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Abstract: Dysregulated expression of rab31, a member of the large Rab protein family of the Ras superfamily of 
small GTPases, has been observed in several types of cancer, including breast cancer. Rab31, depending on its 
expression level, may regulate the switch between an invasive versus proliferative phenotype of breast cancer cells 
in vitro. Moreover, gene expression of rab31 is induced by the C-terminal subunit of mucin-1 (MUC1-C) and estrogen 
receptors (ER). To gain further insights into the clinical relevance of rab31 and mucin-1 expression in breast cancer, 
we analyzed the relation between rab31 and mucin-1 (CA15-3) antigen levels in detergent tissue extracts of ER-
positive (ER+) tumors and clinicopathological parameters as well as patients’ prognosis. No significant correlation 
was observed between rab31 and CA15-3 antigen levels. Elevated rab31 antigen levels in tumor tissue extracts 
were significantly associated with higher tumor grade (P = 0.021). Strikingly, an inverse significant association was 
observed for CA15-3 with tumor grade (P = 0.032). Furthermore, high rab31 antigen levels were significantly as-
sociated with a high S-phase fraction (SPF, P = 0.047), whereas a trend for lower CA15-3 antigen levels in tumor 
tissue displaying higher SPF was observed. High rab31 antigen levels were significantly associated with poor 5-year 
disease-free survival (DFS) of ER+ breast cancer patients in univariate Cox regression analysis (HR = 1.91, 95% 
CI = 1.14-3.17, P = 0.013). In contrast, high levels of CA15-3 antigen levels were associated with better patients’ 
prognosis (HR = 0.56, 95% CI = 0.33-0.95, P = 0.031). In multivariable analysis, rab31 antigen levels contributed 
independent prognostic information for DFS when adjusted for prognostically relevant clinicopathological param-
eters with a HR for high versus low values of 1.97 (95% CI = 1.09-3.54, P = 0.024), whereas CA15-3 antigen levels 
were not significant. Our results strongly suggest that rab31 antigen levels in tumor tissue are associated with the 
proliferative status, and rab31 represents an independent biomarker for prognosis in ER+ breast cancer patients. 
Total mucin-1 (CA 15-3) levels are rather inversely associated with tumor grade and SPF, and elevated levels even 
indicate prolonged DFS in ER+ breast cancer patients. 
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Introduction

Due to the complexity of compartmentalization 
of eukaryotic cells the need arises for a cellular 
machinery that enables an actively, highly 
dynamic transport of lipids and proteins 
between distinct membrane-bound organelles. 
This process, involving continuous recycling of 
regulatory proteins between the cytosol and 
membranes and the fusion and transport of 

membrane-bounded carriers between organ-
elles, requires different classes of molecules 
for regulation. One key set of proteins for mem-
brane traffic regulation consists of Rab GTPases 
which belong to the Ras superfamily of small 
GTP-binding proteins [1]. Up to now, more than 
60 different human Rab proteins have been 
identified, and a growing number of Rab and 
Rab-related proteins have been functionally 
characterized (for review see [2-4]). The impor-
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tance of Rabs for intra-/intercellular processes 
is underlined by an increasing number of dis-
eases, including cancer, attributed to Rab pro-
tein dysfunction [1, 2, 5-8].

Rab31 (also known as rab22B) is a 194 amino 
acid protein (Mr ≈ 22,000) which shares high-
est homology with rab22A (71% sequence iden-
tity), and together with rab22A and rab21 
belongs to the Rab5-subfamily [9]. Rab31 is 
expressed fairly ubiquitously in normal human 
tissue and is mainly localized to the trans-Golgi, 
the trans-Golgi network (TGN) and to endo-
somes [10, 11]. 

Generally, dysregulation of Rab pathways can 
lead to immunodeficiencies and neurological 
disorders, and has been shown to affect cancer 
progression [12-16]. Rab31 plays a role in 
benign skin and kidney disease, and is involved 
in multiple aspects of tumor progression in vari-
ous types of cancer such as liver, ovarian, cervi-
cal, or breast cancer as well as glioblastoma 
(for review see [17]). In breast cancer, rab31 
was identified as one out of 11 genes that are 
overexpressed in estrogen receptor-positive 
(ER+) breast cancer patients [18]. Furthermore, 
elevated rab31 mRNA levels are reported to be 
significantly associated with shorter distant 
metastasis-free and overall survival of untreat-
ed, lymph node-negative breast cancer patients 
[19]. Recently, the important role of rab31 in 
the modulation tumor biological-relevant pro-
cesses in breast cancer in vitro and in vivo was 
reported [20]. Increased rab31 protein levels 
were associated with enhanced proliferation of 
breast cancer cells, led to reduced adhesion of 
cells towards extracellular matrix proteins and 
a decreased invasive capacity in vitro and in 
vivo [20]. These results suggest that rab31 
overexpression may lead to a switch from an 
invasive to a proliferative phenotype.

