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Abstract Purpose: Assessment of expression levels of Wwox,Wwox-interacting proteins Ap2a, Ap2g,
and ErbB4, the Ap2g transcriptional target protein Her2, and the possible Ap2a transcriptional
target PrkaRIa, in breast cancers, to determine their roles in tamoxifen resistance.The hypothesis
was that sequestration ofWwox interactors in the cytoplasmmight control tamoxifen response.
Experimental Design:Tissue sections from 51tamoxifen-sensitive and 38 tamoxifen-resistant,
estrogen receptor a ^ positive breast cancers were stained for the above proteins, as well as
progesterone receptor (PR). The relation of tamoxifen resistance and other clinical features,
with level of expression of these proteins, and pairwise correlations among various immunohis-
tochemical markers were determined.
Results:Menopausal status, tumor, node, and stage, loss of PR, lost or reduced expression of
Wwox, andhigh level of expressionof PrkaRIa, Ap2g, andHer2were significantly correlatedwith
tamoxifen resistance. Inmultivariate analysis,Wwox, PrkaRIa, Ap2g, and ErbB4were found to be
independent markers of tamoxifen resistance. ReducedWwox expression was better than PR in
prediction of resistance, especially in high-risk patients, and nuclearAp2g expression was better
than Her2, especially in low-risk patients.
Conclusion:The results illustrate the complex relationships among themarker proteins assessed
in this in vivo study and suggest new markers for prediction of response to tamoxifen treatment
as well as possible new targets for treatment of breast cancer.Wwox and Ap2g emerge as new
biomarkers that may be superior to PR and Her2 in predicting tamoxifen response.

Tamoxifen is the oldest and most commonly used drug for
estrogen receptor a (ERa)-positive (ER+) breast cancers.
Tamoxifen treatment in the adjuvant setting reduces recurrence
rate and improves overall survival; when used for treatment of
metastatic breast cancer, it provides remission in up to half of
patients and is also used for prevention of breast cancer (1–3).
However, de novo and acquired resistance to tamoxifen is an
important clinical problem because almost all metastatic
patients and up to 40% of patients receiving adjuvant tamo-
xifen treatment will relapse and die from breast cancer. Despite
many studies of breast cancers and derived cell lines with
acquired or selected tamoxifen resistance, mechanisms of
resistance are not fully understood (4–6).

Progesterone receptor–negative (PR-) status in ER+ cases was
shown to be an independent predictive factor for benefit from
adjuvant tamoxifen treatment (7); it was suggested that growth
factor signaling is enhanced when the PR level is low (8, 9).
With Arimidex or Tamoxifen Alone or in Combination trial, a
major benefit for anastrazole was reported in the ER+/PR-

subgroup (10).
Patients with Her2/ErbB2-positive cancers (Her2+) also failed

to benefit from tamoxifen treatment (11–13). It was suggested
that (a) increased growth factor signaling with overexpression of
epidermal growth factor receptor/Her2 genes may activate mitogen-
activated protein kinase, in turn activating ERa by phosphory-
lation at Ser118, and (b) AIB1 may be activated by signaling
downstream of Her2, and in the presence of phosphorylated
ERa and high AIB1, the agonistic activity of tamoxifen may be
enhanced (14). It was shown that weak agonist activity of tamo-
xifen is enhanced by up-regulation of coactivators, such as AIB1
(SRC3). It has also been suggested that another coactivator,
SRC1, may enhance agonistic activity of 4-hydroxytamoxifen
(15). Stabilization of the interaction between ERa and SRC1 by
cyclin D1 was reported to be related to resistance in vitro (16).
More recently, a correlation was reported between down-

regulation of the inhibitory subunit of protein kinase A (PKA;
PrkaRIa) and tamoxifen resistance (17). Activation of PKA by
PrkaRIa down-regulation leads to phosphorylation of ERa
at Ser305, converting tamoxifen from an ERa inhibitor to a
growth stimulator. The mechanisms by which PrkaRIa is down-
regulated and Her2 is up-regulated in tamoxifen-resistant cases
were unknown.
We noted that Wwox expression was reduced in a large

fraction of breast cancers (18–20) and in a clone of MCF7 cells
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selected for tamoxifen resistance in vitro5 and is often down-
regulated in breast cancers due to DNA hypermethylation in its
regulatory region (21, 22). Wwox, a 46-kDa tumor suppressor
protein containing two WW domains that play roles in Wwox
function (23–26), is encoded by theWWOX gene, encompass-
ing common fragile site FRA16D, in a chromosome region
involved in allelic loss in breast cancers (23). WW domains
interact with proline-containing ligands and mediate protein-
protein interactions (27, 28). The Wwox WW domains were
predicted to interact with several proteins of interest in breast
cancer, including p73, the cytoplasmic domain of ErbB4, and
the Ap2 transcription factors, using the ProChart database
(Cytogen Corp.; ref. 29), and interactions were confirmed
through in vitro overexpression and coimmunoprecipitation
studies (24–26). We have observed that Wwox protein, which
binds and retains Ap2a and Ap2g transcription factor proteins
in the cytoplasm, seems to mediate tamoxifen sensitivity
in vitro.5 Wwox loss initiated tamoxifen resistance through
release of Ap2 factors to the nucleus where Ap2g up-regulated
Her2 expression and Ap2a may influence expression of
PrkaRIa. In vitro restoration of Wwox in tamoxifen-resistant
breast cancer–derived cells restored tamoxifen sensitivity and
abrogated Her2 expression.5 We have now examined expres-
sion levels of PR, Her2, Ap2a, Ap2g, PrkaRIa, and ErbB4, in

