D, MCF-7 and ZR-75-1 cells. No
expression of ARA55 was detected in either the BT-474 or MFM-
223 cells. FHL2 and PDEF were not detected in the BT-474 and
BT-20 cell lines respectively (data not shown).

To obtain a more accurate profile of the co-regulator expression
in the AR positive cell lines, we used relative RT-PCR for semi-
quantitative analysis of transcript levels. The expression levels of
the different co-regulators within a given cell line were normalized
using �-actin as the reference gene. Representative results ob-
tained with T-47D cells are shown in Figure 3. A summary of the
data comparing co-regulator expression within each cell line tested
is presented in Figure 4. ARA24 mRNA was confirmed to be
highly abundant and ubiquitously expressed, whereas ARA54,
ARA55 and SMRT transcripts were present at �1% of �-actin
expression in all cell lines and were therefore omitted from the
plots.

In BT-474 cells (Fig. 4a), all co-regulators analyzed were ex-
pressed at relatively low levels, with PDEF, AIB1 and NCoR1
mRNAs being the more abundant. FHL2 mRNA was not detected.
In T-47D cells (Fig. 4b), PDEF was the highest expressed co-
regulator transcript, followed by FHL2 and ARA70. PDEF mRNA
was also highly expressed in ZR-75-1 cells (Fig. 4c), as were
ARA70 and AIB1. In MCF-7 (Fig. 4d), the predominant co-
activator transcript was AIB1. ARA70 was the highest expressed
co-activator mRNA in MFM-223 cells, where NCoR1 mRNA was
not detected (Fig. 4e).

The expression of �-actin was quite variable across cell lines;
therefore, we used 18S rRNA as an internal control to compare the
expression of specific co-regulators across the cell lines. The
results are presented in Figure 3 as ratios of the relative optical
density of the PCR product of the target transcript to that of 18S
rRNA. SRC-1 and AIB1 mRNA (Fig. 5a,b) were highly expressed
in the MCF-7, BT-474 and ZR-75-1 cells. The levels of ARA70
mRNA were similar among the cell lines except for MCF-7 cells,
which had lower amounts (Fig. 5c). ARA160 mRNA levels were
high in T-47D cells (Fig. 5d) and PDEF mRNA levels were high
in both T-47D and ZR-75-1 cells (Fig. 5f). T-47D cells also
appeared to have the highest expression of FHL2 mRNA, in
contrast to BT-474 cells, which were negative for this androgen
receptor specific co-activator (Fig. 5e).

DISCUSSION

The results of these studies indicate that the differential andro-
gen induction of PSA and hK2 levels observed in established
breast cancer cell lines is not directly related to the level of
androgen receptor expression or to mutations within the coding
regions. Our Western blot analysis showed that MFM-223 cells,
which produce low levels of PSA and hK2 in response to andro-
gen,23 had the highest levels of androgen receptor protein expres-
sion of all the breast cancer cell lines examined. Similarly, ZR-
75-1 cells, which fail to express these kallikreins even after

TABLE II – PRIMERS USED FOR THE AMPLIFICATION AND DIRECT
SEQUENCING OF AR EXONS 2–81

Primer
name Sequence (5�33�) PCR product length

(bp)

AR1F gtcaaaagcgaaatgggcccc
AR2R gtcgtccacgtgtaagttgcg 642

AR3F actgaggagacaacccagaag
AR4R gcgtcttgagcaggatgtggg 612

AR5F accccccaggaattcctgtgc
AR6R ctgcagaggagtagtgcagag. 450
1See reference 31.
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androgen treatment,23 also expressed high levels of androgen re-
ceptor protein.

