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Abstract

Purpose RACGAP1 is a Rac GTPase-activating protein

involved in cell growth regulation, cell transformation and

metastasis. The aim of the present study was to explore the

prognostic and/or predictive significance of RACGAP1

mRNA expression on disease-free survival (DFS) and

overall survival (OS) in high-risk early breast cancer

patients and compare it to that of Ki67 protein expression

and to the Nottingham prognostic index (NPI).

Methods A total of 595 high-risk breast cancer patients

were treated in a two-arm trial evaluating postoperative

dose-dense sequential chemotherapy with epirubicin fol-

lowed by CMF with or without paclitaxel. RNA was

extracted from 314 formalin-fixed paraffin-embedded pri-

mary tumor tissue samples followed by one-step quantita-

tive RT-PCR for assessing RACGAP1 mRNA expression.

Results High RACGAP1 mRNA expression (above the

median) was associated with poor DFS (log-rank,

p = 0.002) and OS (p \ 0.001). High histological grade,

as well as high Ki67 protein expression, was more frequent

in the high-expression group of RACGAP1. Results of the

Cox multivariate regression analysis revealed that high

RACGAP1 mRNA expression independently predicted

poor overall survival (Wald’s p = 0.008). High Ki67 pro-

tein expression was also an adverse prognostic factor for

death (p = 0.016), while high NPI score values were not.
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Conclusions High RACGAP1 mRNA expression, as

assessed by qRT-PCR, was found to be of adverse prog-

nostic significance in high-risk early breast cancer patients

treated with dose-dense sequential chemotherapy. The

utility of RACGAP1 mRNA expression in patient selection

for treatment with aggressive chemotherapy regimens

should be further explored and validated in larger cohorts.

Keywords RACGAP1 � Ki67 � Nottingham prognostic

index � qRT-PCR � Prognostic value � Breast cancer

Introduction

Breast cancer is a disease with declining mortality rates in

both the USA and UK between 1990 and 2000 [1]. These

reductions were probably due to the application of breast

cancer screening, as well as the use of systemic adjuvant

therapies in early breast cancer. Usually, the risk for

recurrence is considered in the selection of patients who

should be offered adjuvant treatment. This risk has been

estimated by established prognostic factors, including

tumor size, histological grade, lymph node involvement

and hormone receptor status [2]. As we understand the

biology of breast cancer, more prognostic factors, such as

HER2, have being identified and, recently, other molecular

approaches, such as classification and prognostic systems,

have been described. These factors reflect the aggressive-

ness of the tumor, are usually interrelated and provide

independent prognostic information [3].

The Rho family of guanosine triphosphatases (GTPases)

is a subfamily of the Ras superfamily and consists of small

(*21 kDa) signaling G proteins. The three most widely

known Rho GTPases are Rho (A, B and C isoforms), Rac

(1 and 2 isoforms) and Cdc42 [4]. The Rho family of

GTPases has been described to act as ‘‘molecular switches’’

between an active GTP-bound and an inactive GDP-bound

state to play a role in cell proliferation, motility, invasion

and metastasis of breast cancer cells and is inactivated by

GTPase-activating proteins (GAPs) [4]. The RACGAP1

gene encodes Rac GTPase-activating protein 1 (RAC-

GAP1) that is essential for the induction of cytokinesis [5]

and may therefore promote cancer proliferation and

growth, despite the stimulation of intrinsic GTPase activity

leading to RAC inactivation.

Active Rac helps to initiate signaling events, which

control the actin cytoskeleton reorganization, cell migra-

tion and adhesion [6]. There are also reports implicating

the involvement of Rac1 in human cancer. Rac seems to

play a key role in the control of malignant transformation

and metastatic cascade in various models, including breast

cancer cells [7]. Various researchers have postulated a role

of Rac in mitogenesis, through the regulation of G1/S

transition and cyclin D1 expression [8]. Moreover, Rac

overexpression in human breast cancer leads to a higher

proliferation rate. Elevated Rac1 GTPase protein is seen in

malignant versus benign breast tissues, suggesting that

constitutive activation of Rac1 signaling may be present in

aggressive breast tumors [9]. Lastly, the importance of Rac

in breast cancer tumorigenesis is underscored by the

observation that Rac effectors, such as p21-activated kinase

1 and p27, are suppressed in breast cancer cells [10].

