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Abstract
Transport of a wide variety of substrates, including xenobiotics, is one of the main functions
attributed to human ATP-binding cassette (ABC) proteins. Overexpression of ABC genes is
considered to be an important mechanism facilitating the development of chemoresistance.
Relationships between the expression levels of ABC genes in tumor tissues and established
clinicopathological features were extensively studied previously. The current study tested our
hypothesis that the expression levels of ABC genes in non-neoplastic (control) tissues also provide
important information in relation to the relevant tumor progression. Expression levels of all
human ABC genes (48 protein coding and one pseudogene), measured by qRT-PCR, were
bioinformatically analyzed. The data originated from four independently collected cohorts
covering three types of tumors – breast, colorectal and pancreatic carcinomas. ABC gene
expression profiles (signatures) in non-neoplastic tissues (matched to tumor samples from three
different tumor types) were characteristically clustered into three main types – those with the vast
majority of the genes downregulated, upregulated or heterogeneously regulated. The clusters with
mostly downregulated and upregulated genes were shown to possess significant relations to good
and poor prognostic markers, respectively, in pancreatic and colorectal cancers. The present
findings support the theory that the expression of ABC genes in non-neoplastic tissues can
significantly contribute to tumor pathogenesis. Suggested multi-gene panels, consisting of the
reduced number of ABC genes, have the potential to be implemented as new prognostic markers,
which are especially urgent in pancreatic cancer. The results can also stimulate further primary
research in carcinogenesis.
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Introduction
ATP-binding cassette (ABC) proteins constitute a
large family of active transmembrane transporters
appearing early in cellular evolution and present in
bacterial as well as eukaryotic cells. In humans, 48
ABC protein coding genes and one pseudogene have
been described so far and classified into seven

subfamilies – ABCA to ABCG – based on amino acid
sequence similarities and phylogeny [1]. Transport of
a wide range of substrates from inorganic anions,
metal ions, peptides, amino acids and sugars to
hydrophobic compounds and metabolites such as
fatty acids, phospholipids, cholesterol and its
http://www.jcancer.org
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derivatives, and vitamins plays a vital role in
maintaining cell homeostasis [1, 2]. Substrates are
translocated from cytosol out of the cell or inside
intracellular organelles such as endoplasmic
reticulum, peroxisomes or mitochondria. Notably,
some ABC proteins have also been characterized as
critical components of the antigen presentation,
chromosome segregation, recombination and DNA
repair machineries, and regulate or catalyze critical
steps of ribosomal protein synthesis [3, 4].
Unfortunately,
these
important
physiological
functions of ABC proteins can probably significantly
potentiate tumor development in abnormal
circumstances such as those happening in cancer cells
[5, 6].
Xenobiotics including common anticancer drugs
can mimic physiological substrates and are also
transported by many members of the ABC family,
resulting in drug efflux. This additional function of
ABC proteins has led to a significant attention of
many
research
groups
worldwide.
The
overexpression of ABC transporters causes elevation
of drug efflux and is considered to be one of the main
mechanisms in the development of cancer cell
chemoresistance [7, 8]. Individual ABC transporters
(mainly ABCB1, ABCC1 and ABCG2) and their
mechanisms of drug transportation have been
extensively studied for many years. Several inhibitors
(modulators) of ABC transporters were developed
and entered clinical trials; however, there was limited
success [9, 10]. The increased toxicity of drugs
administered together with ABC modulators and
overlapping function between ABC transporters
create high barriers to the further progress in this
treatment modality.
Determination of ABC gene expression profiles
(clusters, signatures) in relation to tumor
characteristics and a search for their clinical relevance
were logical directions of the ensuing research.
Several research groups showed the importance of
ABC gene expression profiles in tumor tissues and
their relationships to clinicopathological features.
ABC expression profiles in tumor tissues were the
main theme of our previous article, where the
summary of the relevant literature was presented and
the existence of general ABC profiles in tumors was
demonstrated [11].
The evidence that underlying genetic alterations
of tumor cells and interactions within the tumor
microenvironment are equally important to tumor
progression was discussed in many recent works [12].
Moreover, it is clear that the metastatic potential is not
simply an inherent trait of cancer cells, but is
substantially modified by the microenvironment [13].
Based on these facts, we hypothesized that ABC
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expression profiles in non-neoplastic tissues can also
modify tumor progression. Furthermore, ABC
profiles in non-neoplastic (control) tissues paired with
tumor tissue samples could be classified according to
characteristic patterns and possess clinically relevant
information. The present work brings evidence in
support of this hypothesis.

