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Abstract. Cancer stem cell (CSC) and ATP‑binding cassette 
(ABC) transporters are associated with treatment resistance 
and outcomes of patients with cancer. The present study 
investigated the prognostic implications of pre‑therapeutic 
expression of ABC transporters and CSC markers in patients 
with colon cancer (CC) who received adjuvant 5‑fluorouracil, 
leucovorin and oxaliplatin combination therapy (FOLFOX‑4). 
The immunohistochemical expression of 3 ABC transporters, 
including ABC subfamily C member 2 (ABCC2), ABCC3 and 
ABC subfamily G member 2 (ABCG2), and 3 CSC markers, 
including sex determining region Y‑box 2 (SOX2), leucine‑rich 
repeat‑containing G protein‑coupled receptor 5 and aldehyde 
dehydrogenase 1, were determined in 164 CC tissues from 
patients with stage  III CC, who underwent postoperative 
FOLFOX‑4 chemotherapy. The association between the 
protein expression and patients' prognoses was statistically 
analyzed. ABCG2 was associated with favorable overall 
survival rate (OS; P=0.001), and ABCC2, ABCG2 and SOX2 
were associated with increased disease‑free survival rate 
(DFS; P=0.001, 0.002 and 0.013, respectively). In multivariate 

analyses, ABCG2 was an independent prognostic factor for OS 
[hazard ratio (HR)=2.877; P=0.046], and ABCC2 and SOX2 
were independent prognostic factors for DFS (HR=2.831; 
P=0.014; HR=2.558, P=0.020, respectively). ABCC2, ABCG2 
and SOX2 may be promising prognostic markers for patients 
with CC receiving FOLFOX‑4 therapy.

Introduction

Colon cancer (CC) is one of the most common malignancy 
types of the gastrointestinal tract and a leading cause of 
cancer‑associated mortalities worldwide in 2012  (1). Over 
the last decade, postoperative chemotherapy has become the 
standard treatment for locally advanced CCs, administered to 
avoid recurrences of cancer following surgery, and has notably 
improved the prognostic outcomes of patients with CC (2‑6). 
In particular, adjuvant 5‑fluorouracil (5‑FU) and oxaliplatin 
combination therapy, termed FOLFOX, is a widely accepted 
standard regimen for resected stage  III CC  (7). However, 
therapeutic responses and clinical outcomes differ among 
individual patients.

Cancer stem cells (CSCs) represent a small population of 
cancer cells that share common properties with normal stem 
cells, including the ability of self‑renewal and multi‑directional 
differentiation (8,9). Due to these properties, subsequent to 
undergoing radio‑ or chemotherapy, the residual CSCs can 
rapidly proliferate to re‑establish the tumor (10). Additionally, 
CSCs have variable intrinsic or acquired drug resistance 
mechanisms, including hypoxic stability, enhanced activity 
of repair enzymes and expression of antiapoptotic proteins, 
including B‑cell lymphoma 2 (10‑12). Therefore, the presence 
of CSCs has been considered to be a major contributor to 
the development of chemoresistance in malignant tumor 
cases  (13‑15). Expression of drug efflux transporters is 
also associated with the chemoresistant properties of 
CSCs  (14,16‑18). ATP‑binding cassette (ABC) transporter 
proteins serve as efflux pumps to actively extrude molecules 
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out of cells, and expression of ABC transporters in cancer 
cells is one of the major causes of multidrug resistance, a key 
obstacle to cancer chemotherapy (19). Multiple transporters, 
including ABC subfamily B member 1 and ABC subfamily G 
member 2 (ABCG2), have been identified in CSCs and have 
been indicated to serve an important role in the clinical 
resistance of CSCs to anticancer drugs (17,18).

