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BACKGROUND. Prostate cancer (PCa) is the most commonly diagnosed neoplasm and the
second leading cause of cancer-related death among men in developed countries. There is no
clear evidence showing the success of current screening tests in reducing mortality of PCa. In
this study, we aimed to profile expressions of nine ABC transporters, ABCA5, ABCB1,
ABCB6, ABCC1, ABCC2, ABCC3, ABCC5, ABCC10, and ABCF2, in recurrent, non-recurrent
PCa and normal prostate tissues.
METHODS. A total of 77 (39 recurrent, 38 non-recurrent) radical prostatectomy and 20
normal prostate samples, obtained from Baylor College of Medicine Prostate Cancer
program, were included into the study and divided into two independent groups as test and
validation sample sets. Differential expression of selected ABC transporters was assessed
using quantitative real-time PCR (qRT-PCR). Pearson’s correlation test, receiver operating
characteristics (ROC) analysis and Kaplan–Meier test were used for statistical analysis.
RESULTS. QRT-PCR results demonstrated the elevated expression of ABCA5, ABCB1,
ABCB6, ABCC1, and ABCC2 as well as reduced expression of ABCC3 in PCa samples
compared to normal prostate tissues. In addition, we found deregulation of ABCB1, ABCB6,
ABCC3, and ABCC10 in recurrent PCa samples and validated differential expression of
ABCB6, ABCC3, and ABCC10 in recurrent PCa compared to non-recurrent PCa. Pearson’s
correlation, ROC and Kaplan–Meier analysis revealed the power of these three ABC
transporters for estimating prognosis of PCa.
CONCLUSIONS. We demonstrated differential expression of ABC transporters both in
tumor versus normal and recurrent versus non-recurrent comparisons. Our data suggest
ABCB6, ABCC3, and ABCC10 as valuable predictors of PCa progression. Prostate 76:434–444,
2016. # 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Prostate cancer (PCa) is the most commonly diag-
nosed neoplasm and the second leading cause of
cancer-related death among men in the developed
countries [1]. Over 650,000 new cases are annually
diagnosed with PCa, which constitutes approximately
10% of all new cancer cases in men worldwide [2]. In
Europe, incidence of PCa in elderly men has been
rising rapidly [3].

For early detection of PCa, prostate specific antigen
(PSA) screening has been used widely as a diagnostic
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tool during the last two decades [4]. Biochemical
recurrence subsequent to radical prostatectomy
has been assessed using serum PSA level along
with T category, and Gleason score as prognostic
variables [5]. However, there is no clear evidence
showing the success of PSA screening in reducing
the morbidity and mortality of PCa [6]. Furthermore,
current prognostic indicators fail to estimate the
clinical outcome of the disease in most of the cases
and a significant percentage (30%) of PCa patients
experience a recurrence following radical prostatec-
tomy or other therapy [7].

To enhance patient survival and success of the
current treatment options, scientists focused on find-
ing of novel prognostic molecular targets and sug-
gested several putative biomarkers [8,9]. There is,
however, still an urgent need to identify influential
molecular predictors to more clearly understand the
molecular basis of the disease, to predict the aggres-
siveness of the tumor and to develop more effective,
optimized and individualized therapy strategies.

ATP-binding cassette (ABC) efflux transporters
belong to a superfamily of integral membrane pro-
teins, which is comprised of 49 genes [10] and divided
into seven subtypes from ABC-A through -G based on
the amino acids sequence in the ATP-binding do-
main [11]. ABC transporters are responsible for active
transport of many substances including amino acids,
polysaccharides, peptides, lipids, drugs, and tox-
ins [12]. Their differential expression has been demon-
strated in several tumor types [13].

Resistance to chemotherapy can originate from
several mechanisms including resistance to drug
infiltration into cancer cells, which is particularly
realized by ABC transporters [14]. However, indepen-
dent of their role in the drug efflux and multidrug
resistance, ABC transporters may contribute to the
carcinogenesis process through actively transporting
endogenous substrates relevant to tumor biology [13].