Materials and methods
Characteristics of datasets
Four datasets – Colorectal I, Colorectal II,
Pancreatic, and Breast dataset - containing clinical and
laboratory data from oncology patients, who were
diagnosed and treated in four hospitals in the Czech
Republic (Medicon, Prague; University Hospital
Pilsen, Pilsen; Institute of Clinical and Experimental
Medicine, Prague; and University Hospital Brno,
Brno), were available for our bioinformatic analyses.
The Colorectal I dataset consisted of data from 51
colorectal carcinoma (CC) patients, which were
previously characterized in the work of Hlavata et al.
(2012) [15]. Gene expression data from paired tumor
and non-neoplastic control tissue samples were
available for 51 and 50 patients, respectively. These
clinical data were considered for statistical testing
within this dataset: gender, age, tumor size (pT),
lymph node involvement (pN), distant metastases
(cM), clinical stage (UICC classification), histological
grade, primary tumor localization (colon C18,
rectosigmoideum
C19,
and
rectum
C20),
chemotherapy - first line chemotherapy in adjuvant
(cM0) or palliative setting (cM1), grade 3 or 4 toxicity,
post-operative radiotherapy, outcome (response to
palliative chemotherapy according to RECIST criteria)
and disease-free survival (DFS).
The Colorectal II dataset contained unpublished
data from a homogeneous cohort of 60 stage II CC
patients (all pN0, cM0). Tumors as well as
non-neoplastic tissue samples were available for all of
the patients. Information about gender, age, tumor
size (pT), histological grade, primary tumor
localization (colon C18, rectosigmoideum C19, and
rectum C20), oncologic treatment administration,
DFS, and OS were considered for statistics. Oncologic
treatment was started in high-risk group patients.
The Pancreatic dataset was based on the patients
separately published within the study conducted by
Mohelnikova-Duchonova et al. (2013) [16], and
contained 32 pancreatic adenocarcinoma (PC) tumor
tissue samples and 27 paired control non-neoplastic
tissue samples. From clinical and prognostic factors,
we could evaluate gender, age, histological grade,
pTNM stage, angioinvasion (pA), perineural invasion
(pP), margin status (R0 versus R1), KRAS mutations in
http://www.jcancer.org
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codons 12 and 13 (wild type versus mutant), adjuvant
chemotherapy administration, and overall survival
(OS) for this dataset.
The Breast dataset, previously discussed within
the study conducted by Hlavac et al. (2013) [14],
consisted of 68 breast carcinoma (BC) patients. Tumor
tissue samples were available for all 68 patients and
non-neoplastic tissues for 43 patients. These
clinicopathological features were available for
statistical analyses: age, menopausal status, tumor
size (pT), regional lymph node metastasis (pN),
distant metastases (cM), clinical stage (UICC
classification), histological type and grade, expression
of estrogen receptor (ER), progesterone receptor (PR)
and HER2 (v-erb-b2 avian erythroblastic leukemia
viral oncogene homolog 2; ERBB2), expression of the
proliferation marker Ki-67 protein, triple negative
breast cancer (TNBC) status, neoadjuvant chemotherapy (NACT) regimen, outcome (response to
NACT according to RECIST criteria) and DFS.
Clinical data for all four datasets have been
continuously updated with the last update in April
2016 and are provided in the Supporting Information
in Table S1. The present study was conducted in
accordance with the Declaration of Helsinki and
Uniform Requirements for manuscripts submitted to
Biomedical journals.