Recently, the C-terminal subunit of mucin-1 
(MUC1-C), in concert with estrogen receptor α 
(ERα), was identified to activate rab31 gene 
expression in breast cancer [21]. Mucin-1 is 
overexpressed in various human epithelial  
cancer types including breast cancer [22]. 
Moreover, mucin-1-derived antigen is mainly 
known as serum biomarker CA15-3 for monitor-
ing metastatic disease of breast cancer [23, 
24]. However, the prognostic information pro-
vided by mRNA and protein expression levels of 
mucin-1 detected by cDNA arrays and by immu-

nohistochemistry in breast cancer remains 
controversial [25-27].

Mucin-1 is a heterodimeric transmembrane gly-
coprotein. The large (> 1,000 amino acids [aa]) 
extracellular N-terminal chain (MUC1-N) har-
bors variable numbers of 20-aa tandem 
repeats that are extensively modified by 
O-linked glycans and forms a non-covalent 
complex with the C-terminal subunit MUC1-C, 
comprising an extracellular (58 aa), transmem-
brane (28 aa), and cytoplasmic domain (72 aa; 
[28]). In breast cancer, MUC-1N - in contrast to 
MUC-1C - is shed from the surface of the cancer 
cells and is detectable (as CA15-3) at increased 
levels in the serum. The cytoplasmic tail of 
MUC1-C interacts with various receptor tyro-
sine kinases such as EGFR and HER2 and, by 
this, may modulate downstream signaling pa- 
thways [28, 29]. MUC1-C, which is internalized 
by clathrin-mediated endocytosis, has been 
shown to interact with ERα and stimulate ERα-
mediated transcription of several genes includ-
ing RAB31 [28-31]. In turn, rab31 protein is 
proposed to stimulate upregulation of MUC1-C 
in breast cancer cells likely by attenuating the 
degradation of MUC1-C in lysosomes forming 
an auto-inductive loop [21]. Furthermore, rab31 
and MUC1-C were reported to be significantly 
co-expressed in tumor tissue of ER+ breast 
cancer patients [21]. Recently, MUC1-C was 
described to block inhibitory effects of tamoxi-
fen on ERα-mediated rab31 promoter activity 
in breast cancer cells [32].

In the present study, we aimed at further evalu-
ating the clinical relevance of both rab31 and 
mucin-1 expression in breast cancer. For this, 
we analyzed the relation between rab31 and 
mucin-1 (CA15-3) antigen levels in detergent 
ER+ breast cancer tissue extracts and clinico-
pathological parameters as well as patients’ 
prognosis.

Material and methods 

Patients and tissues

Tumor tissue samples from a total of 284 
patients with primary, estrogen receptor-posi-
tive (ER+) breast carcinoma who underwent 
breast cancer surgery at the Dresden University 
Medical Center and in regional hospitals during 
1992-2000, and 2005-2006, were used in this 
retrospective study for the generation of tumor 
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tissue extracts as well as fine needle aspira-
tion. The study adhered to national regulations 
on ethical issues and was approved by the local 
ethical committee. Histopathological grade 
was determined according to Bloom and 
Richardson as modified by Elston and Ellis [33]. 
Tumor staging was performed according to the 
TNM classification system of the UICC (6th 
Edition 2002). Estrogen receptors were deter-
mined by immunohistochemistry and assessed 
using the Remmele score system which is 
based on a final immunoreactivity score creat-
ed by multiplication of the intensity score (clas-
sified on a scale of 0 to three) with the positivity 
score (scale of one to four) values [34]. Cases 
with a Remmele score greater 1 were regarded 
as estrogen receptor-positive. Histological sec-
tions of all patients included in the study were 
re-evaluated by one of us (G.B.) with regard to 
tumor grading and histological type of the 
tumors. All other histological features were 
taken from the original histological reports. 
Locoregional treatment of patients consisted 
of modified radical mastectomy or breast con-
serving lumpectomy with axillary lymph node 
dissection. Postoperative locoregional radio-
therapy was given to the breast after an incom-
plete resection or after breast conserving treat-
ment. Adjuvant treatment was administered 
according to respective consensus recommen-
dations at the time, complete clinical details on 
adjuvant systemic therapy, however, were not 
available for this patient cohort. 