addition to Wwox, in a panel of tamoxifen-sensitive and
tamoxifen-resistant cancers to clarify their roles in tamoxifen
resistance in vivo, in comparison with the in vitro findings in
breast cancer–derived, tamoxifen-sensitive, and tamoxifen-
resistant cells.

Materials andMethods

Breast cancers. The panel of 89 breast cancers consisted of cases
treated for primary breast cancer at Hacettepe University between 1985
and 2001. The patients received no neoadjuvant treatment but were all
treated by modified radical mastectomy and then received adjuvant
tamoxifen treatment. The cancer tissues of all the patients were tested
for ER expression at the time of diagnosis by ligand-binding assay or
immunohistochemistry. By ligand-binding assay (z10 fmol/mg pro-
tein) and by immunohistochemical nuclear staining in z10% of
invasive neoplastic cells were the criteria for ER positivity and all the
cancers in this panel were ER+ according to these criteria. The patients
who relapsed during or in the 2 years after termination of tamoxifen
treatment were considered tamoxifen resistant and cases that were
tumor-free 2 years after tamoxifen termination were classified tamox-
ifen sensitive. Tamoxifen was given for 5 years, 2 � 10 mg, daily; 51
(57.3%) cases were tamoxifen sensitive and 38 (42.7%) cases were
tamoxifen resistant. The ages of patients ranged from 31 to 79 (mean,
56.8). Nineteen (21.3%) were premenopausal and 70 (78.7%) were
postmenopausal. Clinicopathologic features are listed in Table 1.

Immunohistochemistry. The primary antisera and detection kits used
in immunohistochemical studies are listed in Table 2. Antigen retrieval
was the same for all antisera; sections were boiled in pH 6 citrate buffer
in pressure cooker for 3 min. The details of immunostaining methods

5 D. Iliopoulos et al. Wwox tumor suppressor is a mediator of tamoxifen response,
in preparation.

Table 1. Association of clinical and pathologic characteristics with tamoxifen sensitivity

Tamoxifen sensitive, n (%) Tamoxifen resistant, n (%) P

Age V50 13 (44.8) 16 (55.2) 0.11
>50 37 (62.7) 22 (37.3)

Menopause Pre 6 (31.6) 13 (68.4) 0.011
Post 45 (64.3) 25 (35.7)

T-stage 1 22 (78.6) 6 (21.4) 0.003
2 24 (49.0) 25 (51.0)
3 2 (28.6) 5 (71.4)

N-stage 0 33 (78.6) 9 (21.4) <0.001
1 13 (52.0) 12 (48.0)
2 4 (33.3) 8 (66.7)
3 0 (0.0) 9 (100.0)

Stage 1 17 (65.4) 9 (34.6) 0.025
2 24 (66.7) 12 (33.3)
3 7 (31.8) 15 (68.2)

Grade 1 12 (63.2) 7 (36.8) 0.48
2 18 (58.1) 13 (41.9)
3 15 (46.9) 17 (53.1)

Metastatic lymph nodes Absent 32 (78.0) 9 (22.0) <0.001
Present 18 (38.3) 29 (61.7)

PR V10 20 (43.5) 26 (56.5) 0.017
>10 27 (69.2) 12 (30.8)

Wwox Strong 18 (81.8) 4 (18.2) 0.013
Reduced 33 (49.3) 34 (50.7)

Ap2g V10 32 (74.4) 11 (25.6) <0.001
>10 15 (35.7) 27 (64.3)

Ap2a V10 34 (63.0) 20 (37.0) 0.11
>10 15 (45.5) 18 (54.5)

Her2 Negative 42 (63.6) 24 (36.4) 0.025
Positive 8 (36.4) 14 (63.6)

ErbB4 V50 31 (51.7) 29 (48.3) 0.24
>50 17 (65.4) 9 (34.6)

PrkaRIa V10 26 (70.3) 11 (29.7) 0.015
>10 21 (43.8) 27 (56.3)
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were described previously (18, 20). Negative controls were involved
in all studies. Stained sections were evaluated by two pathologists
(G. Guler and C. Himmetoglu) who were blinded to clinical data.
Wwox and Her2 were evaluated as described (18). Her2 2+ and 3+ cases
were grouped together versus negative and 1+ cases as a Her2
overexpression group. PR was scored as positive (>10% stained) or
negative (V10% stained) according to the proportion of nuclear
staining in tumor cells. Nuclear staining of Ap2a and Ap2g was scored
as >10% or V10% in tumor cells. We noted some cytoplasmic reaction
with both Ap2a and Ap2g, as have others (30, 31), but it was not
possible to accurately detect and score specific cytoplasmic signaling of
these transcription factor proteins by immunohistochemistry. Thus, we
scored only the nuclear expression of the Ap2 proteins. ErbB4 is
expressed in cell membrane, cytoplasm, and nuclei and scored as
positive in V50% or >51% of neoplastic cells. PrkaRIa, an inhibitory
subunit of the holoenzyme PKA, is expressed in the cytoplasm and was
scored as >10% or V10% in tumor cells.

