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Steroid receptor coactivators, HER-2 and HER-3
expression is stimulated by tamoxifen treatment
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Abstract

Background: Steroid receptor coactivators (SRCs) may modulate estrogen receptor (ER) activity and the response
to endocrine treatment in breast cancer, in part through interaction with growth factor receptor signaling
pathways. In the present study the effects of tamoxifen treatment on the expression of SRCs and human epidermal
growth factor receptors (HERs) were examined in an animal model of ER positive breast cancer.

Methods: Sprague-Dawley rats with DMBA-induced breast cancer were randomized to 14 days of oral tamoxifen
40 mg/kg bodyweight/day or vehicle only (controls). Tumors were measured throughout the study period. Blood
samples and tumor tissue were collected at sacrifice and tamoxifen and its main metabolites were quantified using
LC-MS/MS. The gene expression in tumor of SRC-1, SRC-2/transcription intermediary factor-2 (TIF-2), SRC-3/amplified
in breast cancer 1 (AIB1), ER, HER-1, -2, -3 and HER-4, as well as the transcription factor Ets-2, was measured by
real-time RT-PCR. Protein levels were further assessed by Western blotting.

Results: Tamoxifen and its main metabolites were detected at high concentrations in serum and accumulated in
tumor tissue in up to tenfolds the concentration in serum. Mean tumor volume/rat decreased in the tamoxifen treated
group, but continued to increase in controls. The mRNA expression levels of SRC-1 (P= 0.035), SRC-2/TIF-2 (P=0.002),
HER-2 (P= 0.035) and HER-3 (P= 0.006) were significantly higher in tamoxifen treated tumors compared to controls, and
the results were confirmed at the protein level using Western blotting. SRC-3/AIB1 protein was also higher in tamoxifen
treated tumors. SRC-1 and SRC-2/TIF-2 mRNA levels were positively correlated with each other and with HER-2
(P≤ 0.001), and the HER-2 mRNA expression correlated with the levels of the other three HER family members
(P< 0.05). Furthermore, SRC-3/AIB1 and HER-4 were positively correlated with each other and Ets-2 (P< 0.001).

Conclusions: The expression of SRCs and HER-2 and -3 is stimulated by tamoxifen treatment in DMBA-induced breast
cancer. Stimulation and positive correlation of coactivators and HERs may represent an early response to endocrine
treatment. The role of SRCs and HER-2 and -3 should be further studied in order to evaluate their effects on response
to long-term tamoxifen treatment.
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Background
Breast cancer is the most frequent malignancy and a major
cause of cancer deaths in women. It is well established that
estrogen has pro-carcinogenic effects in mammary epithe-
lium by stimulating proliferation and leaving the cells
prone to mutations during cell cycle progression [1]. The
selective estrogen receptor modulator (SERM) tamoxifen
is widely used in ER positive breast cancer where it
improves disease-free and overall survival [2]. Tamoxifen
would normally function as an ER antagonist in breast
cancer by binding to the ER and inducing conformational
changes which favor corepressor recruitment and inhibit
ER mediated gene transcription. However, tamoxifen
demonstrates ER agonistic effects in other tissues such as
bone and liver. The expression and activity of nuclear re-
ceptor coactivators have been pointed out as the main
determinants of tissue- and cell specific effects of tamoxi-
fen [3].
The SRC family includes SRC-1, SRC-2/TIF-2 and SRC-

3/AIB1. The SRCs have similar structural and functional
properties, but are genetically distinct, exhibit tissue-
specific differences in expression profiles and are suggested
to be involved in various diseases, including human cancers
[4]. All three SRCs are expressed in normal and malignant
breast tissue [5,6]. SRC-3/AIB1 is now considered to be an
oncogene [7], which is overexpressed in more than 30%
and genetically amplified in 5 – 10% of breast tumors [8-
11]. In cellular assays, overexpression of SRC-3/AIB1 has
been associated with a shift toward ER agonistic effects of
tamoxifen and growth of malignant cells during endocrine
treatment [12], whereas dissociation of SRC-3/AIB1 from
ER has been shown to restore sensitivity in tamoxifen
resistant cells [13]. SRC-1 has also been shown to contrib-
ute to the agonistic properties of 4-hydroxytamoxifen
(4OHtam) [14]. At the clinical level, overexpression of
SRC-1 or SRC-3/AIB1 has been associated with resistance
to endocrine treatment and reduced disease-free survival,
especially when overexpressed together with HER-2, also
known as HER-2/neu or erbB2 [15-17]. HER-2 signaling is
targeted in breast cancer therapy using specific antibodies
such as trastuzumab or tyrosine kinase inhibitors. Studies
of coactivators and HER-2 levels in breast tumor tissue
during endocrine treatment may reveal important regula-
tory mechanisms of relevance to endocrine sensitivity,
treatment response and patient outcome over time.
We have previously reported that 4 weeks of preopera-

tive treatment with tamoxifen in the 1-20 mg dose range
led to significant upregulation of SRC-1, SRC-2/TIF-2 and
SRC-3/AIB1 mRNA in human breast cancer tissue [6].
SRC-3/AIB1 and HER-2 mRNA levels did correlate, and
higher SRC-3/AIB1 mRNA levels in tumor at surgery
were associated with reduced disease-free survival after a
median follow-up time of 8 years. During estrogen
deprivation using aromatase inhibitors we found SRC-1
and HER-2 mRNA to be upregulated [18]. Interestingly,
this upregulation was particularly evident among therapy
responders, again underlining a potential relationship be-
tween endocrine treatment, SRCs, HER-2 and treatment
response that should be further explored.
In the present study we used an animal model of

hormone dependent breast cancer induced by 7,12-
dimethylbenz(a)anthracene (DMBA) [19] to study the
effect of tamoxifen therapy on expression levels of SRC-
1, SRC-2/TIF-2, SRC-3/AIB1 and HER-2 in tumor tis-
sue. We also analyzed the mRNA expression of HER-1
(also known as epidermal growth factor receptor EGFR),
HER-3 and HER-4, known to share functional proper-
ties with HER-2 [20], but much less studied in breast
cancer. We also analyzed the expression of the tran-
scription factor Ets-2, that is known to interact with the
SRCs, and ERα. We found tamoxifen and its main meta-
bolites at high concentrations in serum and accumu-
lated in tumor tissue with a clear treatment response in
the tamoxifen treated tumors. The mRNA and protein
expression levels of SRCs, HER-2 and HER-3 were sig-
nificantly higher in tamoxifen treated tumors compared
to controls. Interestingly, SRC-1 and SRC-2/TIF-2
mRNA levels were correlated with each other and with
HER-2. SRC-3/AIB1 and HER-4 were positively corre-
lated with each other and with Ets-2.