Ki67 is a marker of cell proliferation, and many studies

have shown a good correlation between grade and Ki67 [11,

12]. Recently, there has been increased interest in assessing

Ki67 as a prognostic and/or predictive marker in breast

cancer [13]. The development of new genetic tests, such as

OncotypeDx, emphasizes the role of proliferative markers,

including Ki67, since many of the genes tested reflect the

proliferative status of the tumor [14]. Furthermore, in the St.

Gallen International Expert Consensus, the panel recom-

mended the use of proliferation markers, such as the Ki67

index, along with traditional parameters, such as stage, his-

tological grade and endocrine status, when choosing the

appropriate systemic treatment for early breast cancer [15].

Breast cancer is a very heterogeneous disease, and vali-

dated prognostic/predictive biomarkers are in great need. In

the present study, we sought to explore the prognostic/pre-

dictive significance of RACGAP1 mRNA expression on

disease-free survival (DFS) and overall survival (OS) in high-

risk operable breast cancer patients. The importance of

RACGAP1 as a proliferation or antiproliferation gene was

assessed by comparing the prognostic value of RACGAP1

mRNA expression to that of Ki67 protein expression assessed

by immunohistochemistry, a known marker of cell prolifer-

ation, and to the Nottingham prognostic index (NPI).
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Materials and methods

Patient population

This was a retrospective translational research study

among 595 patients who had been enrolled in a pro-

spective clinical trial (HE10/97). Accordingly, collection

of formalin-fixed paraffin-embedded (FFPE) primary

tumor tissue samples was possible in 314 patients only,

due to logistical/organizational barriers. The HE10/97

trial randomized 595 high-risk (T1–3N1M0 or T3N0M0)

breast cancer patients, between 1997 and 2000, to

receive either four cycles of epirubicin (E) followed by

four cycles of intensified CMF (cyclophosphamide,

methotrexate and 5-fluorouracil) combination chemo-

therapy (E-CMF) or three cycles of epirubicin followed

by three cycles of paclitaxel (T, Taxol�, Bristol Myers-

Squibb, Princeton, NJ) and three cycles of intensified

CMF (E-T-CMF). The trial was included in the Austra-

lian New Zealand Clinical Trials Registry (ANZCTR)

and allocated the following Registration Number: ACT-

RN12611000506998. Chemotherapy cycles were admin-

istered every 2 weeks, and patients received granulocyte

colony-stimulating factor (G-CSF) support. None of the

HER2-positive patients received trastuzumab, since it

was not approved for treatment in the adjuvant setting at

the time of the study, which has probably influenced

DFS and OS in this high-risk group. The present study

was approved from the Bioethics Committee of the

Aristotle University of Thessaloniki, and patients pro-

vided written informed consent prior to enrollment. All

participating patients also signed informed consent for

research use of their biological material. The results of

the HE10/97 study have been previously reported [16].

Primary tumor diameter and axillary nodal status were

obtained from the pathology report. NPI was calculated

according to Galea et al. [17]. Histological grade was

evaluated according to the Scarff, Bloom and Richardson

system.

Tissue microarray (TMA) construction

Representative hematoxylin–eosin-stained sections from

the tissue blocks were reviewed by a pathologist, and the

most representative tumor areas were marked for the con-

struction of the SLA blocks, as previously described [18].

Each case was represented by two tissue cores, 1.5 mm in

diameter, with each TMA block also containing cores from

various neoplastic, non-neoplastic and reactive tissues

serving as assay controls. Cases not represented, damaged

or inadequate on the TMA sections were recut from the

original blocks, and these sections were used for protein

and gene analysis.

Immunohistochemistry (IHC)

IHC for ER (clone 6F11, NovocastraTM, Leica Biosystems,

Newcastle, UK), PgR (clone 1A6, NovocastraTM, Leica

Biosystems), HER2 (A0485 polyclonal antibody, Dako,

Glostrup, Denmark) and Ki67 (clone MIB-1, Dako) was

performed on serial 2.5-lm-thick TMA sections, using a

Bond MaxTM autostainer (Leica Microsystems, Wetzlar,

Germany), as previously described [18]. All cases were

also stained for vimentin (clone V9, Dako) and cytokeratin

8/18 (clone 5D3, NovocastraTM, Leica Biosystems), which

were used as control stains for tissue immunoreactivity and

fixation, as well as identification of tumor cells. Tissue

samples negative for the above antibodies were excluded

from the study. The evaluation of all IHC sections was

done by experienced breast cancer pathologists, blinded as

to the patients’ clinical characteristics and survival data.