Statistics. Factors associated with tamoxifen resistance were ana-
lyzed using m2 or Fisher tests, where appropriate, for univariate analyses
and multiple logistic regression for multivariate analysis. Pairwise
correlations of biomarkers were assessed using Spearman’s correlation
test. A P value of 0.05 was considered to indicate statistical significance.

Results

Association of clinical features and biomarkers with tamoxifen
response. Menopausal status, tumor size, axillary nodal me-
tastasis and stage, loss of PR, lost or reduced expression of
Wwox, and high level of expression of PrkaRIa, Ap2g, and
Her2 were significantly correlated with tamoxifen resistance.

In multivariate analysis, Wwox, PrkaRIa, Ap2g, and ErbB4 were
found to be independent markers of tamoxifen resistance
(Table 3). Examples of immunostains are shown in Fig. 1. The
variables related significantly with tamoxifen resistance are
noted in Table 1.

The risk groups and tamoxifen resistance. When cases were
stratified as postmenopausal and stage 1 and 2 (low-risk group)
versus premenopausal and stage 3 (high-risk group), Wwox was
a reliable marker of tamoxifen resistance, especially in high-risk
cases. In the high-risk group, tamoxifen resistance risk was 22%
in cases with high Wwox level and 83% in cases with reduced
Wwox expression. In the low-risk group, when Wwox was
reduced, the probability of tamoxifen resistance was 33%, and
when the Wwox level was normal, the probability of tamoxifen
resistance was 15%. This interaction of Wwox with the risk
groups in terms of predicting tamoxifen resistance persisted in
multivariate analysis.
When Wwox was reduced, the probability of tamoxifen

resistance increased 4.6 times (odds ratio; 95% confidence
interval, 1.4-15.2); loss of PR increased tamoxifen resistance
probability 2.9 times (odds ratio; confidence interval, 1.2-7.2).
In univariate analysis, PR loss was more frequent in cases with
reduced Wwox expression (P = 0.002; Table 4). After
adjustment for other risk factors, Wwox, as opposed to PR,
remained in the multivariate model as an independent
predictor of tamoxifen resistance (Table 3).
In low-risk cancers with Her2 overexpression, the probability

of tamoxifen resistance was 54%, and when negative for Her2

Table 2. Primary antisera and detection kits used in immunohistochemical studies

Primary
antibody

Source Description Positive control Dilution Detection kit

PR Lab Vision Rabbit monoclonal (SP2) Normal breast 1:200 DakoCytomation Universal LSAB 2 kit
Her-2 NeoMarkers Rabbit monoclonal (SP3) Breast tumor 1:200 DakoCytomation Universal LSAB 2 kit
Wwox Huebner lab* Rabbit polyclonal Normal breast 1:1500 DakoCytomation Universal LSAB 2 kit
Ap2g Santa Cruz Biotechnology Mouse monoclonal (6E4/4) Normal breast 1:50 DakoCytomation Universal LSAB 2 kit
Ap2a Santa Cruz Biotechnology Mouse monoclonal (3B5) Normal breast 1:50 UltraTek HRP Anti-Polyvalent Lab Pack
ErbB4 NeoMarkers Rabbit polyclonal Breast tumor 1:50 DakoCytomation Universal LSAB 2 kit
PrkaRIa Calbiochem Rabbit polyclonal Thyroid follicular

adenoma
1:500 UltraTek HRP Anti-Polyvalent Lab Pack

NOTE: Antigen retrieval was the same for all antisera; sections were boiled in pH 6 citrate buffer in pressure cooker for 3 min.
*The features of the antiserum were given in detail in Guler et al. (18) and Guler et al. (20).

Table 3. Multivariate analyses predict factors significantly associated with tamoxifen resistance

P Risk ratio (95% CI) Value predicting*

Sensitivity (%) Resistance (%)

Risk group (high vs low) 0.122 3.3 (0.7-15.1) 71.2 65.6
Wwox

Reduced vs normal 0.002 14.6 (2.7-79.1)
With Wwox/risk group interaction 0.043 30.8 (1.1-856.8) 72.1 82.6

PrkaRIa (>10 vs V10) 0.003 10.8 (2.3-51.3) 81.1 67.4
Ap2g (>10 vs V10) 0.002 9.7 (2.3-41.3) 77.1 80.6
ErbB4 (>50 vs V50) 0.029 6.0 (1.2-29.5) 77.1 80.6

Abbreviation: 95% CI, 95% confidence interval.
*Shows changes in predictive values with additional information of the variable on the given line.

