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Abstract
ABCC3 (also known as MRP3) is an ATP binding cassette transporter for bile acids, 
whose expression is downregulated in colorectal cancer through the Wnt/β-catenin 
signaling pathway. However, it remained unclear how downregulation of ABCC3 ex-
pression contributes to colorectal carcinogenesis. We explored the role of ABCC3 in 
the progression of colorectal cancer—in particular, focusing on the regulation of bile 
acid export. Gene expression analysis of colorectal adenoma isolated from familial 
adenomatous polyposis patients revealed that genes related to bile acid secretion in-
cluding ABCC3 were downregulated as early as at the stage of adenoma formation. 
Knockdown or overexpression of ABCC3 increased or decreased intracellular concen-
tration of deoxycholic acid, a secondary bile acid, respectively, in colorectal cancer 
cells. Forced expression of ABCC3 suppressed deoxycholic acid-induced activation 
of MAPK signaling. Finally, we found that nonsteroidal anti-inflammatory drugs in-
creased ABCC3 expression in colorectal cancer cells, suggesting that ABCC3 could be 
one of the targets for therapeutic intervention of familial adenomatous polyposis. Our 
data thus suggest that downregulation of ABCC3 expression contributes to colorectal 
carcinogenesis through the regulation of intracellular accumulation of bile acids and 
activity of MAPK signaling.
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1  |  INTRODUC TION

Colorectal cancer is one of the leading causes of cancer-related 
mortality worldwide.1,2 In most sporadic CRC cases, oncogenic 
transformation proceeds through a well-characterized adenoma–
carcinoma sequence.1–3 Normal epithelial cells thus progress to low 
grade adenoma, to high grade adenoma, and finally to cancer cells 
in a stepwise manner associated with acquired somatic mutations 
in oncogenes and tumor suppressor genes. In contrast, FAP, a he-
reditary CRC syndrome, is caused by inherited germline mutations 
in APC, which also initiates the adenoma–carcinoma sequence.1 
Familial adenomatous polyposis is characterized by hundreds to 
thousands of adenomas in the colon and rectum. Almost all FAP 
patients develop adenocarcinoma if not adequately treated.2 In 
addition to the genetic contribution to CRC, environmental fac-
tors, especially dietary patterns, also affect the incidence of CRC.2 
High consumption of dietary fat is associated with an increased 
risk for CRC, which is attributed in part to altered metabolism of 
bile acids.4

Bile acids, which are synthesized in the liver from cholesterol, 
are crucial for food digestion and lipid absorption.5,6 They function 
not only as natural detergents to emulsify lipids but also as signal-
ing molecules to regulate their own synthesis and energy homeo-
stasis. Hepatic primary bile acids are secreted into bile and then 
passed into the intestine, where a fraction of primary bile acids is 
converted by gut bacteria to secondary bile acids including DCA. 
Approximately 95% of bile acids is reabsorbed by ileal enterocytes 
and recycled back to the liver through a process called enterohepatic 
circulation. The remaining 5% of bile acids including DCA is further 
reabsorbed in the colon or excreted into feces.5 Deoxycholic acid, 
the most abundant secondary bile acid in healthy individuals, has po-
tent tumor-promoting activities.4,5,7 Elevated concentrations of fecal 
and serum DCA are associated with higher incidence of CRC.8–10 
Deoxycholic acid also promotes proliferation of CRC cells in  vitro 
and formation of adenocarcinoma in ApcMin/+ mice, an FAP mouse 
model.11 Deoxycholic acid is believed to exert the tumor-promoting 
activities through the regulation of multiple signaling pathways, in-
cluding MAPK signaling.6,12–14

Nonsteroidal anti-inflammatory drugs have been extensively 
studied as a potential chemopreventive strategy against the de-
velopment of CRC in FAP.15,16 They have been shown to reduce 
the development of adenomas in ApcMin/+ mice,17–19 and to induce 
the regression of pre-existing adenomas in FAP patients.16,20,21 
Although it has been believed that the antitumorigenic activity of 
NSAIDs is primarily due to suppression of prostaglandin synthesis 
through inhibition of COX, NSAIDs can also exert antitumorigenic 
activity through suppression of Wnt/β-catenin signaling in a COX-
dependent or independent manner.22

