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Abstract High proliferation rates are characteristic of
cancer, and proliferation markers make up the majority of
genes included in RNA-based prognostic gene signatures
applied for breast cancer patients. Based on prior data on
differences in molecular subgroups of breast cancer, we
hypothesized that the significance of single proliferation
markers might differ in luminal, Her2-positive and triple-
negative subtypes. Therefore, we compared mRNA
expression data of Ki67, TOP2A, and RacGAP1 using a
pool of 562 Affymetrix UI33A microarrays from breast
cancer samples. “Luminal,” “triple-negative,” and “Her2-
positive” subcohorts were defined by ESR1 and ERBB2
mRNA expression using pre-defined cut-offs. The analysis
of the three potential proliferation markers revealed
subtype-specific differences: in luminal carcinomas,

Electronic supplementary material The online version of this
article (doi:10.1007/s10549-012-2296-x) contains supplementary
material, which is available to authorized users.

K. Milde-Langosch (IX) - V. Miiller - I. Witzel
Department of Gynecology, University Hospital
Hamburg-Eppendorf, Hamburg, Germany
e-mail: milde@uke.de

T. Karn
Department of Obstetrics and Gynecology, Goethe-University
Frankfurt, Frankfurt, Germany

A. Rody
Department of Obstetrics and Gynecology, University Clinics
Schleswig-Holstein, Liibeck, Germany

M. Schmidt
Department of Obstetrics and Gynecology, Johannes Gutenberg
University Mainz, Mainz, Germany

R. M. Wirtz
STRATIFYER Molecular Pathology GmbH, Cologne, Germany

Published online: 08 November 2012

expression of all three markers was a significant indictor of
early recurrence in univariate and multivariate analysis, but
RacGAP1 was superior to Ki67 and TOP2A in signifi-
cance. In triple-negative tumors, only Ki67 was a signifi-
cant and independent marker, whereas none of the markers
showed a significant prognostic impact in Her2-positive
cases. Within the group of luminal carcinomas, the pro-
liferation markers had different impact depending on the
treatment of patients: in untreated patients, Ki67, TOP2A,
and RacGAP1 were significant and independent prognostic
markers. In chemotherapy-treated patients, overexpression
of all three markers was predictive for early recurrence, but
only RacGAPI retained significance in multivariate anal-
ysis. In contrast, RacGAP1 was the only predictive pro-
liferation marker in the endocrine treatment group. These
data point to subtype-specific differences in the relevance
of proliferation-associated genes, and RacGAP1 might be a
strong prognostic and predictive marker in the luminal
subgroup.

Keywords Proliferation - Breast cancer - Molecular
subgroups - Ki67 - TOP2A - RacGAP1

Introduction

One of the major characteristics of malignant cancer is
enhanced and limitless cell division, resulting in high
proliferation rates [1]. Since cell division rate might be a
useful prognostic indicator, estimation of proliferation rate
has been performed by clinicians and pathologists by var-
ious methods including determination of the mitotic index,
S-phase fraction and immunocytochemistry for nuclear
antigens involved in cell cycle regulation and mitosis, i.e.,
Ki67 [2-4].

@ Springer


http://dx.doi.org/10.1007/s10549-012-2296-x

Breast Cancer Res Treat

The technical progress in RNA-based methods resulted
in the identification of various prognostic gene expression
signatures or panels of 16-512 genes that can be applied in
routine care of breast cancer patients [5-9]. In large meta-
analyses, Wirapati et al. [10] and Desmedt et al. [11] could
show that the prognostic power of these signatures is
mostly due to the presence of proliferation markers which
make up the majority of genes in these sets.

Since the ground-breaking publications of Perou and
workers [12, 13], it is widely accepted that mammary
carcinomas can be divided into at least four subtypes which
differ in biology and prognosis, namely, the Her2-positive
tumors, the basal-like carcinomas (mostly identical to tri-
ple-negative tumors (TNT)), and two groups of ER-posi-
tive tumors: luminal A and luminal B. Desmedt et al. [11]
could show that the prognostic markers in these subgroups
can be attributed to different expression modules: In the
luminal subgroups, proliferation and histological grade
were significantly associated with outcome, whereas in the
basal and Her2-positive groups, the immune response
module was associated with prognosis, and tumor invasion
had a prognostic impact in Her2-positive tumors only. In
other studies of prognostic and predictive gene sets in ER-
positive and ER-negative carcinomas, it was shown that
both groups differ strongly in the biological processes
which influence prognosis and chemotherapy response
[14], and prognostic gene signatures which mainly consist
of genes involved in proliferation failed to predict the risk
of tumor recurrence in non-luminal carcinomas [10].

