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Background: AIB1 (SRC-3) is an estrogen receptor (ER) co-
activator that, when overexpressed in cultured cells, can re-
duce the antagonist activity of tamoxifen-bound ERs. Sig-
naling through the HER-2 receptor pathway activates AIB1
by phosphorylation. To determine whether high AIB1 ex-
pression alone or together with HER-2 reduces the effective-
ness of tamoxifen in breast cancer patients, we quantified
expression of AIB1 and HER-2 in tumors from breast cancer
patients with long-term clinical follow-up who received ei-
ther no adjuvant therapy or adjuvant tamoxifen therapy
after breast cancer surgery. Methods: AIB1 and HER-2 pro-
tein levels in tumors from 316 breast cancer patients were
determined using western blot analysis. Molecular variables
(e.g., expression of AIB1, ER, progesterone receptor, p53,
Bcl-2), tumor characteristics, and patient outcome were as-
sessed using Spearman rank correlation. Disease-free sur-
vival (DFS) curves were derived from Kaplan—Meier esti-
mates, and the curves were compared by log-rank tests. The
effect of AIB1 on DFS adjusted for other prognostic factors
was assessed by multivariable analysis using the Cox pro-
portional hazards model. All statistical tests were two-sided.
Results: High AIB1 expression in patients not receiving ad-
juvant tamoxifen therapy was associated with better prog-
nosis and longer DFS (P = .018, log-rank test). In contrast,
for patients who did receive tamoxifen therapy, high AIB1
expression was associated with worse DFS (P = .049, log-
rank test), which is indicative of tamoxifen resistance. The
test for interaction between AIB1 expression and tamoxifen
therapy was statistically significant (P = .004). When expres-
sion of AIB1 and HER-2 were considered together, patients
whose tumors expressed high levels of both AIB1 and HER-2
had worse outcomes with tamoxifen therapy than all other
patients combined (P = .002, log-rank test). Conclusions: The
antitumor activity of tamoxifen in patients with breast can-
cer may be determined, in part, by tumor levels of AIB1 and
HER-2. Thus, AIB1 may be an important diagnostic and
therapeutic target. [J Natl Cancer Inst 2003;95:353-61]

The estrogen receptor (ER) mediates the effects of estrogen
on the development and progression of breast cancer, and it
serves as an important diagnostic and therapeutic target for pre-
vention and treatment. The ER regulates the expression of genes
that contribute to tumor progression by both classical (e.g., bind-
ing to specific response elements in a gene promoter) and non-
classical (e.g., activating growth factor pathways in the mem-
brane) mechanisms. The selective estrogen receptor modulator
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(SERM) drug tamoxifen, which binds to the ER and partially
inhibits its activity, is effective in the treatment and prevention
of breast cancer.

ER-mediated gene transcription is regulated not only by the
binding of estrogens or SERMs to the ER but also by other
post-translational events, such as receptor phosphorylation,
which can be induced both by the binding of estrogen and
SERMs and by mitogen-activated protein kinase (MAPK) path-
ways (/-6). ER function is also modulated by interactions with
coactivators and corepressors (7). These coregulatory proteins
may also alter ER activity when the receptor is bound by SERMs
such as tamoxifen, a drug that has mixed estrogen agonist/
antagonist properties. Increased coactivator levels can enhance
the agonist activity of tamoxifen-bound ER, whereas increased
corepressor levels can enhance antagonist activity, at least in
cultured cells, in which the levels of these proteins can be raised
or lowered dramatically (8—172).

AIB1, also called SRC-3, RAC3, ACTR, and p/CIP, is an ER
coactivator that is thought to be important in breast cancer (13—
16). AIB1 is overexpressed in breast cancer cells compared with
normal duct epithelial cells and is amplified in a small propor-
tion of breast tumors (/3,17-19). AIB1 is highly expressed in
cultured MCF-7 human breast cancer cells, and its activity is
essential for the growth of these cells both in vitro and in vivo
(20). AIB1, like the ER itself, is phosphorylated and thereby
functionally activated by MAPKSs; therefore, high levels of ac-
tivated AIB1 could reduce the antagonist effects of tamoxifen,
especially in tumors that also overexpress the HER-2 receptor, a
member of the epidermal growth factor (EGF) receptor family
that activates MAPKs (21).

Laboratory studies suggest that ER-positive breast cancers
that overexpress HER-2 may be less responsive to tamoxifen
than breast cancers with low HER-2 expression (22). The
mechanisms for this resistance are not yet clear; however, li-
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gand-independent activation of the ER by MAPKs, which them-
selves are phosphorylated and thereby activated by HER-2 sig-
naling in such tumors, may contribute to it (4-6). High HER-2
expression has also been shown to be associated with tamoxifen
resistance in some clinical studies (23,24), but this association is
not strong and other studies have failed to confirm it (23,24).