The prognostic importance of the transcript or protein 
expression level of CSC markers and ABC transporter has 
been reported in colorectal cancer (20‑23), and also inves-
tigated in colorectal cancer cohorts treated with specific 
adjuvant or neoadjuvant treatment  (24‑27). Furthermore, 
the association between ABC transporters or CSC proper-
ties and chemoresponses has been reported using multiple 
colorectal cancer cell lines  (28‑30). Overexpression of 
leucine‑rich repeat‑containing G protein‑coupled receptor 5 
(LGR5) reduced the sensitivity toward 5‑FU and oxaliplatin 
of Lovo, HT29 and HCT116 cells  (29), and inhibition of 
ABC subfamily C member 3 (ABCC3) increased sensitivity 
to 5‑FU (30) in HT29 and SW480 cells. Expression of ABC 
transporters in colorectal cancer tissues has been associated 
with chemoresponse. Patients with metastatic colorectal cancer 
with immunohistochemical (IHC) overexpression of ABCG2 
indicated resistance to 5‑FU‑based treatment (31), and aberrant 
ABCC3 protein expression had been reported to be associated 
with chemo‑radioresistance in patients with rectal cancer (30). 
Despite the aforementioned results, Hlavata et al (24) reported 
that transcript levels of various ABC transporters, including 
ABC subfamily C member 6, ABC subfamily C member 11, 
ABC subfamily F member 1 and ABC subfamily F member 2, 
were decreased in non‑responders to palliative chemotherapy 
in patients with colorectal cancer.

The present study evaluated the expression of multiple 
ABC transporters and CSC markers in cancer tissues 
from a homogeneous group of patients with stage  III CC 
postoperatively receiving 5‑fluorouracil, leucovorin and 
oxaliplatin combination therapy (FOLFOX‑4 regimen) using 
an IHC method and statistically analyzed their prognostic 
significance. Through the literature review, 3 ABC transporters, 
including ABCC2, ABCC3 and ABCG2, and 3 CSC markers, 
including LGR5, aldehyde dehydrogenase 1 (ALDH1) and sex 
determining region Y‑box 2 (SOX2) were selected, of which 
primary antibodies for IHC staining were available and clinical 
implications have been reported in patients with colorectal 
cancer (21,22,24,26,27,30‑34). The results of the present study 
will provide fundamental data for investigating the usefulness 
of ABC transporters and CSC markers as prognostic markers 
and as target molecules.

Materials and methods

Patients and tissue samples. A total of 164 CC tissues were 
collected for the present study from patients with stage III 
CC who had received postoperative adjuvant therapy with the 
FOLFOX‑4 regimen between May 2003 and December 2010 
at Seoul National University Bundang Hospital (Seongnam, 
South Korea). The mean age of the patients at diagnosis 
was 59.8±10.4 years. A total of 58 patients  (35.4%) were 
female and 106 (64.6%) were male (Table I). Therapeutic 
and prognostic data were collected from the archives of the 

Department of Internal Medicine of Seoul National University 
Bundang Hospital. The inclusion criteria for patients were 
as follows: the presence of histologically proven adenocar-
cinomas of primary CCs, the availability of paraffin blocks 
of the resected specimens and available information on the 
follow‑up conducted on these patients. Histopathological and 
clinical data were obtained from the medical records and 
pathological reports of the patients. Pathological stage was 
determined per the grading system of the 8th edition of the 
American Joint Committee on Cancer (35). Patients did not 
receive neoadjuvant chemotherapy or radiotherapy, and were 
followed‑up through November 1 2015. Follow‑up of patients 
was scheduled at 3‑monthly intervals for up to 2  years, 
6‑monthly intervals for up to 5 years, and annually thereafter. 
During follow‑up visits, all relevant data were collected. 
All tissue samples were fixed in 10% formalin at 24˚C for 
12 h and embedded in paraffin. This study was approved by 
the Institutional Review Board for Research Using Human 
Subjects at the Seoul National University Bundang Hospital 
(IRB no. B1512‑326/302).