Patients who had a previous diagnosis of can-
cer or had a carcinoma in situ as well as 
patients with recurrent disease or distant 
metastasis within two months after surgery or 
with incomplete clinical parameters were 
excluded from the study. The patients’ age at 
time of diagnosis ranged from 26 to 91 years 
(median 60 years). The median follow-up time 
of the patients was 29 months (range 3 to 141 
months). During that time, 64 patients experi-
enced a disease recurrence (locoregional and/
or distant metastasis), 28 of the patients have 
died.

Tumor tissue extracts

After surgery, tumor samples were snap frozen 
and stored in liquid nitrogen. Tumor tissues 
were extracted in ice-cold extraction buffer (20 
mM Tris/HCl, 125 mM NaCl, 1% [v/v] Triton 

X-100, pH 8.5) as previously described [35, 
36]. After centrifugation, the supernatants 
were aliquoted and stored frozen in liquid nitro-
gen until use. Protein content was determined 
by the Micro BCA protein assay reagent kit 
(Pierce, Rockford, IL). Antigen levels were calcu-
lated as ng (rab31) or units (CA15-3) per mg of 
total protein.

Generation of polyclonal antibodies directed 
against rab31

Recombinant rab31, harboring an N-terminal 
histidine (His)6-tag, was expressed in Escheri- 
chia coli and purified by nickel-nitrilotriacetic 
acid agarose affinity chromatography (Qiagen, 
Hilden, Germany) under denaturing/slightly 
reducing conditions as described previously 
[37]. The purified recombinant rab31-His pro-
tein was used as antigen for immunization of 
rabbits. The generated polyclonal antibodies 
(pAb) directed to rab31 were purified and sub-
sequently tested for specificity as described 
[20]. Purified antibody (IgG fraction) from rabbit 
#3 (pAb RT3-IgG) was found to be the most 
suitable antibody as it showed a strong reac-
tion with its immunogen rab31-His as well as 
with recombinant GST-rab31, and did not cross-
react with other members of the Rab protein 
family such as rab5 and rab22A that are closely 
related/highly homologous to rab31 [20].

ELISA format for rab31

For detection of rab31, a sandwich ELISA for-
mat was developed using a commercially avail-
able monoclonal antibody (mAb M01, Novus 
Biologicals, Wiesbaden, Germany) as the catch-
er, and pAb RT3-IgG as the detecting antibody 
as described previously [38].

Briefly, ninety-six well microplates (MaxiSorpTM; 
Nunc, Wiesbaden, Germany) were coated with 
100 µl per well of capture antibody (mAb M01, 
0.5 mg/ml) diluted 1:2,500 in coating buffer 
(15 mM Na2CO3, 33 mM NaHCO3, pH 9.6) over-
night at 4°C. After washing the plates twice 
with washing buffer (0.14 M NaCl, 20 mM 
Na2HPO4, 20 mM KH2PO4 (PBS), containing 
0.5% [v/v] Tween 20, pH 7.6), unspecific protein 
binding sites were blocked by adding 200 µl per 
well of blocking buffer (washing buffer contain-
ing 2% neonatal calf serum [v/v]; Gibco BRL, 
Eggenstein, Germany) for 30 min at 37°C. 
Thereafter, plates were incubated with 100 µl/
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well of test samples diluted in sample buffer 
(50 mM Tris/HCl, 100 mM NaCl, 0.2% [v/v] 
Triton X-100, 1% [w/v] BSA, pH 7.6) for 90 min 
at 37°C. Two-fold serial dilutions in sample buf-
fer (0.15; 0.31; 0.62; 1.25; 2.5; 5.0; 10 ng/ml) 
of a stock solution of purified recombinant GST-
rab31 (25 mg/ml), consisting of human rab31 
fused C-terminally to the bacterial glutathione 
S-transferase (Grismayer, 2012) were used as 
the standard antigen. Following three wash 
steps, 100 µl per well of polyclonal anti-rab-
31detection antibody (pAb RT3-IgG) diluted 
1:200 in blocking buffer were added to each 
well and incubated for 90 min at 37°C. After 
washing plates three times, 100 µl per well of 
peroxidase-labeled goat anti-rabbit IgG anti-
body (Novus; 0.5 mg/ml) diluted 1:1,000 in 
blocking buffer were added to each well for 60 
min at 37°C. Following washing, a total of 100 
µl of 3,3’,5,5’-tetramethylbenzidine (TMB; K & P 
Laboratories, Gaithersburg, MD) was added to 
each well for 20 min at room temperature in the 
dark. The reaction was stopped by addition of 
200 µl per well of 0.5 M H2SO4, and the optical 
density was measured at 450 nm (reference 
wavelength 620 nm) using a multichannel 
microplate reader (SLT Spectra, Salzburg, 
Austria). Absorbance values were converted 
into ng/ml of rab31 by reference to the stan-
dard curve. Finally, the rab31 concentration is 
expressed as ng rab31 per mg of total protein 
content (ng/mg) of tumor tissue extracts. 

