
Abstract. Background: The retinoblastoma (RB) gene is a
tumor-suppressor gene that plays a central role in

regulating the cell cycle. Inactivation of this gene is
involved in breast cancer. Patients and Methods: A total of
827 patients with breast cancer treated with taxane-based
adjuvant chemotherapy were included in the study. Protein
expression of RB, phosphorylated RB (pRB), p16, cyclin D1
and p53 was evaluated by immunohistochemistry. Results:
Neither of the retinoblastoma markers (RB and pRB)
reached statistical significance in terms of their association
with disease-free or overall survival. Nevertheless, when
clustering analysis was performed, patients with tumors
featuring low levels of p16, cyclin D1 and p53 with
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concomitantly high levels of pRB had reduced risk for
relapse (Wald’s p=0.015). Conclusion: The p53-mediated
sensitivity of breast cancer cells to chemotherapeutic agents
appears to be driven mostly by pRB. Using agents that
enhance RB phosphorylation might possibly increase the
chemosensitivity of breast cancer cells.

Breast cancer is the second most frequent type of cancer
worldwide and the most prevalent in women. In spite of the
great progress that has been achieved in the understanding
of the molecular basis of the disease, as well as a
considerable improvement in treatment modalities, a
remarkable number of tumors will still recur and metastasize
(1, 2). During the past years, most research on the biological
behavior of breast cancer cells has been focused on the
alterations of several regulatory pathways that might
influence their sensitivity to therapeutic agents (3-5).

One of the most thoroughly studied pathways is the p53
regulatory pathway. In spite of the fact that it is disrupted in
more than 50% of human tumors, most clinical studies have
failed to correlate the status of p53 with the outcome of
patients (6). It has been demonstrated that mutations in p53
or loss of p53 function are associated with multidrug
resistance in many tumors (7). Moreover, it was recently
shown that p53 may act both as an effector and as an
inhibitor of dose-dense chemotherapy depending on the type
of tumor under treatment (8). It is clear that the reasons, not
only for the specific properties of each different type of
tumor population, but also regarding the changes of the
factors that interfere with the downstream regulation of the
activated p53 pathway should be sought.

One of the key modulators, downstream of the p53
pathway, is the retinoblastoma (RB) gene (9). This tumor-
suppressor gene encodes a nuclear phosphoprotein that
plays a central role in regulating the cell cycle. Inactivation
of both alleles of this gene is involved in retinoblastoma,
which is a rare childhood malignancy. RB loss is also a
well-characterized occurrence in many human cancer types,
propably through a disruption of the p16/RB pathway (10).
Lee et al. were the first to highlight the inactivation of the
RB gene in breast cancer (11). Events that can lead to a
disrupted RB pathway comprise of p16 loss, cyclin D1
amplification or overexpression and loss of heterozygosity,
although the latter is not always associated with low protein
expression of RB (10). Regarding p16 protein expression, it
appears that nuclear p16 expression more accurately reflects
p16 biological function, despite the fact that some
investigators also took into account the cytoplasmic
expression of p16 (12). While there are different hypotheses
that explain the presence of p16 protein in the cytoplasm,
the action of the p16 protein that leads to phosphorylation
of the RB protein is an event which takes place inside the
nucleus (10).

In patients with breast cancer, the presence of a normal or
disrupted RB pathway seems to determine the p53-mediated
response to chemotherapeutic agents (5). Specifically, RB
silencing or hyper-phosphorylation reduces the prognostic
role of p53 status, as far as the clinical outcome of the
patients is concerned. Since RB phosphorylation is induced
by cyclin-dependent-kinases, such as cyclin D1, while it is
hindered by cyclin-dependent-kinase inhibitors, such as p16
(INK4A) (10), the study of the interaction of the above
molecules would probably highlight the several steps that
interfere with the protective role of the p53 pathway in
patients with breast cancer.

In the present study, we sought to determine the
immunohistochemical expression of RB, phosphorylated RB
(pRB) and p16 in a large series of patients with breast cancer
treated with adjuvant taxane-based chemotherapy and relate
our results to several clinicopathological parameters, as well
as to the clinical outcome of the patients. Our goal was to
evaluate their possible prognostic/predictive value, as well
as their interaction with the expression of the cyclin D1 and
p53 proteins.