Although a large number of studies has shown a signifi-
cant prognostic value of proliferation markers in terms of
recurrence-free survival (RFS) and overall survival (OAS),
especially in ER-positive tumors, they were not included as
routine investigation in most guidelines. Possible reasons
are the poor reproducibility of the results of these studies,
time-consuming procedures and difficulties in standardiza-
tion and evaluation of the results [15]. In 2011, the St. Gallen
guidelines dealing with strategies for molecular breast
cancer subtypes recommended the use of the immunohis-
tochemical Ki67 labeling index for discrimination of lumi-
nal B and luminal A tumors [16] with a cut-off point of
14 %. In clinical routine, this cut-point is problematic: a
recent study on the reproducibility of Ki67 immunohisto-
chemistry in moderately differentiated carcinomas revealed
a high inter- and intraobserver variability [17].

Compared to immunohistochemical assays, RNA-based
methods might allow more precise quantification of gene
expression. Since proliferation has been shown to be an
important factor in progression of luminal tumors [11], we
asked if RNA expression of a single proliferation marker
instead of a proliferation module might be suitable as
prognostic or predictive marker in this subgroup, which
might be much more practical for routine purposes. In
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order to find out which proliferation-associated marker
might have the best prognostic impact, we analyzed mRNA
expression of three candidate genes, Ki67, TOP2a, and
RacGAPI, in breast cancer samples. In a recent study on
protein—protein interaction networks in breast cancer
samples, all three markers are members of a cell cycle-
associated sub-network associated with a poor prognosis,
although their position within this network indicates reg-
ulatory differences [18].

Ki67 was described in 1991 as a nuclear non-histone
protein which is absent in quiescent cells but strongly
expressed in proliferating cells in all phases of the cell
cycle [19]. After development of an antibody which is
suitable for immunohistochemistry on formalin-fixed,
paraffin-embedded tissues (MIB1), it was widely intro-
duced into histopathology, where the percentage of Ki67-
positive cells is used as a marker of proliferative activity.
In breast cancer, high Ki67 levels are associated with poor
prognosis, but lack independent significance in most stud-
ies [4, 20]. In addition, high Ki67 positivity has been
implicated in chemotherapy response [21].

TOPisomerse Ila. (TOP2a) reduces DNA supercoiling
and twisting and is important for chromosome segregation
and condensation in dividing cells. Its expression is highest
in the G2/M phase of exponentially growing cells, and
overexpression predicted shorter DFS and OAS in some
studies [2, 22]. TOP2a is located on the same chromosome as
Her2/neu and is frequently co-amplified with this receptor.
Since TOP2a is a target of anthracycline, its amplification is
a marker of sensitivity to these drugs [23, 24]. High TOP2a
RNA levels are significantly associated with shorter
metastasis-free survival in node-negative breast cancer, but
associated with a high frequency of pathological complete
response (pCR) in anthracycline-treated patients [25].

RacGAP1 (MgcRacGAP) is a GTPase activating protein
(GAP) which co-localizes with the mitotic spindle in the
metaphase and is essential for cytokinesis during the nor-
mal cell cycle [26]. During this phase, it is phosphorylated
by Aurora B in the midbody which is essential for its GAP
activity toward RhoA [27]. In addition, it acts as a nuclear
chaperone and is essential for nuclear transportation of
STAT transcription factors [28]. Up-regulation of Rac-
GAP1 was observed in various malignant tumors, i.e.,
ovarian cancer [29], bladder cancer [30] and hepatocellular
carcinoma [31].

Since proliferation is a prerequisite of tumor growth in
all carcinomas, but the prognostic gene signatures are not
equally prognostic in different breast cancer types [10], we
assumed that the regulation of proliferation in mammary
carcinomas differs depending on molecular subtypes. Thus,
single proliferation markers might not be equally infor-
mative in luminal, Her2-positive and triple-negative breast
cancer. Based on this hypothesis, we studied mRNA
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expression of all three proliferation markers in a retro-
spective analysis based on microarray data of 562 breast
cancer samples with long-term follow-up information.

Materials and methods
Breast cancer samples

For this retrospective analysis, RNNA expression data
obtained from primary breast cancer tissue samples from
Hamburg, Frankfurt, and Mainz were combined. Informed
consent for the scientific use of tissue materials, which was
approved by the local ethics committees, was obtained
from all patients. The study was performed in accordance
to the principles of the declaration of Helsinki and remark
criteria [32]. The clinical and histological characteristics of
these cohorts are given in Table 1. No radiotherapy, neo-
adjuvant chemotherapy or endocrine therapy had been
administered before surgery. Adjuvant therapy was applied
according to international recommendations.

