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We determined the gene expression profiles for 48 ATP binding cassette (ABC)
transporters in matched colon cancer and normal colon tissues in order to pro-
vide insight into the mechanisms underlying expression of transporters related to
colon carcinogenesis. The expression of ABCB1, ABCC1, ABCC2, ABCC3, and
ABCG2 was altered in association with colon carcinogenesis. Among these trans-
porters, the expression of ABCC3 was repressed by Wnt signaling pathway in
colon cancer cell lines. Knockdown of the pathway components transcription fac-
tor 7-like 2 (TCF7L2) or B-catenin thus increased ABCC3 expression, whereas acti-
vation of Wnt signaling with inhibitors of glycogen synthase kinase-3p (GSK-3p)
reduced it. ChIP and luciferase reporter assays also showed that TCF7L2 binds to
the ABCC3 locus and regulates its expression. Finally, overexpression of ABCC3 in
colon cancer cells conferred resistance to anticancer drug-induced cytotoxicity.
Our data thus suggest that Wnt signaling represses ABCC3 expression during
colon carcinogenesis, and that subsequent upregulation of ABCC3 expression dur-
ing drug treatment might contribute to acquired drug resistance.
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C olorectal cancer (CRC) is one of the most common types
of cancer worldwide. Surgical resection is the only cura-
tive treatment available for primary CRC. Unresectable tumors
are often treated with chemotherapy, and advanced CRC is
treated with a combination of surgery and chemotherapy.
Although the outcome of chemotherapy for CRC has improved
since the introduction of combination regimens including 5-
fluorouracil (5-FU) and either oxaliplatin or irinotecan as well
as that of molecularly targeted drugs,“’” CRC remains a lead-
ing cause of cancer death. Development of more effective
chemotherapeutic regimens for CRC is thus urgently needed.

Challenges faced by chemotherapy for CRC include side-
effects, high cost,”” and development of drug resistance.
Reduced drug absorption as well as increased drug metabolism
and excretion at the systemic level thus lower the effective drug
concentration in blood.”” Furthermore, reduced drug uptake as
well as increased drug metabolism and export in cancer cells
increase drug resistance. ATP binding cassette (ABC) trans-
porters are key mediators of the efflux of anticancer agents from
cancer cells and therefore play an important role both in
chemosensitivity of chemotherapy-naive cancer cells and in
acquired resistance of cancer cells to anticancer drugs.

ATP binding cassette transporters are localized at the cell
membrane and mediate the export of substrates including
metabolites, lipids, proteins, saccharides, amino acids, inorganic
and organic ions, metals, and drugs.(ﬁ) Among the 48 human
ABC transporters, 12 proteins have been found to mediate the
efflux of anticancer drugs.>”’ Inhibition of the activity of such
transporters in cancer cells would be expected to increase the
intracellular concentration of these drugs and thereby to increase
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their effectiveness. However, such inhibitors have failed to over-
come anticancer drug resistance in clinical trials.® One reason
for this failure is that the transporters are expressed not only in
cancer cells but also in normal cells, in which they have impor-
tant physiological roles, with the result that inhibition of trans-
porter activity can be associated with a high incidence of
adverse effects. The expression levels of certain ABC trans-
porters were recently found to be markedly altered in several
cancer types including CRC compared with corresponding nor-
mal cells,” suggesting that inhibitors that target such trans-
porters might be associated with fewer side-effects.

Oncogenic transformation in CRC proceeds according to a
well-characterized adenoma-carcinoma sequence. Normal
epithelial cells thus progress to cancer cells in a stepwise man-
ner associated with mutational activation of oncogenes. To
identify ABC transporter genes whose expression levels
change during colon carcinogenesis, we have now examined
the expression levels of ABC transporter genes in normal
colon and colon cancer tissue derived from chemotherapy-
naive patients. We then examined whether signaling associated
with gene mutation during the adenoma-carcinoma sequence
might regulate the observed changes in transporter gene
expression. We found that the Wnt signaling pathway, which
is activated at an early stage of the adenoma-carcinoma
sequence, regulates the expression of ABCC3.