Interpretation of the IHC results

ER, PgR, HER2 and Ki67 protein expression was evaluated

according to established or proposed criteria [19–21]. The

ER and PgR immunostaining was scored using the histo-

score method. Tissue sections stained for ER/PgR were

considered to be positive when C1 % of neoplastic cells

displayed nuclear immunoreactivity [19]. HER2 protein

expression was scored according to the recent guideline

recommendations (scores 0–3?) [20]. HER2 was consid-

ered to be positive in cases with an IHC score of 3?

(uniform, intense membrane staining in[30 % of invasive

tumor cells). Ki67 scores were defined as the number of

immunostained cells (nuclear staining) divided by the total

number of cells in the evaluated area. For protein expres-

sion of Ki67, 14 % was used as cutoff to categorize low

(\14 %) and high (C14 %) protein expression, according

to Cheang et al. [21].

Fluorescence in situ hybridization (FISH)

TMA sections or whole tissue sections (5 lm thick) were

used for FISH analysis, using the ZytoLight� SPEC HER2/

TOP2A/CEN17 triple-color probe (ZytoVision, Bremerha-

ven, Germany), as previously described [22]. Four carcinoma

cell lines (MDA-MB-231, MDA-MB-175, MDA-MB-453

and SK-BR-3) from the Oracle HER2 Control Slide (Leica

Biosystems), with a known HER2 gene status, were also used

as a control of the FISH assays and analyzed for HER2

genomic status. TOP2A gene amplification was not evaluated

for the purpose of the present study.

For the evaluation of the HER2 gene status, non-over-

lapping nuclei from the invasive part of the tumor were

randomly selected and scored. The virtual slides of HER2,

ER or PgR stains were used for selecting the invasive part
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of the tumor in each TMA. The virtual slides were created

as previously described [23]. Twenty tumor nuclei were

counted according to Press et al. [24]. The HER2 gene was

considered to be amplified when the ratio of the gene

probe/centromere probe was C2.2 [20], or the HER2 copy

number was [6 [25]. In cases with values at or near the

cutoff (1.8–2.2), additional 20 or 40 nuclei were counted

and the ratio was recalculated. In cases with a borderline

ratio at 60 nuclei, additional FISH assays were performed

in whole sections. HER2 was considered to be positive if it

was amplified (ratio C2.2 or copy number [6) by FISH,

and/or a HER2 score of 3? was obtained by IHC.

RNA isolation from FFPE tissue and quantitative

reverse transcription-polymerase chain reaction (qRT-

PCR) assessment

Hematoxylin–eosin sections from all available FFPE tissue

specimens were evaluated histologically by a certified

pathologist who recorded percentage of tumor cell content

in each one. Prior to RNA isolation, macrodissection of

tumor areas was performed in most of the FFPE sections

with\50 % tumor cell content. The tumor cell content was

[30 % in practically all (97 %) of the samples and[50 %

in the majority (76 %) of the samples. More than one FFPE

section was used for RNA extraction when the tumor

surface of a given sample was less than 0.25 cm2.

Sufficient RNA was isolated from 314 FFPE specimens

followed by qRT-PCR, as previously described [26]. From

each FFPE section or macrodissected tissue fragments

(10 lm thick), RNA was isolated using a standardized fully

automated isolation method for total RNA from FFPE

tissue, based on silica-coated magnetic beads (VERSANT

Tissue Preparation Reagents, Siemens Healthcare Diag-

nostics, Tarrytown, NY) in combination with a liquid

handling robot, as previously described in detail [27]. The

method involves extraction-integrated deparaffinization

and DNase I digestion steps. DNA-free total RNA was

eluted with 100 lL elution buffer and stored in -80 �C.

One-step qRT-PCR was applied for the relative quanti-

fication of RACGAP1 mRNA expression, by using gene-

specific TaqMan�-based assays. Forty cycles of nucleic

acid amplification were applied, and the cycle threshold

(CT) values of the target gene were identified. CT values

were normalized by subtracting the CT value of the

housekeeping gene RPL37A (ribosomal protein L37a) from

the CT value of the target gene (DCT). RNA results were

then reported as 40–DCT values, which correlate propor-

tionally to the mRNA expression level of the target gene.

For assessment of DNA contamination, a qPCR analysis

specific to the PAEP gene (progestagen-associated endo-

metrial protein) was performed, without the preceding

reverse transcription step. Samples were considered to be

substantially free of DNA when CT values above 38 were

detected. In case of DNA contamination, samples were

manually re-digested with DNase I. The quantity of RNA

following isolation (yield) was checked by measuring

RPL37A expression as a surrogate marker for amplifiable

mRNA. Samples with average RPL37A CT values \32

were considered to have sufficient RNA and were eligible

for analysis.