Patients from Hamburg (n = 191) were treated at the
University Medical Center Hamburg-Eppendorf, Germany,
Department of Gynecology between 1991 and 2002 and
selected on the basis of tissue availability. One hundred
and five patients received anthracycline-based adjuvant
chemotherapy regimens (mainly epirubicin/cyclopho-
sphamide (EC) or cyclophosphamide/methotrexate/fluor-
ouracil (CMF)). Seventy-five patients received endocrine
therapy only, six patients were treated by radiation without
any systemic therapy, and five patients remained untreated
after surgery. The median follow-up time was 132 months.

The second cohort consisted of 200 consecutive lymph
node-negative breast cancer patients, treated at the Depart-
ment of Obstetrics and Gynecology of the Johannes Guten-
berg University, Mainz between 1988 and 1998 [33]. The
median time of follow-up was 92 months. Patients did not
receive any systemic therapy in the adjuvant setting. Patients
were treated either with modified radical mastectomy
(n = 75) or with breast-conserving surgery followed by
irradiation (n = 125), and did not show evidence of regional
lymph node or distant metastases at the time of surgery.

The Frankfurt cohort (n = 171) included patients who
underwent surgical breast cancer resection between 1996
and 2003 at the Department of Gynecology and Obstetrics
at the Goethe-University of Frankfurt [34]. Patients were
selected based on tissue availability, median follow-up
time was 45 months. All of them had received adjuvant
endocrine therapy (n = 52) or chemotherapy (CMF or EC;
n = 119).

As clinical endpoint, we used RFS which was defined as
the period (in months) from the date of diagnosis to the
date at which relapse was clinically identified.

Table 1 Patient characteristics

Parameter n (%)
Center

Hamburg 191 (34)

Mainz 200 (36)

Frankfurt 171 (30)
Age (years)

Median 56.8

Range 29-94
Histological type

Ductal 379 (67)

Lobular 106 (19)

Others 44 (8)

Unknown 34 (6)
Tumor size (stage)

<2 cm (pT1) 253 (45)

>2 cm (pT2-4) 307 (55)

Unknown 2 (0.4)
Grade

I-1I 370 (66)

I 189 (34)

Unknown 2 (0.4)
Lymph nodes

Positive nodes 132 (23)

Negative nodes 427 (76)

Unknown 3(1)
ER status

Positive 427 (76)

Negative 121 (22)

Unknown 15 (3)
PR status

Positive 342 (61)

Negative 199 (35)

Unknown 21 (4)
Follow-up

Recurrence 176/562 (31)

Died of disease 119/391% (30)

Therapy
Chemotherapy 224 (40)
Endocrine therapy 127 (23)
No systemic treatment 211 (38)

* OAS data were not available for the patients from Frankfurt

Analysis of Ki67, TOP2A, and RacGAP1 expression

All tissue samples were snap-frozen after surgery and
stored in liquid nitrogen until use. RNA extraction, cDNA
synthesis, and microarray analysis were performed in the
same laboratory for all samples as described [35]. Tumor
cell content exceeded 40 % in all the samples, as shown by
H&E staining of cryo-cut sections.
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The Affymetrix (Santa Clara, CA, USA) HG-U133A
array and GeneChip System were used to quantify the
relative transcript abundance in the breast cancer tissues.
Hybridization intensity data were automatically acquired
and processed by Affymetrix Microarray Suite 5.0 soft-
ware. Arrays were analyzed using MASS algorithm. Arrays
from different cohorts were adapted using magnitude nor-
malization as described [36]. MASS5 expression values
were log transformed and median centered over arrays.

For evaluation of ESR1 expression data, we used probeset
205225_at because of its highest concordance with biochem-
ical ER status in comparison to the other ESR1 probesets
present on the Affymetrix array [36]. Similarly, out of the two
probesets for HER2 which are present on the U133A array,
probeset 216836_at was chosen which worked best in ROC
analysis in comparison with IHC/FISH results [36]. For Ki67,
four probesets are included on the genechip (212020_s_at;
212021_s_at; 212022_s_at and 212023_s_at) which showed
similar expression levels. Due to its broadest range of expres-
sion values, the probeset 212022_s_at was used for further
analysis. Out of the two probesets for TOP2A, 201291 _s_at
and 201292_at, the latter probeset was chosen because of its
higher expression values. For RacGAP1, only one probeset
(222077_s_at) was present on the Affymetrix array.