Because immunoreactive receptor protein may not always re-
flect functional receptor levels, we also evaluated the capacity of
the receptor to bind ligand. Results from saturation binding assays
were in general agreement with Western blot analysis: MFM-223
cells and ZR-75-1 cells exhibited the highest levels of androgen
binding. In contrast, BT-474 and the T-47D cells, which produce
high amounts of PSA and hK2 upon androgen stimulation, exhib-
ited markedly lower levels of androgen receptor protein and an-
drogen binding. These data indicate that the differences in kal-
likrein expression cannot be ascribed to differences in androgen
receptor availability for ligand binding. Interestingly, T-47D cells
expressed levels of androgen receptor protein similar to BT-474
cells, but only 25% the level of androgen binding. This suggests
that there may be differences in post-translational processing of the
androgen receptor in these cells that might partially explain the
difference in the levels of kallikrein production induced in these 2
cell lines.23 MCF-7 cells expressed very low levels of androgen
receptor protein and androgen binding, which could account for

FIGURE 1 – Western blot analysis of AR protein expression in 6
breast cancer cell lines. LNCaP and DU145 prostate cancer cell lines
were included as a positive and negative control, respectively. An
110-KDa immunoreactive band was detectable in all cell lines (there is
a faint band in the MCF-7) except in BT-20 cells.

FIGURE 2 – Saturation binding data (a) and Scatchard analysis (b) of
[3H]R1881 binding in cytosolic extracts of BT-474 cells. Aliquots of
the cytosol preparations were incubated with varying concentrations of
[3H]R1881 in the presence or absence of 1 �M unlabeled DHT.

TABLE III – PRIMERS USED FOR THE AMPLIFICATION OF AR CO-FACTORS

AR co-factor Sequence (5�33�) Annealing temperature Coordinates

SRC-1 F: tctgcctctgctaactcttca 58°C 912–932
R: tcaaggtcagctgtaaactgg 1351–1330

ARA24 F: acgaccttcgtgaaacgtcat 184–204
R: acaggtcatcatcctcatccg 763–743

ARA160 F: ctctggcagcaggtacttcat 488–508
R: aggagttccacttcgtccact 1206–1186

AIB1 F: ggcagaatggaacctatgaat 56°C 2982–3002
R: agggaattcctaagaagaggc 3302–3282

ARA54 F: ggaagagaccctagcatactt 432–452
R: tctctgcagtcaccttacatg 1105–1085

ARA55 F: tctgtgagctagatcggttgc 218–238
R: aaggcggtcaccatcttgtgt 854–834

ARA70 F: gctttgcagagtgtgtgtgtg 1235–1255
R: ggggaagttatgttcctccg 1743–1725

NCoR1 F: tgatgggctctctgagcagga 60°C 1392–1412
R: tgctgcccagttacgaccatg 2187–2167

PDEF F: gaccagtgaggagagctggaccga 1107–1130
R: tgaccttgggctctggaaggtcag 1558–1535

SMRT F: taggtgccatctcccaaggaa 794–814
R: gacgcaggtagtcctcctgt 1546–1527

FHL2 F: cggctgtgactgcaaggactt 141–161
R: agcagtcgttatgccactgcc 725–745

TABLE IV – MAXIMUM BINDING CAPACITY AND DISSOCIATION
CONSTANT OF 3HR1881 BINDING TO CYTOSOL EXTRACTS OF HUMAN

BREAST CANCER CELL LINES

Cell line
[3H]R1881 binding to the AR

Bmax Kd (nM)

BT-474 75 � 4 0.1
T-47D 17 � 2 0.1
ZR-75-1 101 � 9 0.1
MCF7 �10
MFM-223 145 � 15 0.2
BT-20 0 0
1Ligand binding analysis was performed to determine the concen-

tration of the androgen receptor. Values for Bmax (saturation of
binding) and Kd (binding affinity) represent the mean (� SE) of 3
independent experiments. All concentrations are in fmol per mg of
total protein.
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the inability of the receptor to drive the transcription of KLK2 and
KLK3.

Numerous mutations have been described for the androgen
receptor, many of which have been shown to affect its ability to
regulate target gene expression. For example, substitutions in the
DNA-binding zinc finger domain of the receptor can impair its
capacity to bind to specific DNA sequences and to modulate the
expression of responsive genes without affecting its ability to bind
ligand.47 Thus androgen receptor mutations in these breast cancer
cell lines, if present, could have provided an explanation for
differential KLK2 and KLK3 expression in these cells, particularly
ZR-75-1 and MFM-223 cells. No mutations were detected in
androgen receptor cDNA generated from any of the breast cancer
cells examined. Although slight differences in the polymorphic
regions of the N-terminal domain (exon 1) were noted, these alone
cannot account for the differences in kallikrein induction. In vitro

experiments have demonstrated an inverse relation between the
number of CAG and activation of androgen responsive reporter
constructs,48,49 indicating that longer CAG tract lengths encode
less active receptors. Thus, one would expect the MCF-7 AR, with
only 14 CAG repeats, to be more active as compared to the
receptor expressed by the other breast cancer cells with tract
lengths of 22–26 CAG repeats. Androgen fails to activate KLK2
and KLK3 gene expression in MCF-7 cells.