Recently, several studies correlated the expression
levels of ABC transporters with tumor progression
and these transporters were suggested as powerful
predictors of clinical outcome [15,16]. However, there
is still lack of precise knowledge about the impact of
certain ABC transporters on the progression and
clinical outcome of PCa. Therefore, comprehensive
characterization of the expression profile of these
genes in association with the prognosis of the cancer
cases is essential to decipher the underlying mecha-
nisms of PCa recurrence.

Here, in this study, we profiled the expression of
nine important ABC transporter genes, ABCA5,
ABCB1, ABCB6, ABCC1, ABCC2, ABCC3, ABCC5,
ABCC10, and ABCF2, in recurrent and non-recurrent
PCa specimens as well as normal prostate tissues. We

demonstrated the differential expression of ABCA5,
ABCB1, ABCB6, ABCC1, ABCC2, and ABCC3 in tumor
samples when compared to the normal prostate sam-
ples. Furthermore, we found ABCB6, ABCC3, and
ABCC10 as powerful biomarkers, which can serve for
prediction of PCa progression.

MATERIALS AND METHODS

Patients

A total of 77 (39 recurrent, 38 non-recurrent) radical
prostatectomy materials, which contained at least 70%
tumor tissue, and 20 normal prostate tissue samples,
were obtained from Baylor College of Medicine
Prostate Cancer program. Sample recruitment was in
accordance with internal institutional review board of
Baylor College of Medicine. Recurrence was described
as two successive serum PSA levels greater than
0.2 ng/ml. Patients were followed until PSA recur-
rence or at least 4 years for the non-recurrent cases.

Thirty nine (20 recurrent, 19 non-recurrent) tumor
and 20 normal tissue specimens were evaluated as the
“test set”, and the remaining 38 (19 recurrent and 19
non-recurrent) tumor tissue samples were assessed as
“validation set”. A part of these samples has been used
previously by our group to investigate the expression
profile of CSCs markers and specific microRNAs in
recurrent and non-recurrent PCa tumors as well as in
adjacent normal prostate tissues [8,9].

RNA Isolation

Total RNA from 39 recurrent, 38 non-recurrent radical
prostatectomy materials and 20 normal prostate tissue
samples were isolated with TRIzol reagent (Invitrogen,
San Diego, CA) according to the manufacturer’s instruc-
tions. Purities and quantities of RNA samples were
assessed using a NanoDrop ND-2000c (Thermo Fisher
Scientific, Inc., Wilmington, DE) and their integrities
were tested with agarose gel electrophoresis and Spot
Check Nucleic Acid Quantitation Kit (Sigma).

cDNA synthesis and Quantitative Real-Time PCR

Reverse transcription of the RNA samples were
carried out with the Transcriptor High Fidelity cDNA
synthesis kit (Roche, Switzerland) according to the
manufacturer’s instructions. The relative expression
levels of ABCA5, ABCB1, ABCB6, ABCC1, ABCC2,
ABCC3, ABCC5, ABCC10, and ABCF2 were evaluated
with quantitative real time polymerase chain reaction
(qRT-PCR) using SYBR Green Master Mix of Roche
(Switzerland) in a LightCycler480-II real-time thermal
cycler (Roche, Switzerland). The primer sequences
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used for RT-PCR are provided in Supplementary
Table SI. The reactions were carried out as follows:
initial denaturation (95°C for 5min) followed by 40
cycles of 95°C for 10 sec, 60°C for 20 sec, and 72°C for
25 sec. Fluorescence measurement was performed at
the end of each cycle at 72°C. Expression data were
normalized to housekeeping gene b-actin. All qRT-PCR
reactions were performed at least twice for each
sample. The relative quantification analysis was done
using the “delta-delta Ct” method.