Patients and Methods

Patient population. This was a retrospective translational research
study of 1,086 adjuvant patients with breast cancer enrolled in a
prospective phase III trial. The HE10/00 trial (2, 13) was a
randomized phase III trial (ACTRN12609001036202) on patients
with intermediate/high-risk operable breast cancer, comparing four
cycles of epirubicin followed by three cycles of paclitaxel
(Taxol®, Bristol Myers-Squibb, Princeton, NJ, USA) followed by
three cycles of the intensified cyclophosphamide/methotrexate/5-
fluorouracil regimen (E-T-CMF) given every 2 weeks with four
cycles of epirubicin/paclitaxel combination (given on the same
day) every 3 weeks followed by three cycles of intensified CMF
every 2 weeks. By study design, the cumulative doses and the
chemotherapy duration were identical in the two arms but dose
intensity of epirubicin and paclitaxel was double in the E-T-CMF
arm. The current definition of high-risk breast cancer is based on
the International Expert Consensus on the Primary Therapy of
Early Breast Cancer 2007 (14). Specifically, high-risk patients
were node-positive patients with 1-3 involved lymph nodes and
absence of estrogen receptor (ER) and progesterone receptor
(PgR), or epidermal growth factor receptor 2 (HER2) gene
overexpressed or amplified; or node-positive patients with four or
more involved lymph nodes. A total of 1,086 eligible patients with
node-positive operable breast cancer were accrued in a period of
5 years (2000-2005).

HER2-positive patients received trastuzumab upon relapse, as
previously described (15); no anti-HER2 treatment was given in the
adjuvant setting. Treatment schedules and eligibility criteria for the
clinical trial have been made publicly available at: http://hecog-
images.gr/HECOG-TRIALS/HE1000_TREATMENT 

Baseline characteristics and clinical outcomes of the trial have
already been described (2, 13, 16). Primary tumor diameter, axillary
nodal status and tumor grade were obtained from the pathology
report. Clinical protocols were approved by local regulatory
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authorities, while the present translational research study was
approved by the Papageorgiou Hospital Institutional Review Board
(July 15, 2013) and the Bioethics Committee of the Aristotle
University of Thessaloniki School of Medicine (December 18,
2013). All patients signed a study-specific written informed consent
before randomization, which in addition to giving consent for the
trial allowed the use of biological material for future research
purposes. All clinical investigations related to the present study have
been conducted according to the principles expressed in the
Declaration of Helsinki.

Tissue microarray (TMA) construction. Formalin-fixed paraffin-
embedded (FFPE) tumor tissue samples from 857 patients (79.0%
of 1,086 randomized patients) were prospectively collected from the
trial. Of these, 30 cases were excluded due to inadequate FFPE
tumor tissue, thus reducing the number of eligible/evaluable patients
to 827. The REMARK diagram (17) for the study is shown in
Figure 1. Hematoxylin-eosin stained sections from the tissue blocks
were reviewed by two experienced breast cancer pathologists and
the most representative tumor areas were marked for the
construction of the ΤΜΑ blocks with the use of a manual arrayer
(Model I; Beecher Instruments, San Prairie, WI, USA), as
previously described (18, 19). Each case was represented by two
tissue cores, 1.5 mm in diameter, obtained from the most
representative areas of primary invasive tumors, or in some cases
(9.6%) from synchronous axillary lymph node metastases, and re-
embedded in 35 microarray blocks. Each TMA block contained 38
to 66 tissue cores from the original tumor tissue blocks, while cores
from various neoplastic, non-neoplastic and reactive tissues were
also included, serving as orientation controls for slide-based assays.
Cases not represented, damaged or inadequate on the TMA sections
were re-cut from the original blocks, when material was available,
and these sections were used for protein expression analysis.