Chemotherapeutic treatment. A total of 12 cycles of the adjuvant 
FOLFOX‑4 regimen were administered. Each cycle consisted of 
a 2‑h infusion of oxaliplatin at a dose of 85 mg/m2 administered 
simultaneously with a 2‑h infusion of leucovorin at a dose of 
200 mg/m2, followed by a bolus of 5‑FU at a dose of 400 mg/m2, 
and then a 22‑h infusion of 5‑FU at a dose of 600 mg/m2 admin-
istered on 2 consecutive days. This cycle was repeated every 
2 weeks. Detailed frequencies of adverse events were presented 
in Table  SI. The grade for adverse event was determined 
according to Common Terminology Criteria for Adverse Events 
v. 4.0 (36). Dosage of chemotherapy was determined every cycle 
by each physician's discretion. The physicians were affiliated 
with Seoul National University Bundang Hospital. Relative dose 
intensities of oxaliplatin and 5‑FU were not different according 
to protein expression (data not shown).

Construction of tissue microarrays (TMAs). A representa-
tive tumor section slide and the corresponding paraffin block 
(donor block) were collected from each case following slide 
review. Following the marking of areas of high tumor cell 
density on the selected slides, tumor cores (2 mm diameter) 
were obtained from the corresponding areas of the paraffin 
blocks, using a trephine apparatus. A total of 164 trephined 
paraffin tissue cores from 164 patients were consecutively 
placed into recipient blocks (TMA blocks). Each TMA block 
incorporated up to 60 samples.

IHC staining and interpretation of results. Detailed infor-
mation regarding used primary antibodies is presented in 
Table II. IHC staining was performed using a BenchMark 
XT automated immunostaining system (Ventana Medical 
Systems, Inc., Tucson, AZ, USA), according to the manu-
facturer's protocols. Briefly, 4‑µm‑thick sections were 
cut from each of the paraffin tissue blocks, mounted on 
positively charged slides, and dried at 62˚C for 30  min. 
Subsequent to undergoing heat epitope retrieval at 98˚C for 
60 min in ethylenediaminetetraacetic acid (pH 8.0) in the 
autostainer, endogenous peroxidase activity was blocked 
by immersing the slides in a 3% hydrogen peroxidase solu-
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tion for 4 min at 36˚C. The samples were incubated with 
individual primary antibodies at 36˚C for 32 min and then 
incubated with a mixture of horseradish peroxidase‑labeled 
antibodies composed of goat anti‑rabbit antibody and goat 
anti‑mouse antibody included in the UltraView Universal 
DAB kit (cat. no. 760‑500; Ventana Medical Systems, Inc.) 
for 8 min at 36˚C. Following treatment with 0.04% hydrogen 
peroxide in a phosphate buffer solution and DAB chromogen 
containing 0.2%  3,3'‑diaminobenzidine tetrahydrochlo-
ride at 36˚C for 8 min, samples were treated with copper 
sulfate (5 µg/l) at 36˚C for 4 min (all reagents used in these 
processes were included in the UltraView Universal DAB kit; 
cat. no. 760‑500; Ventana Medical Systems, Inc.). Slides were 
counterstained with 0.5% Modified Mayer's Hematoxylin 
at 36˚C for 4 min. Placenta tissues were mounted on each 
slide as a positive control for LGR5, ABCC3 and ABCG2, 
and hepatic tissues were mounted as a positive control for 
ALDH1, SOX2 and ABCC2.

A total of two pathologists (ES and MLK) manually 
evaluated the IHC stained slides at x200 magnification in a 
blinded fashion under a light microscope. Staining intensi-
ties were semi‑quantitatively scored as negative (score=0), 
weak (score=1), moderate (score=2) or strong (score=3). 
Additionally, the percentage of immune‑reactive cells was 
assessed. There are no established absolute criteria for 
immune‑positivity for the examined proteins; therefore, by 
testing a series of different values, the staining results were 
deemed positive when >10% of tumor cells had intensity 
scores of ≥1. The representative immunostainings are 
presented in Fig. 1.