Isolation of total RNA, cDNA preparation and
quantitative real-time PCR
Non-neoplastic (control) tissue samples were
taken from the macroscopically unaffected resection
margins of the resected tissues. The resection margins
were microscopically evaluated by an experienced
pathologist and only samples free of malignant cells
were further analysed. Isolation of total RNA, cDNA
preparation and quantitative real-time polymerase
chain reactions (qRT-PCR) adhered to the Minimum
Information for Publication of Quantitative Real-Time
PCR Experiments Guidelines [17], and were precisely
described in our previous articles [14-16]. RNA
quantity was assessed in duplicates by Quant-iT RNA
Assay Kit (Invitrogen, Carlsbad, California) using
Infinite M200 multimode reader (Tecan, Männedorf,
Switzerland). The quality of RNA was assessed by
measurement of RNA Integrity Number (RIN) using
Agilent 2100 Bioanalyzer and Agilent RNA 6000 Nano
Assay Kit (Agilent Technologies, Santa Clara,
California). The same amount and quality of input
RNA were applied for each sample within all the
studied tumor cohorts. The quality of cDNA in terms
of DNA contamination was confirmed by PCR
amplification of ubiquitin C discriminating between
product from cDNA (190 bp) and from genomic DNA
(1,009 bp) as described previously. Prior to qRT-PCR,
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the preamplification uniformity of cDNA was
checked
according
to
the
manufacturer’s
recommendation.

Gene expression profiling
Gene expression of all 49 described members of
the human ABC gene family (including the ABCC13
pseudogene) was measured for all four datasets
(Colorectal I, Colorectal II, Pancreatic, and Breast
dataset). Because the transcript levels of ABCC12 were
below the limit of method detection in all samples of
the Colorectal I dataset, data from 48 ABC
transporters without ABCC12 were included in the
bioinformatic analyses, which were performed for the
dataset. Similarly, the transcript levels of the genes
ABCC13, ABCG4 and ABCG5 were below the limit of
method detection in all samples of the Pancreatic
dataset and that was the reason why 46 ABC genes
were further analyzed for the pancreatic samples.
Finally, 28 selected ABC genes (ABCA7, ABCA12,
ABCA13, ABCB1, ABCB2, ABCB3, ABCB4, ABCB6,
ABCB9, ABCB11, ABCC1, ABCC2, ABCC3, ABCC4,
ABCC5, ABCC6, ABCC7, ABCC8, ABCC10, ABCC11,
ABCD4, ABCE1, ABCF1, ABCF2, ABCG1, ABCG2,
ABCG5, ABCG8), covering all ABC subfamilies, were
measured and analyzed for the Colorectal II dataset.
When comparing the two colorectal datasets
(Colorectal I and Colorectal II), there was no preamplification in the Colorectal II dataset.

Statistics and bioinformatics
Statistical and bioinformatic analyses were
performed on the ABC gene expression data obtained
from the available non-neoplastic (control) tissues (see
Characteristics of datasets). Preprocessing of our gene
expression data was performed in Microsoft Excel
2013 and Statistica software (Statsoft, Czech
Republic). Raw gene expression data (Ct values) were
normalized by the average Ct value of each gene of
interest (ABC gene) and then log2-transformed.
Statistical analyses (including survival analyses) were
conducted with the help of Statistica and the freely
available PAST statistical software package [18].
Clusters were determined by tree clustering with
Ward's method and then visualized in a heat map
manner. With the aim to show comparable
characteristics of gene clusters, the median expression
value for each ABC gene was calculated. Afterwards
one median expression value for the whole cluster,
representing all the median expression values of all
the ABC genes tested in the cluster, was determined.
Clinical data were sorted according to the relevant
clusters, visualized in heat maps for an overall review
and tested using predominantly non-parametric
statistics (the Mann-Whitney U and Kruskal-Wallis
http://www.jcancer.org
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tests). Disease-free survival (DFS) was defined as the
time elapsed between surgery and disease recurrence
or death. Overall survival (OS) was defined as the
time elapsed between surgery and the patient´s death
from any cause. Median survival was estimated using
the Kaplan–Meier method and the difference was
tested using the log-rank test. Two-sided p-values of
less than 0.05 were considered statistically significant.
Monte Carlo values based on the given number of
random permutations (default 9999) were also
computed, mainly as controls on the asymptotic
values. The comprehensive analysis of ABC gene
functions was based on multiple searches in several
publicly available databases – NCBI Gene, The
Weizmann Institute of Science GeneCards, UniProtKB
/Swiss-Prot, UCSC Genome Browser, Kyoto
Encyclopedia of Genes and Genomes, Genetics Home
Reference, and Reactome.