Methods
Animal model
Non-immunized female SPF Sprague-Dawley rats of stock
NTac:SD from Taconic M&B (Borup, Denmark) were
administered a single dose of 20 mg DMBA (D-3254;
Sigma-Aldrich Norway AS, Oslo, Norway) at age three
weeks. After ten weeks all rats had developed palpable
tumors, and a total of 16 Sprague-Dawley rats were rando-
mized into two different experimental groups according to
treatment. The tamoxifen group received tamoxifen dis-
solved in peanut oil once daily by gastric tube at a dose of
40 mg/kg bodyweight whereas control rats were adminis-
tered vehicle only (peanut oil) in corresponding amounts
(2.8 ml/kg body weight). The rats were weighed every third
day for calculations of treatment dosage, and treated for
13 days before being sacrificed on day 14. A longer treat-
ment period would result in a higher proportion of deaths
among the controls and was not considered ethically ac-
ceptable. Tumors were counted and measured by calliper
throughout the study period, and tumor volumes calcu-
lated using the formula: (length) x (width2)/2. The relative
tumor volumes were calculated as the ratio of the tumor
volume on day n divided by the tumor volume on day 0.
On day 14, the rats were anaesthetized with 2 – 5%

isoflurane (Forene: Abbott Scandinavia AB, Solne, Sweden)
mixed with oxygen and nitrous oxide. Blood was collected
from the heart in BD Vacutainer tubes with no additive
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(Becton Dickinson and Co., Plymouth, UK). Tumor tissue
was collected immediately post mortem and freeze-
clamped before storage at -80 °C until further analyses. The
study model is presented in Figure 1.
The rats received a standard diet from B & K Uni-

versal (Nittedal, Norway), had free access to tap water
and feed, and were kept in a room with 12 h light/
dark cycles and a constant temperature of 20 °C ± 3 °C
throughout the experiment. The study was approved
by the Norwegian State Board of Biological Experi-
ments with Living Animals.
RNA extraction, reverse transcription and real-time PCR
Tumor tissue was homogenized manually using mini-
pestils and RNA extracted using Trizol (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s
instructions. The quality and quantity of total RNA in each
sample was analyzed using the NanoDrop (Saveen Werner,
Copenhagen, Denmark) and 1 μg total RNA used for re-
verse transcription with the Transcriptor First Strand cDNA
Synthesis kit (Roche, Mannheim, Germany).
Sprague-Daw
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Figure 1 Schematic presentation of the study model. 16 Sprague-Daw
randomized to treatment with oral tamoxifen or vehicle only for 14 days. T
dosage and the tumors were counted and measured. Blood was sampled
metabolites, and tumor tissue was collected for gene expression measurem
tissue was also used for protein analyses of SRCs and HERs by Western blo
Real-time PCR-reactions were performed according to
the protocol on a LightCycler 480 instrument (Roche)
using gene specific primers (Biomers.net, Ulm, Germany),
Universal ProbeLibrary probes and the kit LightCycler 480
Probes Master (Roche). The primer sequences and probe
numbers were as follows: SRC-1 tgctcccgaggaggttaaa (s)
and atcaaactggtcaaggtcagc (as), probe #21; SRC-2/TIF-2
ctgtgaaggaggaggtgagc (s) and tccaaaatctcttccaagttgtc (as),
probe #64; SRC-3/AIB1 ctggtgctgctgtgatgag (s) and
gccatttgggcattaaagaa (as), probe #3; HER-2 tgtggatctggat-
gaacgag (s) and cactacagttgcaatgatgaatgt (as), probe #3;
HER-1 cagagctgaaaaggactgcaa (s) and cacattctggcaggaga-
cac (as), probe #3; HER-3 caacccccataccaagtatca (s) and
acgtctggtccaccacaaa (as), probe #25; HER-4 caataggagt-
gaaattggacaca (s) and ccatcctggtacacaaactgac (as), probe
#63; ERα tttctttaagagaagcattcaagga (s) and ttatcgatggtg-
cattggttt (as), probe #130; Ets-2 gccctacgccttcgtctc (s) and
ttgattccaaaatcattcatcg (as), probe #70; TATA-box binding
protein (TBP) cccaccagcagttcagtagc (s) and caattctgggttt-
gatcattctg (as), probe #129.
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from a cDNA-stock made by pooling all study samples.
mRNA expression levels were calculated relative to that
of the housekeeping gene TBP.

Protein extraction and western blot analysis
Protein was extracted from tumor tissue after homo-
genization of tissue twice at 25 Hz for 2 minutes using a
TissueLyser (Qiagen, Düsseldorf, Germany) in RIPA lysis
buffer (Thermo Scientific, Belgium) containing 2 mM
EDTA, 0.5 mM phenylmethylsulfonyl fluoride (PMSF,
Sigma Aldrich, St. Louis, MO) and protease inhibitors
(Complete mini-EDTA free protease inhibitor cocktail tab-
let, Roche). Lysates were incubated on ice for 10 minutes
prior to centrifugation at 12.000 x g for 20 min at 4 °C, and
the supernatant was collected and stored at -80 °C. Protein
concentrations were determined by the Lowry method
using RC DC Protein Assay (BioRad, Hercules, CA, USA).
145 ug total protein per sample was resolved on 4-20%
TXD Mini protean RGX precast gels (Biorad) and trans-
ferred to nitrocellulose membranes using the Trans-Blot
Turbo transfer system (Biorad) for 9 minutes at 2.5 A con-
stant up to 25 V. Membranes were incubated for 1 h at
room temperature in blocking solution containing 5%
skimmed milk in Phosphate-buffered saline with Tween-20
(PBS-T), followed by rinsing in PBS-T before incubation for
1 h in room temperature with specific primary antibodies
for HER-2 (anti-erbB-2, Millipore, Billerica, MA, USA;
1:500), HER-3 (ErbB-3, Santa Cruz; 1:200), SRC-1 (BD Bio-
science, San Joes, CA, USA; 1:500), SRC-2/TIF-2 (BD Bio-
science; 1:500) and SRC-3/AIB1 (Cell Signaling, Boston,
MA, USA; 1:500). Membranes were rinsed in PBS-T before
incubation for 40 minutes with either goat-anti-mouse sec-
ondary antibody (BD Bioscience, 1:5000) or goat-anti-rabbit
secondary antibody (Thermo Science, 1:10000). Membranes
were washed in PBS-T and proteins were detected by
SuperSignal West Femto (Thermo Scientific, Rockford, IL,
US) using a ChemiDoc System (BioRad). Membranes were
stripped using Restore Western Blot Stripping buffer
(Thermo Scientific) for 45 minutes, washed in PBS-T for
detection of reference protein using primary antibody to β-
actin (Abcam, Cambridge, UK; 1:5000) and secondary anti-
body donkey-anti-mouse (Santa Cruz, 1:5000) following the
protocol above.

Tamoxifen and metabolite concentrations
Tamoxifen and its metabolites 4OHtam, N-desmethylta-
moxifen (NDtam), N-desdimethyltamoxifen (NDDtam),
tamoxifen-N-oxide (tamNox) and 4-hydroxy-N-desmethyl-
tamoxifen (4OHNDtam) were measured in serum by high-
pressure liquid chromatography-tandem mass spectrometry
(LC-MS/MS) as previously published [21]. Before measur-
ing tamoxifen and metabolites in tumor, about 0.4 g tissue
was homogenized in ice-cold 50 mM Tris-HCl buffer (1:5,
(w/v)) with pH 7.4 at 26,000 rev/min. The homogenates
were mixed with an equal volume of 100% acetonitrile and
the precipitated proteins were removed by centrifugation at
15.000× g for 20 min prior to LC-MS/MS analyses [22].
Using this procedure, we have earlier observed a recovery
for tamoxifen, 4OHtam, NDtam, NDDtam and 4OHND-
tam in the range 69-110% in seven different rat tissues [23].

Statistics
Since the mRNA expression levels are not normally dis-
tributed, differences between the treatment groups were
analyzed using non-parametric Mann-Whitney U test.
Any correlation between expression levels of the different
target genes, between target genes mRNA and tumor
volume measurements and correlations between tamoxi-
fen metabolites were investigated using Spearman’s correl-
ation. The level of statistical significance was set at
P< 0.05. The SPSS software package version 18.0 (SPSS,
Chicago, USA) was used for all statistical analyses.