Determination of CA15-3

The CA15-3 content was determined in the 
same lot of breast cancer tissue extracts as for 
rab31 applying the commercially available 
LIAISON® CA15-3 sandwich chemiluminescen- 
ce immunoassay (Diasorin, Dietzenbach, Ger- 
many) according to the manufacturer’s instruc-
tions. Since tumor tissue extracts (instead of 
serum samples) were used for CA15-3 determi-
nation, we analyzed test precision/reproducibil-
ity of the commercial Diasorin CA15-3 assay 
using tissue extracts. All tissue extracts were 
diluted 10-fold in the same sample buffer (50 
mM Tris/HCl, 100 mM NaCl, 0.2% [v/v] Triton 
X-100, 1% [w/v] BSA, pH 7.6) in an identical 
manner as for rab31 antigen determination. 
The intra-assay precision was determined by 
assaying 12 replicates of three different tumor 
tissue extracts (diluted tenfold in sample buf-
fer) at a concentration of 6.1, 32.2, and 49.9 U/

ml resulting in a coefficient of variation (CV) of 
1.9%, 3.4%, and 3.8%, respectively. The inter-
assay CV was 4.9% and 3.9%, respectively, as 
determined by assaying tissue extracts with a 
CA15-3 content of 6.6 and 11.8 U/ml in dupli-
cate in 12 separate assays over four weeks. 
These data are within the range of intra- and 
inter-assay CV values reported by the manufac-
turer (Diasorin) for serum samples. For the 
assessment of assay linearity, two-fold serial 
dilutions of three tumor tissue extract (281.0, 
715.0, and 858.0 U/ml) were tested. The CA15-
3 assay displayed a linear regression with zero 
intercept for all three samples (simple regres-
sion, regression coefficients of r = 1.000, r = 
0.999, and r = 0.999, respectively). For further 
analyses the CA15-3 antigen concentration is 
expressed in units CA15-3 per mg of total pro-
tein content (U/mg) of tumor tissue extracts.

Determination of S-phase fraction

DNA analysis was performed on suspensions of 
cell nuclei derived from fine-needle aspirates of 
fresh tumor tissue biopsies. The aspirated cells 
were resuspended in 1 ml CycleTest buffer 
solution containing DMSO (BD Biosciences, 
Heidelberg, Germany), shock-frozen using a 
mixture of dry ice and 99% ethanol, and stored 
at -20°C until further use. After thawing the cell 
suspension was centrifuged (400 g for 5 min at 
room temperature), and the supernatant was 
decanted. For DNA analysis, the CycleTest PLUS 
DNA Reagent Kit (BD Biosciences) was used 
according to the manufacturer’s instructions. 
The analysis was performed on a FACScan flow 
cytometer (BD Biosciences) equipped with 
automated doublett discrimination modul 
(DDM) and CellQuest software (BD Biosciences) 
for data aquisition. For each histogram at least 
10,000 nuclei were analyzed, which were 
recorded unconditionally without any previous 
electronic gating. DNA histograms were evalu-
ated with the ModFit LT 2.0 software (Verity 
Software House, Topsham, ME) using the rect-
angle fit model, with automatic background 
substraction, for the calculation of the percent-
age of cells in S-phase fraction (SPF). In non-
diploid cases, the SPF from the non-diploid cell 
population was calculated, in case of (few) mul-
tiploid cases, the SPF for the cell population 
with the greatest number of events was calcu-
lated. Generally we adhered to the criteria set 
forth by the DNA Cytometry consensus confer-
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univariate Kaplan-Meier estimation using 
the log-rank regression model. The statis-
tical analyses were two-sided, and only 
P-values < 0.05 were considered to be 
statistically significant. Calculations were 
performed using the StatView 5.0 statisti-
cal package (SAS Institute, Cary, NC).

Results

Quantification of rab31 and mucin-1 
(CA15-3) antigen levels in tumor tissue 
extracts of estrogen receptor-positive 
(ER+) breast cancer patients

Rab31 and CA15-3 levels were deter-
mined by ELISA in tumor tissue extracts of 
a patient cohort encompassing 284 
patients with primary ER+ breast cancer. 
The rab31 and CA15-3 antigen concentra-
tion ranged from 0.026 to 2.23 ng/mg 
(median 0.41 ng/mg) and from 1.4 to 
779.9 U/mg (median 49.5 U/mg), respec-
tively. Applying both Spearman rank cor-
relation and nonparametric Mann-Whitney 
analysis, no significant correlation was 
observed between rab31 and CA15-3 
antigen levels. 