The cumulative data on the role of coregulators in ER func-
tion suggest that they are important contributors to estrogen-
mediated tumor growth and, potentially, to breast tumor sensi-
tivity or resistance to endocrine therapy such as tamoxifen.
Tumors with a relatively high abundance of coactivators such as
AIBI1, especially those with enhanced HER-2 signaling which
can activate AIB1, should be less responsive to tamoxifen
therapy because of increased estrogen agonist activity of tamoxi-
fen-bound ER (12,25). To explore these hypotheses, we deter-
mined AIB1 protein levels in extracts from frozen tumors from
316 patients with long-term clinical follow-up, some of whom
had received no adjuvant systemic therapy after breast cancer
surgery and others of whom had received adjuvant tamoxifen
therapy. Correlations among expression levels of AIB1 and
other molecular variables, including ER, progesterone receptor
(PR), HER-2, p53, and Bcl-2, and tumor characteristics, includ-
ing S-phase fraction and patient outcome, were analyzed. Given
the biologic relationship between HER-2 and AIB1 activation,
the predictive significance of the combination of AIBI1 and
HER-2 expression levels was also assessed in both groups of
patients.

PATIENTS AND METHODS
Patients

Frozen tumor specimens from 316 breast cancer patients, all
of whom had positive axillary lymph nodes at the time of initial
surgery, were selected for study. Such patients have higher re-
currence rates after primary treatment (i.e., initial surgery) than
lymph node-negative patients, resulting in more events for better
statistical power. One hundred nineteen of these patients re-
ceived no adjuvant chemotherapy or tamoxifen therapy after
initial surgery and 187 patients received adjuvant tamoxifen
therapy. The other 10 patients received both adjuvant chemo-
therapy and tamoxifen therapy. The median follow-up for pa-
tients still living is 95 months. These studies were approved by
the Baylor College of Medicine Institutional Review Board.

Tumor Specimens

Proteins (30 mg) from tumor tissue from each patient were
extracted in 300 pL of 5% sodium dodecyl sulfate (SDS) at
90 °C for 5 minutes. Protein concentration was determined using
the bicinchoninic acid (BCA) method (Pierce, Rockford, IL),
according to the manufacturer’s instructions, with typical yields
of 2-5 pg/pL. Protein samples were stored at —70 °C until use.

Cell Line Standard

MCF-7 human breast cancer cell extracts were used as a
standard on each gel to correct for gel-to-gel variations in band
intensity. Cells were grown in 100-mm tissue culture dishes and
then harvested. Proteins were then extracted in a single-step
process in the culture dish. Briefly, cells were washed twice with
cold phosphate-buffered saline (PBS), and proteins were ex-
tracted with 5% SDS in distilled water at 90 °C for 5 minutes.
The mixture was centrifuged at 13000g for 5 minutes, and the
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protein remaining in the supernatant (approximate yield = 1
pg/nl) was determined using the BCA method. Standard
samples were stored at —70 °C until use.

Western Blot Assay for AIB1

AIBI1 expression levels were measured by an investigator
blinded to all clinical information. Briefly, 20 g of extracted
protein in sample buffer (0.05 M Tris [pH 6.8] containing 2%
SDS, 2.5% B-mercaptoethanol, 10% glycerol, and 0.1% bromo-
phenol blue as tracking dye) was placed in boiling water for 2
minutes, cooled to room temperature, and centrifuged at 13 000g
for 1 minute. Protein extracted from MCF-7 cells was used as
a reference standard (5 pg of protein/lane) and was included
on each gel as a normalization control. Proteins were subjected
to electrophoresis on 8% Tricine-Glycine polyacrylamide gels
(Invitrogen, Carlsbad, CA) and transferred onto nitrocellulose
membranes at 4 °C overnight at 20 mA.

Blots were then rinsed for 5 minutes with Tris-buffered saline
(TBS) (100 mM Tris [pH 7.5] and 0.9% NaCl) containing 0.1%
Tween-20 (TBST). After blocking with 5% nonfat dry milk in
TBST, the blots were incubated overnight at 4°C in primary
antibody (1 : 1000 rabbit anti-RAC3 antiserum). This polyclonal
antibody was raised in rabbits against a maltodextrin binding
protein (MBP) fusion protein containing amino acid residues
582-842 of human RAC3 (i.e., AIB1). This antibody is specific
for AIB1 and does not cross-react with other members of the
SRC family (26). The blots were washed three times in TBST
and then incubated for 1 hour at room temperature in 5% nonfat
dry milk in TBST and horseradish peroxidase-labeled anti-rabbit
Ig (1:5000) as secondary antibody (Amersham Pharmacia Bio-
tech, Piscataway, NJ). The blots were then washed five times
in TBST, after which the labeled protein was visualized on a
FluorChem digital imaging system (Alpha Innotech Corp., San
Leandro, CA) using an enhanced chemiluminescence detection
system. Band intensities were measured densitometrically using
AlphaEase FC software (Alpha Innotech Corp.). AIB1 levels in
tumor samples were normalized to AIB1 levels in the MCF-7
standard control from the same immunoblot. AIB1 levels were
measured once in each breast tumor extract. For most analyses,
AIB1 levels were considered as a continuous variable, and no
attempt was made to identify an optimal cutpoint. For some
analyses, levels were arbitrarily divided into quartiles.