We previously investigated expression patterns of ABC trans-
porters in chemotherapy-naive CRC patients and found that the 
expression of ABCC3 was downregulated in CRC tissue compared 
with surrounding normal tissue.23 ABCC3 is a bile acid transporter 
expressed on the basolateral membrane of ileal enterocytes and 

colonocytes.6,24–26 The Wnt/β-catenin signaling pathway, which is 
activated at an early stage of the adenoma–carcinoma sequence, 
represses ABCC3 expression.23 These observations suggested that 
downregulation of ABCC3 expression can occur at an early stage of 
CRC progression, and that it might be beneficial for tumor growth in 
the context of the colorectal tumor microenvironment. However, it 
remained unclear whether downregulation of ABCC3 expression is 
evident in early CRC lesions such as adenomas, and how it contrib-
utes to the progression of CRC. We have now explored the potential 
role of ABCC3 in the regulation of CRC progression—in particular, 
focusing on the regulation of bile acid export in CRC cells.

2  |  MATERIAL S AND METHODS

2.1  |  Surgical specimens

Colorectal specimens were obtained from seven FAP patients. Three 
patients developed advanced CRC and underwent total proctocolec-
tomy at Tohoku University Hospital. This aspect of the study was 
approved by the Institutional Review Board of Tohoku University 
Graduate School of Medicine (2022-1-1056), and the patients pro-
vided written informed consent.

2.2  |  Cell culture and reagents

The CRC cell lines HT-29 (RRID: CVCL_0320) and SW620 (RRID: 
CVCL_0547) were obtained from ATCC, and authenticated by short 
tandem repeat profiling. HT-29 cells were cultured in McCoy's 5A 
medium (Thermo Fisher Scientific), and SW620 cells in DMEM 
(Nacalai Tesque), with each medium being supplemented with 10% 
heat-inactivated FBS (Thermo Fisher Scientific). All cell lines were 
maintained under a humidified atmosphere of 5% CO2 at 37°C, and 
all experiments were undertaken with mycoplasma-free cells.

2.3  |  Reverse transcription-qPCR analysis

Total RNA was isolated from tumor tissue or cultured cells with the 
use of an SV Total RNA Isolation System (Promega) and was sub-
jected to RT with the use of a PrimeScript RT Reagent Kit (Takara 
Bio). Quantitative PCR analysis was carried out with Fast SYBR 
Green Master Mix (Thermo Fisher Scientific) and a StepOnePlus 
Real Time PCR System (Thermo Fisher Scientific). The data were 
normalized by the amount of glucuronidase beta (GUSB) or riboso-
mal protein large P0 (RPLP0) mRNA. Primer sequences are provided 
in Table S1.

For analysis of NSAIDs, HT-29 and SW620 cells were plated at a 
density of 1 × 106 per 100 mm dish (Corning) and were cultured for 
48 h. The cells were treated with medium containing aspirin (Sigma-
Aldrich), celecoxib (Sigma-Aldrich), or sulindac sulfide (Sigma-Aldrich) 
for 48 h. The treated cells were subjected to RT-qPCR analysis.
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2.4  |  Immunostaining

For immunohistochemistry of tumor tissue, paraffin-embedded sec-
tions were stained with primary Abs to ABCC3 (ab3375; Abcam) 
or to β-catenin (610153; BD Transduction Laboratories). Immune 
complexes were detected with peroxidase-labeled secondary Abs 
and 3,3′-diaminobenzidine (Histofine SAB-PO(M) Kit; Nichirei 
Bioscience), and the sections were counterstained with hematoxy-
lin. For immunofluorescence analysis of HT-29 and SW620 cells, 
the cells were fixed with 3.7% formaldehyde and stained with pri-
mary Abs to ABCC3 (ab3375; Abcam). Immune complexes were de-
tected with Alexa Fluor 488-labeled secondary Abs (Thermo Fisher 
Scientific), and the cells were counterstained with DAPI. Samples 
were observed with a BZ-9000 microscope (Keyence).

2.5  |  Knockdown and forced expression of ABCC3 
in CRC cells

The lentiviral vectors pRSI9-U6-(sh)-UbiC-TagRFP-2A-Puro and 
CSII-EF-MCS-IRES-Puro were used for knockdown or forced expres-
sion of ABCC3, respectively. HT-29 or SW620 cells were infected 
with recombinant lentiviruses encoding shRNA or ABCC3 protein, 
and the transfected cells were subjected to selection for 3 days in 
medium containing puromycin (Sigma-Aldrich) at 5 μg/mL. The se-
quences for the shRNAs are 5′-CGCTGATCTTACAACACTATT-3′ 
(ABCC3-A), 5′-GTGTACGTGGACCCAAACAAT-3′ (ABCC3-B), and 
5′-CTTCGAAATGTCCGTTCGGTT-3′ (luciferase).