Statistical analysis. Statistical analysis was performed using 
the SPSS 21.0 software (IBM Corp., Armonk, NY, USA). 
Spearman's Rho coefficient test was used to analyze correla-
tions between expression levels of proteins. The associations 
between the status of expression of the different proteins 
and the clinicopathological features of the corresponding 
patients were analyzed using Pearson's χ2 test. For analysis 
of survival data, the differences between survival rates were 
determined using the log‑rank test, and multivariate analysis 
was performed using the backward conditional method of 
Cox proportional hazards regression modeling. Disease‑free 
survival rate (DFS) was calculated from the date of surgery 
to the date of first recurrence or mortality. Overall survival 
rate (OS) was defined as the interval from the date of surgery 
to the date the patient succumbed. Continuous variables are 
presented as the means ±  standard deviation. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Characteristics of patients. The clinicopathological 
characteristics of patients with CC receiving adjuvant 
FOLFOX‑4 treatment are detailed in Table  I. By location, 
30.5% of the tumors were localized in the right colon and 66.5% 
in the left colon. In 2 patients (1.2%), the CCs were classified as 
pathological stage T1, in 4 (2.4%) as stage T2, in 124 (75.6%) 
as stage T3, in 29 (17.7%) as stage T4a and in 5 (3.0%) as 
stage  T4b. All cases exhibited lymph node metastases; 
102 (62.6%) cases were classified as N1 and 62 (37.3%) cases 

Table I. Clinicopathological characteristics of patients with CC.

Variables	 Value, n (%)

Age (years)
  Mean ± standard deviation (range)	 59.8±10.4 (28‑80)
Sex (%)
  Female	 58 (35.4)
  Male	 106 (64.6)
Location (%)
  Right colon	 50 (30.5)
  Left colon	 114 (66.5)
Tumor size (cm)
  Mean ± standard deviation (range)	 5.1±1.9 (1.5‑11.0)
Gross type (%)
  Polypoid	 8 (4.9)
  Ulcerofungating	 91 (55.8)
  Ulceroinfiltrative	 63 (38.7)
Flat (%)	 1 (0.6)
  Microsatellite instability statusa

  Microsatellite instability‑high	 8 (4.8)
  Microsatellite instability‑low	 9 (5.5)
  Microsatellite stable	 146 (89.6)
Differentiation (%)
  Well differentiated	 3 (1.9)
  Moderately differentiated	 139 (88.0)
  Poorly differentiated	 16 (10.1)
Pathological T stage (%)a

  pTis	 0 (0)
  pT1	 2 (1.2)
  pT2	 4 (2.4)
  pT3	 124 (75.6)
  pT4a	 29 (17.7)
  pT4b	 5 (3.0)
Pathological N stage (%)a

  N0	 0 (0)
  N1	 102 (62.6)
  N2	 62 (37.3)
Lymphatic invasion (%)
  Present	 88 (53.7)
  Not identified	 76 (46.3)
Vascular invasion (%)
  Present	 29 (17.7)
  Not identified	 135 (82.3)
Perineural invasion (%)
  Present	 68 (41.5)
  Not identified	 96 (58.5)
Disease progression	 29 (17.7)
  Local recurrence only	 4 (2.4)
  Distant metastasis only	 23 (14.0)
  Local recurrence and distant metastasis 	 2 (1.2)
  No recurrence/metastasis 	 135 (82.3)
Death	 16 (9.8)

aPathological T and N stage were determined according to the 
Grading System of the 8th Edition of the American Joint Committee 
on Cancer (35). T, tumor; N, node; CC, colon cancer.
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were classified as N2 (Table  I). Lymphatic, vascular and 
perineural invasion were indicated in 88 (53.7%), 29 (17.7%) 
and 68  (41.5%)  patients, respectively. During follow‑up, 
29 patients had local recurrences or distant metastases, and 
16 patients succumbed (Table I).