Other Tumor Markers

The amount of ER and PR in the tumor tissue was measured
by ligand binding assays as previously described (27). Briefly,
cytosols were extracted from tumor tissues that had been pul-
verized in liquid nitrogen. '*’I-labeled estradiol and tritiated-
ORG 2058 (Amersham Pharmacia Biotech) allowed for simul-
taneous determination of levels of both ER and PR in the
standard multipoint dextran-coated charcoal assay. Tumors with
an ER content of at least 3 fmol/mg protein (the limit of detec-
tion in this assay) and with a PR content of at least 10 fmol/mg
protein were considered to be positive for ER and PR, respec-
tively. These levels were based on prior studies calibrated to
clinical outcome (27).

S-phase fraction was calculated by DNA flow cytometry and
classified as low, intermediate, or high, as previously described
(28). Briefly, DNA flow cytometry was performed on tumor
extracts, and the histograms were analyzed by Modfit (Verity
Software House, Topsham, ME) using single-cut debris strip-
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ping (28). Cut points were determined by calibrating S-phase
fraction with clinical outcome in a group of more than 28 800
patients with breast cancer (low, <6%; intermediate, 6%—10%;
high, >10%).

Immunohistochemistry was used to semiquantitatively mea-
sure pS3 and Bcl-2 protein expression (29). Briefly, 5-pum sec-
tions of each paraffin-embedded specimen were stained with
hematoxylin and eosin to verify adequate numbers of invasive
tumor cells. Additional 5-pm sections underwent antigen re-
trieval in boiling citrate buffer (pH 6) in a pressure cooker for
5 minutes. For Bcl-2 immunostaining, sections were incubated
for 1 hour in monoclonal antibody 124 (DAKO, Carpinteria,
CA). For p53 immunostaining, sections were incubated over-
night in a humidity chamber with monoclonal antibody 1801
(Novocastra Laboratories, Ltd., Newcastle upon Tyne, U.K.).
A secondary biotinylated anti-mouse antibody was applied to the
slides for 30 minutes at room temperature, followed by incuba-
tion with streptavidin horseradish peroxidase for 30 minutes at
room temperature. The slides were then rinsed in PBS and ex-
posed to diaminobenzidine tetrahydrochloride for 10 minutes at
room temperature. Slides were then counterstained with methyl
green and scored by a pathologist. A cut point of more than or
equal to 10% positively stained cells was used for both Bcl-2 and
p53, based on prior calibrations with clinical outcome (29).

HER-2 expression was determined by western blot analysis
as described previously (30). Briefly, proteins were extracted in
5% SDS and subjected to electrophoresis on 7.5% polyacryl-
amide gels. An SDS extract of the T47D human breast cancer
cell line was used as a reference standard. Resolved proteins
were electroblotted onto a nitrocellulose membrane at 20 mA
for 16 hours at 4°C. Blots were incubated with anti-HER-2
protein antiserum overnight at 4 °C, followed by incubation with
'2%]-labeled donkey anti-rabbit whole antibody for 30 minutes at
room temperature. The level of HER-2 protein in individual
tumors was determined by densitometric scanning of the 190-kd
band and expressed in terms of HER-2 units based on the T47D
laboratory standard. The cut points for low (i.e., grade 0 or 1)
and high (i.e., grades 2—4) HER-2 expression accurately pre-
dicted disease-free survival (DFS) in a prior study and thus were
used as the cut points in this study (29,30).

Statistical Analysis

Clinical and prognostic characteristics of study patients are
grouped as shown in Table 1 and are summarized by frequency
distributions. Differences in frequency distributions between pa-
tients who did and did not receive adjuvant tamoxifen therapy
were assessed by Fisher’s exact test. Associations between clini-
cal and molecular factors, which were all treated as continuous
variables, were assessed by the Spearman rank correlation.

DFS was calculated from the date of diagnosis. First recur-
rence (local or distant) was scored as an event, and patients
without recurrence were censored at the time of last follow-up or
death from any cause. For graphical presentation, follow-up was
truncated at 120 months. Overall survival (OS) was calculated
from the date of diagnosis, with death from any cause being
scored as an event. Patients who were alive at the last follow-up
were censored at the last follow-up date. Survival curves were
derived from Kaplan—Meier estimates (3/), and the curves were
compared by log-rank tests (32).

Separate analyses were performed for those patients who did
and did not receive adjuvant tamoxifen therapy. The association
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of the level of AIBI1 expression with patient outcome, adjusted
for other prognostic factors, was assessed in multivariable analy-
sis by Cox proportional hazards models (33). The assumption of
proportional hazards was verified separately in each treatment
group by using the method of Grambsch and Therneau (34).
Explanatory variables conformed to the assumption of propor-
tionality, except for ER (dichotomized ER-positive versus
-negative) in patients who did not receive adjuvant tamoxifen
therapy (P = .005). The nonproportionality resulted from a loss
of prognostic effect for ER after the first 3 years of follow-up.
Multivariable analyses that did or did not include an additional
time-dependent variable to account for this change in the effect
of ER after 3 years yielded virtually identical results for other
explanatory variables, and therefore only the simpler, time-
independent analyses are presented (34). All statistical tests were
two-sided at the 5% level of statistical significance and were
performed using SAS (version 8.0) or SPLUS (version 6.1)
(SAS Institute, Cary, NC). A Wald test was used to assess the
statistical significance of individual prognostic factors. Survival
rates and hazard ratios are presented with their 95% confidence
intervals (CIs).