2.6  |  Export assay for CDF and DCA-NBD

For export assay of CDF, HT-29 and SW620 cells were plated at a 
density of 2 × 104 per well in a 96-well black plate (PerkinElmer) and 
were cultured for 48 h. The cells were treated with HBSS (Nacalai 
Tesque) containing 10 μM CDFDA (Cayman Chemical) for 30 min, and 
then washed with HBSS. Samples were observed with a BZ-9000 
microscope (Keyence). Fluorescent DCA-NBD was synthesized as 
described previously.27 For export assay of DCA-NBD, HT-29 and 
SW620 cells were plated at a density of 1 × 104 per well in a 96-well 
black plate and were cultured for 48 h. The cells were treated with 
HBSS containing 20 μM DCA-NBD and Hoechst 33342 (1 μg/mL) for 
30 min, and then washed with HBSS. Samples were observed with 
a BZ-X800 microscope (Keyence). Fluorescence intensities of DCA-
NBD and Hoechst 33342 were measured for individual cells with 
the use of BZ-X Analyzer software (Keyence). Approximately 200 
cells were analyzed for each sample in each of three independent 
experiments.

2.7  |  Additional methods

Additional methods are described in Document S1.

2.8  |  Statistical analysis

Data are presented as means ± SEM for the indicated number 
(n) of biological replicates, unless indicated otherwise, and they 
were subjected to statistical analysis with JMP Pro version 17.0.0 
(JMP Statistical DIscovery LLC), R software version 4.0.3 (The 
R Foundation for Statistical Computing), or Excel for Microsoft 
365 (Microsoft). A p value of <0.05 was considered statistically 
significant.

3  |  RESULTS

3.1  |  ABCC3 expression downregulated in early 
stage of CRC progression

As ABCC3 expression is regulated by Wnt/β-catenin signaling, 
which is activated in an early stage of the adenoma–carcinoma se-
quence,1,28 we predicted that ABCC3 expression is downregulated 
in colorectal adenoma. To confirm this, we undertook RT-qPCR 
analysis of adenoma and adjacent normal tissue isolated from 
chemotherapy-naive FAP patients. As expected, we found that the 
abundance of ABCC3 mRNA was reduced in adenoma relative to 
normal tissue (Figure 1A). Analysis of RNA-seq data (GSE81836) for 
organoid cultures prepared from adenomatous polyp or normal gut 
epithelium of ApcMin/+ mice revealed that the abundance of Abcc3 
mRNA was also reduced in organoid cultures from adenoma relative 
to those from normal tissue (Figure  1B).29 Furthermore, immuno-
histochemical analysis of adenoma and adjacent normal tissue iso-
lated from three FAP patients showed that ABCC3 expression was 
decreased in adenoma, where β-catenin expression was increased, 
compared with normal epithelium (Figure 1C).

Not only adenoma but colorectal adenocarcinoma isolated from 
FAP patients also showed decrease in ABCC3 expression (Figure 1D). 
Furthermore, analysis of TCGA RNA-seq databases showed that ex-
pression of ABCC3 was reduced in COAD but not in READ relative 
to corresponding normal tissue (Figure  1E). These data thus indi-
cated that ABCC3 expression was downregulated in the early stage 
as well as the late stage of CRC progression.

3.2  |  Gene expression related to bile acid secretion 
is downregulated in colorectal adenoma and 
adenocarcinoma

ABCC3 mediates the export of bile acids in ileal enterocytes and co-
lonocytes to contribute to enterohepatic circulation of bile acids.6,25 
To investigate expression of other genes related to bile acid secre-
tion in adenoma, we again took advantage of RNA-seq data for 
organoid cultures from ApcMin/+ mice (GSE81836). We selected 78 
expressed genes that are associated with Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway “bile secretion − Mus musculus 
(mmu04976).” Fifteen (19%) genes were expressed equally between 
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organoid cultures from adenoma and those from normal gut epi-
thelium. Notably, 46 (59%) genes were downregulated, whereas 17 
(22%) genes were upregulated in organoid cultures from adenoma 
relative to those from normal gut epithelium (Figure 2A). Such down-
regulated genes included members of ABC transporters (Figure 2B), 
the SLC group of membrane transport proteins (Figure 2C), and UGTs 
(Figure  2D). Six downregulated genes were validated by RT-qPCR 
analysis in adenoma and normal tissue isolated from FAP patients, 
and we confirmed that expression of five of six genes was reduced in 
adenoma relative to normal tissue (Figure 2E). Furthermore, analysis 
of the TCGA RNA-seq databases showed that mRNA abundance of 