Statistical analysis

We performed univariate Cox regression analysis using con-
tinuous variables and different cut-off points (see below) and
constructed Kaplan—Meier curves and used log-rank tests to
determine the significance of the three putative proliferation
markers. A multivariate Cox proportional hazards regression
model was used to examine simultaneously the effects of
multiple covariates on survival including nodal involvement
(positive vs. negative), tumor stage (T1, T2, T3, T4), histo-
logical grading (G1/G2 vs. G3) and the tested proliferation
marker. The effect of each variable was assessed with the use
of the Wald test and described by the hazard ratio, witha 95 %
confidence interval. Correlations of Ki67, TOP2A, and Rac-
GAPI (quartiles) with clinical and histological variables were
calculated by Chi-square tests using the groups given above,
and correlations with age by Pearson test using the continuous
data. All reported p-values are two sided and p-values of less
than 0.05 were considered to indicate a significant result. All
analyses were performed using the SPSS 20 software.

Results
Definition and characterization of molecular subgroups

Combining microarray datasets from three institutions, we
were able to analyze mRNA data from a total of 562 breast
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cancer samples. According to Sorlie et al. [13], molecular
subtypes include the ER-positive luminal A and B tumors,
Her2-positive and basal-like tumors, the latter being gen-
erally ER- and Her2-negative. In order to analyze the
prognostic or predictive impact of proliferation markers in
different molecular subtypes of breast cancer, an approxi-
mated definition of these subtypes in our cohort was per-
formed, based on estrogen receptor (ESR1) and Her2/neu
(ErbB2) mRNA expression data (Fig. 1). The Affymetrix
probesets which we used for this definition and the cut-off
values for ESR1 and ERBB2 expression were chosen
according to the results of a prior meta-analysis of ESR1
and ERBB2 mRNA expression in >3000 Affymetrix
datasets [36]. Thus, tumors were defined as Her2-positive if
the normalized expression of probeset 216836_at was
above 0.0135. Similarly, tumors were regarded as ESR1-
negative if expression levels of probeset 205225_at were
below 0.0075.

By this approach, we defined a group of HER2j;s,
tumors, later referred to as “HER2-positive” (n = 69;
12 %) and, among the HER2-negative tumors, a cohort
with low ESRI1 expression levels (n = 96; 17 %). Since
most ESRI1-negative tumors also show absent or low
expression of the progesterone receptor (PGR), the latter
group is referred to as “TNT”). The majority of the cases
of our cohort (n = 397; 71 %) belong to the ESRIyqn/
HER2,,,, (“luminal”) subgroup. To determine the clinical
outcome of these molecular subgroups, Kaplan—-Meier
analysis and log-rank tests were performed using the RFS
data. As shown in Fig. lc, cases of the luminal subgroup
had a significantly better prognosis compared to HER2-
positive or ESR1,,4/HER2,,,, (“triple-negative”) tumors in
the first 10 years after surgery, but the probability of late
recurrence is higher in the luminal carcinomas.

Prognostic value of the proliferation markers Ki67,
TOP2A, and RacGAPI1 in molecular breast cancer
subtypes

Before analysis of the prognostic role of different prolif-
eration markers, we first compared their expression pat-
terns in our total cohort of 562 tumors. As shown in Fig. 2,
all markers showed an approximately normal distribution.
Regarding the expression data, the median expression
values of TOP2A (median value = 0.0036) and RacGAP1
(median value = 0.0040) were clearly higher compared to
those of Ki67 (median value = 0.0002). By Spearman
correlation, we found significant positive correlations
between RacGAP1 and TOP2A (p = 0.747), RacGAP1
and Ki67 (p = 0.734), and TOP2A and Ki67 (p = 0.741;
all p < 0.0001; not shown). Regarding clinical and histo-
logical characteristics, none of the three markers correlated
significantly with age, stage or nodal involvement, whereas
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Fig. 1 Characterization of the cohort with respect of normalized
ErbB2 (a) and ESR1 (b) mRNA expression. For both markers,
bimodal distributions of expression values were found. ¢ Kaplan—
Meier analysis of recurrence-free survival in HER2-positive patients
(cut-off 0.0135), luminal tumors (cut-off 0.0075), and triple-negative
tumors

all of them correlated with high grading (p < 0.001;
not shown). Based on the hypothesis that proliferation
markers behave differently in molecular subgroups, we
next analyzed the prognostic and predictive impact of

Ki67, TOP2A, and RacGAP1 separately in the luminal,
triple-negative, and HER2-positive subcohorts.

Since proliferation has been shown to be a dominant
prognostic factor in luminal (ER-positive, HER2-negative)
tumors [11], we first used univariate Cox regression anal-
ysis to analyze the prognostic value of Ki67, TOP2A, and
RacGAP1 in this group (n = 397). Using the continuous
expression values, all three markers were significant
prognostic indicators (Ki67, p = 0.040; TOP2A, p =
0.004; RacGAPI, p < 0.001; not shown). Since categori-
zation is required in routine settings, the subcohort was
then divided into four groups of similar size (quartiles,
Q1-Q4), and different cut-offs for low versus high
expression were applied. Interestingly, the cut-off value Q3
(quartiles 1-3 vs. Q4) gave the best prognostic information
for all three markers (Table 2). Hazard ratios for high
expression of Ki67, TOP2A, and RacGAP1 were 1,657,
1,657, and 2,053, respectively. For RacGAP1, a significant
difference in outcome was also observed when the median
(Q2) was used as cut-point, with a hazard ratio of 1,629
(p = 0,017; Table 2). In Fig. 3, the corresponding Kaplan—
Meier plots for RES and p-values after log-rank test are shown.