Immunohistochemistry (IHC). IHC labeling was performed
according to standard protocols on serial 2.5 μm-thick sections from
the original blocks or the TMA blocks. In order to ensure optimal
reactivity, immunostaining was applied 7 to 10 days after sectioning
at the Laboratory of Molecular Oncology of the Hellenic
Foundation for Cancer Research, Aristotle University of
Thessaloniki School of Medicine. The staining procedures for ER
(clone 6F11, dilution 1:70; Novocastra™, Leica Biosystems,
Newcastle, UK), PgR (clone 1A6, dilution 1:70; Novocastra™,
Leica Biosystems), HER2 (A0485 polyclonal antibody, dilution
1:200; Dako, Glostrup, Denmark), Ki67 (clone MIB-1, dilution
1:70; Dako), epidermal growth factor receptor (EGFR, clone 31G7,
dilution 1:50; Invitrogen, Carlsbad, MA, USA), cytokeratin 5 (CK5,
clone XM26, dilution 1:50; Novocastra™, Leica Biosystems), RB
(mouse mAb, clone 4H1, dilution 1:100; Cell Signaling Technology,
Essex, MA, USA), pRB (rabbit pAb, clone S608, dilution 1:100;
Cell Signaling Technology), p16 (clone E6H4 ready to use; CINtec
Histology, Mtm Laboratories AG, Heidelberg, Germany), cyclin D1
(clone SP4, dilution 1:200; Spring Biosciences, Fremont, CA, USA)
and p53 (clone DO-7, dilution 1:100; Dako) were performed using
Dako and Bond Max™ autostainers (Leica Microsystems, Wetzlar,
Germany), as previously described in detail (20-24).

Interpretation of the IHC results. The evaluation of all IHC sections
was carried out by two experienced breast cancer pathologists, blinded
as to the patients’ clinical characteristics and survival data, according

to existing established criteria, as previously described (15). Briefly,
ER and PgR were considered positive if staining was present in ≥1%
of tumor cell nuclei (25). HER2 protein expression was scored on a
scale from 0 to 3+, the latter corresponding to uniform, intense
membranous staining in >30% of invasive tumor cells (26). For Ki67,
the expression was defined as low (<20%) or high (≥20%) based on
the percentage of stained nuclei from the tumor areas (27). For EGFR,
membranous protein expression was scored on a scale from 0 to 3+,
with any staining in ≥1% of tumor cells being considered positive (18).
CK5 cytoplasmic staining was considered to be positive if any specific
staining was observed (28). For RB protein expression, we evaluated
the intensity of the nuclear stain, scored as 0: absent, 1: low, 2:
intermediate and 3: strong. Any intensity (scores 1, 2 or 3) was
considered to be positive RB expression (10). For pRB protein
expression, the percentage of stained nuclei was recorded and a cut-
off of ≥25% was used for positivity (9). Representitive images of
staining for RB and pRB are presented in Figure 2. The concurrent
expression of RB and pRB was also examined, with absence of RB
expression or high expression of pRB (≥25%) demonstrating an
altered or disrupted RB pathway, while positive RB expression with
concomitant low expression of pRB (<25%) was considered to
indicate a normal RB pathway (9). p16 staining was scored for nuclear
and cytoplasmic protein expression on a scale of 0-3 based on the
percentage of positive cells (0: no staining, 1: <25%, 2: 25-75% and
3: >75%), with low p16 protein expression referring to scores 0 and 1
and high p16 referring to scores 2 and 3 (29). Cyclin D1 was evaluated
for nuclear intensity, scored as 0: absent, 1: low, 2: intermediate and
3: strong (30). p53 protein expression was evaluated using a cut-off
value of ≥10% of stained nuclei, indicating high expression (9).
Representitive images of staining for nuclear and cytoplasmic p16,
cyclin D1 and p53 are presented in Figure 3.
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Figure 1. REMARK diagram. RB: Retinoblastoma; pRB: phosphorylated
RB; ER: estrogen receptor; PgR: progesterone receptor; HER2:
epidermal growth factor receptor 2; EGFR: epidermal growth factor
receptor; CK5: cytokeratin 5.
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Figure 2. Representative staining images for retinoblastoma (RB) and phosphorylated RB (pRB). Absence (A) and high (B) nuclear expression of
the RB protein (×40 magnification). Low (C) and high (D) nuclear expression of the pRB protein (×200 magnification).

Figure 3. Representitive staining images for nuclear and cytoplasmic p16, cyclin D1 and p53. High nuclear (A) and cytoplasmic (B) p16 protein
expression (×200 magnification). Strong cyclin D1 (C) and high p53 (D) nuclear protein expression (×200 magnification).