stage, which consisted of 60 stage II CC patients (Fig.
2). In a similar manner, the vast majority of ABC
genes were downregulated in the cluster CIIN1
(N=17; the median number of downregulated genes
was 22 out of 28 with the median expression value
0.036 on the logarithmic scale used), upregulated in
CIIN2 (N=23; 24 out of 28 genes upregulated with the
median expression value -0.033) and had heterogeneous expression in CIIN3 (N=20; 12 genes upregulated
with the median expression value -0.010 and 11 genes
downregulated with the median expression value
0.012). Statistical analyses showed this compelling
result: patients without the need for oncologic
treatment prevailed within the cluster CIIN1 (p=0.03,
Fig. 2). Oncologic treatment was started in high-risk
group patients in this cohort. Survival analyses,
however, showed no significant difference between
the clusters (median follow-up 24 months).

Results

Pancreatic dataset

Colorectal I dataset
Expression data from 50 non-neoplastic (control)
tissue samples paired with CC samples were clustered
into three main clusters (CN1-CN3, Fig. 1). The cluster
CN1 consisted of 15 cases and its characteristics can be
summarized as downregulation of the vast majority of
ABC genes (the median number of downregulated
genes was 46 out of 48 with the median expression
value 0.049 on the logarithmic scale used). Oppositely,
upregulation of the vast majority of ABC genes
characterized the cluster CN2 containing 6 cases (47
out of 48 genes upregulated with the median
expression value -0.090). The rest of the
non-neoplastic samples (scattered within the cluster
CN3 with N=29) displayed heterogeneous levels of
expression of the ABC genes (5 genes downregulated
with the median expression value 0.029 and 43 genes
upregulated with the median expression value
-0.016). Statistical analyses revealed the interesting
result that cases positive for distant metastasis (cM1
status) were significantly less prevalent among the
cluster CN1 patients (p=0.003, Fig. 1). Moreover, in
median value comparisons between all the cM1
versus cM0 cases (N=25 for both groups), regardless
of the affiliation to the clusters CN1-CN3, the vast
majority of genes showed upregulation within the
cM1 group (43 genes) and downregulation within the
cM0 group (41 genes; bottom part of the Fig. 1).
Survival analyses did not disclose any statistically
significant result (median follow-up 65 months).

Colorectal II dataset
Three main clusters (CIIN1-CIIN3) were also
distinguished among non-neoplastic samples from
this most homogeneous dataset in terms of clinical

Four main clusters (PN1-PN4) were revealed
between 27 non-neoplastic tissue samples related to
PC samples (Fig. 3). The vast majority of ABC genes
showed upregulation within the cluster PN1 (N=6;
median number of upregulated genes was 44 out of 46
with the median expression value -0.083 on the
logarithmic scale used) and even stronger
upregulation within the cluster PN2 (N=2; 45 out of 46
genes upregulated with the median expression value
-0.252). Contrastingly, the vast majority of genes
showed downregulation within PN3 (N=9; 42 out of
46 genes downregulated with the median expression
value 0.078). The rest of the cases with heterogeneous
levels of expression were assigned to the cluster PN4
(N=10; 8 genes only slightly upregulated with the
median expression value -0.005 and 38 genes
downregulated with the median expression value
0.011). Survival analyses revealed the important result
– patients belonging to the clusters PN1 and PN2 had
significantly shorter OS compared to patients within
PN3 and PN4 (the Log rank test, p=0.001, Fig. 3).

Breast dataset
Forty-three non-neoplastic tissue samples paired
with BC samples were divided into three main
clusters (BN1-BN3; heat map visualization of the tree
clustering is provided in Fig. S1 in the Supporting
Information). Cluster BN1 contained 11 samples and
can be characterized as having the vast majority of
ABC genes downregulated (the median number of
downregulated genes was 48 out of 49 with the
median expression value 0.045 on the logarithmic
scale used). Cluster BN2, representing the majority of
samples, contained 29 samples and the vast majority
of genes were upregulated (48 out of 49 genes
http://www.jcancer.org
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upregulated with the median expression value
-0.052). Only three samples were included into the
cluster BN3; however, the vast majority of ABC genes
were strongly downregulated (48 out of 49 genes
downregulated with the median expression value

1963
0.316). No statistically significant relationships were
revealed between these three main ABC gene
expression profiles in non-neoplastic tissues and
clinicopathological features (including DFS) of our BC
patients.