For identification of the most suitable marker in this
group, we also performed a multivariate Cox regression
analysis including all three proliferation markers, each with
cut-off Q3 (quartiles Q1-3 vs. Q4). Interestingly, RacGAP1
expression was a significant prognostic indicator in this
setting (p = 0.012), whereas Ki67 and TOP2A lost signifi-
cance (Table S1). Similar results were obtained if the con-
tinuous expression data of Ki67, TOP2A, and RacGAP1
were analyzed in multivariate analysis (MVA). Only Rac-
GAPI1 expression retained its prognostic significance (p =
0.016; not shown). As additional prognostic variables, the
histological grading, nodal involvement, and FIGO stage
were included in the analysis of single proliferation markers.
As shown in Table 3, high RacGAP1 expression was an
independent, highly significant prognostic indicator in
luminal tumors (HR = 2.136; p = 0.001), in addition to
nodal involvement (HR = 1.844; p = 0.014) and advanced
stage (p = 0.029). High expression of Ki67 and TOP2A also
had a significant but weaker prognostic impact in MVA in
this molecular subgroup (Ki67: HR 1.631; p = 0.038;
TOP2A: HR 1.631; p = 0.038; Table 3).

By a similar approach, the relevance of the three prolif-
eration markers was analyzed in “triple-negative” carcino-
mas (n = 96). Using the continuous variables, only Ki67
had a significant impact on prognosis in this subtype (Ki67,
p = 0.017; TOP2A, p = 0.082; RacGAPI1, p = 0.161).
With the categorized variables, Ki67 expression above
median (cut-off Q2) was a significant prognostic indicator in
this group (HR 2.248; 95 % CI 1.111-4.546; p = 0.024;
Table 2B). The negative correlation with RFS could also be
shown in Kaplan—-Meier analysis (Fig. 4a). In MVA
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Table 2 Univariate Cox regression analysis of disease-free survival based on Ki67, TOP2A, and RacGAP1 expression in molecular subgroups

of breast cancer patients

Parameter Cut-off n p value Hazard ratio 95 % CI
A: Luminal tumors (n = 397)
Ki67 Ql vs. Q24 99 vs. 298 0.184 1.395 (0.853-2.281)
Q1-2 vs. Q34 199 vs. 198 0.267 1.253 (0.841-1.865)
Q1-3 vs. Q4 298 vs. 99 0.020 1.657 (1.082-2.537)
TOP2A Q1 vs. Q24 99 vs. 298 0.104 1.515 (0.918-2.501)
Q1-2 vs. Q34 199 vs. 198 0.267 1.253 (0.841-1.865)
Q1-3 vs. Q4 298 vs. 99 0.020 1.657 (1.082-2.537)
RacGAP1 Ql vs. Q24 100 vs. 297 0.086 1.538 (0.940-2.515)
Q1-2 vs. Q34 199 vs. 198 0.017 1.629 (1.090-2.435)
Q1-3 vs. Q4 298 vs. 99 0.001 2.053 (1.361-3.097)
B: “Triple-negative” tumors (n = 95)
Ki67 Ql vs. Q24 24 vs. 71 0.268 1.600 (0.696-3.676)
Q1-2 vs. Q34 48 vs. 47 0.024 2.248 (1.111-4.546)
Q1-3 vs. Q4 72 vs. 23 0.081 1.874 (0.926-3.791)
TOP2A Q1 vs. Q24 24 vs. 71 0.126 2.099 (0.812-5.424)
Q1-2 vs. Q34 48 vs. 47 0.140 1.673 (0.844-3.315)
Q1-3 vs. Q4 72 vs. 23 0.143 1.738 (0.830-3.640)
RacGAP1 Ql vs. Q24 24 vs. 71 0.457 1.371 (0.597-3.152)
Q1-2 vs. Q34 48 vs. 47 0.462 1.289 (0.655-2.538)
Q1-3 vs. Q4 72 vs. 23 0.331 1.443 (0.689-3.020)
C: Her2-positive tumors (n = 69)
Ki67 Q1 vs. Q24 17 vs. 52 0.094 2.267 (0.869-5.913)
Q1-2 vs. Q34 35 vs. 34 0.600 1.205 (0.601-2.416)
Q1-3 vs. Q4 52 vs. 17 0.379 1.421 (0.650-3.105)
TOP2A Ql vs. Q24 17 vs. 52 0.283 0.653 (0.299-1.423)
Q1-2 vs. Q34 35 vs. 34 0.949 0.977 (0.480-1.987)
Q1-3 vs. Q4 52 vs. 17 0.382 0.687 (0.296-1.595)
RacGAP1 Q1 vs. Q24 17 vs. 52 0.150 1.927 (0.788-4.714)
Q1-2 vs. Q34 35 vs. 34 0.175 1.627 (0.806-3.286)
Q1-3 vs. Q4 52 vs. 17 0.458 1.342 (0.617-2.920)