Expression profiles of ABC transporters and CSC markers. 
The expression frequencies of the examined ABC transporters 
were as follows: 87.1  (142/163) for ABCC2, 44.8  (73/164) 
for ABCC3 and 85.4% (140/164) for ABCG2. The expres-
sion frequencies of the CSC markers were 79.9  (131/164), 
38.4 (63/164) and 82.3% (135/164) for LGR5, ALDH1 and 

SOX2, respectively. Immune‑positivities with detailed case 
distribution according to intensity score are presented in 
Table  III. Among the immune‑positive cases, moderate 
intensity (intensity score 2) was the most frequent expres-
sion pattern for ABCC2, ABCC3 and LGFR5, while strong 
intensity was the most frequent expression pattern for ALDH1, 
ABCG2 and SOX2 immunostaining. Particularly, the expres-
sion intensity of ALDH1 was relatively strong with only 
one case exhibiting weak expression. Expression of ABCC2 
was significantly associated with that of ABCC3 and LGR5 
(Spearman's Rho coefficient =0.347 and 0.354, respectively; 
P<0.001). Additionally, there was an association between 

Table II. Antibodies used for immunohistochemical staining.

Antibody	 Company	 Cat. no.	 Clonality	 Reactivity	 Dilution

ABCC2	 Abcam,	 Ab3373	 Mouse	 Human	 1:50
	 Cambridge, UK		  monoclonal		
ABCC3	 Abcam	 Ab3375	 Mouse	 Human	 1:20
			   monoclonal	
ABCG2	 Alexis Biochemicals;	 ALX 801‑029‑C125	 Mouse	 Human	   1:200
	 Enzo Life Sciences, Inc.,		  monoclonal		
	 Farmingdale, NY, USA				  
LGR5	 Sigma‑Aldrich;	 HPA012530	 Rabbit	 Human	   1:100
	 Merck KGaA,		  polyclonal		
					   
ALDH1	 BD Bioscience,	 44/ALDH	 Mouse	 Human	   1:100
	 San Jose, CA, USA		  monoclonal		
SOX2	 EMD Millipore,	 636675	 Mouse	 Human	   1:500
	 Billerica, MA, USA		  monoclonal		

ABCC2, ATP binding cassette subfamily C member 2; ABCC3, ATP binding cassette subfamily C member 3; ABCG2, ATP binding cassette 
subfamily G member 2; LGR5, leucine‑rich repeat containing G protein‑coupled receptor 5; SOX2, sex determining region Y‑box 2; ALDH1, 
aldehyde dehydrogenase 1; ABC, ATP‑binding cassette.

Figure 1. Representative immunohistochemical images of cancer stem cell markers and ABC transporters in colon cancer. (A) ABCC2, (B) ABCC3, 
(C) ABCG2, (D) LGR5, (E) SOX2 and (F) ALDH1 (magnification, x200). ABCC2, ATP binding cassette subfamily C member 2; ABCC3, ATP binding 
cassette subfamily C member 3; ABCG2, ATP binding cassette subfamily G member 2; LGR5, leucine‑rich repeat containing G protein‑coupled receptor 5; 
SOX2, sex determining region Y‑box 2; ALDH1, aldehyde dehydrogenase 1; ABC, ATP‑binding cassette.
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the expression of ABCC3 and SOX2 (Spearman's Rho coef-
ficient =0.192; P=0.014) (data not shown).

The association between the expression of ABC transporters 
and CSC markers and the clinicopathological parameters of 
the corresponding patients was tested using Pearson's χ2 test. 
Expression of ALDH1 was significantly associated with 
the right‑sided location of tumors (P=0.010). However, no 
statistically significant associations were observed between 
expression of these proteins and the rest of the parameters 
(data not shown).