Expression of the target gene, as well as the reference

gene RPL37A, was assessed in triplicate by qRT-PCR

using the SuperScript III PLATINUM One-Step Quantita-

tive RT-PCR System with ROX (Invitrogen, Karlsruhe,

Germany) in an ABI PRISM 7900HT (Applied Biosys-

tems, Darmstadt, Germany) [28]. The lengths of the

amplicons detected by the RACGAP1 and RPL37A assays

were 86 and 65 bp, respectively, with PCR efficiencies

[E = 1(10-slope)] of 98.5 and 86.0 %, respectively. A com-

mercially available human reference RNA (Stratagene

qPCR Human Reference Total RNA, Agilent Technolo-

gies, Waldbronn, Germany) was used as positive control.

No-template controls were assessed in parallel to exclude

contamination.

The Primer/Probe (FAM/TAMRA-labeled) sets used for

amplification of the target and reference genes were the

following (50–[30):

RACGAP1 Probe ACTGAGAATCTCCACCCGGCGCA

(antisense)

Forward Primer GAATGTGCGGAATCTGTTTGAG

Reverse Primer TCGCCAACTGGATAAATTGGA

RPL37A Probe TGGCTGGCGGTGCCTGGA

Forward Primer TGTGGTTCCTGCATGAAGACA

Reverse Primer GTGACAGCGGAAGTGGTATTGTAC

Statistical methodology

Categorical data are presented as counts and corresponding

percentages, while continuous data are presented as

medians and ranges. The prognostic value of mRNA

expression for the RACGAP1 gene was examined in terms

of OS and DFS in the quartiles of the mRNA distribution as

possible thresholds. In case a cutoff had prognostic sig-

nificance, it was used to dichotomize tumor expression into

low and high. Relationships between RACGAP1 groups

and other parameters were determined by using the non-

parametric Mann–Whitney test if continuous and the

Pearson chi-square test or Fisher’s exact test if discrete.

OS was measured from the date of randomization until

death from any cause. Surviving patients were censored at

the date of last contact. DFS was measured from the date of

randomization until recurrence of tumor or secondary
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neoplasm or death from any cause [29]. Time-to-event

distributions were estimated using Kaplan–Meier curves

and compared using log-rank tests.

Univariate Cox’s proportional hazard regression analy-

ses, adjusted for treatment, were performed for RACGAP1

mRNA expression, Ki67 protein expression and NPI score

values to assess prognostic significance on OS and DFS.

Predictive significance of RACGAP1 mRNA expression

was examined by interaction tests between RACGAP1 and

treatment group using Cox regression models. In multi-

variate analysis, a backward selection procedure with a

removal criterion p [ 0.10 based on likelihood ratio test

was performed in order to identify significant clinicopath-

ological variables among the following: age, treatment

group (E-T-CMF vs. E-CMF), menopausal status (pre vs.

post), histological grade (I–II vs. III–undifferentiated),

Ki67 protein expression (low vs. high), NPI score values

(as a continuous variable), tumor size (B2 cm vs. 2–5 cm

vs.[5 cm), number of positive axillary nodes (0–3 vs. C4),

ER/PgR status (negative vs. positive), HER2 status (neg-

ative vs. positive), adjuvant hormone therapy (yes vs. no),

adjuvant radiotherapy (yes vs. no), type of operation

(modified radical mastectomy vs. breast-conserving sur-

gery) and time interval from breast surgery (\2 weeks vs.

2–4 weeks vs. [4 weeks). Treatment group (E-T-CMF vs.

E-CMF) and RACGAP1 mRNA expression (binary or

continuous) were kept in the final model, in order to

examine whether RACGAP1 added independent prognos-

tic information in the presence of treatment and significant

clinicopathological parameters.

Results of this study were presented according to

reporting recommendations for tumor marker prognostic

studies [30]. The design of the study is prospective-retro-

spective as described in Simon et al. [31]. The SPSS

software was used for statistical analysis (SPSS for Win-

dows, version 15.0, SPSS Inc.).

Results

Basic patient and tumor characteristics

For the entire patient population, the median age was

50 years (range 22–78 years). The majority of patients

were ER/PgR positive (80 % of the 270 tumors centrally

assessed by IHC), premenopausal (54 %), had undergone

radical mastectomy (79 %) and had received adjuvant RT

(82 %) and adjuvant hormonal therapy (92 %). Most

tumors were T2 (53 %), grade I–II (50 %), HER2 negative

(73 % of the 250 tumors centrally assessed by IHC and

FISH) and had four or more axillary lymph nodes (76 %).