Results
Animal weights, tumor measurements and treatment
response to tamoxifen
The animals in the control group increased in weight from
a mean (± SD) of 263 g (± 21) on day 0 to 272 g (± 24) on
day 12. In the tamoxifen treated animals, the mean weight
fell from 265 g (± 25) to 256 g (± 18) (Figure 2A). Corres-
pondingly, mean tumor volume during tamoxifen treat-
ment dropped from 2750 to 1923 mm3/rat (Figure 2B),
and the mean relative tumor volume on day 13 was 0.9 in
tamoxifen treated rats (Figure 2C). In contrast, the con-
trols experienced an increase in average tumor volume in
the same time period, from 1611 to 3488 mm3/rat, and
the mean relative tumor volume was 4.6 on day 13
(Figure 2B and C). The variation in mean tumor volume
per rat was considerable in both tamoxifen treated and
control rats (Figure 2B). It should also be noted that one
of the rats in the control group had to be euthanized on
day 3 of treatment due to severe illness and was excluded
from the study after study start.
At the start of the treatment period, the tumors were

equally distributed between the treatment groups with an
average number of 2.4 tumors/rat (± 1.8) in the group
which received tamoxifen treatment compared to 2.5
tumors/rat (± 2.3) in the control group. Of the 19 tumors
in the tamoxifen treated rats, one tumor disappeared, 13
tumors demonstrated regression whereas five tumors
increased in size. Four out of the 20 tumors in control rats
demonstrated a reduction in size, whereas the remaining
16 tumors increased in size and additional eight tumors
appeared during the study period. We observed new
tumors during tamoxifen treatment, but the mean num-
ber of tumors per rat leveled out and reached 3.0 (± 3.6)
during the treatment period whereas the control animals
experienced a continuous increase also in tumor number



Figure 2 Animal weight and tumor volume during tamoxifen
treatment. Rats with DMBA-induced ER positive breast cancers were
orally treated with either tamoxifen at a dose of 40 mg/kg bodyweight/
day or received vehicle only for 14 days. Animals were weighed every
third day for calculation of treatment dosage. Mean weights (± SD) are
presented in the graph (A). Tumor number and size were measured
every second day and the tumor volumes were calculated according to
the formula (LxW2)/2. The mean tumor volume/rat (B) and mean
relative tumor volume/rat compared to day 0 (C) during the treatment
period are presented according to treatment group.
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to 4.0 (± 1.9) at the end of the study. However, we
observed that growing tumors could confluence, whereas
tumors in regression could disintegrate into several smal-
ler tumors, making the number of tumors a poor marker
of treatment response.
mRNA expression of SRCs, HER growth factor receptors,
ERα and Ets-2
Tumors too small for RNA extraction according to proto-
col had to be excluded from further analyses. Thus, 13
representative tumors from the seven remaining control
animals were analyzed for mRNA expression. For one of
the tamoxifen treated animals, no tumors were observed
at the end of the study and for an additional two animals
the remaining tumor was too small for RNA extraction,
leaving a representative selection of nine tumors from five
tamoxifen treated animals for gene expression analyses.
Gene expression analysis by real-time RT-PCR demon-
strated a significant upregulation of SRC-1 during tamoxi-
fen treatment. The geometric mean (with 95% confidence
interval) of the SRC-1 mRNA levels relative to the house-
keeping gene TBP in tamoxifen treated tumors was 1.69
(1.14 – 2.51) compared to control animals 1.19 (0.79 –
1.81) (P=0.035, Figure 3A). SRC-2/TIF-2 was also signifi-
cantly higher in tamoxifen treated tumors with mRNA
levels of 1.21 (0.92 – 1.59) compared to 0.81 (0.57 – 1.16)
in control tumors (P= 0.002). The geometric mean of
SRC-3/AIB1 mRNA levels during tamoxifen treatment
was 0.98 (0.56 – 1.69) which was higher, but not signifi-
cantly different from levels in tumors from control ani-
mals. However, the mRNA levels of SRC-3/AIB1 were
significantly positively correlated with SRC-2/TIF-2
(P=0.023). SRC-1 and SRC-2/TIF-2 expression levels
were highly positively correlated (P< 0.001, Table 1).
We also observed a significant upregulation of HER-2

and HER-3 mRNA levels during endocrine treatment.
HER-2 mRNA levels had a geometric mean of 1.15 (0.80 –
1.67) in tamoxifen treated tumors compared to 0.70 (0.50 –
0.99) in controls (P=0.035, Figure 3A) and HER-3 mRNA
was 1.12 (0.85 – 1.48) during tamoxifen treatment and 0.67
(0.52 – 0.87) in tumors from controls (P=0.006). HER-2
and HER-3 were also significantly positively correlated
(P=0.005, Table 1). There were no significant differences in
HER-1 and HER-4 mRNA levels between tamoxifen treated
and control tumors (Figure 3A). However, the mRNA levels
of HER-2 correlated with HER-1 (P=0.025), HER-3
(P=0.005), HER-4 (P=0.023), and most clearly with SRC-1
and SRC-2/TIF-2 (P≤0.001). Although expression of SRC-
3/AIB1 and HER-4 did not increase significantly during
tamoxifen treatment, the respective mRNA levels were
highly positively correlated (P< 0.001, Table 1).
The transcription factor Ets-2 mRNA levels were not

found to be different in tamoxifen treated tumors com-
pared to controls (Figure 3A). Interestingly, however,
Ets-2 was positively correlated with the mRNA expres-
sion of SRC-3/AIB1 and HER-4 (Table 1). ERα mRNA
expression was lower in tamoxifen treated tumors with a
geometric mean of 0.73 (0.48 – 1.11), but not signifi-
cantly different from the levels in control tumors of 0.77
(0.50 – 1.18) (P= 0.65) (Figure 3A).
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Figure 3 SRCs and HERs expression during tamoxifen treatment. SRC-1, -2 and -3 and HER-1, -2, -3 and -4 mRNA expression levels as well as the
levels of Ets-2 and ERα mRNA after 14 days of oral tamoxifen treatment are presented compared to controls receiving vehicle only in DMBA-induced
breast cancer. The mRNA levels of our target genes were calculated relative to the expression of the housekeeping gene TBP and the data presented as
geometric means with error bars indicating 95% confidence intervals. Differences in mRNA levels between the treatment groups were evaluated using
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and HER-3 (C) in tamoxifen treated tumors compared to controls were analyzed using Western blots. Representative blots of the tumor response to
tamoxifen treatment are presented, using β-actin as control for protein load.
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SRC-2/TIF-2 tended to be higher in the tumors with the
largest volume at the end of the study (P=0.059). Overall,
we did not find any significant correlation between tumor
volume/rat, relative tumor volume and the expression of
the individual mRNAs in tumor (Table 2).

Protein expression of steroid receptor coactivators, HER-2
and HER-3
The ability of tamoxifen treatment to induce the expres-
sion of SRC-1, SRC-2/TIF-2, SRC-3/AIB1, HER-2 and
Table 1 Correlations between the mRNA expression of coactiv

SRC-1 SRC-2/TIF-2 SRC-3/AIB1 HER-

r P r P r P r

SRC-2/TIF-2 0.741 <0.001** - -

SRC-3/AIB1 0.141 0.53 0.483 0.023* - -

HER-1 0.260 0.242 0.335 0.128 0.293 0.186 -

HER-2 0.659 0.001** 0.714 <0.001** 0.355 0.105 0.477

HER-3 0.395 0.069 0.467 0.028* 0.071 0.755 0.354

HER-4 0.475 0.026* 0.596 0.003** 0.717 <0.001** 0.224

Ets-2 0.313 0.156 0.495 0.019* 0.778 <0.001** 0.214

ERα 0.320 0.146 0.338 0.124 -0.015 0.946 0.099

Spearman’s nonparametric test. Correlation coefficients (r) with P-values are present
or ** = P< 0.01
HER-3 in tumor tissue was also determined at the pro-
tein level, using Western blotting on protein extracts
from tamoxifen treated tumors and controls. SRC-1,
SRC-2/TIF-2 and SRC-3/AIB1 proteins were found to
be expressed at higher levels in tamoxifen treated
tumors compared to controls, as demonstrated in
Figure 3B.
Moreover, HER-3 expression was clearly induced by

tamoxifen at the protein level confirming the results above
at the mRNA level (Figure 3C). Although the Western
ators, HER growth factor receptors, Ets-2 and ERα
1 HER-2 HER-3 HER-4 Ets-2