Materials and Methods

Surgical specimens. We sampled tissue from three colon can-
cer patients who underwent surgical resection of the primary
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tumor at Tohoku University Hospital (Table 1). This aspect of
the study was approved by the Institutional Review Board of
Tohoku University Graduate School of Medicine, and the
patients provided written informed consent.

Cell culture, RNAi, and modulation of Wnt signaling. Human
colon cancer cell lines were obtained from ATCC (Manassas,
VA, USA). HCT 116 and HT-29 were cultured in McCoy’s
5A medium (Thermo Scientific, Waltham, MA, USA), COLO
205 and HCT-15 in RPMI 1640 (Sigma, St. Louis, MO, USA),
and SW620 in DMEM (Sigma). For RNAI, cells were trans-
fected with Silencer Select specific (Table S1) or negative con-
trol (no. 1) siRNAs (Thermo Scientific) at a final concentration
of 9.1 nM with the use of the Lipofectamine RNAi MAX
Reagent (Thermo Scientific). Total RNA and protein were
extracted from cells 72 h after siRNA transfection. For modu-
lation of Wnt signaling, cells were exposed to AR-A014418
(Abcam, Cambridge, UK), LiCl (Wako, Osaka, Japan), or
ICG-001 (MedChemexpress, Monmouth Junction, NJ, USA)
for 24 h before extraction of total RNA.

RT-gPCR, immunoblot, and ChIP-qPCR analyses. RT and quan-
titative PCR (qPCR), immunoblot, and ChIP-qPCR analyses
were performed as described previously.'” RT-qgPCR data
were normalized by the amount of B-glucuronidase (GUSB)
mRNA. For ChIP-qPCR, HCT 116 cells were infected with a
lentivirus encoding an shRNA specific for TCF7L2 mRNA (5'-
GAUGGAAGCUUACUAGAUU-3'). The gPCR primers and
antibodies used in this study are listed in Table S1.

Statistical analysis. Data are presented as means £ SD for
biological (not technical) replicates. For microarray analysis,
differences were evaluated with the two-tailed, paired r-test or
Welch’s t-test depending on analysis of variance. Differences
in other experiments were evaluated as indicated. Statistical
analysis was performed with R (The R Foundation for Statisti-
cal Computing, ver. 3.0.2 or ver. 3.3.0, Vienna, Austria). A P-
value of <0.05 was considered statistically significant.

Other methods. Additional methods are described in Sup-
porting Information (Appendix S1).

Results

Gene expression profiles for 48 ABC transporters in normal
colon and colon cancer. We determined gene expression pro-
files for three paired colon cancer (T1, T2, T3) and normal
colon (N1, N2, N3) specimens collected from chemotherapy-
naive patients as well as for five colon cancer cell lines by
RNA sequencing (RNA-seq) (Table S2). Clustering analysis
according to correlation coefficients assigned expression pro-
files to two broad categories: cell lines and clinical speci-
mens (Fig. S1). The clinical specimens were further divided
into two groups—normal colon and colon cancer—rather
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than into three groups of samples obtained from the same
individuals.

Among the 48 human ABC transporter genes, expression of
eight genes (ABCB2, ABCB3, ABCBS, ABCBI0, ABCCI,
ABCC2, ABCEI, ABCF2) was upregulated, whereas that of 17
genes (ABCA2, ABCAS5, ABCA6, ABCAS, ABCA9, ABCAIO,
ABCBI1, ABCB4, ABCB5, ABCBI11, ABCC3, ABCCS8, ABCD?2,
ABCD3, ABCG1, ABCG2, ABCG4) was downregulated in each
cancer specimen (Fig. 1 and Table S3).

We next focused on 11 ABC transporters whose substrates
were previously shown to include anticancer agents®™
(Fig. 2a). Reanalysis of a microarray data set" " revealed that,
among these transporters, expression of the genes for ABCCI1
and ABCC2 was significantly upregulated, whereas that of
those for ABCBI, ABCC3, and ABCG2 was significantly
downregulated in colon cancer compared with normal tissue
(Fig. 2a). These findings are consistent with the results of
another previous study® and our RNA-seq analysis (Fig. 2b),
and we validated these findings by RT-qPCR (Fig. 2c¢).