Wwox Signal Pathway inTamoxifen Sensitivity
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expression, the probability of tamoxifen resistance was 21%.
Her2 was a good marker of tamoxifen resistance in the low-risk
group but not in high-risk patients.
In the low-risk group, when nuclear Ap2g expression was

>10%, the risk of tamoxifen resistance was 52.2%, and when
nuclear Ap2g expression was V10%, 11.5% of cases were
resistant. In the high-risk group, when Ap2g nuclear expression
was >10%, tamoxifen resistance risk was 78%, and in cases with
V10% of nuclei positive for Ap2g, it was 54%. Thus, Ap2g
nuclear expression was a good marker of tamoxifen resistance,
especially in the low-risk group.
Her2 overexpression was observed more frequently in cases

with nuclear Ap2g expression (P = 0.041; Table 4), and nuclear
Ap2g was one of the independent indicators of tamoxifen
resistance. When Her2 was overexpressed, the probability of

tamoxifen resistance was increased 3.1 times (odds ratio;
confidence interval, 1.1-8.4), and when Ap2g was expressed
in >10% of tumor cell nuclei, the probability of tamoxifen
resistance increased 5.2 times (odds ratio; confidence interval,
2.1-13.3). Likewise, multivariate analysis revealed Ap2g to be a
better predictor of tamoxifen resistance than Her2 (Table 3).

Pairwise correlations between immunohistochemical mar-
kers. Wwox expression was positively associated with PR
(P = 0.002), and there was a trend toward positive association
of PrkaRIa and ErbB4 with Wwox (P = 0.167 and 0.103,
respectively). We did not observe a correlation of nuclear Ap2a
or Ap2g with Wwox expression (P = 0.623 and 0.842, respec-
tively; Table 4), but nuclear Ap2g was related to nuclear Ap2a
expression (P = 0.011) and there was a positive trend toward
association of Ap2g and PrkaRIa expression (P = 0.118).

Fig. 1. Representative photographs of
immunohistochemical staining of breast
cancer sections forWwox and interacting
proteins. A, mainly nuclear staining of Ap2a
in neoplastic cells. Magnification, �200.
B, mainly nuclear staining of Ap2g in tumor
cells. Arrow, in a residual breast duct,
staining in myoepithelial layer is more
prominent. Magnification, �100. C,
cytoplasmic, membranous, and nuclear
positivity for ErbB4. Magnification, �200.
D, strong cytoplasmic positivity forWwox.
Magnification,�200. E, a follicular adenoma
case used as positive control for PrkaRIa,
expressed in cytoplasm of neoplastic cells.
Magnification, �200. F, cytoplasmic
staining for PrkaRIa. Arrow, positive staining
in vascular endothelial cells serves as
internal positive control. Magnification,
�100.
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The expression of ErbB4 was positively associated with Ap2a
and showed a positive trend toward association with Wwox
expression (P = 0.015 and 0.103, respectively; Table 4). In
multivariate analysis, ErbB4 loss emerged as one of the
independent markers of tamoxifen resistance when adjusted
for other significant predictors (Table 3).

PrkaRIa expression was not significantly associated with other
markers in univariate analysis. Yet, there was a positive trend
toward association with Ap2a, Ap2g, ErbB4, and Wwox
(P = 0.190, 0.118, 0.118, and 0.167, respectively; Table 4).
In multivariate analysis, high expression of PrkaRIa was one of
the independent indicators of tamoxifen resistance (Table 3).

Discussion

The clinical features of this panel of breast cancers show
complex associations of these proteins with tamoxifen re-
sponse. Loss of Wwox was an independent and most powerful
indicator of tamoxifen resistance, especially in premenopausal
and advanced stage patients. Wwox seems to play roles in three
known pathways of tamoxifen resistance.
Wwox loss or reduced expression is related to loss of PR

(P = 0.002). When compared with PR, Wwox was the better
predictor of tamoxifen resistance; loss of PR increased the risk
of tamoxifen resistance 2.9-fold, whereas reduced Wwox level
increased the probability of tamoxifen resistance 4.6 times.
Wwox was also one of the independent markers of tamoxifen
resistance, whereas PR did not remain in multivariate system
when compared with other significant indicators. PR loss in ER+

breast cancer is an accepted factor suggesting tamoxifen
resistance clinically (32). Our results show that Wwox
expression is a good candidate marker of tamoxifen resistance,
especially in high-risk patients.
Wwox level was not associated with Her2 expression using

the scoring method adopted for this study (in which high
Wwox expression was scored when there was intense cytoplas-
mic staining in more than half of the neoplastic cells).
However, when the cases were regrouped as very high
expressors of Wwox (high intensity in >75% of tumor cells
versus all other cases scored as reduced), there was a significant
inverse association between Her2 and Wwox expression, in line