Significant results are shown in bold
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Fig. 3 Kaplan—Meier analysis of recurrence-free survival in luminal
breast cancer according to Ki67 (a), TOP2A (b), and RacGAP1
(c) expression

including the three continuous markers, only Ki67 was of
borderline significance (p = 0.050; not shown) which con-
firms its superior value in comparison with TOP2A and
RacGAPI in this molecular subtype. In MVA including
stage, nodal status and histological grading, Ki67 lost its

Table 3 Multivariate Cox regression analysis of disease-free survival
in luminal breast cancer patients

p value

Hazard ratio

95 % CI

A: RacGAP1 and classical prognostic markers

Nodal 0014 1844 (1.130-3.010)
Crade 0.858  1.033 (0.721-1.482)
T 0.029

T(1) 0.007 0509 (0.313-0.829)
T(2) 0.118  0.699 (0.447-1.095)
T(3) 0.659 0913 (0.609-1.369)
T(4) 0454 1436 (0.557-3.700)
RACGAP (cut-off Q3) 0.001  2.136 (1373-3.325)

B: Ki67 and classical prognostic markers®

Nodal 0012 1882 (1.151-3.076)
GCrade 0.860  1.035 (0.709-1.509)
T 0.021

T(1) 0011 0531 (0.327-0.864)
T(2) 0.117  0.697 (0.443-1.094)
T(3) 0383  0.838 (0.563-1.246)
T(4) 0.630 1261 (0.491-3.241)
Ki67 (cut-off Q3) 0.038  1.631 (1.029-2.585)

Significant results are indicated in bold

* The results of multivariate analysis including TOP2A are identical
to those including Ki67 (not shown)

significance (p = 0.072; Table S2), and none of the other
proliferation markers had an impact on RFS (not shown).

In HER2-positive tumors (n = 69), none of the prolif-
eration markers had a significant prognostic impact in log-
rank tests or univariate Cox regression analysis using
continuous data or categorized variables (Table 2C). Yet,
there was a tendency pointing to a longer RFS in tumors
with low Ki67 expression (cut-off Q1; Table 2C; Fig. 4b).
In MVA including all three markers (continuous expression
values) or clinical and histological parameters, neither
Ki67 nor TOP2A or RacGAP1 had a significant influence
on RFS in this molecular subgroup (not shown).

Predictive value of the proliferation markers Ki67,
TOP2A, and RacGAP1 in luminal breast cancer

Our cohort of luminal (ESRpgn/HER2),,,) carcinomas inclu-
ded patients who had undergone chemotherapy (n = 115),
endocrine treatment without chemotherapy (n = 106) and
patients who did not receive any systemic treatment after
surgery (n = 176). In order to find out if the proliferation
markers Ki67, TOP2A, or RacGAPI might be predictive of
therapy response, we performed log-rank tests and univariate
Cox regression analysis in these subgroups using the cut-off
values described above. The results of this stratified analysis
are shown in Table 4.
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Fig. 4 Kaplan—Meier analysis of recurrence-free survival based on Ki67 expression in triple-negative (a) and HER2-positive (b) breast cancer

Table 4 Predictive or prognostic impact of Ki67, TOP2A, and RacGAP1 expression in luminal breast cancer treated with different therapeutic

strategies
Parameter Cut-off Chemotherapy Endocrine treatment No systemic treatment
p value® p value® p value®
n =115 n =106 n=176
Ki67 Q1 vs. Q24 0.557 0.930 0.095
Q1-2 vs. Q34 0.965 0.773 0.014 (0.031)
Q1-3 vs. Q4 0.039 (0.207) 0.623 0.047 (0.038)
TOP2A Q1 vs. Q24 0.429 0.884 0.029 (0.035)
Q1-2 vs. Q34 0.983 0.773 0.014 (0.031)
Q1-3 vs. Q4 0.039 (0.207) 0.623 0.047 (0.038)
RacGAP1 Q1 vs. Q24 0.947 0.251 0.034 (0.034)
Q1-2 vs. Q34 0.137 0.461 0.009 (0.011)
Q1-3 vs. Q4 0.003 (0.047) 0.041 (0.336) 0.049 (0.031)