Association between the expression of ABC transporters 
and CSC markers and OS. The median and mean OS at 

the last follow‑up appointment were 66.8 and 67.0 months, 
respectively. Univariate analysis indicated that ABCG2 
expression was significantly associated with OS (P=0.001). 
Expression levels of other proteins, including ABCC2, 
ABCC3, LGR5, ALDH1 and SOX2, indicated no significant 
association with OS (Fig. 2). Among the clinicopathological 
parameters, pathological N stage, lymphatic invasion and 
perineural invasion exhibited an association with OS 
(P=0.040, 0.003 and 0.003, respectively; data not shown). 
Multivariate Cox regression analyses identified ABCG2 
overexpression as an independent positive prognostic 
indicator of OS [hazard ratio (HR)=2.877 and 95% confi-
dence  interval (CI)=1.019‑8.119; P=0.046). Lymphatic 

Table III. Expression frequencies of ABC transporters and stem cell markers.

	 n (%)
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Protein classification	 Protein	 Intensity score 1	 Intensity score 2	 Intensity score 3	 Immune‑positivity

ABC transporter	 ABCC2	   27/163 (16.6)	 71/163 (43.6)	 44/163 (27.0)	 142/163 (87.1)
	 ABCC3	 13/164 (7.9)	 38/164 (23.2)	 22/164 (13.4)	   73/164 (44.5)
	 ABCG2	   39/164 (23.8)	 49/164 (29.9)	 52/164 (31.7)	 140/164 (85.4)
Stem cell marker	 LGR5	   23/164 (14.0)	 62/164 (37.8)	 46/164 (28.0)	 131/164 (79.9)
	 ALDH1	   1/164 (0.6)	 20/164 (12.2)	 42/164 (25.6)	   63/164 (38.4)
	 SOX2	   23/164 (14.0)	 52/164 (31.7)	 60/164 (36.6)	 135/164 (82.3)

ABCC2, ATP binding cassette subfamily C member 2; ABCC3, ATP binding cassette subfamily C member 3; ABCG2, ATP binding cassette 
subfamily G member 2; LGR5, leucine‑rich repeat containing G protein‑coupled receptor 5; sex determining region Y‑box 2; ALDH1, aldehyde 
dehydrogenase 1; ABC, ATP‑binding cassette.

Figure 2. Association between overall survival rate, and expression of cancer stem cell markers and ABC transporters. Kaplan‑Meier overall survival curve 
for patients with colon cancer according to (A) ABCC2, (B) ABCC3, (C) ABCG2, (D) LGR5, (E) ALDH1 and (F) SOX2. ABCC2, ATP binding cassette 
subfamily C member 2; ABCC3, ATP binding cassette subfamily C member 3; ABCG2, ATP binding cassette subfamily G member 2; LGR5, leucine‑rich 
repeat containing G protein‑coupled receptor 5; SOX2, sex determining region Y‑box 2; ALDH1, aldehyde dehydrogenase 1; ABC, ATP‑binding cassette.
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invasion also had a significant effect on OS in multivariate 
analysis (P=0.049; Table IV).

Association between the expression of ABC transporters and 
CSC markers and DFS. The median and mean DFS at the 
last follow‑up appointment were 61.9 and 61.7, respectively. 
Significant increases in DFS were observed in patients who 
were positive for ABCC2, ABCG2 and SOX2, compared 
with patients who were negative for these proteins (P=0.001, 
0.002 and 0.013, respectively; Fig. 3). Among the clinicopatho-
logical parameters, only the presence of perineural invasion 
was associated with a reduced DFS (P=0.013; data not shown). 
On multivariate Cox regression analyses for DFS, expression 
of ABCC2 and SOX2 remained independent prognostic factors 
of the FOLFOX group (HR=2.831, 95% CI=1.238‑6.474 and 
P=0.014; and HR=2.558, 95% CI=1.156‑5.658 and P=0.020, 
respectively; Table V).