these five genes was lower in tumor tissue than in normal tissue in 
both COAD and READ (Figure 2F). Together, these results suggested 
that expression of relatively more genes related to bile acid secretion 
was downregulated in colorectal adenoma and adenocarcinoma.

3.3  |  Downregulation of ABCC3 expression results 
in intracellular accumulation of DCA in CRC cells

We next sought to determine whether the downregulation of 
ABCC3 expression results in intracellular accumulation of bile acids 

F I G U R E  1  ABCC3 expression is downregulated in the early stage of colorectal cancer progression. (A) RT-quantitative PCR analysis of 
the expression of ABCC3 in normal or colorectal adenoma tissue isolated from patients with familial adenomatous polyposis (FAP). Data are 
mean ± SEM (n = 15 tissue specimens from 5 patients). (B) Expression of Abcc3 in organoid cultures prepared from adenomatous polyp of 
ApcMin/+ mice. Data are mean ± SEM (n = 3) and expressed as log2 of the fold change relative to organoid cultures prepared from normal gut 
epithelium of ApcMin/+ mice. (C, D) Representative immunohistochemical staining of ABCC3 (upper) or β-catenin (lower) in tissue sections 
(C) containing normal epithelium (N) and adenoma (A) or those (D) containing adenocarcinoma, respectively. Scale bar, 100 μm. (E) Box plots 
for ABCC3 mRNA abundance based on transcripts per million (TPM) in normal (N) and primary tumor (T) tissue for colon adenocarcinoma 
(COAD) and rectum adenocarcinoma (READ). ***p < 0.001. n.s., not significant by paired t-test (A), by Wald test followed by Benjamini–
Hochberg correction for multiple testing (B), or by Student's t-test (E); TCGA, The Cancer Genome Atlas.
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in CRC cells. A human CRC cell line HT-29, which expresses endog-
enous ABCC3 (Figure  3A,B), was infected with recombinant lenti-
viruses encoding shRNAs against ABCC3 mRNA (shABCC3 cells) to 
suppress ABCC3 expression. Cells harboring the empty vector or an 
shRNA against luciferase mRNA were examined as controls. The RT-
qPCR (Figure 3A) and immunoblotting (Figure 3B) analyses revealed 
that ABCC3 expression was sufficiently reduced at both mRNA and 
protein levels in shABCC3 cells relative to control cells. To confirm 
the loss of transport activity in shABCC3 cells, we treated the cells 
with CDFDA, whose metabolite CDF is a known fluorescent sub-
strate for ABCC3.30 We found that CDF fluorescence intensity was 

markedly increased in shABCC3 cells compared with control cells 
(Figure 3C), indicating that ABCC3 transport activity was reduced 
in shABCC3 cells.

To examine whether the knockdown of ABCC3 expression re-
sults in intracellular accumulation of bile acids, we focused on DCA, a 
secondary bile acid produced by gut bacteria, as it has potent tumor-
promoting activities.4,5,7 We treated shABCC3 cells with DCA-
NBD, a fluorescently-labeled DCA, together with a DNA staining 
dye Hoechst 33342, and fluorescence intensities of DCA-NBD and 
Hoechst 33342 were measured for individual cells by fluorescence 
microscopy (Figure  3D,E). The results showed that shABCC3 cells 