Consistent with our gene expression data, immunohisto-
chemistry revealed that the expression of ABCC3 (also known
as multidrug resistance-associated protein 3, or MRP3) was
prominent in normal colonic epithelial cells but was markedly
downregulated in the corresponding colon cancer cells (Fig. 3).
The expression of ABCC3 was thus downregulated at both
mRNA and protein levels in colon cancer compared with nor-
mal colon.

Whnt signaling represses ABCC3 expression in colon cancer cell
lines. To identify signaling pathways that regulate the expres-
sion of ABC transporters during colon carcinogenesis, we
examined transporter expression in relation to the adenoma-
carcinoma progression. We found that the expression of genes
regulated by Wnt signaling, including BIRC5 (survivin),
CCNDI (cyclin DI1), and MYC (c-Myc), was markedly
increased in the three colon cancer specimens compared with
the paired control tissue (Table S3). We therefore examined
whether Wnt signaling might regulate the expression of the
five ABC transporters implicated in colon carcinogenesis.

We tested the effects of inhibition or activation of Wnt signal-
ing on ABC transporter expression in the colon cancer cell lines
HCT 116, HCT-15, HT-29, and SW620. COLO 205 cells were
excluded from such analysis because of a low transfection effi-
ciency. Transcription factor 7-like 2 (TCF7L2) and B-catenin
(CTNNBI1) are transcriptional regulators in Wnt signaling. HCT
116 cells harbor an activating mutation in CTNNB] but are wild
type for the adenomatous polyposis coli gene (APC), and they
therefore manifest constitutive activation of TCF7L2 (Table S4).
The other three cell lines studied are wild type for CTNNBI but
harbor loss-of-function mutations in APC, and they also manifest
constitutive activation of TCF7L2 (Table S4).

Table 1. Patient characteristics
RINg§
Patient Age (years) Sex  Tumor location  Tf N M G  Stagei Complication Presurgical treatment
Normal  Tumor
1 69 M Ascending colon T3 Nib MO G2 IB Diabetes mellitus None 8.2 7.9
2 61 M Ascending colon T3 NO MO G2 A None None 9.0 9.0
3 56 F Sigmoid colon T2 NO MO G2 | None None 7.5 6.9

1T, N, M, and G refer to the primary tumor site, regional lymph node involvement, the presence or otherwise of distant metastatic spread, and
the grade of CRC based on the degree of cell differentiation and cell growth rate, respectively. {The stage of each cancer was determined from
the pathological diagnosis according to the TNM Classification of Malignant Tumours (seventh edition). §RIN, RNA integrity number for the iso-

lated total RNA samples.
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We depleted the colon cancer cell lines of TCF7L2 or B-
catenin by RNAi (Fig. 4a and Figs S2a,S3a). Depletion of
either TCF7L2 or PB-catenin resulted in an increase in the
abundance of ABCC3 mRNA in all four cell lines (Fig. 4b
and Fig. S3b). In contrast, although the expression of ABCBI,
ABCCI, ABCC2, and ABCG?2 differed between tumor and nor-
mal tissue, depletion of TCF7L2 or B-catenin did not consis-
tently affect these genes, suggesting that their expression is not
directly regulated by Wnt signaling (Fig. S2b). Depletion of
TCF7L2 or B-catenin also increased the amount of ABCC3
protein in HT-29 cells (Fig. 4a), although no such increase
was apparent in the other cell lines (Fig. 4a and Fig. S3a), pos-
sibly because of the lower ex;)ression level of the ABCC3 gene
in these cell lines (Fig. 4¢).1%

Consistent with the results of RNAI, inhibition of Wnt sig-
naling with a chemical inhibitor, ICG-001, significantly
increased the amount of ABCC3 mRNA, whereas it reduced
that of BIRC5 mRNA, in a concentration-dependent manner in
both HT-29 and HCT 116 cells (Fig. 4d and Fig. S4a). ICG-
001 also induced a slight increase in ABCC3 expression in
HCT-15 and SW620 cells, although this effect was not statisti-
cally significant (Fig. S4b,c). In addition, the amount of
ABCC3 protein was increased by ICG-001 treatment in HT-29
cells (Fig. S4d). Together, these results revealed that inhibition
of Wnt signaling increases ABCC3 expression.