Statistical Analysis

Student’s t-test was used to determine the signifi-
cance of a difference in the mean relative expression
levels of ABC transporter genes. Data were plotted as
mean� standard error of mean. Pearson’s Correlation
test was used to evaluate the association of tested
genes’ expressions with each other. Receiver operating
characteristic (ROC) curves were plotted using SPSS
21.0 to compare the power of tested genes to distin-
guish the recurrent samples from non-recurrent sam-
ples. For ROC analysis, the logistic regression was
conducted and the predicted probabilities were calcu-
lated for the conditions when the tested genes were
considered as alone or together with each other. Then,
the area under the curve was calculated with 95%
confidence interval. Kaplan–Meier analysis was uti-
lized to evaluate the relationship between the expres-
sion of ABC transporters and biochemical recurrence-
free survival (BCRFS). Expression profile of ABC
transporters in normal and tumor samples were
visualized as a heat-map using Matrix2png inter-
face [17]. A P-value of <0.05 was considered as
significant in all cases.

RESULTS

Study and Patient Details

A total of 77 radical prostatectomy materials (39
recurrent, and 38 non-recurrent) and 20 normal
prostate tissues were included into the study, and
divided into two independent groups to be used as
test and validation sample sets. The test group
included 59 samples (20 recurrent, 19 non-recurrent,
20 normal) and it was used to investigate the expres-
sion profiles of selected nine important subtypes of
ABC transporters by qRT-PCR. The validation group,
containing 38 samples (19 recurrent, 19 non-recurrent),
was utilized to confirm the results obtained from the
test set.

The average age of the PCa patients with recur-
rence was 62.38� 1.04, while the mean age of non-
recurrent PCa patients was 61.87� 1.21 (P¼ 0.76).

Recurrent PCa patients (18.32� 2.06 ng/ml) had
higher preoperative PSA levels compared to non-
recurrent PCa patients (11.28� 1.67 ng/ml, P¼ 0.048).
Gleason Score’s of patients with recurrence were
between 2þ 4 and 4þ 5 with a median of 3þ 4,
however, non-recurrent PCa patients had Gleason
Score’s varying from 2þ 3 to 4þ 4 with a median of
3þ 4. Months from operation to first recurrence in
recurrent PCa patients were 23.45� 4.10, whereas
months from operation to last normal evaluation were
77.41� 2.93 (P< 0.001).

ABC Transporters Are Deregulated in Tumor
Samples

We utilized qRT-PCR to analyze the relative expres-
sion levels of ABCA5, ABCB1, ABCB6, ABCC1,
ABCC2, ABCC3, ABCC5, ABCC10, and ABCF2 in the
“test Set,” comprised of recurrent, non-recurrent
tumor tissue and normal prostate samples.

We initially compared ABC Transporters’ expression
between tumor and normal samples. The results
revealed that expressions of ABCA5 (Fig. 1A, P< 0.05),
ABCB1 (Fig. 1A, P< 0.05), ABCB6 (Fig. 1A, P< 0.01),
ABCC1 (Fig. 1A, P< 0.05), and ABCC2 (Fig. 1A,
P< 0.01) were significantly increased in tumor samples
compared to normal prostate tissues. On the other
hand, ABCC3 (Fig. 1A, P< 0.05) was downregulated in
PCa specimens and expression levels of ABCC5
(Fig. 1A, P¼ 0.93), ABCC10 (Fig. 1A, P¼ 0.46), and
ABCF2 (Fig. 1A, P¼ 0.41) remained unchanged in PCa
and normal prostate tissue samples.

We further evaluated the relative expression levels of
these nine ABC transporters in recurrent and non-
recurrent PCa specimens in comparison to normal
prostate samples. ABCA5 (Fig. 1B, PR< 0.05, PNR

< 0.05), ABCB6 (Fig. 1D, PR< 0.001, PNR< 0.05),
ABCC1 (Fig. 1 E, P< 0.05), and ABCC2 (Fig. 1F, PR
< 0.01, PNR< 0.05) displayed notably higher expres-
sions in both recurrent and non-recurrent PCa samples
in comparison to normal prostate tissues. However,
ABCB1 (Fig. 1C, P< 0.001) and ABCC10 (Fig. 1I,
P< 0.05) levels were substantially elevated, and ABCC3
(Fig. 1G, P< 0.01) level was considerably reduced in
only recurrent samples compared to normal specimens.