Figure 1: Heat maps showing results of the tree clustering (Ward’s method, Euclidean distances) of the expression levels of 48 human ABC transporters in
non-neoplastic (control) tissues of colorectal carcinoma patients (Colorectal I cohort) and cM Status histograms; Cl, cluster
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Figure 2: Heat maps showing results of the tree clustering (Ward’s method, Euclidean distances) of the expression levels of 28 human ABC transporters in
non-neoplastic (control) tissues of stage II colorectal carcinoma patients (Colorectal II cohort) and Oncologic Treatment histograms; Cl, cluster

Reduced ABC gene profiles suggested as new
prognostic markers
In order to find ABC gene profiles more suitable
for use in routine laboratory praxis, we reduced the

number of ABC genes, while the statistical
significance of the discovered relationships was
maintained. Normalized expression values for each of
the analyzed ABC genes were sorted from the
smallest to the largest. Relevant patients were divided
http://www.jcancer.org
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into two mutually exclusive groups – one containing
only the negative values and the other one positive
values. For the following analyses of the individual
ABC genes, upregulation of the relevant ABC gene
was represented by the group containing only the
negative values and downregulation by the group
with only positive values. We were aware of the
inaccuracy caused by the cases with the values close

1965
to zero, which had median expression; however, it
was acceptable at that stage of the ABC gene selection
process. Afterwards, statistical analyses comparing
the two established groups (upregulation versus
downregulation) for each ABC gene individually
were performed for the relevant clinicopathological
features (cM status for Colorectal I dataset and OS for
Pancreatic dataset).

Figure 3: Heat maps showing results of the tree clustering (Ward’s method, Euclidean distances) of the expression levels of 46 human ABC transporters in
non-neoplastic (control) tissues of pancreatic adenocarcinoma patients and survival analyses (the Kaplan-Meier plots, the Log rank test p-values); Cl, cluster

http://www.jcancer.org
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Twenty-two
genes
showed
individually
significant differences (p<0.05) in cM status and 10
genes (ABCA3, ABCA5, ABCB8, ABCB10, ABCC1,
ABCC6, ABCC7, ABCC8, ABCC10, ABCF1) an even
more significant difference (p<0.01) within the
Colorectal I dataset when comparing downregulated
versus upregulated cases (results of the statistical
analyses are disclosed in Figs. S2, S3, S4, S5 and S6 in
the Supporting Information). Similarly, 5 genes
(ABCA2, ABCA4, ABCA5, ABCC2, and ABCD4) were
revealed to have significantly different OS between

1966
downregulated and upregulated cases within the
Pancreatic dataset (individual survival analyses are
presented in Fig. S7 in the Supporting Information).
Another round of tree clustering analyses
followed by statistical tests were done with the two
reduced panels of individually significant ABC genes
(for the Colorectal I and Pancreatic datasets), in a
similar way as before with the whole set of human
ABC genes (Figs. 4 and 5). Both panels (ABCA3,
ABCA5, ABCB8, ABCB10, ABCC1, ABCC6, ABCC7,
ABCC8, ABCC10, and ABCF1 for CC patients and
ABCA2, ABCA4, ABCA5, ABCC2,
and ABCD4 for PC patients) were
shown to cluster non-neoplastic
samples into three main clusters –
with mostly downregulated, upregulated or heterogeneously expressed genes. Most importantly,
both panels also retained the
same prognostic relevance, which
was shown for the whole set of
human ABC genes before (p=
0.001 for the cM status in the
Colorectal I dataset and p=0.001
for the OS in the Pancreatic
dataset; Figs. 4 and 5). Notably, a
trend for better OS in the patients
within the downregulated cluster
with a reduced number of ABC
genes could be distinguished also
for the Colorectal I cohort.
However, this result was without
statistical significance and a larger cohort and longer follow-up is
needed to prove this possible
relationship to OS in colorectal
cancer patients (see Fig. S8 in the
Supporting Information).