F I G U R E  2  Gene expression related to bile acid secretion is downregulated in colorectal adenoma and adenocarcinoma. (A) Number 
of downregulated (down), unchanged (no change), or upregulated (up) genes associated with Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway “bile secretion − Mus musculus (mmu04976)” in organoid cultures prepared from adenomatous polyp of ApcMin/+ mice 
relative to those from normal gut epithelium. Expressed genes were defined as genes with base mean value >0. Downregulated and 
upregulated genes were defined as genes with log2 of the fold change <−0.5 or >0.5, respectively. (B–D) Expression of genes encoding 
(B) ATP binding cassette (ABC) transporters, (C) solute carrier (SLC) transporters, and (D) UDP glucuronosyltransferases (UGTs) in 
organoid cultures prepared from adenomatous polyp of ApcMin/+ mice. (E) RT-quantitative PCR analysis of the expression for six selected 
genes in normal and colorectal adenoma tissue from patients with familial adenomatous polyposis. Data are mean ± SEM (n = 15 tissue 
specimens from 5 patients). (F) Box plots for mRNA abundance of six selected genes in normal (N) and primary tumor (T) tissue for colon 
adenocarcinoma (COAD) and rectum adenocarcinoma (READ). *p < 0.05, **p < 0.01, ***p < 0.001. n.s., not significant by Wald test followed 
by Benjamini–Hochberg correction for multiple testing (B–D), by paired t-test (E), or by Student's or Welch's t-test (F).
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F I G U R E  3  Downregulation of ABCC3 expression results in intracellular accumulation of deoxycholic acid (DCA) in colorectal cancer cells. 
(A, B) HT-29 cells infected with a control lentivirus (Vector), a lentivirus encoding shRNA against luciferase (shLuciferase), or lentiviruses 
encoding shRNAs against ABCC3 (shABCC3) were subjected to (A) RT-quantitative PCR analysis or (B) immunoblot analysis of ABCC3. Data 
are means (n = 2) in (A). β-Actin expression was analyzed as loading control in (B). A vertical line indicates the position of ABCC3 signals in (B). 
(C, D) Representative fluorescence analysis of (C) 5(6)-carboxy-2′,7′-dichlorofluorescein (CDF) or (D) 7-nitrobenz-2-oxa-1,3-diazole-labeled 
DCA (DCA-NBD) in HT-29 cells manipulated as in (A). Scale bar, 100 μm in (C) or 50 μm in (D). (E) Quantification of fluorescence intensity of 
DCA-NBD as in (D). Data are mean ± SEM (n = 3 independent experiments) and expressed as the ratio of DCA-NBD intensity to Hoechst 
33342 intensity. *p < 0.05, **p < 0.01. n.s., not significant by one-way ANOVA followed by Dunnett's post hoc test.
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exhibited higher DCA-NBD fluorescence compared with control 
cells. Our results thus suggested that downregulation of ABCC3 ex-
pression resulted in intracellular accumulation of DCA in CRC cells.

3.4  |  Overexpression of ABCC3 reduces 
intracellular concentration of DCA in CRC cells

As a complementary approach to knockdown analysis, we also 
tested the effect of ABCC3 overexpression on intracellular DCA 
level in SW620 cells as well as HT-29 cells (Figure  4A). SW620 is 
a CRC cell line that expresses negligible levels of the endogenous 
ABCC3 protein. Although HT-29 cells express ABCC3 endogenously 
(Figure 3A,B), the exogenous ABCC3 was much more abundant than 
endogenous ABCC3 (Figure  4A). Immunofluorescence analysis re-
vealed that the exogenous ABCC3 protein was predominantly local-
ized at the cell surface (Figure 4B). Furthermore, treatment of cells 
with CDFDA showed that CDF fluorescence was reduced in ABCC3-
expressing cells compared with vector control cells (Figure 4C), indi-
cating that the exogenous ABCC3 has an export activity at the cell 
surface. Control SW620 cells showed stronger CDF fluorescence 
than did control HT-29 cells, probably due to lower endogenous 
ABCC3 expression in SW620 cells than in HT-29 cells (Figure  4C, 
data not shown). Of note, expression of ABCC3 significantly reduced 
fluorescence intensity of DCA-NBD in both HT-29 and SW620 cells 
(Figure 4D,E). These data thus indicated that the increased amount 
of ABCC3 expression reduced intracellular concentration of DCA in 
CRC cells.

3.5  |  ABCC3 expression suppresses DCA-induced 
phosphorylation of ERK1/2 MAP kinases

We next determined the roles of ABCC3 expression in the progres-
sion of CRC. Given that ABCC3 expression is downregulated during 
the development of colorectal adenoma (Figure 1), it might contrib-
ute to the regulation of cell proliferation in CRC cells. To evaluate 
the potential role of ABCC3 expression in proliferation of CRC cells, 
we undertook growth assays of HT-29 and SW620 cells with knock-
down or forced expression of ABCC3. ABCC3 overexpression did 
not affect the ability of CRC cells to proliferate in vitro (Figure 5A). 
In contrast, the two types of ABCC3-knockdown cells showed a 
decrease in cell proliferation. However, cell proliferation was also 
reduced in shLuciferase cells as well. Effects of shRNA introduction 
seems to have influenced cell proliferation ability (Figure  5B). We 
noticed that RNA-seq data from ABCC3-knockdown cells showed 
altered expression of many genes and pathways, suggesting that 
some substrates of ABCC3 have affected diverse signaling path-
ways, and have not induced any clear phenotype on cell proliferation 
(Figure S1, Table S2).