On the other hand, expression levels of ABCB1
(Fig. 1C, P< 0.01), ABCB6 (Fig. 1D, P< 0.05), and
ABCC10 (Fig. 1I, P< 0.01) were significantly increased
and expression level of ABCC3 (Fig. 1G, P< 0.05) was
notably reduced in recurrent samples compared to
non-recurrent PCa specimens.

There was no significant alteration in the expression
levels of ABCC5 (Fig. 1H) and ABCF2 (Fig. 1J) in either
tumor versus normal or recurrent versus non-recurrent
comparisons.
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Fig. 1. Relative expression levels of ABCA5, ABCB1, ABCB6, ABCC1, ABCC2, ABCC3, ABCC5, ABCC10, and ABCF2 in prostate
tumor versus normal prostate tissues (A). Relative expression levels of ABCA5 (B), ABCB1 (C), ABCB6 (D), ABCC1 (E), ABCC2 (F),
ABCC3 (G), ABCC5 (H), ABCC10 (I), and ABCF2 (J) in normal versus non-recurrent and recurrent PCa tissues.
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Differential Expressions of ABCB6, ABCC3, and
ABCC10 in Recurrent Versus Non-Recurrent PCa
Samples Were Confirmed in a ''Validation Set''

We next used validation set to confirm the gene
expression alterations, which were detected between
recurrent versus non-recurrent specimens in the test
group. qRT-PCR analysis verified the overexpression
of ABCB6 (Fig. 2B, P< 0.05), and ABCC10 (Fig. 2D,
P< 0.001) along with downregulation of ABCC3
(Fig. 2C, P< 0.05) in recurrent PCa samples compared
with non-recurrent specimens. However, deregulation
of ABCB1 (Fig. 2A, P¼ 0.83) in recurrent PCa samples
could not be validated in the validation set. The
expression profiles of the validated genes in both test
and validation sets are represented as a heat-map in
Figure 2E (upper panel).

We next investigated the publicly available
microarray data sets to further confirm deregula-
tion of ABCB6, ABCC3, and ABCC10 in aggressive

prostate cancer samples. Sun and Goodison [18]
compared the gene expression levels in 40 non-
recurrent and 39 recurrent primary prostate tumors
using microarray technology to find out a molecu-
lar signature for predicting prostate cancer recur-
rence. As seen in Figure 2E (middle panel), their
results are very similar to ours, with significant
upregulation of ABCB6 and ABCC10 and down-
regulation of ABCC3 in recurrent prostate cancer.
Moreover, Chandran et al. [19] and Yu et al. [20]
analyzed the gene expression profiles of aggressive
and metastatic tumors with respect to primary
prostate tumors to understand the underlying
molecular mechanisms of tumor metastasis. Analy-
sis of these two data sets together also confirms the
deregulation of ABCB6 and ABCC3 in metastatic
and aggressive PCa (Fig. 2E, lower panel).

Taken together, dysregulation of ABCB6, ABCC3,
and ABCC10 in recurrent PCa patients were dem-
onstrated in multiple sample sets and they were

Fig. 2. Relative expression levels of ABCB1 (A), ABCB6 (B), ABCC3 (C), and ABCC10 (D) in non-recurrent versus recurrent PCa
tissues of a second independent ``validation set''. Heat-map representation of ABCB6, ABCC3 and ABCC10 expressions in recurrent,
non-recurrent PCa samples and normal prostate tissues in our current data, in recurrent and non-recurrent PCa samples in Sun data
(GSE25136), and of ABCB6 and ABCC3 in primary and metastatic PCa samples in Chandran and Yu data (GSE6919).
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further selected to analyze their expressional corre-
lation and their cooperative power to discriminate
two sets of patients, and to estimate disease free
interval (DFI).