Discussion

Figure 4: Tree clustering (Ward’s method, Euclidean distances), heat map visualization and statistical analyses
(clusters versus cM status histograms, the Kruskal-Wallis test p-value) of gene expression levels of the ten
ABC transporters panel in non-neoplastic (control) tissues of colorectal carcinoma patients (Colorectal I
cohort); Cl, cluster

In the current article, we
presented the evidence that the
gene expression values of all
human
ABC
genes
in
non-neoplastic (control) tissues,
taken together with tumor tissues
during surgery treatment, can be
characteristically clustered into
three main profiles (signatures).
These main profiles were characterized by the downregulation,
upregulation or heterogeneous
deregulation of the vast majority
of ABC genes. Furthermore, the
downregulated and upregulated
http://www.jcancer.org
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main profiles were significantly related to cM status
and OS in colorectal and pancreatic cancer,
respectively. The suggested multi-gene panels,
consisting of the reduced number of ABC genes, could
be easily implemented in clinical practice as new
prognostic markers. These findings support the
theory that the expression of ABC genes in
non-neoplastic tissues can contribute to tumor
progression generally.
The framework for our theory was mainly based
on the results of the previous studies, which explored
ABC expression profiles in tumor tissues and
compared them to the relevant non-neoplastic tissues.

Using oligonucleotide microarrays, Park et al. (2006)
[19], analyzed the expression profiles of all human
ABC genes in a cohort of 21 breast cancer patients
who underwent neoadjuvant chemotherapy. They
compared the ABC profiles between two groups of
pretreatment tumor samples according to the
patients’ pathological response - residual disease
versus complete response. Several ABC transporters
showed differential expression between the two
groups and the feasibility of developing a multigene
predictor model of pathological response to
neoadjuvant chemotherapy using gene expression
profiles of ABC transporters was evaluated. Their
results suggested that several ABC
transporters in human breast cancer
cells may affect the clinical response
to neoadjuvant chemotherapy, and
transcriptional profiling of these
genes may be useful to predict the
pathological response.
Similarly, the relative expression levels of all ABC genes in 51
tumor samples originating from
acute myeloid leukemia (AML)
patients were analyzed with the use
of TaqMan custom arrays in the
study described by Marzac et al.
[20]. Patients were divided into two
extreme groups, one very sensitive
and the other very resistant to the
administered chemotherapy. The
prognostic impact of six ABC genes,
selected in the first part of the study,
was than evaluated on a cohort of
281 AML patients. Interestingly, the
strongest prognostic factor was the
number of genes overexpressed
among the three ABC genes ABCB1, ABCG1, and ABCG2.
Therefore, ABC transporters may
cooperate to promote chemoresistance rather than overexpression of
single transporters being responsible, and modulation of multiple
transporters might be required to
increase intracellular drug accumulation and to induce chemotherapeutic eradication of leukemic
cells in AML.
Previous studies originating
from our laboratories also explored
transcript levels of all human ABCs
in several tumors (BC, CC, and PC)
Figure 5: Tree clustering (Ward’s method, Euclidean distances), heat map visualization and survival
in comparison with paired nonanalyses (the Kaplan-Meier plots, the Log rank test p-values) of gene expression levels of the five ABC
transporters panel in non-neoplastic (control) tissues of pancreatic carcinoma patients; Cl, cluster
neoplastic (control) tissues [14-16].
http://www.jcancer.org
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In the case of our BC cohort, comparable to the cohort
published by Park et al. [19], ABC gene transcript
levels were determined in post-treatment tumors
together with non-neoplastic tissues from patients
treated by neoadjuvant chemotherapy. Specimens
(tumor and paired non-neoplastic tissues) from our
CC patient cohort I were collected before the first line
of treatment by a 5-fluorouracil (5-FU)-containing
regimen, and from our PC patients immediately after
surgical treatment. Several significant connections
between individual ABC genes and clinicopathological features were revealed. We recently proposed
the existence of ABC gene expression profiles
common to more types of tumors based on a
comprehensive bioinformatic analysis of our results
concerning ABC gene expression profiles in different
tumor tissues together with a literature review [11].
A novel perspective on this theme was brought
by our theory that the ABC gene expression profiles in
non-neoplastic tissues can also bear clinically
important information in relation to tumor
progression. The results in support of this theory were
addressed in the present article.
Notably, with the use of the selected clustering