P r P r P r P r P

-

0.025* - -

0.106 0.579 0.005** - -

0.316 0.482 0.023* 0.280 0.208 - -

0.339 0.554 0.007** 0.149 0.510 0.789 <0.001** - -

0.662 0.389 0.074 0.088 0.699 0.235 0.291 0.264 0.236

ed in the table. Significant correlations are indicated by italics and * = P< 0.05



Table 2 Correlations between the mRNA expression of
coactivators, HER growth factor receptors, Ets-2 and ERα
and tumor volume

Tumor volume Relative tumor volume

r P r P

SRC-1 0.210 0.513 −0.168 0.602

SRC-2/TIF-2 0.559 0.059 −0.084 0.795

SRC-3/AIB1 0.497 0.101 −0.154 0.633

HER-1 −0.070 0.829 −0.322 0.308

HER-2 0.301 0.342 −0.273 0.391

HER-3 0.280 0.379 −0.203 0.527

HER-4 0.350 0.265 −0.063 0.846

Ets-2 0.329 0.297 0.112 0.729

ERα 0.175 0.587 0.259 0.417

Spearman’s nonparametric test. Correlation coefficients (r).
with P-values are presented in the table.

Table 3 Tamoxifen and metabolites in serum and tumor
tissue during oral tamoxifen treatment

Serum# Tumor* Ratio {

(n = 8) (n = 5) (n = 5)

Median (q1-q3) Median (q1-q3) Median (q1-q3)

Tam 203 (184-229) 11750 (7000-15475) 50 (36-74)

4OHtam 372 (319-499) 18850 (8625-25775) 36 (23-72)

4OHNDtam 552 (427-593) 48850 (26550-76750) 92 (45-136)

NDtam 371 (335-417) 33200 (18225-49825) 93 (46-136)

NDDtam 4.7 (4.4-6.5) 376 (152-688) 84 (36-164)

TamNox 159 (127-180) 49 (29-685) 0.3 (0.2-3.9)

4OHtam/tam† 1.9 (1.7-2.2) 1.5 (1.2-1.7) -

NDtam/tam† 1.7 (1.5-2.0) 2.8 (2.5-3.2) -

NDDtam/tam† 0.02 (0.02-0.04) 0.04 (0.02-0.05) -
# Tamoxifen and metabolite measurements are presented as ng/ml serum.
*Tamoxifen and metabolite measurements are presented as ng/g tumor tissue.
{ Tumor/serum ratios of concentrations of tamoxifen and metabolites.
† Concentration ratios of metabolite/tamoxifen.
Tam=tamoxifen; 4OHtam=4-hydroxytamoxifen; 4OHNDtam=4-hydroxy-
N-desmethyltamoxifen; NDtam=N-desmethyltamoxifen; NDDtam=N-
desdimethyltamoxifen; TamNox= tamoxifen-N-oxide; q1-q3=quartile 1 – quartile 3
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blots suggested a variable degree of HER-2 expression
after tamoxifen treatment, several of the tamoxifen treated
tumors also demonstrated higher protein levels of HER-2
compared to untreated controls (Figure 3C).

Tamoxifen and metabolites in serum and tumor tissue
Tissue from five tamoxifen treated tumors was used for
measurements of tamoxifen and its metabolites. Note-
worthy, two tumors and two serum samples from control
animals were also analyzed for tamoxifen and metabolites
as control. Tamoxifen and the five metabolites 4OHtam,
NDtam, 4OHNDtam, NDDtam and tamNox were detect-
able in all serum samples from tamoxifen treated rats, but
were not detectable in the negative controls. The median
tamoxifen concentration was 203 ng/ml with interquartile
range (quartile 1 - quartile 3) of 184 - 229 ng/ml.
The pharmacologically active metabolite of tamoxifen,
4OHtam, had a median concentration of 372 (319 - 499)
ng/ml, but the dominating metabolite in serum was the
other hydroxylated tamoxifen metabolite, 4OHNDtam,
with a median concentration of 552 (427 - 593) ng/ml.
NDDtam was found to have the lowest level in serum with
median concentration of 4.7 (4.4 - 6.5) ng/ml (Table 3).
Tamoxifen and its hydroxylated and demethylated meta-

bolites accumulated in tumor tissue with median tumor to
serum concentration ratios ranging from 36 to 93 (Table 3).
As opposed to the other metabolites, both NDDtam and
tamNox were detected at lower concentrations than the
parent drug in serum samples and tumor tissue.
The serum levels of the demethylated metabolites

NDtam and 4OHNDtam were significantly positively corre-
lated in serum (P=0.002, Table 4). With only tumor tissue
from five tumors available for metabolite measurements,
the results have to be interpreted with caution. However, a
significant positive correlation between the concentration
of tamoxifen and the main metabolites identified in tumor
tissue was observed: 4OHtam, 4OHNDtam and NDtam
(P <0.001, Table 4). TamNox was the only metabolite
whose concentrations in serum and tumor correlated
(P=0.04).
Discussion
In rats with DMBA-induced breast cancer, tamoxifen
treatment was associated with a significant increase in the
expression levels of steroid receptors coactivators as well
as the growth factor receptors HER-2 and HER-3. The
upregulation of SRCs observed in the present study is in
line with previous observations from a clinical trial on
preoperative tamoxifen treatment in human breast cancer
where tumors expressed significantly higher levels of espe-
cially SRC-3/AIB1, but also SRC-1 and SRC-2/TIF-2
mRNA compared to controls after 4 weeks of tamoxifen
treatment [6]. In a clinical study on neoadjuvant treatment
with aromatase inhibitors for 12-16 weeks, we have
also found a significant increase of SRC-1 mRNA levels
during endocrine treatment [18]. The observed effects of
endocrine treatment on SRC expression in different model
systems in vivo suggest that induction of coactivators is an
early response to the blockage of ER mediated signaling in
breast tissue. This concept is supported by data from
in vitro experiments in which estrogen suppressed the
mRNA and protein levels of SRC-3/AIB1 in MCF-7 cells
by negatively regulating the transcription of SRC-3/AIB1,
whereas 4OHtam increased SRC-3/AIB1 mRNA and pro-
tein level by inducing the transcription of the SRC-3/AIB1
gene and stabilizing the protein [24,25].



Table 4 Correlations between tamoxifen metabolite concentrations in tumor tissue and serum.