Expression of ABCB6, ABCC3, and ABCC10
Correlated With Each Other in PCa Patients

There was a strong positive correlation between
ABCB6 and ABCC10 (Fig. 3A, R¼ 0.687, P< 0.0001)
expressions. Moreover, ABCC3 and ABCC10 also
displayed a positive correlation in PCa specimens,
(Fig. 3B, R¼ 0.484, P< 0.0001). On the other hand, the
correlation between ABCB6 and ABCC3 expressions
(Fig. 4C, R¼ 0.376, P< 0.05) was not as strong as those
between ABCB6-ABCC10 and ABCC3-ABCC10.

Guzel et al. [8] recently explored the expressions of
stem cell markers in a subset of the recurrent and
non-recurrent PCa specimens used in this study. We
tested possible correlations of ABCB6, ABCC3, and
ABCC10 with stem cell markers, SOX2, OCT4, KLF4,
and ABCG2. Of the three ABC genes, ABCC3, whose
expression level is reduced recurrent samples,
showed negative correlation with OCT4 (R¼�0.394,
P¼ 0.023) and KLF4 (R¼�0.355, P¼ 0.042) in prostate
tumor samples (data not shown).

ROC Curve and Kaplan–Meier Analysis Exhibited
the Power of ABCB6, ABCC3, and ABCC10 to
Discriminate Recurrent Versus Non-Recurrent

PCa Patients

To test the power of ABCB6, ABCC3, and ABCC10
alone or in combination with each other to discrimi-
nate recurrent and non-recurrent PCa samples, we
plotted the ROC-curves. First of all, we analyzed the
power of serum PSA, which is accepted currently as
the most powerful prognostic predictor, and showed

that PSA had an area under the curve (AUC) value of
0.702 (Fig. 4A, P< 0.05). As to the ABC Transporters
as potential prognostic predictors independent of their
efflux functions, we demonstrated that ABCB6
(Fig. 4B, AUC; 0.746, P< 0.0001), ABCC3 (Fig. 4C,
AUC; 0.690, P< 0.05), and ABCC10 (Fig. 4D, AUC;
0.729, P< 0.05) had as sufficient power as PSA to
discriminate PCa patients with recurrence and those
without on their own. In addition, when ABC trans-
porters were analyzed in binary combinations,
ABCB6/ABCC3, ABCB6/ABCC10, and ABCC3/
ABCC10 had AUC values of 0.826, 0.771, and 0.880,
(Fig. 4E–G, P< 0.0001), respectively. This showed that
utilization of ABC transporters in binary combinations
improved their prognostic value. Moreover, when
these three ABC transporters were tested together,
they exhibited remarkably higher power (Fig. 4H,
AUC; 0.890, P< 0.0001) than the cases where they
were tested on their own or in binary combinations.

Furthermore, Kaplan–Meier Survival estimates
were used for DFI analysis. Patients with a high
transcript level of ABCB6 (Fig. 5A, cut-off �1.45,
P¼ 0.042, log-rank test) and ABCC10 (Fig. 5C, cut-off
�1.75, P¼ 0.047) had significantly shorter DFI. On the
other hand, patients with low transcript levels of
ABCC3 (Fig. 5B, cutoff �2, P¼ 0.0063) had a shorter
DFI. These results suggest that ABCB6, ABCC3, and
ABCC10 can play a role in the PCa patients’ survival
and might serve as novel potential biomarkers for
estimation of PCa progression.