Of the 273 patients assessed centrally by IHC for Ki67, 227

(83 %) were found to have high protein expression (C14 %

of cells were positively stained). One hundred and seventy

patients and 144 patients were randomized in the E-CMF

arm and the E-T-CMF arm, respectively. The two groups

were well balanced for patient and tumor characteristics

(Table 1), except for NPI score (p = 0.033) and histolog-

ical grade (p = 0.013). This imbalance in histological

grade was also reported in the clinical paper [16]. In

addition, there were no significant differences in basic

clinicopathological characteristics between the patients

included in the present study and the rest of the HE10/97

randomized patients, for which tissue samples were not

available, except for decreased number of nodes removed

(Mann–Whitney test, p = 0.002) and administration of

adjuvant RT (Fisher’s exact test, p = 0.014) in the patients

studied.

Normalized mRNA expression of RACGAP1

Results for RACGAP1 mRNA expression were available in

314 patients. The distribution of the normalized mRNA

values of RACGAP1 had a range between 29.4 and 35.6

(Fig. 1). The median value was 32.9, while the 25th and

75th percentiles were 32.2 and 33.7, respectively. No

bimodal distribution of RACGAP1 mRNA expression was

evident in Fig. 1 that would indicate the existence of a

natural cutoff. Both the median and the 25th percentile of

RACGAP1 mRNA expression were found to be significant

cutoffs in terms of OS and DFS, while the 75th percentile

was not. The median was used in the primary analysis on

associations and comparisons presented in the following

sections. However, the prognostic/predictive value of

continuous RACGAP1 mRNA expression values and val-

ues above the 25th percentile were examined as well, in

univariate and multivariate Cox regression analyses.

Association of RACGAP1 mRNA expression

with clinicopathological parameters

The associations of RACGAP1 mRNA expression with

selected patient and tumor characteristics are shown in

Table 2. High RACGAP1 mRNA expression (above the

median) was significantly associated with high NPI score

values (Mann–Whitney test, p = 0.007). RACGAP1

mRNA expression was significantly associated with his-

tological grade (p = 0.002). Specifically, 59 % of the high

RACGAP1 tumors were of high grade versus 41 % among

the low RACGAP1 tumors (Fisher’s exact test, p = 0.002).

Finally, there was a significant association between RAC-

GAP1 and Ki67 protein expression (Fisher’s exact test,

p = 0.002). Seventy-six percent among the low-

RACGAP1-expressing tumors had high Ki67 protein

expression, in comparison with 90 % among the high-

RACGAP1-expressing tumors.
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Table 1 Selected patient and

tumor characteristics according

to treatment arm and in the total

population

ER estrogen receptor, HT
hormonal therapy, NPI
Nottingham prognostic index,

PgR progesterone receptor, RT
radiation therapy
a The two treatment arms were

not balanced in terms of NPI

score (p = 0.033) and

histological grade (p = 0.013)
b Positive HER2 status: HER2

3? by IHC and/or HER2
amplification by FISH

E-T-CMF (N = 144) E-CMF (N = 170) All patients (N = 314)

Median Range Median Range Median Range

Age (years) 49.5 23.8–75.9 50.1 22.5–78.0 49.8 22.5–78.0

Number of nodes removed 19 5–59 20 4–53 19 4–59

Number of positive nodes 7 0–54 6 0–49 6 0–54

Ki67 (% positive cells) 35 1–95 30 1–95 35 1–95

NPI scorea 6.0 3.2–7.7 5.6 3.4–8.4 5.8 3.2–8.4

N % N % N %

Menopausal status

Premenopausal 78 54.2 92 54.1 170 54.1

Postmenopausal 66 45.8 78 45.9 144 45.9

ER/PgR status

Negative 29 20.1 25 14.7 54 17.2

Positive 98 68.1 118 69.4 216 68.8

No data 17 11.8 27 15.9 44 14.0

Positive nodes

0–3 nodes 31 21.5 46 27.1 77 24.5

C4 nodes 113 78.5 124 72.9 237 75.5

Type of operation

Modified radical mastectomy 114 79.2 134 78.8 248 79.0

Breast-conserving surgery 30 20.8 36 21.2 66 21.0

Interval from operation (weeks)

\2 18 12.5 26 15.3 44 14.0

2–4 74 51.4 72 42.4 146 46.5

[4 52 36.1 72 42.4 124 39.5

Histological gradea

I–II 61 42.4 97 57.1 158 50.3

III–undifferentiated 83 57.6 73 42.9 156 49.7

Tumor size (cm)