with results obtained with breast cancer–derived cells in vitro .5

In cell lines, very high Wwox levels were associated with very
low Her2 levels. In in vitro studies of breast cancer–derived
cells, we have also observed that Wwox interacts with Ap2g in
the cytoplasm; when Wwox is down-modulated or lost, Ap2g is
released from the cytoplasm, moves to the nucleus (25), and
leads to overexpression of Her2.5 We did not find an inverse
correlation of nuclear Ap2g and Ap2a expression with
cytoplasmic Wwox expression in immunohistochemical stud-
ies. We noted some cytoplasmic reaction, in addition to nuclear
staining with antisera for both Ap2 factors, but it was not
possible to score specific cytoplasmic staining of these proteins
by immunohistochemistry. It may be necessary to do subcel-
lular fractionation analyses using breast cancer epithelial
tissues, coupled with immunoblot detection with individual
specific Ap2 antisera, to clarify the apparent differences between
Ap2a location and activity in vitro and in vivo .
The Ap2 genes are expressed in many human breast cancer

cell lines, and critical Ap2-binding sites are described in the
Her2, ER, and insulin-like growth factor I receptor promoters
(33). Ap2a protein is reported to activate the E-cadherin gene
(34) for maintenance of homotypic cell-cell adhesion and the
CDKN1 gene for mediation of growth arrest (35) and is
implicated in promotion of cell apoptosis through interaction
with the MYC gene (36). Reduced levels of nuclear Ap2 and
Ap2a expression have been reported in association with
aggressive behavior in human cancer specimens (30, 31). A
significant correlation between the presence of the Ap2a
protein and ERa expression (33, 37) and between Ap2a and
Ap2g proteins and Her2 expression was reported (33, 38) and
confirmed in our experiments. In this study, a significant
positive association was seen between Ap2g and Her2 and a
positive trend between Ap2a and Her2 (P = 0.041 and 0.064,
respectively). Nuclear Ap2g expression was another indepen-
dent marker of tamoxifen resistance. Its overexpression
predicted tamoxifen resistance sensitively, especially in low-
risk patients (postmenopausal and stage 1 and 2 cases). For the
first time, we have determined that Ap2g is a better predictor
of tamoxifen resistance than Her2. The risk of tamoxifen re-
sistance was increased 3.1 times when Her2 was overexpressed
and 5.2 times when Ap2g was overexpressed.
There was a trend toward positive association between Wwox

and PrkaRIa expression (P = 0.167). PrkaRIa protein is an
important regulator of serine-threonine kinase activity cata-
lyzed by PKA holoenzyme. It has been reported to have
multiple interactions with major signaling pathways and
opposing effects on critical cellular functions (39, 40). Over-
expression of PrkaRIa has been reported for many tumor
tissues in association with aggressive behavior (40). However,
Carney complex, a multiple neoplasia syndrome, results from
loss of wild-type PrkaRIa expression (39). Currently, the status
of PrkaRIa among cancer-related genes is not clear, but it is
apparently not a classic tumor suppressor gene (39, 40). Down-
regulation of PrkaRIa has been reported to be associated with
tamoxifen resistance (17), presumably through inhibition of
PKA expression, a finding our in vivo study of this panel of
breast cancers did not confirm. In these breast cancers, PrkaRIa
expression was associated with tamoxifen resistance; 67.6% of
cases with high PrkaRIa and low Wwox expression were
tamoxifen resistant. On the other hand, tamoxifen resistance
was also observed in 35.5% of cases with low expression of

Table 4. Pairwise correlations between
immunohistochemical markers

PR Wwox Ap2A Ap2; PrkaRIA Her2

Wwox r 0.32
P 0.002

Ap2a r -0.14 -0.05
P 0.193 0.623

Ap2g r -0.13 -0.02 0.27
P 0.234 0.842 0.011

PrkaRIa r -0.03 0.15 0.14 0.17
P 0.821 0.167 0.190 0.118

Her2 r -0.17 -0.09 0.20 0.22 0.09
P 0.127 0.400 0.064 0.041 0.437

ErbB4 r 0.04 0.18 0.26 0.11 0.17 -0.10
P 0.744 0.103 0.015 0.316 0.118 0.380

NOTE: Bold P values indicate statistically significant correlations.
Abbreviation: r, correlation coefficient.
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both Wwox and PrkaRIa (Table 5). In a similar analysis with
PrkaRIa and Ap2g, we noted that 74.1% of cases with high
PrkaRIa were tamoxifen resistant when associated with high
Ap2g expression. In these cases, the Ap2g-Her-2 pathway is
probably responsible for tamoxifen resistance of at least some
cases with high PrkaRIa levels, possibly suggesting that in some
breast cancer cells, if the Her2 pathway to tamoxifen resistance
is activated, the PKA pathway is not needed. It would be
interesting to determine if there are breast cancers that become
tamoxifen resistant through the PKA pathway in the absence of
activation of the Her2 pathway. However, high PrkaRIa
expression was an independent indicator of tamoxifen resis-
tance, a result that suggests that PKA activity is not involved in
tamoxifen resistance.
In contrast to other epidermal growth factor receptor family