RESULTS
Characteristics of Patients and Tumor Specimens

Patient and tumor characteristics for the entire study popula-
tion and for each treatment group are shown in Table 1. The
majority of patients (85%) were at least 50 years old and, by
definition, all patients had positive axillary lymph nodes, with
55% having 1-3 positive lymph nodes. Most of the tumors were
of small or intermediate size (82%) and had intermediate or high
S-phase fractions (77%). Eighty-nine percent of the patients had
ER-positive tumors (reflecting the patient selection criteria),
62% of patients had PR-positive tumors, and 31% of patients
had HER-2 grade 2—4 tumors. The characteristics of the treat-
ment (i.e., tamoxifen therapy or no adjuvant therapy) groups
were similar, with the exception of a slightly older age, a greater
proportion of ER and/or PR positivity, and a lower proportion of
p53 positivity in the patients who received tamoxifen therapy.

AIB1 Expression and Correlations With Molecular
Markers and Clinical Variables

Expression of AIBI1 in different tumors varied widely (Fig.
1). Normalized band intensity, using the MCF-7 reference stan-
dard, ranged from 0.26 to 5.7 densitometry units, a difference of
more than 20-fold. The mean band intensity across all tumors
was 1.3 (95% CI = 1.22 to 1.39), and the median was 1.15.

When we examined the correlations between various molecu-
lar markers and clinical variables in the tumor specimens,
ER protein expression was positively correlated with age,
PR expression, and Bcl-2 expression and inversely correlated
with p53 expression, S-phase fraction, and tumor size (data
not shown). AIB1 protein expression (as a continuous variable),
by contrast, showed a weak inverse correlation with PR expres-
sion (correlation coefficient [r] = -0.11; P = .05) and no
correlation with ER expression (r = —0.07; P = .20) (Table 2).
Statistically significant but weak positive correlations were
observed between AIB1 expression and S-phase fraction
(r = 0.21; P = .003) and HER-2 expression (r = 0.22;
P<.001). The positive correlations between AIB1 expression and
factors typically associated with a more aggressive phenotype
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Table 1. Patient and tumor characteristics*

All patients,

Untreated patients,

Tamoxifen-treated patients,

Variable No. (%) No. (%) No. (%) P valuef
Age, y
=50 269 (85) 95 (80) 168 (90)
<50 47 (15) 24 (20) 19 (10) .018
Lymph nodes
1-3 172 (55) 64 (54) 104 (56)
>3 143 (45) 54 (46) 83 (44) 81
Missing 1 1 0
Tumor size, cm
Small (<2) 78 (25) 23 (20) 51(27)
Intermediate (2-5) 180 (57) 69 (58) 107 (57)
Large (>5) 57 (18) 26 (22) 29 (16) 17
Missing 1 1 0
S-phase fraction, %
Low (<6) 72 (23) 20 (17) 49 (27)
Intermediate (6—10) 101 (33) 41 (35) 59 (32)
High (>10) 137 (44) 57 (48) 75 (41) 13
Missing 6 1 4
ER
Positive (=3 fmol/mg) 281 (89) 96 (81) 177 (95)
Negative (<3 fmol/mg) 35(11) 23 (19) 10 (5) <.001
PR
Positive (=10 fmol/mg) 187 (62) 58 (53) 122 (66)
Negative (<10 fmol/mg) 116 (38) 52 (47) 62 (34) .026
Missing 13 9 3
p53 IHC score
0-4 256 (82) 88 (76) 160 (86)
5-8 55 (18) 28 (24) 26 (14) .030
Missing 5 3 1
HER-2 grade
0-1 218 (69) 84 (71) 127 (68)
2-4 97 (31) 35(29) 60 (32) .70
Missing 1 0 0
Bcl-2 THC score
04 125 (41) 50 (44) 72 (40)
5-8 177 (59) 63 (56) 108 (60) .54
Missing 14 6 7
AIBI1 expression, units
1st quartile 84 < .78 30 < 0.79% 48 < 0.76%
2nd quartile 85>.78-1.15 30>0.79-1.17 46>0.76-1.11
3rd quartile 79 > 1.15-1.61 30> 1.17-1.67 47>1.11-1.55
4th quartile 68 > 1.61 29 > 1.67 46> 1.55

*Ten patients treated with adjuvant chemotherapy plus tamoxifen were included in the “All patients” category and were used for initial correlations, but they are
not included in the “Untreated” or “Tamoxifen-treated” categories. The number of patients with missing data is shown, but they are not included in the calculation
of percentages or in Fisher’s exact test. ER = estrogen receptor; PR = progesterone receptor; IHC = immunohistochemistry.

TP values were derived from Fisher’s exact test.

+Corrected densitometry units from western blots were normalized to the MCF-7 reference standards.

(i.e., HER-2 and S-phase fraction) suggested that AIB1 expres-
sion might correlate with relatively poor prognosis.