A large variation in the expression of nuclear receptor co-
regulators was observed. A plethora of receptor co-regulators have
been cloned in recent years and it is likely that more will be
identified. The reason for such a large number of these factors is
unknown but it has been postulated that specific co-activators may
be required for different target genes or that they may be selec-
tively involved in some but not all receptor actions.50 The action of
a steroid receptor at a given promoter may be modulated by the
pool of co-activators that are present in a cell and may compete to
interact with a particular receptor type. Of the co-regulatory factors
examined in our study, results obtained with SRC-1 were most
interesting. SRC-1 has been demonstrated to bind and co-activate
the activation function 1 (AF-1) domain of the androgen receptor
as well as other steroid hormone receptors.36,37 Our results show
that the SRC-1 mRNA levels correlate with the PSA secretion
levels in the PSA-positive cell lines (Fig. 5a). The highest amounts
of PSA are secreted from BT-474 cells and these cells express high
levels of SRC-1 mRNA. T-47D cells express moderately high
levels of PSA and exhibit a lower abundance of SRC-1 transcripts.
MFM-223 cells secrete less PSA and express lower SRC-1 mRNA
levels than T-47D cells. This co-activator may play an important
role in the modulating androgen regulation of PSA production.

FIGURE 3 – Androgen receptor co-factor mRNA expression in the
T-47D breast cancer cell line. Total RNA was extracted and subjected
to reverse transcription. PCR, using specific primers, was carried out
for different dilutions of cDNA, so that a linear range of amplification
was obtained. The PCR products were fractionated on 1% agarose
gels, stained with SYBR Gold (a) and analyzed densitometrically; the
relative optical density (ROD) was plotted against an equivalent RNA
concentration (b). We determined the relative RNA amount of every
co-factor needed to obtain similar ROD units and expressed it as a
percentage of the value obtained for actin (c).

FIGURE 4 – Androgen receptor co-factor mRNA expression in BT-
474, T-47D, ZR-75-1, MCF-7 and MFM-223 breast cancer cell lines
cell lines (the data presented here were obtained as described in Fig. 3).
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AIB1 was originally cloned as a gene that is amplified in
ER-positive BT-474, MCF-7 and ZR-75-1 breast cancer cell lines,
whereas it is expressed in low levels in the T-47D cells.38 Our
results confirm these findings and allow us to speculate that it may
enhance the transcriptional activation function of the androgen
receptor in the BT-474, but less so in T-47D and MFM-223 cells,
where its levels are lower (Fig. 5b).

A number of androgen receptor associated (ARA) proteins have
been recently identified by Chang’s group.39–43 ARA70 was the
first protein claimed to interact specifically with the AR,42 but
recent data show that it can also associate with other steroid
receptors.51 We found that among the breast cancer cell lines
tested, MCF-7 had the lowest levels of androgen receptor protein
and ARA70 mRNA expression. The high level expression of
ARA70 in BT-474 cells might explain the ability of estradiol to
stimulate PSA production in these cells,23 because this co-factor
has been shown to enhance androgen receptor transcriptional ac-
tivity in the presence of this hormone.52 ARA24/Ran is an abun-
dant protein that is involved in nuclear transport of proteins and
RNA, cell cycle progression and nuclear structure in mitotic reg-
ulation, as well as RNA and DNA synthesis.46 It was demonstrated
recently that it could also interact with the polyglutamine (CAG
repeat) region of the AR to enhance transactivation.39 Both
ARA24 and ARA160 could increase androgen sensitivity so that
0.1 nM DHT could efficiently stimulate a reporter gene linked to
a PSA promoter sequence in transfection experiments with human
prostate PC-3 cells.39 The strong androgen receptor co-activating
properties of ARA160 could only be seen in transfected PC-3 and
Chinese hamster ovary cells, whereas it was a relatively weak