members, ErbB4 expression is reported to be associated with
increased survival and lower proliferation indices in breast
cancer (41, 42); however, there are also conflicting reports
associating ErbB4 with adverse prognostic significance (43).
ErbB4 expression was reported in correlation with good
prognostic indicators, such as a lower grade of tumor (44,
45), ER positivity (46), and low proliferation indices and ER+

phenotype (47). In this study, ErbB4 expression was not related

with tamoxifen resistance significantly in univariate analysis,
but in multivariate analysis, low ErbB4 expression emerged
as an independent variable; probably, the effect of its correla-
tions with other biomarkers was masking its effect in univariate
analysis.
The results of this study describe new reliable markers of

tamoxifen resistance; Wwox and Ap2g, in particular, seem to
predict tamoxifen resistance better than the two known
biomarkers, PR and Her2. This study also revealed complex
interrelationships among Wwox, Ap2a, Ap2g, PrkaRIa, ErbB4,
and Her2 in tamoxifen resistance. It is likely that this
complexity is at least partly related to the fact that the Wwox
WW domains can interact with many proteins and it is likely
that other WW domain proteins can also interact with at least
a subset of the same ligands (26). Thus, predicting the
hierarchy of Wwox interactions in a specific cancer tissue is
not yet possible. Continuing analyses of these signal pathways
in a wider selection of breast cancer–derived, tamoxifen-
sensitive, and tamoxifen-resistant cell lines, in parallel with
confirmatory analyses of these markers in situ in larger breast
cancer panels, will further define the pathways leading to
tamoxifen resistance and further define markers of resistance
and targets for therapy.

Table 5. Combined effects of PrkaRIa and Wwox expression level on tamoxifen sensitivity

PrkaRIA Wwox Tamoxifen sensitive, n (%) Tamoxifen resistant, n (%) Total

V10 Reduced 20 (64.5) 11 (35.5) 31
Normal 6 (100.0) 0 (0.0) 6
Total 26 (70.3) 11 (29.7) 37

>10 Reduced 11 (32.4) 23 (67.6) 34
Normal 10 (71.4) 4 (28.6) 14
Total 21 (43.8) 27 (56.3) 48

Imaging, Diagnosis, Prognosis

www.aacrjournals.orgClin Cancer Res 2007;13(20) October15, 2007 6120

References
1. Osborne CK. Tamoxifen in the treatment of breast
cancer. NEngl JMed 2003;26:1609^18.

2. Fisher B, Costantino JP,Wickerham DL, et al. Tamo-
xifen for prevention of breast cancer: report of the
National Surgical Adjuvant Breast and Bowel Project
P-1Study. JNatl Cancer Inst 1998;16:1371^88.

3. Cuzick J, PowlesT,Veronesi U, et al. Overview of the
main outcomes in breast-cancer prevention trials.
Lancet 2003;25:296^300.

4. Ali S, Coombes RC. Endocrine-responsive breast
cancer and strategies for combating resistance. Nat
Rev Cancer 2002;2:101^12.

5. Come SE, BuzdarAU, Ingle JN, et al. Proceedings of
the Fifth International Conference on Recent Advan-
ces and Future Directions in EndocrineTherapy for
Breast Cancer: conference summary statement. Clin
Cancer Res 2006;12:997^1000s.

6. Normanno N, Di Maio M, De Maio E, et al. Mecha-
nisms of endocrine resistance and novel therapeutic
strategies in breast cancer. Endocr Relat Cancer
2000;12:721^47.

7. BardouVJ, Arpino G, Elledge RM, Osborne CK, Clark
GM. Progesterone receptor status significantly im-
provesoutcomepredictionoverestrogenreceptorstatus
alone for adjuvant endocrine therapy in two large breast
cancer databases. JClinOncol 2003;15:1973^9.

8.Cui X, Zhang P, DengW, et al. Insulin-like growth fac-
tor-I inhibits progesterone receptor expression in
breast cancer cells via the phosphatidylinositol 3-ki-
nase/Akt/mammalian target of rapamycin pathway:
progesterone receptor as a potential indicator of
growth factor activity in breast cancer. Mol Endocrinol
2003;17:575^88.

9. Arpino G,Weiss H, Lee AV, et al. Estrogen receptor-
positive, progesterone receptor-negative breast
cancer : association with growth factor receptor
expression and tamoxifen resistance. J Natl Cancer
Inst 2005;7:1254^61.

10. Baum M, Budzar AU, Cuzick J. Anastrozole
alone or in combination with tamoxifen versus tamo-
xifen alone for adjuvant treatment of postmeno-
pausal women with early breast cancer: first results
of the ATAC randomised trial. Lancet 2002;22:
2131^9.

11.Yamauchi H, O’Neill A, Gelman R, et al. Prediction of
response to antiestrogen therapy in advanced breast
cancer patients by pretreatment circulating levels of
extracellular domain of the HER-2/c-neu protein.
JClin Oncol 1997;15:2518^25.