AIB1 Expression and Prognosis

To examine the relationship between AIB1 expression and
prognosis, we analyzed tumors from the 119 patients who did
not receive adjuvant therapy. The exclusion of patients who
received adjuvant therapy allowed us to discriminate between

1 2 3 4 5 6 7 8 9 10 11 12 13

Table 2. Spearman rank correlations of AIB1 expression with molecular
markers and clinical variables*

AIB1 correlation

Fig. 1. Example of a western blot showing AIB1 expression from extracts of 12
representative tumors. Lane 1 is the standard (5 pg of MCF-7 extract protein)
that was used to normalize AIB1 levels between blots. Protein (20 mg) was
added to each lane.
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Variable N coefficientf P valuef
ER 316 -0.07 .20
PR 303 -0.11 .05
p53 311 0.09 .10
HER-2 315 0.22 <.001
Age 316 0.008 .88
Tumor size 315 0.09 .09
S-phase fraction 310 0.21 .003
Bcl-2 302 -0.08 15
Lymph nodes 315 0.07 22
*ER = estrogen receptor; PR = progesterone receptor; N = number of

patients for whom data were available.
TAIl variables are continuous.
%P values were derived from a two-sided one-sample ¢ test.
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the prognostic (natural progression) and predictive (response to
drug) effects of AIB1 expression. Although high AIB1 expres-
sion was correlated weakly with higher S-phase fraction and
HER-2, both indicators of poor prognosis, high levels of AIB1
expression were associated, instead, with better prognosis (log-
rank test, P = .018); 5-year DFS was 77% (95% CI = 59% to
95%) for patients in the top quartile of AIB1 expression com-
pared with 47% (95% CI = 35% to 59%) for patients in the
lower three quartiles combined (Fig. 2, A). When AIB1 expres-
sion was considered as a continuous variable, high AIB1 expres-
sion was not statistically significantly associated with better
prognosis (P = .07). AIB1 expression was also not statistically
significantly associated with OS, an endpoint that can be con-
founded by multiple treatments given after recurrence.

Several of the other prognostic factors investigated in this
patient subset that had statistically significant associations with
better DFS included ER positivity (P = .008) and PR positivity
(P = .017). Poorer DFS was predicted by high HER-2 expres-
sion (P = .024), high S-phase fraction (P = .013), more than
three positive lymph nodes (P<.001), and large tumor size (>5
cm) (P = .004). When AIB1 expression and these six prognostic
factors were included in a Cox multivariable analysis of DFS (in
which the values for AIB1, ER, PR, and HER-2 expression and
the number of lymph nodes were dichotomized; the values for
tumor size were trichotomized; and the values for S-phase frac-
tion were treated as continuous variables [Table 3]), only the
number of lymph nodes, ER status, AIB1 expression, and
HER-2 expression remained statistically significant—that is,
more than three positive lymph nodes, negative ER status, low
AIB1 expression, and high HER-2 expression (grade 2—4) were
all associated with an increased risk of recurrence. In a similar
analysis, in which AIB1 expression was treated as a continuous
variable, the number of positive lymph nodes (P<.001), HER-2
expression (P = .038), ER negativity (P = .006), and low AIB1
expression (P = .043) all remained statistically significant risk
factors for recurrence. AIB1 protein expression (continuous or
dichotomized) was still not associated with OS, even though the
number of positive lymph nodes, ER expression level, and
HER-2 expression were statistically significantly associated
with OS (data not shown). Thus, among patients who did not
receive adjuvant tamoxifen therapy, high AIB1 expression was
associated with a more indolent tumor and more favorable pa-
tient outcome than was low AIB1 expression.

AIB1 and Effect of Adjuvant Tamoxifen Therapy

To examine the effect of AIB1 expression on the benefit of
adjuvant tamoxifen therapy, we analyzed tumors from the 187
patients who had received adjuvant tamoxifen therapy. AIB1
expression levels in these patients were similar to those observed
in the patients who had not received adjuvant tamoxifen therapy
(Table 1). AIB1 expression was not a favorable factor for DFS
in the tamoxifen-treated patients compared with DFS in un-
treated patients. Patients in the top quartile of AIB1 expression
had worse DFS than patients in the lower three quartiles com-
bined, although the difference did not reach statistical signifi-
cance. When the 10 known ER-negative patients were omitted
from the analysis and AIB1 expression was considered as a
continuous variable, high AIBI expression was statistically sig-
nificantly associated with poorer DFS (hazard ratio [HR] =
1.43,95% CI = 1.03 to 1.97; P = .031) (data not shown). High
AIB1 expression, when treated as a continuous variable, re-
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mained a statistically significant adverse factor in a multivari-
able analysis (HR = 1.45,95% CI = 1.06 to 1.97; P = .028),
along with more than three positive lymph nodes (HR = 2.73,
95% CI = 1.64 to 4.54; P<.001) (Table 3), whereas ER and
PR status, HER-2 expression, and S-phase fraction were not
statistically significant predictors of outcome. As was the case in
patients who did not receive adjuvant therapy, AIB1 expression
was not a predictor of OS in patients who had received adjuvant
tamoxifen.

Thus, although high AIBI expression was associated with
better DFS for patients who had not received adjuvant therapy,
high levels of AIB1 were associated with poorer DFS in patients
who had received tamoxifen. A test for interaction between
AIB1 expression and treatment (tamoxifen-treated patients)
or not (untreated patients) was highly statistically significant
(P = .004), thus confirming that the association of AIB1 ex-
pression with DFS is different in the tamoxifen-treated patients
(data not shown). These data suggest that tumors expressing
high levels of AIB1 protein may be tamoxifen resistant.