DISCUSSION

In recent years, although improvements in PCa
treatment contributed to increased survival of
patients, PCa remained leading cause of cancer-
related death among men in the developed countries.
There are two main underlying reasons for treatment

Fig. 3. Correlation analysis of ABCB6-ABCC10 (A), ABCB6-ABCC3 (B), and ABCC3-ABCC10 (C) in recurrent and non-recurrent
PCa samples.
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failure, which are lack of response to the treatment
and/or recurrence after a successful radical prostatec-
tomy. ABC transporters are involved in distinct
processes varying from cellular biogenesis to trans-
port of substances required for cellular life. Recently,
independent of their efflux potentials, differential
expression of ABC Transporters have been found to
be strongly associated with different clinical outcome
parameters including patient survival and tumor
progression in different cancer types [15,21,22].

ABCB6 is one of the well-characterized human
ABC transporters and is related to multidrug resis-
tance as well as promotion of cell survival, prolifera-
tion and tumor growth in various types of cancer. We
found a gradual increase in the expression of ABCB6
from normal prostate tissue to recurrent PCa speci-
mens. An intermediate level of ABCB6 expression
was observed in non-recurrent PCa samples. Further-
more, increase of ABCB6 expression in patients with

recurrence in comparison to those without recurrence
was confirmed in the validation sample set. ABCB6
function was investigated in a recent comprehensive
study, which demonstrated the overexpression of
ABCB6 in both HCC tumor samples and hepatoma
cell lines. Its overexpression resulted in increased
proliferation of tumor cells and knockdown of ABCB6
caused delay in G2/M phase of the cell cycle [23].
Besides, aberrant mRNA level of ABCB6 was sug-
gested as a useful predictive biomarker for early
intra-hepatic recurrence of HCV-related HCC, which
supports our findings [24]. Elevated ABCB6 level was
also detected in human gliomas compared with
normal brain tissues and its expression was strongly
correlated with histological grade [25].

ABCC3 is separated from all other ABC trans-
porters tested in our study due to its decreased
expression levels in PCa specimens. Interestingly,
recurrent samples had also lower expression levels

Fig. 4. ROC analysis of (A) PSA, (B) ABCB6, (C) ABCC3, (D) ABCC10, (E) ABCB6þABCC3, (F) ABCB6þABCC10, (G)
ABCC3þABCC10, and (H) ABCB6þABCC3þABCC10.

Fig. 5. BCRFS curves showing survival rates in (A) ABCB6, (B) ABCC3, and (C) ABCC10.
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compared to non-recurrent samples. In the literature,
there have been many studies to elucidate association
between ABCC3 expression and patient prognosis in
various cancer types. According to these investiga-
tions, ABCC3 displayed contradictory expression
status in tumor specimens where higher expression
level has been found in some studies, while others
identified lower expression. Recently, ABCC3 expres-
sion has been found to be lower in colon cancer
samples in comparison to normal colon mucosa [21].
Impressively, pluripotent embryonic stem cells have
reduced ABCC3 expression profile in contrary to
multi-potent early and late mesenchymal stem
cells [26]. This might critically point the downregula-
tion of ABCC3 in association with acquisition of stem
cell characteristics. In another study an inverse corre-
lation has been found between ABCC3 expression
and advanced tumor stage or diagnosis age in
neuroblastoma patients. Utilization of BE(2)-C cells,
which is a kind of cell-line with extremely low
ABCC3 expression levels, to elucidate underlying
mechanisms of low ABCC3 expression with poor
clinical outcome, showed that elevated levels of
ABCC3 in this cell line resulted in impaired cellular
migratory activity and reduced colony forming capac-
ity, pointing the importance of reduced ABCC3 on cell
motility and clonogenicity [15]. There are, however,
studies demonstrated the upregulation of ABCC3 in
tumors including PDAC [27].