12.Wright C, Nicholson S, Angus B, et al. Relationship
between c-erbB-2 protein product expression and
response to endocrine therapy in advanced breast
cancer. BrJCancer1992;65:118^21.

13. Dowsett M, Houghton J, Iden C, et al. Benefit from
adjuvant tamoxifen therapy in primary breast cancer
patients according to oestrogen receptor, progester-
one receptor, EGF receptor and HER2 status. Ann
Oncol 2006;17:818^26.

14. Ring A, Dowsett M. Mechanisms of tamoxifen
resistance. Endocr Relat Cancer 2004;1:643^58.

15. Smith CL, Nawaz Z, O’Malley BW. Coactivator and
corepressor regulation of the agonist/antagonist
activity of the mixed antiestrogen, 4-hydroxytamoxi-
fen. Mol Endocrinol 1997;11:657^66.

16. Zwijsen RM, Buckle RS, Hijmans EM, Loomans CJ,
Bernards R. Ligand-independent recruitment of ste-

roid receptor coactivators to estrogen receptor by
cyclin D1. Genes Dev1998;12:3488^98.

17. Michalides R, Griekspoor A, Balkenende A, et al.
Tamoxifen resistance by a conformational arrest of
the estrogen receptor a after PKA activation in breast
cancer. Cancer Cell 2000;5:597^605.

18. Guler G, Uner A, Guler N, et al. The fragile genes
FHITandWWOX are inactivated coordinately in inva-
sive breast carcinoma. Cancer 2004;100:1605^14.

19. Iliopoulos D, Guler G, Han SY, et al. Roles of fragile
genes, FHITandWWOX, in cancer. Cancer Lett 2006;
232:27^36.

20. Guler G, UnerA, Guler N, et al. Concordant loss of
fragile gene expression early in breast cancer develop-
ment. Pathol Int 2005;55:471^8.

21. Iliopoulos D, Guler G, Han SY, et al. Fragile genes as
biomarkers: epigenetic control ofWWOX and FHIT in
lung, breast and bladder cancer. Oncogene 2005;24:
1625^33.

22. Guler G, Iliopoulos D, Han SY, et al. Hypermethyla-
tion patterns in the Fhit regulatory region are tissue
specific. Molec Carcinogenesis 2005;43:175^81.

23.Bednarek AK, Laflin KJ, Daniel RL, LiaoQ,Hawkins
KA, Aldaz CM.WWOX, a novelWW domain-contain-
ing protein mapping to human chromosome16q23.3-
24.1, a region frequently affected in breast cancer.
Cancer Res 2000;60:2140^5.

24. Aqeilan RI, PekarskyY, Herrero JJ, et al. Functional
association betweenWwox tumor suppressor protein
and p73, a p53 homolog. Proc Natl Acad Sci U S A
2004;101:4401^6.

25. Aqeilan RI, Palamarchuk A, Weigel RJ, Herrero
JJ, Pekarsky Y, Croce CM. Physical and functional

Research. 
on May 20, 2020. © 2007 American Association for Cancerclincancerres.aacrjournals.org Downloaded from 

http://clincancerres.aacrjournals.org/


Wwox Signal Pathway inTamoxifen Sensitivity

www.aacrjournals.org Clin Cancer Res 2007;13(20) October15, 20076121

interactions between the Wwox tumor suppressor
protein and the AP-2g transcription factor. Cancer
Res 2004;64:8256^61.

26. Aqeilan RI, Donati V, Palamarchuk A, et al. WW
domain-containing proteins,WWOX and YAP, com-
pete for interactionwith ErbB-4 andmodulate its tran-
scriptional function. Cancer Res 2005;65:6764^72.

27. Ingham RJ, Colwill K, Howard C, et al.WWdomains
provide a platform for the assembly of multiprotein
networks. Mol Cell Biol 2005;16:7092^106.

28. Sudol M, Recinos CC, Abraczinskas J, Humbert J,
Farooq A.WW orWoW: theWW domains in a union
of bliss. IUBMBLife 2005;12:773^8.

29. Hu H, Columbus J, ZhangY, et al. A map of WW
domainfamilyinteractions.Proteomics2004;4:643^55.

30. Friedrichs N, Jager R, Paggen E, et al. Distinct spa-
tial expression patterns of AP-2a and AP-2g in non-
neoplastic human breast and breast cancer. Mod
Pathol 2005;18:431^8.

31. Pellikainen J, KatajaV, Ropponen K, et al. Reduced
nuclear expression of transcription factorAP-2 associ-
ates with aggressive breast cancer. Clin Cancer Res
2000;8:3487^95.

32. Goldhirsch A, Glick JH, Gelber RD, et al. Meeting
highlights: international expert consensus on the pri-
mary therapy of early breast cancer 2005. Ann Oncol
2005;16:1569^83.

33. Turner BC, Zhang J, Gumbs AA, et al. Expression
of AP-2 transcription factors in human breast can-
cer correlates with the regulation of multiple growth

factors signalling pathways. Cancer Res 1998;58:
5466^72.