Discussion

CSCs and ABC transporters have been proposed as relevant 
prognostic biomarkers for outcomes and response to chemo-
therapy (20‑23). The aim of the present study was to evaluate 
the potential use of CSC markers and ABC transporters as 
prognostic biomarkers in patients with stage III CC who had 
received the same adjuvant treatment, FOLFOX‑4. It was 
indicated that ABCC2, ABCG2 and SOX2 were independent 
favorable prognostic markers in this CC cohort.

LGR5, expressed in the crypt base of the small and 
large intestines, has received attention as a marker for 
normal colon stem cells and colon CSCs  (37). ALDH1, 
one of the common CSC markers, has been indicated to 
endow tumor cells with chemoresistance, due to its strong 
cellular detoxification activity (38,39). A number of studies 
reported an association between the expression of LGR5 or 

ALDH1 and patients' prognoses in various malignant tumor 
types, including breast cancer and gastric cancer (32,40). In 
patients with CC, an association between the expression of 
these proteins in the tumor and an unfavorable prognosis 
has been reported  (21,22,27,33) and a number of studies 
reported the same association in a CC cohort treated with 
adjuvant or neoadjuvant chemo‑ or chemoradiation treat-
ment (26,27,41,42). However, conflicting results have also 
been reported in malignant tumor types of various organs, 
including the ovary and colorectum  (43‑45), and in the 
present study, a prognostic value for these proteins was not 
observed in patients with stage III CC receiving adjuvant 
FOLFOX‑4 treatment. SOX2, a transcription factor that 
serves as a critical regulator of stem cell maintenance and 
cell‑fate decisions, is frequently used as a CSC marker in 
various malignant tumor types, including skin squamous cell 
carcinoma, bladder cancer and colorectal cancer (46‑48). 
Many studies reported that SOX2 could serve as a poor 
prognostic marker in patients with various types of cancer, 
including rectum, breast and oral cavity cancer (26,32,34). 
However, contradictory results have been reported (49‑51) 
and in the present study, the expression of SOX2 indicated a 
favorable prognosis in patients with stage III CC with adju-
vant FOLFOX‑4 chemotherapy. This may be due to another 
role of SOX2, as SOX2 decreases the expression levels of 
cyclin D1 and phosphorylated retinoblastoma, and increases 
the expression levels of p27, inducing cell‑cycle arrest and 
apoptosis (52). Additionally, SOX2 directly trans‑activates 
phosphatase and tensin homolog in gastric cancer (53). These 
results indicated that the prognostic value of CSC markers 
in cancer may depend on the types of cancer and their stage.

In the present study, ABCC2 was associated with a 
prolonged DFS, and ABCG2 with prolonged DFS and OS. 
These results were contradictory to our original hypothesis 

Table IV. Multivariate analyses for overall survival rate in 
patients with colon cancer.

Variable	 HR	 95% CI	 P‑value

Lymph node stage			   0.584
  pN1	 1		
  pN2	 1.353	 0.458‑3.997	
Lymphatic invasion			    0.049a

  Absent	 1		
  Present	 4.718	   1.006‑22.124	
Perineural invasion			   0.070
  Absent	 1		
  Present	 2.962	 0.915‑9.588	
ABCG2			    0.046a

  Negative	 2.877	 1.019‑8.119	
  Positive	 1		

aP<0.05. ABCG2, ATP binding cassette subfamily G member 2; HR, 
hazard ratio; 95% CI, 95% confidence interval.

Table V. Multivariate analyses for disease‑free survival rate in 
patients with colon cancer.

Variable	 HR	 95% CI	 P‑value

Perineural invasion			    0.023a

  Absent	 1
  Present	 2.465	 1.129‑5.380
ABCC2			    0.014a

  Negative	 2.831	 1.238‑6.474
  Positive	 1
ABCG2			   0.063
  Negative	 2.192	 0.958‑5.016
  Positive	 1
SOX2			    0.020a