Bile acids including DCA have been shown to activate the MAPK 
signaling pathway in CRC cells.6,14,31 As MAPK activity markedly 
increases during the development of colorectal adenomas,1,28 we 

explored the possibility of the effect of ABCC3 expression on DCA-
induced activation of MAPK signaling. To this end, we treated HT-
29 and SW620 cells stably expressing the exogenous ABCC3 with 
300 μM DCA for 90 or 45 min, respectively. The concentration of 
DCA and the duration of treatment were determined based on the 
conditions under which DCA most effectively induced the activation 
of the MAPK signal in each cell line. Then, we analyzed phosphoryla-
tion levels of ERK1/2 at Thr202 and Tyr204 by immunoblot analysis 
as a measure of MAPK activity. While DCA treatment induced phos-
phorylation of ERK1/2, their phosphorylation levels were modestly 
but significantly lower in ABCC3-expressing cells than in vector con-
trol cells in both HT-29 and SW620 cells (Figure 5C,D). Furthermore, 
a time course analysis of SW620 cells revealed that ABCC3-
expressing cells showed lower maximum phosphorylation at 60 min 
after treatment than did control cells (Figure 5E). We also analyzed 
ERK1/2 phosphorylation levels in ABCC3-knockdown cells. We ob-
served that ABCC3 knockdown induced relatively higher phosphor-
ylation levels of ERK1/2 than control vector after DCA treatment, 
however, the difference was not significant (data not shown).

We undertook growth assays of HT-29 and SW620 cells with 
knockdown or forced expression of ABCC3 at DCA concentrations 
of 25 and 100 μM (Figure  S2), which are considered physiological 
concentrations.32,33 In a previous study,34 25 μM DCA was found to 
promote cell proliferation, but no similar results were observed in 
the present experiments. Deoxycholic acid (100 μM) inhibited cell 
proliferation in both cell lines, and we did not observe the difference 
of inhibitory effect of DCA on cell proliferation. In growth assays, it 
was not possible to evaluate whether ABCC3 affects DCA-mediated 
cell proliferation, but the results of the immunoblot analysis showed 
that ABCC3 affects DCA-mediated activation of MAPK signaling.

3.6  |  Nonsteroidal anti-inflammatory drugs 
increase ABCC3 expression in CRC cells

Having established that ABCC3 expression reduced the activity of 
MAPK signaling in response to DCA exposure, we sought to investi-
gate whether ABCC3 expression could serve as a potential target for 
therapeutic intervention for FAP. We then focused on NSAIDs, in-
cluding aspirin, celecoxib, and sulindac sulfide, that have been exten-
sively studied as a potential chemopreventive strategy against the 
development of CRC in FAP.15,16 As NSAIDs suppress Wnt/β-catenin 
signaling that downregulates ABCC3 expression,22,23 we expected 
that NSAIDs could increase ABCC3 expression.

To examine whether NSAIDs increase ABCC3 expression in CRC 
cells, HT-29 and SW620 cells were treated with increasing concen-
trations of aspirin, celecoxib, and sulindac sulfide, and ABCC3 mRNA 
expression was analyzed by RT-qPCR. The results showed that all 
except sulindac sulfide for SW620 cells increased ABCC3 mRNA 
expression in a dose-dependent manner (Figure 6A). These results 
indicated that NSAIDs increased ABCC3 expression in CRC cells. 
Nonsteroidal anti-inflammatory drugs might therefore contribute to 
reduced risk of adenoma in FAP patients, at least in part, through 
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F I G U R E  4  Overexpression of ABCC3 reduces intracellular concentration of deoxycholic acid (DCA) in colorectal cancer cells. (A) HT-29 
or SW620 cells infected with a control lentivirus (Vector) or a lentivirus encoding ABCC3 were subjected to immunoblot analysis of ABCC3 
and β-actin (loading control). A vertical line indicates the position of ABCC3 signals. (B) Representative immunofluorescence analysis of 
ABCC3 in HT-29 or SW620 cells manipulated as in (A). Scale bar, 20 μm. (C, D) Representative fluorescence analysis of (C) 5(6)-carboxy-2′,7′-
dichlorofluorescein (CDF) or (D) 7-nitrobenz-2-oxa-1,3-diazole-labeled deoxycholic acid (DCA-NBD) in HT-29 or SW620 cells manipulated as 
in (A). Scale bar, 100 μm in (C) or 50 μm in (D). (E) Quantification of fluorescence intensity of DCA-NBD as in (D). Data are mean ± SEM (n = 3 
independent experiments) and expressed as the ratio of DCA-NBD intensity to Hoechst 33342 intensity. *p < 0.05, ***p < 0.001 (Student's t 
test).