Tam 4OHtam 4OHNDtam NDtam NDDtam TamNox

Tumor Serum Tumor Serum Tumor Serum Tumor Serum Tumor Serum Tumor Serum

Tam

Tumor r -

n -

Serum r 0.70 -

n 5 -

4OHtam

Tumor r 1.00** 0.70 -

n 5 5 -

Serum r −0.70 −0.19 −0.70 -

n 5 8 5 -

4OHNDtam

Tumor r 1.00** 0.70 1.00** −0.70 -

n 5 5 5 5 -

Serum r −0.60 0.41 −0.60 −0.31 −0.60 -

n 5 8 5 8 5 -

NDtam

Tumor r 1.00** 0.70 1.00** −0.70 1.00** −0.60 -

n 5 5 5 5 5 5 -

Serum r −0.70 0.14 −0.70 0.00 −0.70 0.91** −0.70 -

n 5 8 5 8 5 8 5 -

NDDtam

Tumor r 0.40 0.60 0.40 −0.10 0.40 −0.20 0.40 −0.60 -

n 5 5 5 5 5 5 5 5 -

Serum r −0.50 −0.12 −0.50 −0.24 −0.50 −0.52 −0.50 −0.48 0.40 -

n 5 8 5 8 5 8 5 8 5 -

TamNox

Tumor r 0.80 0.50 0.80 −0.50 0.80 −0.60 0.80 −0.50 −0.10 −0.70 -

n 5 5 5 5 5 5 5 5 5 5 -

Serum r 0.90* 0.41 0.90* 0.24 0.90* 0.43 0.90* 0.55 0.30 −0.21 0.90* -

n 5 8 5 8 5 8 5 8 5 8 5 -

Spearman’s nonparametric test. Correlation coefficients (r) are presented in the table.
Significant correlations are indicated by italics and * = P< 0.05 or ** = P< 0.01.
Tam= tamoxifen; 4OHtam=4-hydroxytamoxifen; 4OHNDtam=4-hydroxy-N-desmethyltamoxifen; NDtam=N-desmethyltamoxifen; NDDtam=N-desdimethyltamoxifen;
TamNox= tamoxifen-N-oxide.
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In the present study we also found an upregulation of
HER-2 and -3 during tamoxifen treatment in DMBA-
induced tumors which are sensitive to tamoxifen
treatment. This is in line with the significant upregulation
of HER-2 mRNA observed during aromatase inhibition in
human breast cancer [18], although no significant differ-
ence in HER-2 mRNA expression was found in human
breast cancer after neoadjuvant tamoxifen [6]. In vitro
assays indicate that estrogen potentially downregulates
HER-2 mRNA and protein expression [26-28] whereas
estrogen deprivation could lead to increased HER-2 ex-
pression, possibly by competition between the ER and
HER-2 enhancer for the same coactivator [29]. When
SRC-1 is released from ER, the coactivator can instead fa-
cilitate transcription of HER-2 [29]. Conversely, the paired
box 2 (PAX2) gene product has been shown to compete
with SRC-3/AIB1 for the HER-2 enhancer. Silencing of
PAX2 led to an increase in SRC-3/AIB1 bound to the
HER-2 enhancer and significantly higher levels of HER-2
mRNA levels during tamoxifen treatment in breast cancer
cell lines [30]. Higher mRNA levels of HER-1 and HER-2,
but not HER-3, have been observed at the time of resist-
ance in MCF-7 cells treated with tamoxifen for a pro-
longed period of time. Interestingly, the increase in mRNA
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levels could not be related to genetic amplification, but ra-
ther to changes in gene transcription [31].
The HER family members form homo- or heterodi-

mers when activated, where the choice of dimerization
partner in part is dictated by the ligand and the cellular
levels of the different HER receptors. HER-2 is the pre-
ferred dimerization partner for the other HER members
[32]. We found HER-2 mRNA levels to correlate with
the mRNA levels of the other HER family members in
endocrine sensitive breast cancer. Transgenic mice over-
expressing HER-2 or mutant forms of HER-2 with cap-
acity to malignant transformation of cells exhibit high
levels of endogenous HER-1 or HER-3 compared to con-
trols [33,34], suggesting a concomitant overexpression
of the HER family members. Cooperation between the
different HER family members has been shown to con-
tribute to carcinogenesis, both in vitro and in human
cancers, and they are co-expressed in several human ma-
lignancies, including breast cancer [20,34,35]. Interest-
ingly, HER-2 and HER-3, which in this study were found
upregulated during tamoxifen treatment, have been
identified as a functional unit in experimental breast
cancer models, where they cooperate to deregulate the
G1 to S transition during cell cycle and thus stimulate
mitosis [36]. Dimerization with HER-3 has been shown
to be essential to the activation of HER-2 where downre-
gulation of HER-3 inhibited the procarcinogenic effects
of HER-2 by inactivating the PI-3 K/Akt pathway [37].
In line with the procarcinogenic effects of HER-2 and

SRC-3/AIB1, clinical studies indicate that overexpression
of HER-2 and SRC-1 or SRC-3/AIB1 is associated with
tamoxifen resistance and reduced disease-free and overall
survival [15,17,38]. A significant correlation between the
mRNA levels of SRCs and HER-2 was observed, both in
the present animal model and in previous clinical studies
on endocrine responsive breast cancer [6,18]. It has been
shown that the mitogen activated protein kinase (MAPK)
dependent transcription factor Ets-2 downstream of HER-
2, may regulate the transcription of HER-2 through inter-
action with SRC-1 [39]. We did not observe any signifi-
cant change in the level of Ets-2 mRNA during two weeks
of tamoxifen treatment. However, Ets-2 and SRC-3/AIB1
were correlated with each other and HER-4. Ets-2 and
SRC-3/AIB1 have been found to be coexpressed in human
breast cancer samples [38]. It has been shown in vitro that
growth factors can upregulate the interaction between the
coactivator SRC-1, SRC-3/AIB1 and Ets-2, leading to
increased protein expression of HER-2 [38]. Hence, the
increased expression of coactivators induced by tamoxifen
treatment, as found in this and a previous clinical study
[6], can through increased interaction with Ets-2 contrib-
ute to the induction of HER expression, as observed for
HER-2 and HER-3 in this study. Work in cell lines has
also demonstrated that overexpression of HER-2 in ER
positive cells can result in resistance to tamoxifen [40] and
that tamoxifen assumes estrogen agonistic properties in
ER-positive breast cancer cells that express high levels of
SRC-3/AIB1 and HER-2 [12]. The SRCs are recruited to
the ER in presence of tamoxifen and an activated HER-2/
MAPK system [41], which could lead to tamoxifen resist-
ance [42,43]. Silencing of SRC-3/AIB1 with siRNA can
significantly reduce the HER-2 stimulated cell growth, and
restore tamoxifen sensitivity [44]. In the light of such data,
interplay between the HER family receptors and SRCs
represents a possible biological mechanism by which ER
signaling may be preserved within cells during antiestro-
genic treatment.
Observations of increasing SRCs mRNA levels in tumors

sensitive to endocrine treatment, and association between
high SRC levels and endocrine resistance may appear
contradictory. However, induction of coactivator expres-
sion may represent an early response to endocrine therapy,
whereas endocrine resistance normally develops over
years. Changes in the intracellular environment and/or
genetic instability could lead to constitutive activation
of signaling pathways by which post-translational modifi-
cations of both ER and SRCs could affect molecular
conformation, activation, intracellular localization and
degradation. This would in turn influence the efficacy of
tamoxifen. The activity of the tamoxifen-ER complex can
be modulated by phosphorylation of ER and/or coactiva-
tors by kinases such as MAPKs found downstream of
HER-2 [45]. Both SRC-1 and SRC-3/AIB1 are phosphory-
lated and transcriptionally activated by MAPKs that stimu-
late the recruitment of the cointegrator CBP/p300 and
enhance the histone acetyltransferase activity of the SRCs
in vitro [46,47]. It has been shown that phosphorylation is
crucial for regulation of SRC-3/AIB1 mediated activity on
steroid and growth factor signaling and malignant cell
transformation [47-49].
Tamoxifen is a prodrug which is hydroxylated, demethy-

lated and N-oxidated by the cytochrome P450 enzymes
(CYPs) and flavin-containing monooxygenases in liver and
other tissues. The hydroxylated metabolites 4OHtam and
4OHNDtam, the latter also known as endoxifen, have the
strongest affinity for the ER [50,51] and are now consid-
ered to be tamoxifen’s main metabolites and effector deri-
vatives [52,53]. However, tamoxifen metabolism varies
substantially between species and strains [22]. Thus, as
the effect of tamoxifen is dependent on its metabolism, it
is important to characterize the tamoxifen metabolism in
this animal model of tamoxifen treatment. The concentra-
tion of tamoxifen and some of its metabolites in tumor in
this study are in line with previous studies in man and rats
showing up to tenfolds higher concentrations in tissues
[23]. Using LC-MS/MS technology we were now able also
to measure tamNox. As opposed to the other metabolites,
both NDDtam and tamNox were detected at lower