methodology expression data from non-neoplastic
tissues were divided into similar three main clusters
independently in four cohorts, which represented
three types of tumors (BC, CC and PC).
Downregulation, upregulation or heterogeneous
deregulation of the vast majority of ABC genes were
proposed as the characteristics of the main types of
clusters. Clinical stage independence of the
determined clusters was demonstrated by the similar
results of the clustering within our Colorectal II
cohort, which was the most homogeneous in terms of
clinical stages and consisted of only stage II CC
patients. Moreover, statistical analyses revealed
significant relationships between the main clusters
and cM status in colorectal cancer and OS in
pancreatic cancer. In line with these findings,
oncologic treatment was started significantly less
frequently among the patients with the downregulation of the vast majority of ABC genes in the
homogeneous Colorectal II cohort. Importantly, the
administration of oncologic treatment was limited to
the high-risk patients in that cohort. In our opinion, all
the presented results support the theory that was
proposed at the beginning. Therefore, the presence of
downregulation and upregulation of the vast majority
of ABC genes in control tissues was stated as a
promising positive and negative prognostic marker,
respectively, for the two types of gastrointestinal
tumors, but not for breast carcinoma.
In addition, selected multi-gene panels with a
reduced number of ABC genes were suggested for a
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possible testing in clinical laboratory practice. There is
still a lack of efficient prognostic markers in CC and
especially in PC. Because PC represents one of the
most deadly tumors, the effective prognostic
stratification of patients and subsequent therapy
modifications are of major importance worldwide.
The mechanisms underlying the relationships
between ABC genes in non-neoplastic tissues and
tumor progression are still unknown and to reveal
them can be a new and exciting issue for the primary
research into the principles of carcinogenesis.
The current study was a pioneering one and has
several limitations. The distance from the removed
control tissues to the tumor tissues can represent an
important factor. Due to the common practices in
tumor surgery, the largest distance between tumor
and paired control tissues was in CC samples, the
shortest in BC and the median in PC. The number of
patients in the Pancreatic dataset and the length of BC
and CC patient follow-up were further limitations,
which need to be solved by the subsequent studies.
However, the possible importance and benefit of the
presented results would satisfy the publication and
enables quicker validation or modification of the
results by other research groups.
We selected ABC profiles with a reduced
number of genes, while maintaining the statistical
significance for the discovered relationships, in order
to find an affordable assay suitable for use in majority
of routine clinical laboratories. For CC samples the
reduced panel includes 10 genes (ABCA3, ABCA5,
ABCB8, ABCB10, ABCC1, ABCC6, ABCC7, ABCC8,
ABCC10, and ABCF1) and for PC samples 5 genes
(ABCA2, ABCA4, ABCA5, ABCC2, and ABCD4).
Importantly, both panels need further validation on
larger cohorts of CC and PC patients. Using clustering
methodology adopted in this study, the cut-off values
for determination of downregulation or upregulation
can be easily specified by each laboratory
individually, becoming more precise with the increasing number of cases involved in the panel validation.
The advantage of this approach is also in the
independence of the laboratory equipment used for
the gene expression measurements.
The physiological functions of the ABC genes,
included into the two assay panels, are mostly still
poorly understood; however, connections to cancer
were shown for all of them. The ABCA3 protein (the
first member of the panel for CC patients) transports
phospholipids into the lamellar bodies where they
interact with surfactant proteins to form surfactant.
The ABCA3 protein also appears to be involved in the
formation of normal lamellar bodies and may be
involved in development of resistance to xenobiotics
and engulfment during programmed cell death (if not
http://www.jcancer.org
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specifically stated, information about gene functions
was retrieved from the publicly available databases;
see Materials and Methods). The protein encoded by
the ABCA5 gene, located in the 17q24 chromosome
region in a cluster together with ABCA6, ABCA8,
ABCA9 and ABCA10 genes, is probably involved in
lipid transport including cholesterol efflux. Induction
of ABCA5, together with ABCB1, appeared to be
correlated with the differentiation state of human
colon tumors, and may have a role in tumor
development [21]. It has been speculated that ABCB8,
like other mitochondrial transporters – ABCB6, ABCB7, and ABCB10, is involved in the transport of heme,
phospholipids, and/or peptides. ABCB8 is able to