Interaction of AIB1 and HER-2

Because one of the consequences of HER-2 signaling is the
activation of AIB1 and because some studies (23,24) have sug-
gested that high HER-2 expression may be associated with
tamoxifen resistance, we examined whether high HER-2 expres-
sion might, via activation of AIBI, further modulate the re-
sponse of ER to tamoxifen and thus cause a higher level of
resistance. An analysis of the interaction of HER-2 and AIB1 in
patients who did not receive adjuvant therapy (Table 4) showed
that when HER-2 expression was low, high AIB1 expression
(top quartile) predicted better DFS than lower AIB1 expression
(lower three quartiles combined) (log-rank test, P = .013);
5-year DFS was 88% (95% CI = 73% to 100%) and 53% (95%
CI 39% to 67%), respectively. Fig. 2, B, shows that the
patients with high AIB1 expression and low HER-2 expression,
although relatively few in number (n 19), had statistically
significantly better DFS than patients with low AIB1 expression
and low HER-2 expression, high AIB1 expression and high
HER-2 expression, or low AIB1 expression and high HER-2
expression as a group (log-rank test, P = .005). Thus, high
HER-2 expression was an adverse prognostic factor for DFS in
the untreated patients, and the level of AIB1 expression did not
appear to have an additional effect on patient outcome.

Among patients receiving adjuvant tamoxifen therapy who
had low HER-2 expression (Table 4), high AIB1 expression was
not statistically significantly associated (P = .20) with an un-
favorable outcome, perhaps because that group of patients
lacked the high HER-2 expression needed to functionally acti-
vate AIB1. Among patients receiving adjuvant tamoxifen
therapy who had high HER-2 expression, however, high AIB1
expression was an adverse predictive factor (P = .003). Kaplan—
Meier estimates of DFS comparing patients in the high AIB1/
high HER-2 group with all other patients combined are shown in
Fig. 2, C. DFS in the group of patients with high AIB1 expres-
sion and high HER-2 expression was much worse (5-year DFS
= 42%, 95% CI = 22% to 63%) than the other three groups of
patients combined (5-year DFS = 70%, 95% CI = 62% to
77%) (log-rank test, P = .002). Interestingly, the group of pa-
tients with high HER-2 expression but low AIB1 expression had
favorable DFS, despite having high HER-2 expression (5-year
DFS = 77%, 95% CI = 63% to 92%). Thus, in the presence of

ARTICLES 357



A 1.0 ]

0.8 1

AIB1>1.67

0.6

0.4 1

Percentage DFS

0.2 1

0.0 T T T )
0 24 48 72 96 120

Time from diagnosis (months)
Patients at risk

AIB1>167 90 44 29 18 1 8
AIB1<1.67 29 17 15 5 4 2
B 1.0 7 [ 1 |
: :
J ! | AIB1 high
08 | HER-2 low
(7]
&
o 061
o
8
c
g 0.4 |
n“_’ All others
0.2 1 P =.005
0.0 T T T T —
0 24 48 72 96 120

Time from diagnosis (months)

Patients at risk

AIB1 high/HER-2 low 19 13 12 6 4 2
All others 100 48 32 18 1
C 1.0 7
0.8
w
LDL All others
3 061
o
]
§ 04 |
g : | AIBT high
& HER-2 high
0pl P=002
i
0.0 T T T T \
0 24 48 72 96 120

Time from diagnosis (months)
Patients at risk

All others 162 118 89 62 44 22
AIB1 high/HER-2 high 25 14 10 7 4 2

Fig. 2. Kaplan—Meier estimates of disease-free survival (DFS). A) DFS accord-
ing to AIB1 expression for patients who did not receive adjuvant therapy
(n = 119). Patients with high AIB1 expression (top quartile: AIB1>1.67 den-
sitometric units) were compared with patients with lower AIB1 expression
(=<1.67 densitometric units). B) DFS curves for patients who did not receive
adjuvant therapy (n = 119). Patients with high AIB1 expression (top quartile)
and low HER-2 expression were compared with patients with high expression of
both AIB1 and HER-2, low expression of both AIB1 and HER-2, or low AIB1
expression and high HER-2 expression. C) DFS for patients who received ad-
juvant tamoxifen therapy (n = 187). Patients with high AIB1 expression (top
quartile) and high HER-2 expression (grades 2—4) were compared with patients
with high expression of both AIB1 and HER-2, low expression of both AIB1 and
HER-2, or low AIBI expression and high HER-2 expression. All P values refer
to two-sided log-rank tests. Numbers below each graph indicate the number of
patients remaining at risk in each group. Vertical lines are the 95% confidence
intervals at selected time points.

358 ARTICLES

tamoxifen, high HER-2 expression may be an indicator of poor
outcome and, therefore, perhaps of tamoxifen resistance, only if
high levels of AIB1 are available to mediate the adverse effect.

DiscussioNn

To our knowledge, this is the first article comparing protein
expression levels of the ER coactivator AIB1 with tumor and
clinical variables in patients with primary breast cancer. Because
the tumor specimens were not derived from patients randomly
assigned to either a no-adjuvant-treatment group or to an adju-
vant tamoxifen group and because many of the analyses are
exploratory, the results presented here are not definitive with
regard to their clinical implications. Nevertheless, our results
confirm and extend hypotheses derived from preclinical studies
that suggest that high AIB1 expression levels might reduce the
antagonist activity of tamoxifen, and they provide a direct dem-
onstration that ER coactivators can be important in the patho-
physiology of disease in humans.