ABCC10 is a well-known efflux protein, which is
involved in reduction of therapeutic efficacy through
resistance to chemotherapy. In our study, we detected
relatively higher ABCC10 expression in recurrent PCa
samples compared to both non-recurrent PCa and
normal prostate specimens, although there was no
significant difference between normal and tumor
tissues (recurrent and non-recurrent together). Inter-
estingly, recent investigations ascribed novel roles to
ABCC10 in the carcinogenesis process independent of
its efflux property. For example, Domanitskaya
et al. [28] demonstrated that Abcc10�/� breast cancer
cells in mouse models grew more rapidly compared
with Abcc10þ/þ breast cancer cells and displayed
significantly reduced apoptosis, which clearly implies
contribution of ABCC10 expression to tumorigenesis
independent of its efflux properties. Moreover, corre-
lation studies investigating the relationship between
ABC expression levels and prognosis in pancreatic
ductal adenocarcinoma (PDAC) [27], colon cancer [21],
and hepatocellular cancer (HCC) [29] showed ele-
vated levels of ABCC10 in tumor samples and
suggested ABCC10 as an important contributor of
poor clinical outcome.

ABCB1 is known as one of the main causes of
therapy resistance through efflux of drugs, although it

might contribute to resistance of tumor cells via
alternative cellular processes. In our study, elevated
expression of ABCB1 was detected in tumor tissues in
comparison to normal prostatic tissues. Moreover, in
recurrent PCa specimens ABCB1 expression was
significantly higher compared to non-recurrent PCa
samples in the “test set,” however, we could not
confirm its differential expression in the “validation
set.” Overexpression of ABCB1 has been related to
efflux of docetaxel in PCa cell lines [30] and its
increased expression has been demonstrated in sev-
eral cancer types including PCa [31]. Increased
ABCB1 expression level has been linked to clinical
stage, lymph node metastasis and histological grade
in laryngeal squamous cell carcinoma patients [32].
However, in contrast to these findings, in a recent
study, ABCB1 expression level has been found to be
reduced in PCa patients due to hypermethylation of
ABCB1 promoter [33]. In our study, we could not
replicate differential expression of ABCB1 in indepen-
dent sample sets, which points the need of further
research in larger patient groups to get more defini-
tive and accurate results.

We also demonstrated the overexpression of
ABCA5 and ABCC2 in tumor samples compared to
normal prostate specimens, although their expression
did not show statistically significance between recur-
rent and non-recurrent samples. Elevation of ABCA5
expression has been detected initially in colon cancer
samples, predominantly in dedifferentiated sam-
ples [34]. ABCA5 has been suggested to contribute
chemoresistance via E2F1-DNp73-miR-205 axis in
malign melanoma [35]. ABCA5 was also proposed as
a putative stem cell marker in osteosarcoma, which
plays role in recurrence, chemoresistance and tumori-
genesis [36]. In addition, ABCC2 has been mostly
evaluated for its role in drug metabolism and distinct
polymorphisms on ABCC2 has been postulated to
cause variable outcomes in different diseases includ-
ing cancer [37,38]. Its differential expression has also
been associated with carcinogenesis [39] and ABCC2
has elevated expression level in tumors originating
from the kidney, colon, breast, lung, liver, and
ovary [40,41].

ABCC1 expression, however, was significantly
higher in only recurrent samples compared to normal
prostate tissue, which might be responsible for clinical
poor outcome in PCa patients. Recently, Liu et al. [42]
investigated the relationship of NOTCH1 signaling,
ABCC1, chemoresistance, and prostate cancer stem
cells (PCSCs). The activated form of NOTCH1, ICN1,
has been demonstrated to be highly expressed in
PCSCs and bind directly to ABCC1 promoter. Inhibi-
tion of NOTCH1 signaling resulted in reduced
ABCC1 expression, which caused chemosensitivity in
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LNCaP and PC3 cell lines. Moreover, ABCC1 status
has been proposed to be important in determination
of the degree of malignancy, invasiveness, and disease
stage in neuroblastoma [43].

As to the ABCC5 and ABCF2 expression in our
study, there were no statistically significant differ-
ences between either tumor versus normal tissue or
recurrent versus non-recurrent PCa tissue compari-
sons, although both of ABCC5 and ABCF2 have been
implicated in pathogenesis of distinct cancers in the
literature. Although distinct functions have been
proposed for ABCC5 and ABCF2 in various cancer
types, their functions still remain to be investigated.