B2 42 29.2 54 31.8 96 30.6

2–5 80 55.6 85 50.0 165 52.5

[5 22 15.3 31 18.2 53 16.9

Adjuvant RT

No 22 15.3 33 19.4 55 17.5

Yes 121 84.0 136 80.0 257 81.9

Missing data 1 0.7 1 0.6 2 0.6

Adjuvant HT

No 9 6.3 17 10.0 26 8.3

Yes 135 93.8 153 90.0 288 91.7

HER2 statusb

Negative 81 56.3 102 60.0 183 58.3

Positive 35 24.3 32 18.8 67 21.3

No data 28 19.4 36 21.2 64 20.4

Ki67 protein expression

Low (\14 %) 21 14.6 25 14.7 46 14.6

High (C14 %) 109 75.7 118 69.4 227 72.3

No data 14 9.7 27 15.9 41 13.1
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Prognostic/predictive value of RACGAP1 mRNA

expression

After a median follow-up of 8 years, 5- and 7-year overall

survival rates were 84 and 78 %, respectively. There were

80 deaths (25.5 %) in a range of 12–111 months. The

5- and 7-year DFS were 71 and 66 %, respectively. One

hundred and ten patients had disease progression, and five

patients had a second malignancy and/or death without

documented progression.

Using the 50th percentile in the distribution of RAC-

GAP1 mRNA expression values as a cutoff allowed us to

distinguish two populations of significantly different

prognosis, as stated above. High expression of RACGAP1

(above the median) was significantly associated with

reduced OS (log-rank, p \ 0.001) and DFS (log-rank,

p = 0.002). More specifically, 54 deaths (34 %) and 67

relapses (43 %) occurred in the high RACGAP1 group of

patients versus 26 deaths (17 %) and 43 documented

relapses (27 %) in the low RACGAP1 group. Kaplan–

Meier curves representing the probability of survival and

DFS according to RACGAP1 mRNA expression are

presented in Fig. 2. Five-year OS and DFS rates were 92

and 79 % in the low-RACGAP1-expressing tumors versus

76 and 63 % in the high-RACGAP1-expressing tumors,

respectively. Univariate Cox regression analysis, adjusted

for treatment, showed an increased risk for death in

patients with high RACGAP1 mRNA expression (hazard

ratio [HR] = 2.48, 95 % confidence interval [CI]

1.55–3.95, Wald’s p \ 0.001), as well as an increased risk

for relapse (HR = 1.78, 95 % CI 1.22–2.58, p = 0.003).

However, RACGAP1 mRNA expression was not predic-

tive for benefit from adjuvant treatment with paclitaxel

(tests for interaction, p = 0.43 for OS and p = 0.68 for

DFS). Moreover, when we examined the prognostic value

of continuous RACGAP1 mRNA values, we found that

increasing RACGAP1 mRNA levels were also prognostic

for worse OS (HR = 1.46, 95 % CI 1.19–1.80, Wald’s

p \ 0.001) and DFS (HR = 1.29, 95 % CI 1.09–1.53,

p = 0.004). Examining the prognostic value of RAC-

GAP1 mRNA expression values above the 25th percentile

in univariate analysis resulted in similarly increased risk

for death (HR = 3.11, 95 % CI 1.55–6.22, Wald’s

p = 0.001) and relapse (HR = 1.91, 95 % CI 1.18–3.10,

p = 0.009).

High Ki67 protein expression was significantly associ-

ated with increased risk for death (HR = 2.53, 95 % CI

1.09–5.86, Wald’s p = 0.030) and marginally associated

with increased risk for relapse (HR = 1.75, 95 % CI

0.95–3.21, p = 0.071). Finally, increasing NPI score val-

ues were associated with worse DFS and OS (HR = 1.68,

95 % CI 1.34–2.11, p \ 0.001 and HR = 1.73, 95 % CI

1.31–2.28, p \ 0.001, respectively).

Multivariate analysis

Multivariate Cox regression analysis (Table 3) revealed

that RACGAP1 mRNA expression independently predicted

OS. More specifically, high RACGAP1 mRNA expression

(above the median) was an adverse prognostic factor for

death (HR = 2.00, 95 % CI 1.20–3.34, Wald’s p = 0.008).