Significant associations are shown in bold

4 p-values after univariate Cox regression analysis are given. If a significant influence is indicated, p-values after multivariate Cox regression

including stage, grading, and nodal involvement are given in brackets

In patients without systemic treatment, all three markers
had a significant prognostic impact if the median expression
values or the cut-off Q3 were used. In contrast, only RacGAP1
was a significant predictor of early recurrence in patients
treated with endocrine therapy (p = 0.041). In chemotherapy-
treated patients, high expression (upper quartile) of any of
these markers was predictive of worse outcome. Yet, in con-
trast to Ki67 and TOP2A (p = 0.039 after log-rank test),
RacGAPI had a stronger influence with p = 0.003 (Table 4).

The influence of high RACGAP expression in chemo-
therapy-treated patients was further analyzed in MVA
including stage, grading and nodal involvement. Here,
RacGAPI retained its predictive influence indicating that it
might be an independent predictive marker for response to
chemotherapy (p = 0.047; Table 5). In contrast, high Ki67
or high TOP2A expression (both markers were identical if
the cut-off Q3 was used) lost significance.
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Table 5 Multivariate Cox regression analysis of disease-free survival
in luminal breast cancer patients treated with chemotherapy
(n = 115)

p value Hazard ratio 95 % CI

RACGAP_Q3 0.047 2.454 (1.013-5.943)
Nodal 0.092 2.085 (0.886-4.906)
Grade 0.184 1.707 (0.776-3.757)
T 0.768

T(1) 0.582 0.665 (0.156-2.834)
T(2) 0.976 1.020 (0.282-3.691)
T(@3) 0.615 1.837 (0.172-19.657)

Significant results are shown in bold

In patients treated with endocrine therapy, none of the
proliferation markers was an independent predictor in mul-
tivariate Cox regression analysis (not shown). Interestingly,
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Table 6 Multivariate Cox regression analysis of disease-free survival
in luminal breast cancer patients treated without systemic therapy
(n = 211)

p value Hazard ratio 95 % CI
A: Ki67*
Nodal 0.564 0.524 (0.058-4.730)
Grade 0.977 0.989 (0.483-2.025)
T 0.245
T(1) 0.036 0.040 (0.002-0.816)
T(2) 0.088 0.046 (0.001-1.579)
T(3) 0.118 0.096 (0.005-1.817)
T(4) 0.978 0 0
Ki67_Q2 0.031 2.509 (1.086-5.794)
B: RacGAP1
Nodal 0.445 0.423 (0.046-3.857)
Grade 0.763 0.893 (0.427-1.868)
T 0.133
T(1) 0.027 0.033 (0.002-0.681)
T(2) 0.081 0.041 (0.001-1.482)
T(3) 0.148 0.114 (0.006-2.158)
T(4) 0.979 0 0
RACGAP_Q2 0.011 3.067 (1.299-7.240)

Significant results are indicated in bold
4 Results for TOP2A expression are identical to those with Ki67

in patients without systemic treatment, all three markers
turned out as independent prognostic indicators after MVA
(Table 6). In addition, only advanced stage was a significant
predictor of recurrence.

Discussion

Studies based on gene expression profiling led to a reliable
definition of molecular subgroups of breast cancer which
differ in biological behavior, prognosis, and treatment
options [12, 13]. Since these subtypes also use distinct
intracellular signaling pathways, we suspected that there
might also be discrepancies in proliferation markers which
are of prognostic or predictive value in these subcohorts.
For clinical routine, a single marker should be more
practical than multigene classifiers.

In our analysis of three potential proliferation markers,
Ki67, TOP2A, and RacGAPI1, we found clear subtype-
specific differences. Interestingly, high mRNA expression
of the mitosis-associated gene RacGAPI is a strong unfa-
vorable prognostic marker in ER-positive (luminal), but not
in HER2-positive or TNT. This prognostic value in luminal
tumors is independent of histological grading, nodal
involvement or clinical stage and is more pronounced than
the prognostic value of Ki67 or TOP2A which behave

similarly in this group. The correlation of Ki67 and TOP2A
expression has been already described on mRNA basis [22]
and in an immunohistochemical study [37]. Although
RacGAP1 expression correlates with both TOP2A and
Ki67, their prognostic impact in breast cancer subgroups is
unequal. Regarding the biological role of RacGAPI1, there
is still little information, but previous data suggest that this
protein is essential for cytokinesis during mitosis [26, 27].
Thus, its expression might reflect the proliferation rate in
luminal cancer cells. In contrast, Ki67 is the only signifi-
cant prognostic proliferation marker in “triple-negative”
carcinomas in our cohort. In HER2-positive carcinomas,
none of the three proliferation markers had a significant
prognostic impact. These results confirm our assumption
that the molecular pathways leading to strong prolifera-
tion of the tumor cells might differ between molecular
subtypes.