Moi et al. BMC Cancer 2012, 12:247 Page 10 of 12
http://www.biomedcentral.com/1471-2407/12/247
concentrations than the parent drug in serum samples
and tumor tissue. Interestingly, tamNox was the only me-
tabolite with higher concentrations found in serum com-
pared to tumor tissue. This may be explained by the
in vitro observation that tamNox can easily be reduced
back to tamoxifen in tissues [54]. This reduction of tam-
Nox is catalyzed by numerous CYPs without major select-
ivity. In this animal model, 4OHNDtam was found at
higher concentration than the other hydroxylated metabo-
lites in both tumor and serum. Also in humans 4OHND-
tam is the hydroxylated metabolite with the highest
concentration in serum and tissues [23,55,56]. A limitation
to the present study is the high concentration of tamoxi-
fen and its metabolites observed compared to previous
studies using rats [23,57,58]. The variability in drug and
metabolite concentrations between studies can be
explained by factors such as tamoxifen dose, duration of
treatment and interstrain variability in uptake, deposition
and metabolism of tamoxifen as related to the variability
in expression and inducibility of CYPs during tamoxifen
treatment [57]. However, it should be noted that the me-
tabolite/parent drug ratios of NDtam and NDDtam and
the accumulation of tamoxifen and metabolites in tumor
tissue are in line with previous findings from clinical
tamoxifen trials [59].

Conclusions
We observed an induction of the SRCs, HER-2 and HER-3
expression during tamoxifen treatment in DMBA-induced,
endocrine responsive breast cancer. There were signifi-
cantly positive correlations between SRC-1, SRC-2/TIF-2
and HER-2, and between SRC-3/AIB1, HER-4 and Ets-2
mRNA levels in tumor tissue. Further, HER-2 mRNA was
correlated with the gene expression of the other HERs, an
observation which indicates the importance of studying all
the HERs in breast cancer. DMBA-induced breast cancer
may be a suitable model for studies on the cross-talk
between HERs, ER and SRCs in vivo.
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4OHNDtam: 4-hydroxy-N-desmethyltamoxifen; 4OHtam: 4-hydroxytamoxifen;
AIB1: Amplified in breast cancer 1; CYP: Cytochrome P450 enzyme;
DMBA: 7,12-dimethylbenz(a)anthracene; ER: Estrogen receptor; Ets-
2: Erythroblastosis virus E26 oncogene homolog 2; HER: Human epidermal
growth factor receptor; LC-MS/MS: Liquid chromatography-tandem mass
spectrometry; MAPK: Mitogen activated protein kinase; NDDtam: N-
desdimethyltamoxifen; NDtam: N-desmethyltamoxifen; RT-PCR: Reverse
transcription-polymerase chain reaction; SRC: Steroid receptor coactivator;
tamNox: Tamoxifen-N-oxide; TBP: TATA-box binding protein; TIF-
2: Transcription intermediary factor-2..

Competing interests
The authors declare that they have no competing interests.

Acknowledgements
Elton R. Kisanga is acknowledged for assistance with the animal experiments
and Olivera Bozickovic for assistance with the Western blots. The study was
funded by the Norwegian Cancer Society, the Grieg Foundation, Frank Mohn
Foundation, Samarbeidsorganet-Helse Vest and Margareth Solbergs legat.

Author details
1Institute of Medicine, University of Bergen, Bergen N-5021, Norway.
2Hormone Laboratory, Haukeland University Hospital, N-5021, Bergen, Norway.
3Department of Clinical Pathology, University Hospital of North Norway, N-9038,
Tromsø, Norway.

Authors’ contributions
LLHM participated in the collection of data in the animal model, the gene
expression assays, statistical analyses, interpretation of data and drafted the
manuscript. MHF participated in the gene expression assays and performed the
protein measurements, assisted in interpretation of data and helped to draft
the manuscript. JG performed the measurements of tamoxifen and metabolites.
AM contributed to the gene expression assays and drafting of the manuscript.
JG, THR and OAG participated in the design of the study and acquisition of
data in the animal model. EAL and GM contributed to the conception and
design of the study, analyses of data and critical revision of the manuscript
before publication. All authors read and approved the final manuscript.

Received: 28 November 2011 Accepted: 15 June 2012
Published: 15 June 2012

References
1. Foster JS, Henley DC, Ahamed S, Wimalasena J: Estrogens and cell-cycle

regulation in breast cancer. Trends Endocrinol Metab 2001, 12:320–327.
2. Early Breast Cancer Trialists’ Collaborative Group: Effects of chemotherapy and

hormonal therapy for early breast cancer on recurrence and 15-year
survival: an overview of the randomised trials. Lancet 2005, 365:1687–1717.

3. Jordan VC, O’Malley BW: Selective estrogen-receptor modulators and
antihormonal resistance in breast cancer. J Clin Oncol 2007, 36:5815–5824.

4. Lonard DM, Kumar R, O'Malley BW: Minireview: the SRC family of
coactivators: an entrée to understanding a subset of polygenic
diseases?. Mol Endocrinol 2010, 24:279–285.

5. Hudelist G, Czerwenka K, Kubista E, Marton E, Pischinger K, Singer CF:
Expression of sex steroid receptors and their co-factors in normal and
malignant breast tissue: AIB1 is a carcinoma-specific co-activator. Breast
Cancer Res Treat 2003, 78:193–204.

6. Haugan Moi LL, Flågeng MH, Gandini S, Guerrieri-Gonzaga A, Bonanni B,
Lazzeroni M, Gjerde J, Lien EA, DeCensi A, Mellgren G: Effect of low dose
tamoxifen on Steroid Receptor Coactivator 3/Amplified in Breast Cancer
1 in normal and malignant human breast tissue. Clin Cancer Res 2010,
16:2176–2186.

7. Lydon JP, O'Malley BW: Minireview: steroid receptor coactivator-3: a
multifarious coregulator in mammary gland metastasis. Endocrinology
2011, 152:19–25.

8. Anzick SL, Kononen J, Walker RL, Azorsa DO, Tanner MM, Guan XY, Sauter G,
Kallioniemi OP, Trent JM, Meltzer PS: AIB1, a steroid receptor coactivator
amplified in breast and ovarian cancer. Science 1997, 277:965–968.

9. Murphy LC, Simon SL, Parkes A, Leygue E, Dotzlaw H, Snell L, Troup S,
Adeyinka A, Watson PH: Altered expression of estrogen receptor
coregulators during human breast tumorigenesis. Cancer Res 2000,
60:6266–6271.

10. Bouras T, Southey MC, Venter DJ: Overexpression of the steroid receptor
coactivator AIB1 in breast cancer correlates with the absence of
estrogen and progesterone receptors and positivity for p53 and HER2/
neu. Cancer Res 2001, 61:903–907.

11. List HJ, Reiter R, Singh B, Wellstein A, Riegel AT: Expression of the nuclear
coactivator AIB1 in normal and malignant breast tissue. Breast Cancer Res
Treat 2001, 68:21–28.

12. Shou J, Massarweh S, Osborne CK, Wakeling AE, Ali S, Weiss H, Schiff R:
Mechanisms of tamoxifen resistance: Increased estrogen receptor-HER2/neu
cross-talk in ER/HER2-positive breast cancer. J Nat Cancer Inst 2004, 96:926–935.

13. Wang LH, Yang XY, Zhang X, An P, Kim HJ, Huang J, Clarke R, Osborne CK,
Inman JK, Appella E, Farrar WL: Disruption of estrogen receptor DNA-binding
domain and related intramolecular communication restores tamoxifen
sensitivity in resistant breast cancer. Cancer Cell 2006, 10:487–499.