We next examined whether activation of Wnt signaling
represses ABCC3 expression. To activate Wnt signaling, we
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Fig. 1. Heat map and cluster analysis of gene
expression profiles for 48 ABC transporters in
normal colon and colon cancer tissue. Each row
represents an ABC transporter gene, and each
column represents a clinical sample. N and T
indicate paired normal and tumor tissue specimens,
respectively. Genes and samples are arranged
according to their similarity in expression levels
determined by RNA-seq. The expression level of
each gene was standardized by subtraction of the
mean log,(expression level) for the six samples from
each value and is colored blue, white, or red to
represent a low, moderate, or high level,
respectively. Gene names colored green are
analyzed in Fig. 2.
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treated colon cancer cell lines with two inhibitors (AR-
A014418 and LiCl) of glycogen synthase kinase-3p (GSK-3p).
AR-A014418 or LiCl downregulated the amount of ABCC3
mRNA in HT-29 and SW620 cells in a concentration-depen-
dent manner (Fig. 4e). These agents also increased ABCCI
expression in HT-29 cells as well as reduced that of ABCC2 in
HCT 116 cells and of ABCG2 in HT-29 cells (Fig. S5).
Together, these results suggested that activation of Wnt signal-
ing represses ABCC3 expression at least in HT-29 and SW620
cells.

Binding of TCF7L2 to the ABCC3 locus. To examine whether
TCF7L2 binds to the ABCC3 locus and thereby regulates its
expression, we performed ChIP-qPCR. Inspection of ChIP-seq
data for TCF7L2 in HCT 116 cells"” revealed nine TCF7L2
binding regions at the ABCC3 locus (Fig. 5a). ChIP-gPCR
revealed that TCF7L2 was associated with putative TCF7L2
binding regions A, B, and C, but not with negative control
regions D or E, in HCT 116 cells (Fig. 5b). No specific bind-
ing was detected in HCT 116 cells depleted of TCF7L2
(Fig. 5b).

To investigate whether TCF7L2 binding at these regions
represses ABCC3 transcription, we performed luciferase repor-
ter assays with DNA fragments encompassing regions A
(500 bp), B (500 bp), and C (300 bp). The activities of intro-
nic regions B and C, but not that of promoter region A or a
control vector, increased significantly after knockdown of
TCF7L2 in SW620 cells (Fig. S5c and Fig. S6a). Similar results
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Fig. 2. Gene expression levels in normal colon and colon cancer tissue for 11 ABC transporters related to anticancer drug resistance. (a)

Box plots of gene expression levels for 11 ABC transporters were constructed from data in a public microarray database.'" (b) Gene expression
levels for five ABC transporters as determined by our RNA-seq analysis of clinical specimens. The five transporters are those that showed a signif-
icant difference in gene expression level between the paired samples in (a). FPKM, fragments per kilobase of transcript per million mapped
reads. (c) RT-gPCR analysis of the transporters in (b). Data are expressed relative to the corresponding value for N1.

were obtained after knockdown of B-catenin (Fig. 5d and
Fig. S6b), suggesting that regions B and C of the ABCC3 locus
contain repressor elements.

Relation of ABCC3 expression to anticancer drug
sensitivity. We examined whether inhibition of Wnt signaling
with ICG-001 might reduce the sensitivity of colon cancer
cells to anticancer drugs through upregulation of ABCC3
expression. Given that ABCC3 expression was previously
shown to confer resistance to etoposide or teniposide in
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ovarian carcinoma cells,(m) we treated HT-29, SW620, HCT
116 and HCT-15 cells with these anticancer agents.
Although ICG-001 appeared to reduce the sensitivity of
colon cancer cells to both drugs (Fig. S7a—d, data not
shown), ICG-001 itself markedly suppressed cell growth
(data not shown), rendering its effect on drug sensitivity
unclear.

To analyze directly the effect of ABCC3 on the sensitivity
of colon cancer cells to these agents, we generated HT-29 and

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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SW620 cells that overexpress ABCC3 at the cell surface
(Fig. 6a,b, Fig. S7e). We found that overexpression of ABCC3
reduced the sensitivity of both cell lines to both drugs
(Fig. 6¢—f).