If one of the tissue cores was lost or damaged the overall score
was determined from the remaining one. When whole tissue sections
were used, the entire tumor area was evaluated. The evaluation of ER,
PgR, HER2, Ki67, EGFR and CK5 was performed in order to
categorize our patients into immunohistochemically defined subtypes.

Fluorescence in situ hybridization (FISH). TMA sections or whole
tissue sections (5 μm-thick) were used for FISH analysis, using the
ZytoLight® SPEC HER2/TOP2A/CEP17 triple-color probe (Z-2073;
ZytoVision, Bremerhaven, Germany), as previously described (31).
FISH was performed according to the manufacturer’s protocol with
minor modifications in all cases, not only the HER2 IHC 2+ cases.

Digital images were constructed using specifically developed
software for cytogenetics (XCyto-Gen; ALPHELYS, Plaisir, France).
Processed sections were considered eligible for FISH evaluation
according to the ASCO/CAP criteria (26). For the evaluation of the
HER2 gene status, non-overlapping nuclei from the invasive part of
the tumor were randomly selected, according to morphological
criteria using 4, 6-diamidino-2-phenylindole staining, and scored.
Twenty tumor nuclei were counted according to Press et al. (32). The
HER2 gene was considered to be amplified when the HER2/CEP17
ratio was >2.2 (26), or the mean HER2 copy number was >6 (33).
In cases with values at or near the cut-off (i.e. 1.8-2.2), 20-40
additional nuclei were counted and the ratio was recalculated. In
cases with ratios that were still borderline, additional FISH assays
were performed on whole sections (34). The data from the evaluation
of TOP2A gene status are neither analyzed nor presented here.

Statistical methods. Disease-free survival (DFS) was defined as time
from study entry to first tumor recurrence, secondary neoplasm, or
death from any cause, while overall survival (OS) was also
measured from study entry until death from any cause (35).
Surviving patients were censored at the date of last contact. Time-
to-event distributions were estimated using Kaplan–Meier curves

and compared using log-rank tests. Univariate Cox regression was
used to examine the prognostic significance of RB, pRB, RB
pathway function, p16 nuclear and p16 cytoplasmic expression
(using the cut-offs described above) with regard to DFS and OS.

Further exploratory analysis was conducted using unsupervised
hierarchical clustering with Ward’s minimum variance method in
order to identify distinct groups (clusters). The optimal number of
clusters was selected by the use of pseudo F-statistics and
correlation with DFS. In order to assess the accuracy of the
statistically significant clustering results, an internal validity method
was used. One hundred random samples, each consisting of 70% of
the cases with clustering results, were selected and univariate Cox
regression analysis was applied to each of them. Significance in
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Figure 4. Dendrogram of the initial clustering scheme. Seven clusters
were identified based on nuclear phosphorylated RB (pRB), cyclin D1,
p53 and p16 protein expression.

Figure 5. Kaplan–Meier curves for the grouped scheme in terms of (A)
disease-free survival (DFS) and (B) overall survival (OS).



terms of DFS was observed in 21 samples and a trend in 28, while
the corresponding numbers for OS were 9 and 14.

The role of the examined markers and the clustering schemes that
reached significance in the univariate analysis was assessed in
multivariate Cox regression analyses using a backward selection
procedure with a removal criterion of p>0.15. Variable selection
was based on the likelihood ratio test, including the following
factors as confounders: menopausal status (premenopausal vs.
postmenopausal), nodal status (0-3 vs. ≥4 positive lymph nodes),
tumor size (>2 vs. ≤2 cm), radiotherapy (yes vs. no), hormonal
therapy (yes vs. no), type of operation (modified radical mastectomy
vs. breast-conserving surgery) and subtypes (luminal B, luminal-
HER2, HER2-enriched, TNBC and BCP vs. luminal A).

Cox regression models were also used to examine the predictive
significance of the markers and the clustering schemes using
interaction tests with hormonal therapy (yes vs. no) and radiation
therapy (yes vs. no).

Chi-square tests were performed to assess possible associations of
the markers and clustering schemes with clinicopathological factors, as
well as the associations of the markers with each other. All univariate
tests were two-sided and significance level was set at 5%, while in
multivariate analyses, significance was determined at the level of 15%.