Proliferation has been shown to be a strong and inde-
pendent prognostic indicator in ER-positive (luminal) breast
cancer [11, 14]. In MVA, the proliferation module had the
highest HR and the most significant p value, followed by
histological grade [11]. In a subset of patients with relatively
high ER expression, Dai et al. identified another signature for
definition of cases with an extremely poor prognosis. Most of
the 50 prognostic genes of this signature are cell cycle-
associated genes, among them RacGAP1 (ID-GAP) [38].
Among the group of luminal tumors, gene expression anal-
ysis identified two groups of different prognosis: a larger
group (luminal A) which is characterized by relatively low
proliferation [10] and a smaller group with higher Ki67
levels and poor outcome (luminal B). In our cohort, the upper
quartile of the patients with the highest Ki67, TOP2A, or
RacGAPI1 levels had a significantly shorter RFS which might
roughly correspond to the luminal B subtype.

Stratification of our analysis according to treatment
strategy in luminal tumors revealed that RacGAPI1 expres-
sion is not only a prognostic marker, but might also predict
treatment response in Tamoxifen-treated patients and in
those treated with adjuvant chemotherapy with or without
endocrine treatment. In cases without any systemic treat-
ment, all three markers (Ki67, TOP2A, RacGAP1) had a
significant influence on RFS which is largely independent of
the cut-off used for analysis. This confirms earlier results
which indicated that outcome is largely dependent on tumor
proliferation in untreated patients [33]. Since chemotherapy
targets at mitotic cells, the negative prognostic influence of
proliferation is partly abrogated by the higher sensitivity
toward chemotherapy in this treatment group. Only tumors
with high expression levels of Ki67, TOP2A, or RacGAP1
(cut-off Q3; upper 25 vs. lower 75 %) have a poor outcome in
chemotherapy-treated patients, where the overall effect of
these biomarkers probably is a mixture of prognostic and
predictive impact. Among the three proteins, RacGAP1
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turned out to be the most reliable predictive marker since it
retained its significance in MVA.

Our results obtained by Ki67 analysis after stratification
of the cohort are largely in line with those of a recent study
where Ki67 was investigated by immunohistochemistry in
G2 breast cancer patients: High Ki67 index was a signifi-
cant prognostic indicator in untreated patients, whereas in
Tamoxifen-treated cases, only small differences between
tumors with high versus low Ki67 expression were
observed [39]. In another study, Ki67 was a predictive
marker for response to chemotherapy [21]. In our RNA-
based analysis, Ki67 was prognostic and predictive for
chemotherapy response in ER-positive tumors. Yet, its
value is outperformed by RacGAPI in our cohort, since
this marker is highly prognostic even in MVA.

In conclusion, our results indicate that the molecular
breast cancer subtypes differ in the relevance of the pro-
liferation markers Ki67, TOP2a, and RacGAP1. To our
knowledge, this is the first publication which shows that in
luminal carcinomas, RacGAP1 mRNA expression is
superior to Ki67 and TOP2a as prognostic and predictive
marker. Thus, determination of this new marker on RNA
level might be a simple alternative to multigene signatures
in ER+/HER2— breast cancer. It should be evaluated if
this marker can also applied by immunohistochemistry
similar to Ki67. Limitations of this study are its retro-
spective design and the heterogeneous group of patients
with relatively small numbers in the treatment groups.
Therefore, further studies are needed to validate the prog-
nostic and predictive value of RacGAP1 expression in
luminal breast cancer.
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Supplementary material:

Table S1: multivariate analysis including Ki67, TOP2A and RacGAP1
(cut-off Q3) in luminal carcinomas

P value Hazard ratio 95% CI
Ki67_Q3 0.669 1.122 (0.660 - 1.908)
TOoP2A_Q3*
RACGAP_Q3 0.012 1.923 (1.153 - 3.206)

! excluded because TOP2A_Q3 =Ki67_Q3

Table S2: multivariate Cox regression analysis of disease-free
survival in triple-negative breast cancer patients

P value Hazard ratio 95% ClI
Ki67 cut-off Q2 0.072 2.033 (0.938 - 4.407)
nodal 0.203 1.765 (0.736 - 4.233)
grade 0.163 1.717 (0.803 - 3.669)
T 0.923
T(1) 0.602 0.537 (0.052 - 5.549)
T(2) 0.68 0.617 (0.062 - 6.152)

T(3) 0.545 0.513 (0.059 - 4.462)
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