  Negative	 2.558	 1.156‑5.658
  Positive	 1

aP<0.05. SOX2, sex determining region Y‑box 2; ABCC2, ATP 
binding cassette subfamily C member 2; ABCG2, ATP binding 
cassette subfamily G member 2; HR, hazard ratio; 95% CI, 95% con-
fidence interval.
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that expression of ABC transporters may be associated with 
a reduced prognosis following chemotherapy. This may be 
associated with role of ABCC2 and ABCG2 in phase  II 
metabolism of platinum‑based anticancer agents  (54). 
Limiting platinum‑DNA adduct formation by conjugation 
with sulfur‑containing molecules, including glutathione, 
is one of the major cellular mechanisms involved in resis-
tance against platinum‑based anticancer agents, including 
cisplatin or oxaliplatin (55). Sensitivity to platinum‑based 
anticancer agents is associated with cellular glutathione 
concentration  (55‑58). ABCC2 is one of the glutathione 
transporters, which exports glutathione outside the cell 
and decreases the concentrations of glutathione  (56). 
Theile et al  (59) reported that 5‑FU induces overexpres-
sion of ABCC2 and proposed that upregulation of ABCC2 
by 5‑FU may favor the synergistic action of the drug 
combination in the FOLFOX‑4 regimen. Previous studies 
reported that ABCG2 is associated with glutathione trans-
port  (60,61). Krzyżanowski  et  al  (60) reported that the 
expression levels of glutathione were decreased in cells 
that overexpressed ABCG2. Brechbuhl et al (61) reported 
that cells that overexpress ABCG2 indicate an increase in 
basal extracellular glutathione levels. Hlavata et al (24) and 
Mirakhorli et al (25) investigated the clinical implication of 
ABCC2 expression in a small number of CC samples treated 
with a 5‑FU containing regimen and FOLFOX, respectively. 

Hlavata et al (24) reported no clinical significance for the 
transcript level of ABCC2; however, Mirakhorli et al (25) 
reported that the incidence of metastasis or recurrence was 
not significantly reduced in the ABCC2 positive group, in 
accordance with the results of the present study. In contrast, 
Lin et al  (31) reported that high ABCG2 expression was 
associated with resistance to palliative FOLFOX treatment 
in patients with metastatic CC, indicating that the biological 
role of ABC transporters in the chemoresponse may vary 
according to cancer stage.

The expression of ABC transporters has been indicated to 
be one of the factors that enhance the survival of CSCs during 
chemotherapy and multiple ABC transporters, including 
p‑glycoprotein and ABCG2, have been identified in CSCs (14). 
The association between the expression of CSC markers and 
the expression of ABC transporters, including the associations 
between LGR5 and ABCC2, and SOX2 and ABCC3, was 
examined in the present study, suggesting an association 
between CSCs properties and ABC transporter expression.

The present study presents a limitation in that it includes 
only retrospectively‑collected cases. Further prospective 
studies with larger cohorts are required, in order to confirm 
the clinical use of these markers as prognostic marker for 
patients with CC. It was indicated that the expression of SOX2, 
ABCC2 and ABCG2 were associated with improved outcomes 
in patients with stage III CC, who post‑operatively received 

Figure 3. Association between disease‑free survival rate and expression of cancer stem cell markers and ABC transporters. Kaplan‑Meier disease free survival 
curve for patients with colon cancer according to (A) ABCC2, (B) ABCC3, (C) ABCG2, (D) LGR5, (E) ALDH1 and (F) SOX2. ABCC2, ATP binding cassette 
subfamily C member 2; ABCC3, ATP binding cassette subfamily C member 3; ABCG2, ATP binding cassette subfamily G member 2; LGR5, leucine‑rich 
repeat containing G protein‑coupled receptor 5; SOX2, sex determining region Y‑box 2; ALDH1, aldehyde dehydrogenase 1; ABC, ATP‑binding cassette.
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chemotherapy with the FOLFOX‑4 regimen. They may be 
beneficial prognostic markers in patients with CC who have 
received adjuvant FOLFOX treatment and promising candi-
date markers for a validation study on FOLFOX‑4 therapy 
outcomes.
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