No adjustment for multiple comparisons was performed. Results
of this study are presented according to reporting recommendations
for tumor marker prognostic studies (17). This study is prospective-
retrospective as described by Simon et al. (36). The statistical
analysis was performed using SAS software (SAS for Windows,
version 9.3; SAS Institute Inc., Cary, NC, USA).

Results
Basic patient and tumor characteristics characteristics are
presented in Table I. Categorical variables are presented as
frequencies with corresponding percentages, while the

ANTICANCER RESEARCH 37: 2947-2957 (2017)

2952

Table I. Patient and tumor characteristics.

Characteristic                                                                  Value

Age
   Median (range), years                                        53.5 (22.4-79.3)
   ≤53 Years, n (%)                                           404                       48.9
   >53 Years, n (%)                                           423                       51.2
Menopausal status, n (%)
   Premenopausal                                              366                       44.2
   Postmenopausal                                            461                       55.8
Tumor size
   Median (range)                                                    2.7 (0.19-15.0)
   ≤2 cm, n (%)                                                 249                       30.2
   >2 cm, n (%)                                                 577                       69.8
   Unknown                                                         1                          0.1
Histological type, n (%)
   Invasive ductal                                              652                       78.8
   Invasive lobular                                             77                         9.4
   Mixed                                                             50                         6.0
   Other                                                               48                         5.8
Histological grade, n (%)
   I                                                                       47                         5.6
   II                                                                    371                       44.8
   III                                                                   409                       49.4
Positive lymph nodes, n (%) 
   0-3                                                                 390                       47.2
   ≥4                                                                   436                       52.8
   Unknown                                                         1                          0.1
Surgery, n (%)
   Breast-conserving                                        280                       33.8
   Modified radical mastectomy                      547                       66.2
ER/PgR status, n (%)
   Positive                                                          595                       72.0
   Negative                                                        172                       20.8
   Unknown                                                        60                         7.2
HER2 status, n (%)
   Positive                                                          101                       12.2
   Negative                                                        681                       82.4

   Unknown                                                        45                         5.4

Characteristic                                                                  Value

Ki67 protein expression, n (%) 
   Low (<20%)                                                  336                       40.6
   High (≥20%)                                                 408                       49.3
   Unknown                                                        83                        10.0
EGFR protein expression, n (%) 
   Positive                                                          118                       14.3
   Negative                                                        637                       77.0
   Unknown                                                        72                         8.7
CK5 protein expression, n (%)
   Positive                                                           81                         9.8
   Negative                                                        672                       81.3
   Unknown                                                        74                         8.9
Subtype, n (%)
   Luminal A                                                     278                       33.6
   Luminal B                                                     215                       26.0
   Luminal-HER2                                              99                        12.0
   HER2-enriched                                              77                         9.4
   TNBC                                                             94                        11.4
   BCP                                                                70                         8.5
   Unknown                                                        64                         7.8
Chemotherapy, n (%)
   Yes                                                                 625                       75.6
   No                                                                  196                       23.8
   Unknown                                                         6                          0.8
Radiotherapy, n (%)
   Yes                                                                 601                       72.6
   No                                                                  192                       23.3
   Unknown                                                        34                         4.2

N, Number; TNBC, Triple-negative breast cancer: estrogen receptor
(ER)-negative, progesterone receptor (PgR)-negative, epidermal growth
factor receptor 2 (HER2)-negative; BCP, basal core phenotype: TNBC,
CK5-positive and/or EGFR-positive; Luminal A: ER-positive and/or
PgR-positive, HER2-negative, Ki67low; Luminal B: ER-positive and/or
PgR-positive, HER2-negative, Ki67high; Luminal-HER2: ER-positive
and/or PgR-positive, HER2-positive; HER2-enriched: ER-negative,
PgR-negative, HER2-positive.



median and corresponding range are presented for continuous
variables. In total, 827 patients with a measurement for at
least one of the markers of interest were included in the
analysis. The median age at diagnosis was 53.5 years. Fifty-
six percent of the cases were postmenopausal, while the
majority of the patients were diagnosed with tumors larger
than 2 cm. The tumors were ER/PgR-positive in 72.0% of
cases and HER2-negative in 82.4% of the study population.

Median follow-up for the patients included in this study
was 114.3 months (range=0.1-161.2 months), while median
DFS and OS were not yet reached. By the last date of
follow-up, 283 (34.2%) of the patients had experienced a
relapse, while 220 patients (26.6%) had died.