To analyze, whether expression levels of 
both tumor biological markers differ bet- 

Table 1. Association of rab31 and mucin-1 (CA15-3) 
antigen levels in tumor tissue extracts with clinical and 
histomorphological characteristics of estrogen recep-
tor-positive (ER+) breast cancer patients
Clinicopathological  
parameters

No.  
patients

rab31b

low/high
CA15-31b

low/high
Totala 284 143/141 140/138
    Age (years) P = 0.720 P = 0.629
        ≤ 60 140 72/68 72/65
        > 60 138 68/70 67/68
    Lymph node status P = 0.050 P = 0.844
        Negative 150 85/65 72/72
        Positive 125 56/69 64/61
    Tumor stage P = 0.103 P = 0.852
        < 2 cm 149 81/68 72/73
        > 2 cm 128 57/71 64/62
    Tumor gradec P = 0.021 P = 0.032
        Grade 1 48 30/18 19/29
        Grade 2 177 95/82 87/84
        Grade 3 57 17/40 34/23
    Proliferative status (SPF)d P = 0.039 P = 0.563
        SPF low 112 42/56 51/45
        SPF high 98 64/48 53/55
aTotal n = 284; due to missing values, numbers do not always add up 
to 284. bP for Chi-square test (cut-off point = median); cP for Kruskal-
Wallis test. dSPF: S-phase fraction. SPF values were dichotomized 
into groups with low and high SPF by the median (5%).

ence, retaining only histograms with a CV < 8% 
and > 2,000 cells and/or 15% of events in the 
aneuploid cycle studied [39]. Cases with > 20% 
debris and/or aggregated cells were excluded. 
The percentage of SPF values ranged from 1 to 
31% (median 5%), and were dichotomized into 
groups with low and high SPF by the median.

Statistical analyses

The relation between tumor biological marker 
values and clinicopathological parameters was 
determined using the nonparametric Chi 
square test. For survival analysis, patients’ 
5-year disease-free survival (DFS) was used as 
the follow-up end point as described [40]. The 
association of tumor biological marker values 
as well as of clinicopathological factors with 
DFS was analyzed using Cox’s univariate and 
multivariable proportional hazards regression 
models. The multivariable model was adjusted 
for clinicopathological factors that may affect 
survival: age, lymph node status, tumor size, 
and SPF. Survival curves were generated by 

ween ER+ and estrogen receptor-negative (ER-) 
patients, we also determined antigen levels in a 
cohort of ER- breast cancer patients (n = 110; 
data not shown). Here, the rab31 and CA15-3 
antigen concentration ranged from 0.005 to 
3.17 ng/mg (median 0.36 ng/mg) and from 
1.00 to 292.7 U/mg (median 7.50 U/mg), 
respectively. Whereas rab31 antigen levels did 
not significantly differ in tumor tissue between 
ER+ and ER- patients, significantly higher CA15-
3 antigen levels were measured in the ER+ ver-
sus ER- subgroups. Similar to ER+ patients, no 
significant correlation was observed between 
rab31 and CA15-3 antigen levels in ER- patients 
as well.

Rab31 and mucin-1 (CA15-3) and their as-
sociation with clinical and histomorphological 
parameters of ER+ breast cancer patients

The relationship between rab31 and CA15-3, 
dichotomized into groups with low and high lev-
els by the median, and relevant clinicopatho-
logical characteristics, including the S-phase 
fraction (SPF), in the cohort of 284 ER+ breast 
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cancer patients is summarized in Table 1. A 
strong association was observed between 
rab31 antigen levels and tumor grade with G3 
tumors displaying the highest antigen levels (P 
= 0.021; Kruskall-Wallis test; Figure 1A). 
Strikingly, an inverse significant association 
was observed for CA15-3 with tumor grade (P = 
0.032; Kruskall-Wallis-test; Figure 1B). Further- 
more, high rab31 antigen levels were signifi-
cantly associated with a high SPF (P = 0.047; 
Mann Whitney-test; Figure 1C), whereas a trend 
for lower CA15-3 antigen levels in tumor tissue 
displaying higher SPF was observed (Figure 
1D). There were no significant associations of 
rab31 and CA15-3 with age, regional lymph 
node metastasis, or tumor size (Table 1).