34. BatscheE,MuchardtC,BehrensJ,HurstHC,Cremisi
C. RBand c-Myc activate expressionof the E-cadherin
gene in epithelial cells through interaction with tran-
scription factorAP-2.Mol Cell Biol1998;18:3647^58.

35. Zeng YX, Somasundaram K, el-Deiry WS. AP2
inhibits cancer cell growth and activates p21WAF1/
CIP1expression. Nat Genet 1997;15:78^82.

36. Hilger-Eversheim, Moser M, Schorle H, Buettner R.
Regulatory roles of AP-2 transcription factors in verte-
brate development, apoptosis and cell-cycle control.
GeneAmst 2000;260:1^12.

37. Gee JM, Robertson JF, Ellis IO, Nicholson RI, Hurst
HC. Immunohistochemical analysis reveals a tumour
suppressor-like role for the transcription factor AP-2
in invasive breast cancer. JPathol1999;189:514^20.

38. BosherJM,Totty NF, HsuanJJ,WilliamsT, Hurst HC.
A family of AP-2 proteins regulates c-erbB-2 expres-
sion in mammary carcinoma. Oncogene 1996;17:
1701^7.

39. Bossis I, Stratakis CA. Minireview: PRKAR1A: nor-
mal and abnormal functions. Endocrinology 2004;
145:5452^8.

40. Bossis I,Voutetakis A, Bei T, Sandrini F, Griffin KJ,
Stratakis CA. Protein kinase A and its role in human
neoplasia: the Carney complex paradigm. Endocr
Relat Cancer 2004;11:265^80.

41.Witton CJ, Reeves JR, Going JJ, CookeTG, Bartlett
JM. Expression of the HER1-4 family of receptor tyro-

sine kinases in breast cancer. J Pathol 2003;200:
290^7.

42. Tovey SM,Witton CJ, Bartlett JM, Stanton PD,
ReevesJR, CookeTG. Outcome and human epidermal
growth factor receptor (HER) 1-4 status in invasive
breast carcinomas with proliferation indices evaluated
by bromodeoxyuridine labelling. Breast Cancer Res
2004;6:R246^51.

43. Lodge AJ, Anderson JJ, Gullick WJ, Haugk B,
Leonard RC, Angus B. Type 1growth factor receptor
expression in node positive breast cancer: adverse
prognostic significance of c-erbB-4. J Clin Pathol
2003;56:300^4.

44. KewTY, Bell JA, Pinder SE, et al. C-erbB-4 protein
expression in human breast cancer. BrJCancer 2000;
82:1163^70.

45. Srinivasan R, Gillett CE, Barnes DM, Gullick WJ.
Nuclear expression of the c-erbB-4/HER-4 growth
factor receptor in invasive breast cancers. Cancer Res
2000;60:1483^7.

46. Pawlowski V, Revillion F, Hebbar M, Hornez L,
PeyratJP. Prognostic value of the type I growth factor
receptors in a large series of human primary breast
cancers quantified with a real-time reverse transcrip-
tion-polymerase chain reaction assay. Clin Cancer
Res 2000;6:4217^25.

47. Knowlden JM, Gee JM, Seery LT, et al. c-erbB3
and c-erbB4 expression is a feature of the endocrine
responsive phenotype in clinical breast cancer.
Oncogene1998;17:1949^57.

Research. 
on May 20, 2020. © 2007 American Association for Cancerclincancerres.aacrjournals.org Downloaded from 

http://clincancerres.aacrjournals.org/


2007;13:6115-6121. Clin Cancer Res 
  
Gulnur Guler, Dimitrios Iliopoulos, Nilufer Guler, et al. 
  
Response

 Expression Levels Predict TamoxifenγWwox and Ap2

  
Updated version

  
 http://clincancerres.aacrjournals.org/content/13/20/6115

Access the most recent version of this article at:

  
  

  
  

  
Cited articles

  
 http://clincancerres.aacrjournals.org/content/13/20/6115.full#ref-list-1

This article cites 47 articles, 12 of which you can access for free at:

  
Citing articles

  
 http://clincancerres.aacrjournals.org/content/13/20/6115.full#related-urls

This article has been cited by 5 HighWire-hosted articles. Access the articles at:

  
  

  
E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

  
Subscriptions

Reprints and 

  
.pubs@aacr.orgDepartment at

To order reprints of this article or to subscribe to the journal, contact the AACR Publications

  
Permissions

  
Rightslink site. 
(CCC)
Click on "Request Permissions" which will take you to the Copyright Clearance Center's

.http://clincancerres.aacrjournals.org/content/13/20/6115
To request permission to re-use all or part of this article, use this link

Research. 
on May 20, 2020. © 2007 American Association for Cancerclincancerres.aacrjournals.org Downloaded from 

http://clincancerres.aacrjournals.org/content/13/20/6115
http://clincancerres.aacrjournals.org/content/13/20/6115.full#ref-list-1
http://clincancerres.aacrjournals.org/content/13/20/6115.full#related-urls
http://clincancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://clincancerres.aacrjournals.org/content/13/20/6115
http://clincancerres.aacrjournals.org/