Altered RB pathway was associated with high pRB
(p<0.001), while absence of RB was found to be associated
with strong cyclin D1 protein expression and low pRB
expression (p=0.003 and p=0.015, respectively). In addition,
low expression of pRB was found to be associated with low
p53 expression (p=0.040). Low p16 nuclear expression was

found to be associated with strong expression of cyclin D1,
low p16 cytoplasmic expression and low expression of p53
(p=0.003, p<0.001 and p=0.016, respectively). No other
significant associations were observed between the markers.
The frequencies of protein expression of the markers under
investigation are listed in Table II.

Absence of RB was associated with the triple-negative
breast cancer (TNBC) and basal core phenotype (BCP)
subtypes (p<0.001 and p=0.002, respectively), while low
expression of pRB was associated with postmenopausal
status (p=0.026) and high histological grade (p=0.027).
Altered RB pathway was associated with the luminal A
subtype (p=0.037). Low p16 nuclear expression was found
to be significantly associated with the invasive ductal
histological type and with hormonal therapy (p=0.032 and
p<0.001, respectively). Low p16 nuclear and cytoplasmic
protein expression was associated with positive ER/PgR
status (p=0.007 and p=0.027, respectively), while low
cytoplasmic expression of p16 was associated with hormonal
therapy and luminal A and B subtypes (p<0.001 and
p=0.045, respectively).

Prognostic significance of individual markers. None of the
markers under investigation reached any significance in terms
of DFS in the univariate analysis. In terms of OS, p16 nuclear
protein expression was the only significant marker for OS,
with patients with low expression of nuclear p16 presenting
lower risk for death [hazard ratio (HR)=0.63, 95% confidence
interval (CI)=0.41-0.97, Wald’s p=0.039]. In multivariate
analysis adjusting for several clinicopathological parameters,
low p16 nuclear expression retained its significance for OS
(HR=0.66, 95% CI=0.41-1.05, Wald’s p=0.083).
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Table II. Protein expression of the markers under investigation.

                                                                         N                          %

Nuclear RB 
   Absent (score 0)                                         245                     29.6
   Positive (score 1, 2, 3)                               428                     51.8
   Unknown                                                    154                     18.6
Nuclear pRB
   Low (<25%)                                               333                     40.3
   High (≥25%)                                              315                     38.1
   Unknown                                                    179                     21.6
RB pathway function
   Altered/disrupted                                        470                     56.8
   Normal                                                        236                     28.5
   Unknown                                                    121                     14.6
Cytoplasmic p16 
   Low (<25%)                                               609                     73.6
   High (≥25%)                                              109                     13.2
   Unknown                                                    109                     13.2
Nuclear p16
   Low (<25%)                                               652                     78.8
   High (≥25%)                                                 66                        8.0
   Unknown                                                    109                     13.2
Nuclear cyclin D1
   Absent (score 0)                                         164                     19.8
   Low (score 1)                                               75                        9.1
   Intermediate (score 2)                                215                     26.0
   Strong (score 3)                                          291                     35.2
   Unknown                                                      82                        9.9
Nuclear p53
   Low (<10%)                                               415                     50.2
   High (≥10%)                                              325                     39.3
   Unknown                                                      87                      10.5

N, Number; RB, retinoblastoma; pRB, phosphorylated RB.

Table III. Expression of the markers of interest in the clustering
schemes.

Clusters                               pRB             p16            p53           Cyclin D1

Initial Scheme                                                                                    
1                                            ↑                 ↓                ↓                     ↓
2                                            ↑                 ↓                ↓                     ↑
3                                            ↓                 ↓                ↓                     ↓
4                                            ↓                 ↓                ↓                     ↑
5                                            −                 ↓                ↑                     ↑
6                                            −                 ↓                ↑                     ↓
7                                            −                 ↑                −                     ↓

Grouped Scheme                                                                               
1                                            ↑                 ↓                ↓                     ↓
2, 4                                        −                 ↓                ↓                     ↑
3, 5, 6, 7                                ↓                 ↓                −                     ↓

pRB: phosphorylated retinoblastoma. ↑: high expression; ↓: low
expression; −: neither.