We found that, in patients known to have ER-positive pri-
mary breast cancer who were treated by surgery followed by
adjuvant tamoxifen therapy, high levels of the ER coactivator
AIBI are associated with poor DFS in both univariate and mul-
tivariable analyses. These data support the hypothesis that the
estrogen agonist activity of SERMs such as tamoxifen can be
enhanced by high levels of ER coactivators, as has been ob-
served in laboratory studies (/2,25), rendering the drug less
antiestrogenic in patients with high AIB1 levels. In multivariable
analyses of these primarily ER-positive patients, AIB1 expres-
sion was an even more important predictor of tamoxifen respon-
siveness than expression of PR or HER-2, molecular markers
previously shown to predict tamoxifen benefit or resistance
(23,24). These results are even more striking when viewed in the
context that, among patients who did not receive adjuvant
therapy, higher AIB1 expression was associated with a less ag-
gressive clinical course and better patient outcome than lower
AIB1 expression. Thus, the test for interaction between AIBI
and tamoxifen treatment (or no treatment) was highly statisti-
cally significant.

Ample biologic evidence suggests a mechanism whereby ER
coactivators like AIB1 might modulate the estrogen agonist or
antagonist properties of tamoxifen or other SERMs to reduce
their antitumor activity in patients (9,12,25). Moreover, our data
suggest that AIB1 may contribute to the reduced benefit from
tamoxifen that has been reported in some, although not all, stud-
ies of patients with ER-positive tumors that also express high
levels of HER-2 (23,24). Signaling through the HER-2 receptor
activates MAPK, which in turn phosphorylates not only the ER
but also AIBI (21). Increased agonist activity of tamoxifen-
bound ER induced by AIB1 might thereby reduce the clinical
benefit of adjuvant tamoxifen therapy. Our observations of a
positive correlation between AIB1 and HER-2 protein levels,
which has also been observed at the RNA level (/9), and of
worse outcome for tamoxifen-treated patients whose tumors
express high levels of both AIB1 and HER-2 are, therefore,
clinically important. Our data suggest that only those tumors
with high levels of HER-2 expression that also express high
levels of AIBI, a downstream target of this kinase signaling
pathway, are relatively resistant to tamoxifen treatment. The
inconsistent results in prior studies (23,24), in which only
HER-2 was measured in tamoxifen-treated patients, could be
due in part to the failure of these studies to include consideration
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Table 3. Cox multivariable analyses of disease-free survival in patients who received no adjuvant therapy and patients who received
adjuvant tamoxifen therapy*

No adjuvant therapy
(N = 108; 47 recurrences)

Adjuvant tamoxifen therapy
(N = 180; 64 recurrences)

Variable HR (95% CI) P valuei HR (95% CI) P valuef
More than three positive lymph nodes 4.04 (2.16 t0 7.58) <.001 2.73 (1.64 to 4.54) <.001
ER negative 2.84 (1.36t0 5.93) .006 — NS
AIBI (top quartile) 0.32 (0.13 t0 0.75) .009 1.45 (1.06 to 1.97)§ .028
HER-2 (grade 2-4) 1.90 (1.02to 3.51) .039 — NS

*Multivariable analysis was performed using stepwise Cox proportional hazards regression with forward selection (see “Patients and Methods” section). Candidate
exploratory variables included lymph nodes, tumor size, estrogen receptor (ER), progesterone receptor, HER-2, and AIB1. HR = hazard ratio; CI = confidence
interval; NS = variable not statistically significant in model; — = variable was not included in the statistical model.

tPatients with missing data could not be included in the analysis.
%P values were derived from a two-sided Wald test.

§AIB1 was treated as a continuous variable in adjuvant tamoxifen therapy patients.

Table 4. Five-year disease-free survival (DFS) by AIB1 and HER-2 status in patients stratified by treatment group*

No adjuvant therapy (N = 119)

Adjuvant tamoxifen therapy (N = 187)

No. of No. of
Variable patients S-year DES (95% CI) P valuet patients S-year DFES (95% CI) P valuet
High HER-2 (grade 2-4)
High AIBI1 (top quartile) 10 36% (0% to 88%) 40 25 42% (22% to 63%) .003
Low AIBI (lower three quartiles) 25 33% (13% to 54%) 35 77% (63% to 92%)
Low HER-2 (grade 0-1)
High AIBI1 (top quartile) 19 88% (73% to 100%) .013 21 83% (64% to 100%) 20
Low AIBI (lower three quartiles) 65 53% (39% to 67%) 106 64% (54% to 74%)

*CI = confidence interval.
TP value was derived from two-sided log-rank test.

of AIB1, which may also be necessary to elicit the agonist ac-
tivity of tamoxifen, and in part to the lack of assay standardiza-
tion for the measurement of HER-2. It is also clinically impor-
tant to emphasize that, in our study, patients with tumors that had
high HER-2 expression alone, without high levels of AIB1, re-
sponded to adjuvant tamoxifen treatment just as well as patients
with tumors that had low HER-2 expression.