Discussion

Repression of ABCC3 expression by Wnt signaling. Mutations
in APC and CTNNBI that result in activation of Wnt
signaling are associated with the early stage of the ade-
noma-carcinoma sequence for CRC."> We found that acti-
vation of Wnt signaling by GSK-3B inhibitors
downregulated the abundance of ABCC3 mRNA in colon
cancer cell lines. However, this effect was not observed in
all the cell lines tested. Effects on the expression of other
transporter genes were largely restricted to a single inhibitor
or a single cell line. These differences may reflect

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

Fig. 3. Immunohistochemical staining of ABCC3 in
colon cancer and normal colon tissue. Tissue
sections containing normal (N) and tumor (T) cells
are from patients 1 (a—c), 2 (d-f), and 3 (g-i). Boxed
regions in (a), (d), and (g) are shown at higher
magnification in (b) and (c), (e) and (f), and (h) and
(i), respectively. Scale bars, 100 pm.

differences in GSK-3f activity or gene mutations among the
cell lines.

TCF7L2 has been thought to act as a transcriptional repres-
sor in the absence of B-catenin and as an activator in its pres-
ence.'® However, a recent study suggested that TCF7L2 acts
as both a repressor and activator irrespective of [-catenin
activity'”: Among 149 genes directly regulated by TCF7L2 in
rat H4IIE hepatoma cells, the expression of 94 genes (63.1%)
was downregulated and that of 55 genes (36.9%) was upregu-
lated after knockdown of TCF7L2.

Our ChIP-qPCR and previous ChIP-seq analyses showed that
TCF7L2 and P-catenin bound to the ABCC3 locus in colon
cancer cells."*"®1? In addition, we found that two intronic
TCF7L2 binding regions showed repressor activity in a lucifer-
ase assay. These results suggest that TCF7L2 binds to intronic
regions to repress ABCC3 transcription. It has been suggested
that GATA3 tethers TCF7L2 to chromatin at sites where both

Cancer Sci | December 2016 | vol. 107 | no.12 | 1780
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Fig. 4. Effects of inhibition or activation of Wnt signaling on ABCC3 expression in colon cancer cell lines. (a) Immunoblot analysis of HT-29 and
SW620 cells transfected or not (NT) with negative control (NC), TCF7L2, or B-catenin (CTNNB1) siRNAs. Black arrowheads indicate two bands of
TCF7L2 protein translated from mRNA splice variants. The vertical bold line indicates specific ABCC3 smear signals in HT-29. Gray arrowheads
indicate likely nonspecific bands. (b) RT-qPCR analysis of cells transfected as in (a). Data are expressed relative to the corresponding value for
cells transfected with siNC and are means + SD (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001 versus the corresponding value for cells transfected
with siNC (Dunnett’s test). (c) Abundance of ABCC3 mRNA in colon cancer cell lines determined by RNA-seq. (d and e) RT-qPCR analysis of colon
cancer cells exposed to ICG-001 (d) or to AR-A014418 or LiCl (e). Data in (e) are expressed relative to the corresponding value for cells not
exposed to inhibitor. All data are means + SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 (two-tailed Student’s t-test); n.s., not significant.
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Fig. 5. Binding of TCF7L2 to the ABCC3 locus. (a) The ABCC3 locus as depicted in the UCSC genome browser. Peaks called (black bars) and peak
density plots (blue) for TCF7L2-enriched regions are from ChlIP-seq data.”"® Vertical green lines (A to E) indicate regions analyzed in (b) to (d).
(b) ChIP-gPCR analysis with antibodies to TCF7L2 or control IgG in HCT 116 cells depleted (HCT 116_shTCF7L2) or not of TCF7L2. Regions A, B,
and C are putative TCF7L2 binding sites identified in the ChIP-seq data, and regions D and E are not. Data are expressed as percent enrichment
compared with input and are means + SD (n = 4). **P < 0.01, ***P < 0.001 (two-tailed Student’s t-test). (c and d) Luciferase reporter assays in
SW620 cells. Cells were transfected with reporter vectors containing [or not (-)] ABCC3 regions A, B, or C and with siRNAs for TCF7L2 (c) or for B-
catenin (d). Relative light units (RLU) were calculated by dividing firefly luciferase activity by Renilla luciferase activity. Data are means &+ SD

(n = 3). P-values were determined with the two-tailed Student’s t-test.