14. Kressler D, Hock MB, Kralli A: Coactivators PGC-1b and SRC-1 interact
functionally to promote the agonist activity of the selective estrogen
receptor modulator tamoxifen. J Biol Chem 2007, 282:26897–26907.



Moi et al. BMC Cancer 2012, 12:247 Page 11 of 12
http://www.biomedcentral.com/1471-2407/12/247
15. Osborne CK, Bardou V, Hopp TA, Chamness GC, Hilsenbeck SG, Fuqua SA,
Wong J, Allred DC, Clark GM, Schiff R: Role of the estrogen receptor
coactivator AIB1 (SRC-3) and HER-2/neu in tamoxifen resistance in breast
cancer. J Natl Cancer Inst 2003, 95:353–361.

16. Fleming FJ, Myers E, Kelly G, Crotty TB, McDermott EW, O’Higgins NJ, Hill
ADK, Young LS: Expression of SRC-1, AIB1, and PEA3 in HER2 mediated
endocrine resistant breast cancer; a predictive role for SRC-1. J Clin
Pathol 2004, 57:1069–1074.

17. Redmond AM, Bane FT, Stafford AT, McIlroy M, Dillon MF, Crotty TB, Hill AD,
Young LS: Coassociation of estrogen receptor and p160 proteins predicts
resistance to endocrine treatment; SRC-1 is an independent predictor of
breast cancer recurrence. Clin Cancer Res 2009, 15:2098–2106.

18. Flågeng MH, Haugan Moi LL, Dixon JM, Geisler J, Lien EA, Miller WR,
Lønning PE, Mellgren G: Nuclear receptor coactivators and HER-2/neu are
upregulated in breast cancer patients during neoadjuvant treatment
with aromatase inhibitors. Brit J Cancer 2009, 101:253–260.

19. Huggins C, Grand LC, Brilliantes FP: Mammary cancer induced by a single
feeding of polynuclear hydrocarbons, and its suppression. Nature 1961,
189:204–207.

20. Olayioye MA, Neve RM, Lane HA, Hynes NE: The ErbB signaling network:
receptor dimerization in development and cancer. EMBO J 2000, 19:3159–3167.

21. Gjerde J, Kisanga ER, Hauglid M, Holm PI, Mellgren G, Lien EA: Identification and
quantification of tamoxifen and four metabolites in serum by liquid
chromatography-tandem mass spectrometry. J Chromatogr A 2005, 1082:6–14.

22. Kisanga ER, Gjerde J, Schjøtt J, Mellgren G, Lien EA: Tamoxifen
administration and metabolism in nude mice and nude rats. J Steroid
Biochem Mol Biol 2003, 84:361–367.

23. Lien EA, Solheim E, Ueland PM: Distribution of tamoxifen and its
metabolites in rat and human tissues during steady-state treatment.
Cancer Res 1991, 51:4837–4844.

24. Lauritsen KJ, List HJ, Reiter R, Wellstein A, Riegel AT: A role for TGF-beta in
estrogen and retinoid mediated regulation of the nuclear receptor
coactivator AIB1 in MCF-7 breast cancer cells. Oncogene 2002, 21:7147–7155.

25. Lonard DM, Tsai SY, O’Malley BW: Selective estrogen receptor modulators
4-hydroxytamoxifen and raloxifene impact the stability and function of
SRC-1 and SRC-3 coactivator proteins. Mol Cell Biol 2004, 24:14–24.

26. Dati C, Antoniotti S, Tavema D, Perroteau I, De Bortoli M: Inhibition of
c-erbB-2 oncogene expression by estrogens in human breast cancer
cells. Oncogene 1990, 5:1001–1006.

27. Read LD, Keith D, Slamon DJ, Katzenellenbogen BS: Hormonal modulation of
HER-2/neu protooncogene messenger ribonucleic acid and p185 protein
expression in human breast cancer cell lines. Cancer Res 1990, 50:3947–3951.

28. Antoniotti S, Tavema D, Maggiora P, Sapei ML, Hynes NE, DeBortoli M:
Oestrogen and epidermal growth factor down-regulate erbB-2
oncogene protein expression in breast cancer cells by different
mechanisms. Br J Cancer 1994, 70:1095–1101.

29. Newman SP, Bates NP, Vernimmen D, Parker MG, Hurst HC: Cofactor
competition between the ligand-bound oestrogen receptor and an
intron 1 enhancer leads to oestrogen repression of ERBB2 expression in
breast cancer. Oncogene 2000, 19:490–497.

30. Hurtado A, Holmes KA, Geistlinger TR, Hutcheson IR, Nicholson RI, Brown M,
Jiang J, Howat WJ, Ali S, Carroll JS: Regulation of ERBB2 by oestrogen
receptor-PAX2 determines response to tamoxifen. Nature 2008, 456:663–666.

31. Knowlden JM, Hutcheson IR, Jones HE, Madden T, Gee JM, Harper ME,
Barrow D, Wakeling AE, Nicholson RI: Elevated levels of epidermal growth
factor receptor/c-erbB2 heterodimers mediate an autocrine growth
regulatory pathway in tamoxifen-resistant MCF-7 cells. Endocrinology
2003, 144:1032–1044.

32. Graus-Porta D, Beerli RR, Daly JM, Hynes NE: ErbB-2, the preferred
heterodimerization partner of all ErbB receptors, is a mediator of lateral
signaling. EMBO J 1997, 16:1647–1655.

33. DiGiovanna MP, Lerman MA, Coffey RJ, Muller WJ, Cardiff RD, Stern DF:
Active signaling by Neu in transgenic mice. Oncogene 1998, 17:1877–1884.

34. Siegel PM, Ryan ED, Cardiff RD, Muller WJ: Elevated expression of activated
forms of Neu/ErbB-2 and ErbB-3 are involved in the induction of
mammary tumors in transgenic mice: implications for human breast
cancer. EMBO J 1999, 18:2149–2164.

35. Hudelist G, Singer CF, Manavi M, Pischinger K, Kubista E, Czerwenka K:
Co-expression of ErbB-family members in human breast cancer: Her-2/
neu is the preferred dimerization candidate in nodal-positive tumors.
Breast Cancer Res Treat 2003, 80:353–361.
36. Neve RM, Sutterlüty H, Pullen N, Lane HA, Daly JM, Krek W, Hynes NE:
Effects of oncogenic ErbB2 on G1 cell cycle regulators in breast tumour
cells. Oncogene 2000, 19:1647–1656.

37. Liu B, Ordonez-Ercan D, Fan Z, Edgerton SM, Yang X, Thor AD:
Downregulation of erbB3 abrogates erbB2-mediated tamoxifen
resistance in breast cancer cells. Int J Cancer 2007, 120:1874–1882.

38. Myers E, Hill ADK, Kelly G, McDermott EW, O’Higgins NJ, Buggy Y, Young LS:
Associations and interactions between Ets-1 and Ets-2 and coregulatory
proteins, SRC-1, AIB1, and NCoR in breast cancer. Clin Cancer Res 2005,
11:2111–2122.

39. Wang S, Yuan Y, Liao L, Kuang SQ, Tien JC, O’Malley BW, Xu J: Disruption of
the SRC-1 gene mice suppresses breast cancer metastasis without affecting
primary tumor formation. Proc Natl Acad Sci US 2009, 106:151–156.

40. Pietras RJ, Arboleda J, Reese DM, Wongvipat N, Pegram MD, Ramos L,
Gorman CM, Parker MG, Sliwkowski MX, Slamon DJ: HER-2 tyrosine kinase
pathway targets estrogen receptor and promotes hormone-independent
growth in human breast cancer cells. Oncogene 1995, 10:2435–2446.