In terms of DFS, RACGAP1 mRNA expression did not

retain significance in the multivariate model (HR = 1.33,

95 % CI 0.88–2.02, p = 0.18). Including continuous

RACGAP1 mRNA expression values in the multivariate

model, RACGAP1 independently predicted OS

(HR = 1.45, 95 % CI 1.12–1.87, Wald’s p = 0.005), but

not DFS (HR = 1.14, 95 % CI 0.93–1.40, p = 0.20).

Similar were the results when RACGAP1 mRNA expres-

sion values above the 25th percentile cutoff were included

in the multivariate model. High Ki67 protein expression

independently predicted OS as well (HR = 3.56, 95 % CI

1.27–9.97, p = 0.016), but not DFS (HR = 1.88, 95 % CI

0.96–3.68, p = 0.067).

Discussion

In the present study, we evaluated the prognostic signifi-

cance of RACGAP1 mRNA expression in a high-risk

group of patients treated with dose-dense sequential che-

motherapy. In univariate analysis, we demonstrated that

RACGAP1 mRNA levels were inversely correlated with

OS and DFS, as patients with high RACGAP1 mRNA

expression had increased risk for death and relapse. In

addition, high RACGAP1 mRNA expression was signifi-

cantly associated with higher histological grade, high Ki67

protein expression and high NPI scores. Specifically, high

histological grade, high Ki67 protein expression and high

RACGAP1 (40-ΔCT)
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Fig. 1 Distribution of RACGAP1 normalized mRNA expression

values (40–DCT). Median: 32.9, 25th percentile: 32.2, 75th percentile:

33.7, range 29.4–35.6. Red line represents the applied cutoff (median)
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Table 2 Association of RACGAP1 mRNA status with selected clinicopathological characteristics

RACGAP1 expression (N = 314)

Low (n = 157) High (n = 157) p value

NPI score Median (range) 5.6 (3.2–8.4) 6.2 (3.3–7.8) 0.007

N (%) N (%)

Age \50 80 (51.0) 78 (50.0) 0.910

C50 77 (49.0) 78 (50.0)

Treatment group E-T-CMF 69 (43.9) 75 (47.8) 0.571

E-CMF 88 (56.1) 82 (52.2)

Menopausal status Premenopausal 88 (56.1) 82 (52.2) 0.571

Postmenopausal 69 (43.9) 75 (47.8)

ER/PgR status Negative 23 (17.2) 31 (22.8) 0.288

Positive 111 (82.8) 105 (77.2)

Positive nodes 0–3 40 (25.5) 37 (23.6) 0.793

C4 117 (74.5) 120 (76.4)

Tumor size (cm) B2 54 (34.4) 42 (26.8) 0.279

2–5 80 (51.0) 85 (54.1)

[5 23 (14.6) 30 (19.1)

Histological grade I–II 93 (59.2) 65 (41.4) 0.002

III–undifferentiated 64 (40.8) 92 (58.6)

Adjuvant HT No 9 (5.7) 17 (10.8) 0.151

Yes 148 (94.3) 140 (89.2)

Adjuvant RT No 29 (18.6) 26 (16.7) 0.767

Yes 127 (81.4) 130 (83.3)

HER2 statusa Negative 90 (74.4) 93 (72.1) 0.775

Positive 31 (25.6) 36 (27.9)

Ki67 protein expression Low (\14 %) 33 (24.1) 13 (9.6) 0.002

High (C14 %) 104 (75.9) 123 (90.4)

Comparisons were made using Mann–Whitney, Pearson chi-square or Fisher’s exact tests

Low/High mRNA expression of RACGAP1 was determined by the 50th percentile (median)

Significant p values are shown in bold

ER estrogen receptor, HT hormonal therapy, NPI Nottingham prognostic index, PgR progesterone receptor, RT radiation therapy
a Positive HER2 status: HER2 3? by IHC and/or HER2 amplification by FISH

Fig. 2 High mRNA expression of RACGAP1 (above the median) was significantly associated with reduced OS (left) and DFS (right) (log-rank,

p \ 0.001 and p = 0.002, respectively)
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NPI score values were more prevalent in high- compared to

low-RACGAP1 mRNA-expressing tumors.

The findings of our study appear to contradict a body of

evidence suggesting that Rac overexpression in human

breast cancer leads to higher proliferation rates and a more

aggressive tumor behavior [9]. Schnelzer et al. [32] dem-

onstrated significantly higher Rac1 protein and mRNA

levels in breast cancer tissues compared to normal.