co-activator in DU-145 and MCF-7 cells, indicating that intracel-
lular environments may modulate the activity of co-activator.43 It
is tempting to speculate that these co-regulators may contribute to
the regulation of PSA and hK2 expression, especially in T-47D
cells, where ARA160 seems to be relatively elevated. ARA54 and
ARA55 were expressed in low levels and thus are less likely to
play a major role in modulating androgen action. It is noteworthy,
however, that there is significant expression of ARA55 in the
BT-20 cells. From all the co-factors tested, ARA55 was the most
highly expressed, an unexpected finding because this cell line is
devoid of sex steroid hormone receptors; it is possible that this
protein is involved in other non-steroid hormonal pathways.

FHL2 (four-and-a-half LIM 2) protein is expressed in the
myocardium and in the epithelial cells of the prostate where it
co-localizes with the androgen receptor to the nucleus. Thus far,
it appears to bind specifically to the androgen receptor and
enhances its transcriptional activity.44 FHL2 mRNA was not
detectable in BT-474 cells, thus it is not essential for androgen
action in this cell line. On the other hand, FHL2 mRNA was
markedly elevated in T-47D cells and thus may be involved in
androgen receptor mediated regulation of PSA/hK2 secretion in
these cells (Fig. 5f).

PDEF (prostate-derived Ets factor) is a novel prostate epitheli-
um-specific transcription factor and co-regulator of the androgen
receptor that can act both synergistically with the androgen recep-
tor as well as in an androgen-independent manner to enhance PSA
gene expression.45 It may have such a role in the T-47D cell line,
where it was found to be present at relatively high levels (Fig. 5e).

FIGURE 5 – Quantification of mRNA expres-
sion of AR co-activators in breast cancer cell
lines. Total RNA was extracted from BT-474,
T-47D, ZR-75-1, MCF-7 and MFM-223 cell
lines and subjected to reverse transcription using
random hexamers. For different dilutions of
cDNA, a 28-cycle PCR was carried out, using
specific primers, so that a linear range of ampli-
fication was obtained. A 16-cycle PCR was car-
ried out for 18s rRNA that was used as an internal
control. The PCR products were fractionated on
1% agarose gels, stained with SYBR Gold and
analyzed densitometrically. The signal obtained
for every co-factor was normalized against 18s
rRNA and the results are expressed as the ratio of
their RODs.
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Two co-repressors that we included in our study, SMRT (si-
lencing mediator of retinoid and thyroid hormone receptor) and
NCoR1 (nuclear receptor corepressor 1). These interact with sev-
eral nuclear receptors, but their function with regard to the andro-
gen receptor has not been investigated. They are expressed at low
levels in all cell lines with NCoR1 mRNA levels being slightly
higher in ZR-75-1 cells. We speculate that the relative expression
of these co-factors may in part modulate the ability of androgens
to stimulate PSA/hK2 production and secretion.

The relative importance of a co-regulatory protein in modulating
androgenic regulation of PSA and hK2 secretion in a particular cell
line is likely influenced by the composition of the pool of such
proteins expressed in those cells. The relative contribution of each
co-activator may depend on cell type or co-activator levels in the
cells. For example, ARA160, FHL2 and PDEF may play such a
role in the T-47D cells, where their mRNA levels were much
higher, but not in the BT-474 cells. The fact that the AR gene is
intact and the protein is functional and at relatively high amounts
in the ZR-75-1 cells, makes attractive the hypothesis that there are

more co-factors to be discovered, whose restricted expression may
suppress transcription in these cells. Our data provide information
on the differential expression of key co-regulatory factors in sev-
eral breast cancer cell lines. It remains to be determined whether
this varied expression pattern is responsible for the variation in the
response of androgen treatment on KLK2 and KLK3 expression or
it other factors, such as the expression of key transcription factors
other than the androgen receptor, are involved. Given the potential
anti-angiogenic action of PSA, further studies assessing these
possibilities may aid in our understanding of the role of androgens
in breast cancer.
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