41. McIlroy M, Fleming FJ, Buggy Y, Hill ADK, Young LS: Tamoxifen induces
ER-alpha – SRC-3 interaction in HER2 positive human breast cancer; a
possible mechanism for ER isoform specific recurrence. Endocr Relat
Cancer 2006, 13:1135–1145.

42. Benz CC, Scott GK, Sarup JC, Johnson RM, Tripathy D, Coronado E, Shepard
HM, Osborne CK: Estrogen-dependent, tamoxifen-resistant tumorigenic
growth of MCF-7 cells transfected with HER2/neu. Breast Cancer Res Treat
1992, 24:85–95.

43. Miller DL, El-Ashry D, Cheville AL, Liu Y, McLeskey SW, Kern FG: Emergence
of MCF-7 cells overexpressing a transfected epidermal growth factor
receptor (EGFR) under estrogen-depleted conditions: evidence for a role
of EGFR in breast cancer growth and progression. Cell Growth Differ 1994,
5:1263–1274.

44. Zhao W, Zhang Q, Kang X, Jin S, Lou C: AIB1 is required for the acquisition
of epithelial growth factor receptor-mediated tamoxifen resistance in
breast cancer cells. Biochem Biophys Res Commun 2009, 380:699–704.

45. Feng W, Webb P, Nguyen P, Liu X, Li J, Karin M, Kushner PJ: Potentiation
of estrogen receptor activation function 1 (AF-1) by Src/JNK through a
serine 118-independent pathway. Mol Endocrinol 2001, 15:32–45.

46. Rowan BG, Garrison N, Weigel NL, O’Malley BW: 8-bromo-cyclic AMP
induces phosphorylation of two sites in SRC-1 that facilitate ligand-
independent activation of the chicken progesterone receptor and are
critical for functional cooperation between SRC-1 and CREB binding
protein. Mol Cell Biol 2000, 20:8720–8730.

47. Font De Mora J, Brown M: AIB1 is a conduit for kinase-mediated growth
factor signaling to the estrogen receptor. Mol Cell Biol 2000, 20:5041–5047.

48. Wu RC, Qin J, Hashimoto Y, Wong J, Xu J, Tsai SY, Tsai MJ, O’Malley BW:
Regulation of SRC-3 (pCIP/ACTR/AIB-1/RAC-3/TRAM-1) coactivator
activity by IΚB kinase. Mol Cell Biol 2002, 22:3549–3561.

49. Wu RC, Qin J, Yi P, Wong J, Tsai SY, Tsai MJ, O’Malley BW: Selective
phosphorylation of the SRC-3/AIB coactivator integrate genomic
responses to multiple cellular signaling pathways. Mol Cell 2004,
15:937–949.

50. Pasqualini JR, Sumida C, Giambiagi N: Pharmacodynamics and biological
effects of antiestrogens in different models. J Steroid Biochem 1988,
31:613–643.

51. Johnson MD, Zuo H, Lee KH, Trebley JP, Rae JM, Weatherman RV, Desta Z,
Flockhart DA, Skaar TC: Pharmacological characterization of 4-hydroxy-N-
desmethyl tamoxifen, a novel active metabolite of tamoxifen. Breast
Cancer Res Treat 2004, 85:151–159.

52. Gjerde J, Hauglid M, Breilid H, Lundgren S, Varhaug JE, Kisanga ER, Mellgren
G, Steen VM, Lien EA: Effects of CYP2D6 and SULT1A1 genotypes
including SULT1A1 gene copy number on tamoxifen metabolism. Ann
Oncol 2008, 19:56–61.

53. Stearns V, Rae JM: Pharmacogenetics and breast cancer endocrine
therapy: CYP2D6 as a predictive factor for tamoxifen metabolism and
drug response?. Expert Rev Mol Med 2008, 10:e34.

54. Parte P, Kupfer D: Oxidation of tamoxifen by human flavin-containing
monooxygenase (FMO) 1 and FMO3 to tamoxifen-N-oxide and its novel
reduction back to tamoxifen by human cytochromes P450 and
hemoglobin. Drug Metab Dispos 2005, 33:1446–1452.

55. Lien EA, Solheim E, Kvinnsland S, Ueland PM: Identification of 4-hydroxy-N-
desmethyltamoxifen as a metabolite of tamoxifen in human bile. Cancer
Res 1988, 48:2304–2308.



Moi et al. BMC Cancer 2012, 12:247 Page 12 of 12
http://www.biomedcentral.com/1471-2407/12/247
56. Lien EA, Solheim E, Lea OA, Lundgren S, Kvinnsland S, Ueland PM:
Distribution of 4-hydroxy-N-desmethyltamoxifen and other tamoxifen
metabolites in human biological fluids during tamoxifen treatment.
Cancer Res 1989, 49:2175–2183.

57. Kisanga ER, Haugan Moi LL, Gjerde J, Mellgren G, Lien EA: Induction of
hepatic drug-metabolising enzymes and tamoxifen metabolite profile in
relation to administration route during low-dose treatment in nude rats.
J Steroid Biochem Mol Biol 2005, 94:489–498.

58. Karimian E, Chagin AS, Gjerde J, Heino T, Lien EA, Ohlsson C, Sävendahl L:
Tamoxifen impairs both longitudinal and cortical bone growth in young
male rats. J Bone Miner Res 2008, 23:1267–1277.

59. Kisanga ER, Gjerde J, Guerrieri-Gonzaga A, Pigatto F, Pesci-Feltri A,
Robertson C, Serrano D, Pelosi G, Decensi A, Lien EA: Tamoxifen and
metabolite concentrations in serum and breast cancer tissue during
three dose regimens in a randomized preoperative trial. Clin Cancer Res
2004, 10:2336–2343.

doi:10.1186/1471-2407-12-247
Cite this article as: Moi et al.: Steroid receptor coactivators, HER-2 and
HER-3 expression is stimulated by tamoxifen treatment in DMBA-
induced breast cancer. BMC Cancer 2012 12:247.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Animal model
	RNA extraction, reverse transcription and real-time PCR

	link_Fig1
	Protein extraction and western blot analysis
	Tamoxifen and metabolite concentrations
	Statistics

	Results
	Animal weights, tumor measurements and treatment response to tamoxifen
	mRNA expression of SRCs, HER growth factor receptors, ER&alpha; and Ets-2

	link_Fig2
	Protein expression of steroid receptor coactivators, HER-2 and HER-3

	link_Fig3
	link_Tab1
	Tamoxifen and metabolites in serum and tumor tissue

	Discussion
	link_Tab2
	link_Tab3
	link_Tab4
	Conclusions
	Competing interests
	Acknowledgements
	Author details
	Authors&rsquo; contributions
	References
	link_CR1
	link_CR2
	link_CR3
	link_CR4
	link_CR5
	link_CR6
	link_CR7
	link_CR8
	link_CR9
	link_CR10
	link_CR11
	link_CR12
	link_CR13
	link_CR14
	link_CR15
	link_CR16
	link_CR17
	link_CR18
	link_CR19
	link_CR20
	link_CR21
	link_CR22
	link_CR23
	link_CR24
	link_CR25
	link_CR26
	link_CR27
	link_CR28
	link_CR29
	link_CR30
	link_CR31
	link_CR32
	link_CR33
	link_CR34
	link_CR35
	link_CR36
	link_CR37
	link_CR38
	link_CR39
	link_CR40
	link_CR41
	link_CR42
	link_CR43
	link_CR44
	link_CR45
	link_CR46
	link_CR47
	link_CR48
	link_CR49
	link_CR50
	link_CR51
	link_CR52
	link_CR53
	link_CR54
	link_CR55
	link_CR56
	link_CR57
	link_CR58
	link_CR59


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