As post-transcriptional regulators, microRNAs
(miRNAs), might be considered as one of the possible
contributors of alterations in the mRNA levels.
Recently, we demonstrated widespread deregulation
of miRNAs in a subset of recurrent and non-recurrent
PCa samples utilized in this study [9]. MiR-1 and
miR-455-3p were found to be among the strongly
downregulated miRNAs in recurrent PCa samples
(Supplementary Fig. S1). In silico analysis using
miRTarBase [44] and miRWalk [45] databases and
literature search showed that ABCB6 is among the
targets of miR-1 and miR-455-3p. Further utilization
of the miR-1 expression data from our previous study
and the current ABCB6 expression data demonstrated
the strong negative correlation between miR-1 and
ABCB6 in recurrent PCa samples (Supplementary
Fig. S2A), which suggests a possible mechanism for
upregulation of ABCB6 expression in the these tumor
samples (Fig. 6). In addition, we analyzed the expression
data of miR-1 and ABCB6 in a prostate tumor sample
data set [46] deposited on Gene Expression Omnibus
database (GSE21032), and confirmed their negative
correlation in PCa samples (Supplementary Fig. S3).

In our recent study, we also found several upregu-
lated miRNAs such as miR-608, miR-384, miR-130
and so on (Supplementary Fig. S1, [9]) in recurrent

PCa samples, which were predicted to target ABCC3
by different in silico miRNA target prediction tools
(Fig. 6). This data supports the downregulated expres-
sion status of ABCC3 in recurrent PCa specimens.

Furthermore, a possible explanation for upregula-
tion of ABCC10 in recurrent PCa samples might be
downregulation of miR-1 (Fig. 6), in recurrent PCa
samples (Supplementary Fig. S1, [9]). MiR-1 is pre-
dicted to be the most strong candidate miRNA
targeting the 30 UTR of ABCC10 (Microcosm in silico
tool) and its expression negatively correlates with
ABCC10 expression (Supplementary Fig. S2B). To
obtain more clear information about mechanisms of
PCa recurrence, further analyses are needed delineat-
ing ABCC10 function.

In summary, we have found out differential expres-
sion of ABCA5, ABCB1, ABCB6, ABCC1, ABCC2, and
ABCC3 in PCa tumor samples compared to normal
prostate tissues (Fig. 6). Moreover, we demonstrated
deregulation of ABCB1, ABCB6, ABCC3, and
ABCC10 in recurrent samples compared to non-
recurrent PCa specimens and confirmed abnormal
expression of ABCB6, ABCC3, and ABCC10 in an
independent sample set (Fig. 6). Our results point the
fact that ABCB6 and ABCC3 both may play role in the
tumorigenesis and tumor recurrence process,
whereas, ABCC10 may only contribute to the cancer
relapse. As a result, in this study, we suggest ABCB6,
ABCC3, and ABCC10 as powerful biomarkers for
prediction of PCa progression.

Currently, combination of serum PSA, tumor size
and Gleason Score is used to estimate the treatment
response and recurrence risk, however, patients hav-
ing similar serum PSA level, Gleason score and
pathological stage have been demonstrated to have
different clinical outcomes due to the molecular
heterogeneity PCa [47,48]. Since they are not accepted
as powerful predictors of PCa progression, it is
necessary to incorporate additional biomarkers to the

Fig. 6. Schematic representation of the involvement of certain ABC transporters in prostate cancer tumorigenesis and recurrence.
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present models to enhance the clinical decision-
making processes. Therefore, our study will help
better understanding of PCa tumor biology, which
will help providing of more successful and influential
estimations about patient prognosis. Future studies,
however, are required to show their strength as
predictive tools in PCa prognosis, through the evalua-
tion of additional markers and validation in much
larger populations.
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