Univariate analysis for the markers of interest was also
performed in the subgroups of patients with TNBC and BCP
patients, as well as in patients with luminal B tumors.
However, none of the examined markers showed any
prognostic significance for DFS or OS in any of these
population subgroups.

Predictive significance of individual markers. None of the
markers of interest were predictive for benefit from
hormonal therapy either for DFS or OS. Similarly, none of
the examined markers showed any significance for benefit
from radiation therapy in terms of DFS or OS.

Clustering. In order to further evaluate possible prognostic
significance of the retinoblastoma proteins unsupervised
hierarchical clustering analysis was performed for the
markers of interest combined with cyclin D1 and p53. RB
was excluded from the clustering analysis due to its poor
efficiency in identifying distinct groups (clusters). As for
p16, only nuclear p16 protein expression was included in the
clustering analysis, since nuclear expression is thought to
more accurately reflect p16 function.

Clustering analysis revealed seven clusters, using pRB,
nuclear p16, cyclin D1 and p53 protein expression (Figure
4). Cluster 1 represented patients with high expression of
pRB, while cluster 2 and cluster 4 those with high expression
of cyclin D1 and low expression of p16 nuclear and p53. The
seven clusters derived from the initial clustering scheme
were then grouped based on similar expression of the
markers. The expression of the markers (high expression,
low expression or neither) for each cluster in the initial
clustering scheme, as well as in the grouped scheme, is
presented in Table III.

Statistically significant associations were observed
between the grouped scheme and several clinicopathological
parameters. Specifically, cluster 1 was found to be
significantly associated with younger age (p=0.023),
histological grade I-II (p=0.001) and premenopausal status
(p=0.011). Grouped cluster 2, 4 was associated with
hormonal therapy (p<0.001), while grouped cluster 3, 5, 6,
7 with basal core phenotype (p<0.001) and high Ki67
protein expression (p=0.038).

In the univariate analysis, the initial clustering scheme did
not reach any significance for DFS and OS (overall p=0.24
and p=0.41, respectively), while the grouped scheme showed
a statistically significant difference for DFS (overall Wald’s
p=0.034) with a trend for OS (overall p=0.080). More
specifically, cluster 1 was found to perform significantly
better compared to the grouped cluster 3, 5, 6, 7 in terms of
DFS (HR=0.48, 95% CI=0.26-0.87, Wald’s p=0.015), while
a trend was seen for OS (HR=0.55, 95% CI=0.29-1.05,
p=0.072). Kaplan–Meier curves for the grouped scheme with
respect to DFS and OS are presented in Figure 5.

Since the initial clustering scheme did not reach any
significance for DFS and OS in the univariate analysis,
multivariate analysis was performed only for the grouped
scheme. Adjusting for the clinicopathological characteristics
described in the statistical analysis section, the grouped
scheme retained its significance only in terms of DFS
(overall Wald’s p=0.036), with cluster 1 performing better
compared to the grouped cluster 3, 5, 6, 7 (HR=0.48, 95%
CI=0.26-0.87, Wald’s p=0.015).

With regard to predictive value, the grouped scheme was
not predictive for benefit from hormonal therapy (DFS
interaction p=0.34 and OS interaction p=0.29) nor radiation
therapy (DFS interaction p=0.33 and OS interaction p=0.39).

Discussion

In the present study, we sought to determine the IHC
expression of RB, pRB and p16 in archived samples from a
large phase III randomized adjuvant trial, in patients with
breast cancer treated with adjuvant taxane-based chemotherapy
and relate our results to several clinicopathological parameters,
as well as to the clinical outcome of the patients.

In our study, we did not find significant associations of
RB and pRB with DFS and OS. Absence of the RB protein
was found to be associated with the TNBC and BCP
subtypes, which is in aggrement with other investigators (37,
38), nevertheless we did not find any association with DFS
or OS as they did (37, 38). Furthermore, we found low
expression of pRB to be associated with tumors of high
histological grade, which are highly proliferative, as
indicated by increased protein expression of Ki67. Such an
association of high histological grade with low pRB protein
expression has been described by other investigators (39,
40). Lastly, altered or disrupted RB pathway function was
found to be associated with high pRB expression, indicating
that, at least in our cohort, hyperphosphorylation of the RB
protein might more accurately reflect a disrupted RB
pathway, as opposed to absence of RB.