Association of rab31 and mucin-1 (CA15-3) 
with disease-free survival of ER+ breast can-
cer patients

The strength of association between clinico-
pathological and tumor biological markers with 
patients’ 5-year survival (DFS) is presented in 

Table 2. In univariate Cox regression analysis of 
DFS, the clinicopathological parameters age, 
nodal status, tumor size, and S-phase fraction 
reached statistical significance. In case of 
tumor grade, only patients with poorly differen-
tiated G3 tumors, but not with moderately dif-
ferentiated G2 tumors, displayed a statistically 
significant, about 4-fold increased risk for 
relapse as compared to the patients with well-
differentiated G1 tumors. On one hand, high 
rab31 antigen levels were significantly related 
with poor DFS of ER+ breast cancer patients 
with hazard ratios (HR) of 1.91 (95% CI = 1.14-
3.17, P = 0.013) as compared to those patients 
with low values. On the other hand, ER+ breast 
cancer patients displaying high CA15-3 levels 
had a significantly lower risk of relapse or death 
(HR = 0.56, 95% CI = 0.33-0.95, P = 0.031) as 
compared to patients with low values. 

These findings were also confirmed by Kaplan-
Meier estimation. The associations of rab31 
and CA15-3 levels as well as tumor grading and 
SPF values with DFS are visualized by the 

Figure 1. Correlation of rab31 and mucin-1 (CA15-3) antigen levels with tumor grade and S-phase fraction (SPF) in 
tumor tissues of ER+ breast cancer patients. A: Rab31 antigen levels in tumor tissue extracts are directly correlated 
with tumor grading (P = 0.021). B: Indirect correlation of CA15-3 antigen levels with tumor grading (P = 0.032). C 
and D: Correlation of rab31 (P = 0.047) and CA15-3 (n.s.) with the proliferation marker SPF. SPF values were dichot-
omized into groups with low and high SPF by the median (5%). Tumor grading was categorized in well-differentiated 
(G1), moderately differentiated (G2) and poorly differentiated (G3).
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adjusted for prognostically rele-
vant clinicopathological parame-
ters including age, lymph node 
status, tumor size, and S-phase 
fraction with a HR of 1.97 (95% CI 
= 1.09-3.54, P = 0.024) for high 
versus low values (Table 3). The 
CA15-3 antigen levels were not 
significantly associated with prog-
nosis when added to the base 
model of clinical prognostic fac-
tors for DFS in multivariable anal-
ysis (Table 3). 

Discussion

Dysreglated expression of both 
rab31 and mucin-1 has been 
observed in several types of 
human epithelial cancer, includ-
ing breast cancer [17, 22]. 
Transcription of the mucin-1 onco-
gene (MUC1) is known to be dis-
tinctly upregulated in breast can-
cer and is aberrantly expressed in 
> 90% of human breast carcino-
mas [41, 42]. Overexpression of 
rab31 mRNA was observed in 
ER+ breast cancer tissue and 
found to be associated with poor 
prognosis of lymph node-negative 
breast cancer patients [18, 19]. 
In accordance with this finding, in 
the present paper, we observed 
that high rab31 protein levels in 
ER+ tumor tissue were signifi-

Table 2. Univariate Cox regression analysis for disease-free sur-
vival of estrogen receptor-positive (ER+) breast cancer patients

Factor No. 
cases

Disease-free survival
HR (95% CI)b P

Totala 284
    Age (years)
        ≤ 60 140 1
        > 60 138 0.60 (0.36-1.00) 0.049
    Lymph node status
        Negative 150 1
        Positive 125 3.89 (2.22-6.84) < 0.001
    Tumor stage
        < 2 cm 149 1
        > 2 cm 128 2.21 (1.31-3.72) 0.003
    Tumor grade
        Grade 1 48 1
        Grade 2 177 2.05 (0.73-5.76) 0.172
        Grade 3 57 3.96 (1.37-11.5) 0.011
    Proliferative status (SPF)c

        Low 112 1
        High 98 3.42 (1.88-6.21) < 0.001
    rab31d

        Low 143 1
        High 141 1.91 (1.14-3.17) 0.013
    CA15-3d

        Low 140 1
        High 138 0.56 (0.33-0.95) 0.031
aTotal n = 284; due to missing values, numbers do not always add up to 
284. bHR: hazard ratio; 95% CI: 95% confidence interval of univariate Cox’s 
regression analysis. cSPF: S-phase fraction. SPF values were dichotomized into 
groups with low and high SPF by the median (5%). dDichotomized into groups 
with high and low levels by the median values.

respective survival curves: here, high rab31 
antigen levels (P = 0.012; Figure 2A), G3 tumors 
(P = 0.005; Figure 2C), and high SPF values (P 
< 0.001; Figure 2D) are significantly associated 
with shorter DFS, whereas high CA15-3 antigen 
levels are related with better DFS (P = 0.028; 
Figure 2B).