form complexes with succinate dehydrogenase,
nucleotide translocators, inorganic phosphate
carriers, and ATP synthase in mitochondrial ATPsensitive K+ channels, which are probably involved in
the protection of cells against oxidative stress [22].
Similarly, ABCB10 may mediate critical mitochondrial
transport functions related to heme biosynthesis;
however, recent evidence points toward ABCB10 as
an important player in the protection from oxidative
stress in mammals [23]. ABCC1 (MRP1) mediates
ATP-dependent export of glutathione and glutathione
conjugates, leukotriene C4, estradiol-17-beta-oglucuronide, methotrexate, antiviral drugs and other
xenobiotics from the cytoplasm and confers resistance
to anticancer drugs. Some studies suggest that ABCC6
(MRP6) stimulates the release of adenosine
triphosphate (ATP) from cells through an unknown
mechanism. Moreover, ABCC6 may participate
directly in the active transport of drugs into
subcellular organelles or influence drug distribution
indirectly; isoform 2 inhibits TNF-alpha-mediated
apoptosis through blocking one or more caspases.
Chloride channels, encoded by the ABCC7 (official
symbol CFTR) gene, are a family of anion-selective
channels involved in the regulation of the excitability
of neurons, skeletal, cardiac and smooth muscle, cell
volume regulation, transepithelial salt transport and
the acidification of intra- and extracellular compartments. Surprisingly, an important role of CFTR
protein in gastrointestinal cancer development was
suggested by several recent works [24, 25] and also by
our previous results [11]. The ABCC8 protein
functions as a modulator of ATP-sensitive potassium
channels and insulin release, and together with
ABCD2 was recently suggested to play a putative role
in breast cancer progression and prognosis of patients
[14, 26]. ABCC10 is ATP-dependent transporter
probably involved in cellular detoxification through
lipophilic anion extrusion. Recent data identify roles
for ABCC10 in breast and colorectal cancer
pathogenesis and docetaxel resistance [27, 28]. The
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ABCF1 protein may be regulated by tumor necrosis
factor-alpha and play a role in enhancement of protein
synthesis and the inflammation process.
ABCA2 (the first member of the panel for PC
patients) is highly expressed in brain tissue and may
play a role in macrophage lipid metabolism and
neural development. Together it and ABCA9,
ABCA10, ABCC9, ABCG2 and SLC16A14 present
novel putative markers of epithelial ovarian cancer
progression [29]. ABCA4 is expressed almost
exclusively in retinal photoreceptor cells, indicating
the gene product mediates transport of essential
molecules across the photoreceptor cell membrane. Its
connection to cancer is limited to a few reports to date
[30]. ABCA5 was included into the both assay panels
and discussed above. ABCC2 (MRP2) mediates
hepatobiliary excretion of numerous organic anions
and anticancer drugs such as vinblastine or cisplatin
belong to its substrates. Vinette et al. [31] reported
that ABCC2 expression was upregulated by adenosine
5’-triphosphate (ATP) in colorectal cancer cells and
enhanced their survival when exposed to
chemotherapeutic drugs. The ABCD4 protein may be
involved in intracellular processing of vitamin B12
(cobalamin) and there are only a very few reports
connecting it to cancer [15, 32].
From the above-described plethora of cellular
functions it seems that the prognostic significance of
the common dysregulation profiles (up or
downregulation) revealed by the present study in
non-tumor tissues most likely cannot be simply
attributed to a few functions such as drug or lipid
transport. We also do not know the timeline of these
changes and a clear link to carcinogenesis is still
missing. Andersen and coworkers [33, 34] reported
that changes in the levels of ABC transporters were
early events in the adenoma-carcinoma sequence
leading to CC. It would definitely be interesting to
track the changes defined in the current article in
some pre-neoplastic material as intestinal polyps or
tissues from patients with pancreatitis. Such changes
if found there could bear predictive information and
help with earlier diagnosis of carcinogenesis, which is
urgently needed, especially for PC. Moreover, the
genetic background of these changes could add
another dimension, because genetic testing based on
phenotype would be more cost and labor effective.
Such studies are now in the scope of our next
research.
In conclusion, results in support of the theory
that deregulation of the expression of ABC genes in
non-neoplastic tissues, matched to tumor samples,
can bear clinically relevant information in relation to
tumor progression were shown. ABC gene expression
profiles with dominating downregulation or
http://www.jcancer.org
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upregulation patterns were suggested to be potent
prognostic markers in two different types of
gastrointestinal tumors and are awaiting further
validation.
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