Nuclear p16 protein expression was the only significant
prognostic marker in terms of OS, with patients with low
expression presenting lower risk for death, while no
significance was observed for DFS. This was to be expected,
since we observed low nuclear p16 protein expression in
ER/PgR-positive tumors, which have favorable prognostic
features. Although these findings seem to be different from
the results reported by some investigators (41, 42), other
studies showed that p16 protein overexpression is more
frequently seen in BCP tumors compared to non-basal ones
(29, 43). It appears, therefore, that the down-regulation of
nuclear p16 observed in our study is a marker of good
prognosis, which is in agreement with other investigators
highlighting nuclear p16 overexpression as being a marker
of poor prognosis (43, 44).
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In order to further evaluate possible prognostic significance
of the retinoblastoma proteins clustered analysis of our data
was performed. Clustering analysis revealed 7 clusters, using
pRB, p16 nuclear, cyclin D1 and p53 protein expression. This
initial clustering scheme did not reach any significance for
DFS or OS, therefore the seven clusters were grouped based
on similar expression of the markers, with cluster 1 found to
perform better compared to the grouped cluster 3, 5, 6, 7 in
terms of DFS, both in univariate and multivariate analyses.
The increased DFS observed in cluster 1 was found to be
associated with high values of pRB and concomitantly low
values of p16, p53 and cyclin D1. Tumors with the above
phenotype were of low grade and ER/PgR-positive, tumor
characteristics that are associated with good prognosis. On
the other hand, grouped cluster 3, 5, 6, 7 had tumors with low
values of all four factors and performed worst with regard to
the prognosis of the patients. As expected, the latter tumors
were BCP with high expression of Ki67.

When considering our results, it is evident that on an IHC
basis, the only finding that differentiates clusters with good
from those with poor prognosis is the expression of pRB.
The hyperphosphorylation of RB, as shown by the high pRB
values observed for cluster 1, characterized a group of
patients with tumors with better outcome. This is a
paradoxical finding, since normally, hyperphosphorylated RB
would lead to uncontrolled cell proliferation and tumor
progression (10, 45, 46). Yet recent data have demonstrated
that tumors with RB loss, a condition that exerts the same
effect as activated pRB, are more apt to respond to optimized
chemotherapeutic strategies (37, 45). Therefore, one could
speculate that the better outcome observed in patients with
tumors characterized by high levels of pRB could be
primarily related to improved response to therapy rather than
to direct effects of the proteins involved in the specific
pathway. However, it should be noted that in our study, an
altered or disrupted RB pathway was significantly associated
with the luminal A subtype. Patients with luminal A breast
cancer have the best prognosis compared to all other
subtypes, especially in the pre-trastuzumab era, during which
HER2-positive patients were not supposed to be treated with
trastuzumab or other anti-HER2 agents in the adjuvant
setting, as was the case in our trial.

Taken together, the results of our study, on a large cohort
of patients with breast cancer treated with taxane-based
chemotherapy, lead us to the conclusion that the role of the
RB pathway and its downstream regulators in breast cancer
progression is multifaceted. The disruption of the RB
pathway, due either to loss of RB protein (37) or to the
hyperphosphorylation of RB protein, appears to increase the
chemosensitivity of our patients. Therefore, the interaction
between the functional status of the different genes that are
involved in the RB signaling pathway and their effect on the
responsiveness of neoplastic cells to chemotherapeutic agents

should be taken into account. The IHC expression of related
factors does not necessarily reflect the complex molecular
alterations that drive a gene’s functional diversity and cell-
cycle regulation. Nevertheless, our data indicate a pivotal
role of the RB pathway in the response to chemotherapeutic
agents in this cohort of patients with breast cancer. It is
possible that the p53-mediated sensitivity of breast cancer
cells to chemotherapy could be driven by pRB.

It is clear that additional studies should be carried out in
order to understand the role of a disrupted RB pathway in the
development of breast cancer. Moreover, it is essential to
further investigate the role of the pRB and p16 proteins in
response to chemotherapy in order to identify novel targets for
therapeutic interventions. Our results indicate that the use of
agents that enhance RB phosphorylation might possibly
increase the chemosensitivity of breast cancer cells. However,
our findings should merely be viewed as hypothesis-generating
until they are confirmed in prospective validation cohorts.
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