Rab31 but not mucin-1 (CA15-3) is an inde-
pendent prognostic marker for disease-free 
survival (DFS) of ER+ breast cancer patients

The independent relationship of rab31 and 
CA15-3 with DFS was studied with Cox’s multi-
variable regression analysis. In the analyzed 
patient cohort of 193 ER+ breast cancer 
patients, high rab31 antigen levels contributed 
independent prognostic information when 

cantly associated with poor prognosis of breast 
cancer patients.

Concerning overexpression of rab31 in breast 
cancer, it has been reported that rab31 tran-
scripts are targets of the mRNA-binding and 
stabilizing protein HuR, a member of the ELAV-
Hu family [43, 44]. High cytoplasmic HuR 
expression is associated with poor outcome in 
breast cancer [45]. Binding of HuR to rab31 
transcripts may significantly increase their half-
life resulting in elevated rab31 mRNA levels. 
Another explanation for increased rab31 levels 
in ER+ breast cancer is related to the observa-
tion that the rab31 promoter region harbors an 
ER responsive element [21] and gene transcrip-
tion is, in fact, activated in an estrogen-depen-
dent manner via binding of a complex of ERα 
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Figure 2. Probability of patients’ 5-year disease-free survival with regard to rab31 (A) and CA15-3 (B) antigen lev-
els in tumor tissue extracts, and the clinicopathological parameters tumor grading (C) and S-phase fraction (SPF, 
D). The median values of rab31 and CA15-3 antigen levels, and of SPF values (0.41 ng/mg, 49.5 U/mg, and 5%, 
respectively) were used as cut-off points. Tumor grading was categorized in well-differentiated (G1), moderately dif-
ferentiated (G2) and poorly differentiated (G3).

and the C-terminal domain of mucin-1 (MUC-
1C) as co-factor to the rab31 promoter. 

Although the prognostic information provided 
by mRNA and protein expression levels of 
mucin-1 remains controversial [26], there is 
accumulating evidence that elevated mucin-1 
antigen levels play a fundamental role in the 
progression of different human epithelial can-
cer types including breast cancer (for review 
see [22, 46]). Using immunohistochemistry, 
there are detailed studies on distribution of 
mucin-1 antigen in breast cancer tissue [27, 47, 
48]. Interestingly, the subcellular localization of 
mucin-1, but not the staining intensity, has 
been reported to display prognostic signifi-
cance. On the other hand, CA15-3, which cor-
responds to the shed N-terminal domain of 
mucin-1, MUC-1N, is the most widely used 
serum marker in breast cancer patients, where-
as MUC-1C is undetectable in serum [28]. 

Several commercial assays have been devel-
oped for the measurement of CA15-3, which 
generally use two monoclonal antibodies, DF3 
and 115D8, both directed to epitopes of the 
MUC-1N subunit. Elevated serum levels of 
CA15-3 are found in the majority of breast can-
cer patients with distant metastases and thus, 
are highly associated with poor prognosis 
(reviewed in [23]). In addition, a prognostic sig-
nificance of CA15-3 serum levels in lymph 
node-negative, node-positive and ER+ breast 
cancer patients was described [49].

Using such a CA15-3 sandwich immunoassay, 
we detected soluble mucin-1 antigen levels in 
detergent extracts of tumor tissue with excel-
lent test precision and reproducibility. There- 
fore, we were able to quantify CA15-3 levels in 
breast cancer tissue and to compare these 
results with rab31 antigens levels obtained 
with our newly developed sandwich ELISA from 
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tion between rab31 and soluble 
mucin-1 (CA15-3) antigen levels. 
This suggests that in vivo subcellu-
lar localization of mucin-1 [26], the 
presence of mucin-1 splice variant 
isoforms [31], and/or the availability 
of free MUC-1C [28] may be more 
crucial in the regulatory interaction 
between the mucin-1 oncoprotein 
and the rab31 GTPase in breast 
cancer as compared to the total 
antigen level of mucin-1. 

In addition to lymph node status, 
tumor size, and tumor grade, prolif-
eration markers such immunohisto-
chemical Ki-67 staining and cyto-
metric SPF are useful clinicopath- 
ological parameters for assessing 
prognosis of breast cancer patients 
[51-53]. Especially, estimation of 
the SPF obtained by fine-needle 
sampling has been shown to be a 
reproducible method to quantita-
tively measure the proliferative sta-
tus [51, 54]. In a representative sub-
group of ER+ patients, in which SPF 
was reliably determined, we obser- 
ved that high rab31 antigen levels in 
breast cancer tissue were signifi-
cantly associated with a high SPF. 
This finding confirms our previous in 

the very same tissue extracts. It is important to 
note, however, that the measured CA15-3 val-
ues represent total MUC1-N concentrations in 
tissue extracts, which are most probably com-
posed of shed subunit MUC1-N plus intact 
MUC1-N/MUC1-C-heterodimer. Therefore, the- 
se values should not be equivalent to either 
shed MUC-1N in sera or intracellular MUC1-C 
levels. 