GATA3 and TCF7L2 bind, and that TCF7L2 represses gene
expression when tethered to chromatin via GATA3."?
TCF7L2 may therefore act as a repressor at the ABCC3 locus
through binding to other transcription factors such as GATA3.

Role of ABCC3 expression in colon carcinogenesis. We have
found that ABCC3 expression is downregulated in colon can-
cer. This change is likely associated with oncogenesis itself
rather than being induced by administration of anticancer
drugs, given that the specimens examined in this study were

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

derived from chemotherapy-naive patients. Bile acids were
previously shown to be exported by ABCC3 and to promote
tumorigenesis in the colonic epithelium through activation of
the MAPK signaling pathway.”” Downregulation of ABCC3
expression may therefore promote colon carcinogenesis as a
result of the intracellular accumulation of secondary bile acids.

We found that inhibition of Wnt signaling increased ABCC3
mRNA abundance and that overexpression of ABCC3 was suf-
ficient to reduce the sensitivity of HT-29 and SW620 cells to

Cancer Sci | December 2016 | vol. 107 | no. 12 | 1782
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Fig. 6. Relation of ABCC3 expression level to anticancer drug sensitivity in colon cancer cell lines. (a) Immunoblot analysis of HT-29 and SW620

cells overexpressing ABCC3 or transfected with the empty vector. (b) Immunofluorescence analysis of HT-29 cells transfected as in (a). DNA was
stained with 4’,6-diamidino-2-phenylindole. Scale bars, 50 um. (c to f) Growth inhibition curves (left panels) as well as ICsq values (right panels)
for etoposide (c and e) or teniposide (d and f) in HT-29 (c and d) or SW620 (e and f) cells transfected as in (a). Data are for three biological repli-
cates (left panels) or means & SD (n = 3) (right panels). P-values were determined with the two-tailed Student'’s t-test.

etoposide and teniposide. These results suggest that Wnt sig-
naling may affect the sensitivity of colon cancer cells to anti-
cancer agents through regulation of ABCC3 expression.
However, we were able to detect an increase in ABCC3 pro-
tein abundance in response to inhibition of Wnt signaling only
in HT-29 cells. Moreover, we were not able to determine
whether inhibition of Wnt signaling reduces drug sensitivity in
colon cancer cells. The role of regulation of ABCC3 expres-
sion by Wnt signaling in drug sensitivity thus remains unclear.

Both etoposide and teniposide have been shown to be sub-
strates of ABCC3,"'¥ although these drugs are not in clinical
use for chemotherapy in patients with CRC. The sensitivity of
the colon cancer cell lines HT-29 and SW480 to 5-FU, which

Cancer Sci | December 2016 | vol. 107 | no. 12 | 1783

is the most widely used drug in the treatment of CRC,"? was
found to be increased by RNAi-mediated depletion of
ABCC3.%" Moreover, a previous microarray analysis showed
that the abundance of ABCC3 mRNA was increased in 5-FU-
resistant HCT 116 cells (Fig. $8).*” These results thus sug-
gest that ABCC3 plays a role in 5-FU resistance in colon can-
cer cells. However, we found that overexpression of ABCC3
did not significantly affect 5-FU sensitivity in HT-29 and
SW620 cells (data not shown). Further studies are required to
determine whether ABCC3 1is responsible for acquired resis-
tance to 5-FU—-based chemotherapy.

In conclusion, we found that Wnt signaling regulates
ABCC3 expression in colon cancer cells, with the ABCC3

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.
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locus being a target of the transcription factors TCF7L2 and (-
catenin. Further studies are warranted both to investigate the
possible role of downregulation of ABCC3 expression during
colon carcinogenesis and to develop effective ABCC3-targeted
drugs for the potential reversal of acquired resistance to 5-FU
in colon cancer.
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