More study is required to determine the levels of HER-2
expression relative to AIB1 expression that are necessary for the
tamoxifen-resistant tumor phenotype. The highly amplified lev-
els of HER-2 found in some breast cancers, which are necessary
for tumor response to HER-2-targeted therapies, may not be
necessary to induce an increased estrogen agonist function of
tamoxifen-bound ER. Furthermore, given the relatively high
level of EGFR expression in normal breast ductal epithelium,
AIB1 levels in normal and premalignant breast epithelium may
have implications for the effectiveness of tamoxifen in cancer
prevention. A recent report (34) suggests that AIB1 is an im-
portant modifier gene contributing to the high incidence of
breast cancer in patients carrying BRCA1 mutations (35). AIB1
is, therefore, a potential diagnostic as well as therapeutic target
for breast cancer prevention and treatment.

The association we observed between high levels of AIB1
and more favorable DFS in patients not receiving adjuvant
therapy is more difficult to explain. Breast cancers arising in
women taking estrogen replacement therapy (ERT) are known to
be less aggressive and to be associated with more favorable
patient outcome than breast cancers arising in women who did
not take ERT (36-38). It is possible that enhanced signaling
through the ER in women taking exogenous estrogen promotes
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and maintains a more differentiated and less biologically aggres-
sive tumor. High AIBI1 levels, by further augmenting ER agonist
activity, might then promote a tumor that is not only less ag-
gressive but also less responsive to tamoxifen therapy. The cor-
relations between high AIBI expression and both high S-phase
fraction and high HER-2 expression observed in this study may
seem inconsistent with less aggressive tumor behavior, but these
correlations were weak, albeit highly statistically significant.
Thus, further study of AIB1 in untreated patients is necessary,
not only to confirm these observations, but also to clarify the
mechanism(s) by which high AIB1 expression is associated with
better DFS in patients who did not receive adjuvant therapy.

Only a few studies (13,17-19,39) have investigated the ex-
pression of ER coactivators in clinical breast cancer samples,
and only one (39) measured protein rather than mRNA. That
study showed that AIB1 protein is expressed at higher levels in
breast tumors than in normal breast tissue (39). The AIB1 gene
is amplified in a small proportion of ER-positive breast cancers,
and it is overexpressed at the RNA level in 30%—60% of breast
cancers compared with normal breast epithelium (/3,17-19).
One study (/8) found a correlation between ER status and AIB1
expression. Another study (/9) reported that AIB1 RNA expres-
sion was higher in tumors of high histologic grade, in tumors
that were ER- and PR-negative, and in tumors with p53 muta-
tions or high HER-2 expression. In contrast, we found no cor-
relation between high AIB1 expression and ER expression,
although we did find a positive correlation with HER-2 expres-
sion.

To our knowledge, no prior studies have correlated AIB1
protein expression with clinical outcome. One small study of 21
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primary breast tumors (40) measured mRNA levels of SRC-1, an
ER coactivator related to AIB1. SRC-1 expression was reduced
in tumor tissues compared with normal ductal epithelium, and
high levels of SRC-1 in the primary tumor correlated with re-
sponse to tamoxifen when it was given later, at the time of
distant metastases (39). In endometrial cells, high levels of
SRC-1 were associated with increasing tamoxifen agonist activ-
ity, suggesting a mechanism for the proliferative effects of
tamoxifen in that tissue (4/). Clearly, further research is needed
to evaluate AIB1, SRC-1, and other ER coregulators in clinical
breast cancer samples.

In summary, our results suggest that high expression of AIB1
and possibly other ER coactivators can reduce the estrogen an-
tagonist activity of tamoxifen-bound ER in breast cancer pa-
tients, so that the level of AIB1 expression in the tumor may be
an important predictive marker for tamoxifen resistance in clini-
cal breast cancer. Our data also suggest that high levels of AIB1
must be present for the tamoxifen resistance associated with
high HER-2 expression to be clinically manifest. Ideally, the
prognostic significance of AIB1 expression should be confirmed
in patients who are randomly assigned to no systemic adjuvant
therapy, and the predictive significance of AIBI1 expression
should be evaluated by testing the interaction between AIBI
expression and treatment in a randomized setting (42). It will
also be important to determine whether levels of AIB1 and
HER-2 correlate with response to endocrine therapies that work
by mechanisms different from that of tamoxifen. ER coactivator
levels and ligand-independent activation of ER (induced by the
HER-2 pathway) may be less important for therapies such as
aromatase inhibitors, which are designed to reduce the estrogen
concentration (the natural ligand for ER), than for treatment with
SERMs, which are receptor ligands that have mixed agonist and
antagonist properties on the ER. Results from a recent clinical
trial showing a much higher response for aromatase inhibitors
compared with tamoxifen in ER-positive tumors that express
high levels of HER-2 support this possibility (43). Although ER
and PR status are clinically useful tumor markers, many patients
with ER-positive tumors still fail to benefit from hormone thera-
pies. Therefore, other biomarkers are needed to identify these
patients. This study suggests that AIB1 is one such potential
marker that deserves additional investigation as both a diagnos-
tic and a therapeutic target.
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