ER and mucin-1 ER cis-elements have been 
described to be involved in regulation of the 
mucin-1 gene transcription [31]. Thus, as 
expected also from results obtained with both 
mRNA analysis [21] as well as immunohisto-
chemistry [27, 50], we observed significantly 
higher tumor tissue CA15-3 antigen levels in 
ER+ versus ER- patients. In ER+ breast cancer 
cells, the C-terminal subunit of mucin-1 induces 
rab31 expression in vitro [21]. In tumor tissue 
extracts of both ER+ and ER- breast cancer, 
however, we did not find a significant correla-

vitro data that overexpression of rab31 in 
breast cancer cells leads to enhanced prolifera-
tion of the tumor cells [20]. High SPF values 
were found to be significantly associated with 
high tumor grading (not shown, P < 0.001), 
which may, at least in part, be due to increased 
mitotic counts, e.g. in G3 versus G2 or G1 
tumors. In consideration of this association, it 
is not surprising that a strong association was 
observed between rab31 antigen levels and 
tumor grade as well, with G3 tumors displaying 
the highest antigen levels. Interestingly, inverse 
significant association for CA15-3 with tumor 
grade as well as a trend for lower CA15-3 anti-
gen levels in tumor tissue displaying higher SPF 
was observed. This is again in line with the 
results obtained by immunohistochemistry, 
demonstrating an inverse association of mucin-
1 overexpression with tumor grade [27]. The 
presence of apical mucin-1 staining in the 
majority of breast cancer cells generally corre-
lates with increased functional differentiation 

Table 3. Multivariate Cox regression analysis for disease-free 
survival of estrogen receptor-positive (ER+) breast cancer 
patients 

Factor No. 
cases

Disease-free survival
HR (95% CI)a P

Total 193
    Age (years)
        ≤ 60 95 1
        > 60 98 0.78 (0.78-1.39) 0.403
    Lymph node status
        Negative 104 1
        Positive 89 5.02 (2.49-10.1) < 0.001
    Tumor size
        < 2 cm 105 1
        > 2 cm 88 1.82 (0.95-3.47) 0.070
    Proliferative status (SPF)b

        Low 102 1
        High 91 2.98 (1.58-5.60) < 0.001
    rab31c

        Low 100 1
        High 93 1.97 (1.09-3.54) 0.024
    CA15-3c

        Low 97 1
        High 90 0.77 (0.43-1.41) 0.402
aHR: hazard ratio; 95% CI: 95% confidence interval of multivariate Cox’s 
regression analysis. bSPF: S-phase fraction. SPF values were dichotomized 
into groups with low and high SPF by the median (5%). cDichotomized into 
groups with high and low levels by the median values. Tumor biological 
factors were separately added to the base model consisting of age, nodal 
status, tumor size, and proliferative status (SPF). 
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and better prognosis [47], which is in accor-
dance with our finding that elevated CA15-3 
antigen levels in tumor tissue extracts indicate 
prolonged DFS in ER+ breast cancer patients. 
Interestingly, however, it was shown that 
intense cytoplasmic staining, even by the use 
of MUC-1N specific mAbs (B27.29 and BC2), 
was associated with a worse prognosis [25]. 
Thus, CA15-3 or total MUC1-N values do not 
fully reflect the biological significance of mucin-
1 overexpression in poorly differentiated 
tumors. It is tempting to speculate that the gen-
eration and the amount of tumor-supporting 
mucin-1-derived molecules, such as internal-
ized, cytosolic MUC-1C acting as co-factor of 
ERα, is independent from the mucin-1 overall 
expression level. Notably, inhibitors of the 
MUC1-C subunit have been developed that 
directly block its oncogenic function and induce 
death of breast cancer cells in vitro and in 
xenograft models. Based on these findings, 
MUC1-C inhibitors are presently tested as 
potential agents for the treatment of patients 
with breast cancers [28]. With regard to the 
MUC-1C-mediated induction of rab31 overex-
pression, rab31 antigen levels in tumor tissue 
extracts may not only represent an indepen-
dent biomarker for prognosis in ER+ breast 
cancer patients, but could also be helpful in 
selecting patients which may benefit from a 
MUC-1C-targeted therapeutic approach.
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