Specifically, benign breast tissue showed weak Rac1

expression, while ductal in situ carcinoma, primary breast

cancer and lymph node metastases had higher expression

levels. Additionally, patients with recurrent disease had

Rac1 expression at the cytoplasmic membrane, suggesting

Rac1 activation in aggressive states of disease [32].

Finally, in cell lines, Rac1-activating mutations appear to

cause tumorigenic transformation [33].

RACGAP1, a Rac GTPase-activating protein, is known

to stimulate intrinsic GTPase activity leading to Rac

inactivation. Based on this effect, high RACGAP1 mRNA

expression would be expected to be associated with lower

histological grade, low Ki67 protein expression and NPI

scores and decreased risk for death and relapse in our

patients. Zondag et al. [34], however, have shown the

existence of a cross talk between Rho and Rac GTPases.

Rac activation leads to the inactivation of Rho, while the

downregulation of Rac activity leads to increased Rho

activity and epithelial-mesenchymal transition. Therefore,

it appears that cell transformation is largely dependent on

the balance between Rac and Rho activity and that inac-

tivation of Rac due to high RACGAP1 mRNA expression

results in increased Rho activity, leading to cell cycle

progression by suppressing Ras-mediated induction of the

cyclin-dependent kinase inhibitor p21Waf1/Cip1 [35].

In agreement with the above notion, RACGAP1 seems

to contribute to the regulation of numerous biological

processes, including gene transcription, cytoskeletal orga-

nization and cell proliferation and transformation. It also

appears to play a key role in cellular motility and metas-

tasis [36]. Moreover, Fritz et al. also showed that Rho

GTPases are related to prognostic markers, such as histo-

logical grade and proliferation index. They demonstrated

that levels of Rho GTPases increase with histological grade

and the proliferation index (MIB-1) of the tumors. Inter-

estingly, high Rac1 expression was associated with grade I

and II but not grade III tumors, pointing out that Rac

function might be important in the early stages of tumor

progression [9]. Consistent with the above data, our study

showed a strong association of high RACGAP1 mRNA

expression with high histological grade, pointing out the

important role of RACGAP function in early breast cancer.

Conversely, our study showed a statistically significant

difference of RACGAP1 mRNA expression between low-

to-intermediate and high-grade tumors, suggesting that

high RACGAP1 mRNA levels could reflect increased

aggressiveness of the tumor.

RACGAP1 mRNA and Ki67 protein expression were

shown to be stronger prognostic indicators than the NPI

score, since they independently predicted risk for death in

the multivariate analysis. Furthermore, this analysis

showed similar results in terms of OS and DFS between the

two treatment groups, suggesting that the addition of

Table 3 Multivariate Cox regression analysis

HR 95 % CI Wald’s p

Overall survival

Randomization group

E-T-CMF 1

E-CMF 1.790 1.074–2.982 0.025

Histological grade

I–II 1

III–undifferentiated 1.570 0.922–2.674 0.097

ER/PgR status

Negative 1

Positive 0.520 0.298–0.909 0.022

Number of positive nodes

0–3 1

C 4 2.047 1.040–4.032 0.038

Ki67 protein expression

Low 1

High 3.557 1.269–9.968 0.016

RACGAP1 mRNA expression

Low 1

High 2.003 1.202–3.338 0.008

Disease-free survival

Randomization group

E-T-CMF 1

E-CMF 1.130 0.743–1.718 0.567

Histological grade

I–II 1

III–undifferentiated 1.438 0.935–2.212 0.098

Adjuvant HT

No 1

Yes 0.515 0.272–0.974 0.041

Number of positive nodes

0–3 1

C 4 2.672 1.439–4.962 0.002

ER/PgR status

Negative 1

Positive 0.656 0.404–1.063 0.087

Ki67 protein expression

Low 1

High 1.876 0.958–3.676 0.067

CI confidence interval, ER estrogen receptor, HR hazard ratio, HT
hormonal therapy, PgR progesterone receptor
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paclitaxel provided no benefit in this high-risk group of

patients and that RACGAP1 mRNA expression was not

predictive for benefit from adjuvant treatment with

paclitaxel.

Conclusively, our study is the first to associate RAC-

GAP1 mRNA expression in early high-risk breast cancer

patients with disease outcome, highlighting the important

role of Rho/Rac signaling in breast cancer cell proliferation

and tumor behavior and suggesting a role for RACGAP1 as

a potentially important prognostic biomarker. The utility of

RACGAP1 mRNA expression, assessed in FFPE tumor

tissue samples by qRT-PCR, in patient selection for treat-

ment with aggressive chemotherapy regimens should be

further explored and validated in larger cohorts.
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