F I G U R E  5  ABCC3 expression suppresses deoxycholic acid (DCA)-induced phosphorylation of ERK1/2 MAP kinases. (A) Growth curves 
for HT-29 or SW620 cells infected with a control lentivirus (Vector) or a lentivirus encoding ABCC3. (B) Growth curves for HT-29 cells 
infected with a control lentivirus (Vector), a lentivirus encoding shRNA against luciferase (shLuciferase), or lentiviruses encoding shRNAs 
against ABCC3 (shABCC3). (C) HT-29 or SW620 cells manipulated as in (A) were treated with (+) or without (−) 300 μM DCA and were 
subjected to immunoblot analysis of phospho-ERK1//2 (Thr202/Tyr204) and ERK1/2. (D) Quantification of phosphorylation level of ERK1/2 
as in (B). Data are means ± SEM and are expressed as the ratio of phospho-ERK1/2 intensity to ERK1/2 intensity; n = 5 for HT-29 cells 
or n = 7 for SW620 cells. (E) SW620 cells manipulated as in (A) were treated without (0 min) or with 300 μM DCA, and lysed at 20, 40, or 
60 min after addition of DCA. Cell lysates were then subjected to immunoblot analysis of phospho-ERK1//2 (Thr202/Tyr204) and ERK1/2. 
*p < 0.05. n.s., not significant by two-way ANOVA (A, B) or by Wilcoxon rank sum test (D).
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upregulation of ABCC3 expression and suppression of bile acid-
induced MAPK signaling. Additionally, we investigated whether 
NSAIDs affect the expression of other transporters (ABCB1, ABCG2, 
SLC51A, and SLC51B), which are thought to function as bile acid 
transporters in colonocytes. The results showed that the expression 
of several transporters was increased by treatment with NSAIDs as 
well as ABCC3 (Figure 6B–E).

4  |  DISCUSSION

We found that expression of ABCC3 was downregulated as early 
as at the stage of adenoma formation, which resulted in intracellu-
lar accumulation of DCA in CRC cells. Forced expression of ABCC3 
reduced intracellular DCA and DCA-induced activation of MAPK 
signaling. These results suggest that downregulation of ABCC3 
expression contributes to colorectal carcinogenesis through the 
regulation of intracellular accumulation of bile acids and activity of 
MAPK signaling. We also found that ABCC3 could be one of the tar-
gets by NSAIDs for a therapeutic intervention for FAP.

Previous gene expression analysis of ABCC3 was somewhat con-
troversial in that the abundance of ABCC3 mRNA was reduced23,35 or 
unchanged36 in colorectal adenoma and adenocarcinoma compared 
with normal tissue.37 We here determined that ABCC3 expression 
was downregulated in colorectal adenoma and adenocarcinoma 
relative to normal tissue isolated from FAP patients in our hospi-
tal. This result was consistent with our reanalysis of RNA-seq data 
for GSE81836 and TCGA. The abundance of Abcc3/ABCC3 mRNA 
was lower in organoid cultures prepared from adenomatous polyp 
of ApcMin/+ mice or in COAD tissues than in corresponding normal 
controls. The discrepancy observed between previous studies might 
be due in part to differences in carcinogenic pathways between CRC 
patients, as ABCC3 expression is downregulated through the Wnt/β-
catenin signaling pathway.23 Colorectal cancer tumors without mu-
tations in Wnt/β-catenin signaling might not show downregulation in 
ABCC3 expression. In particular, the details of the serrated pathway 
that develops from serrated adenoma have been clarified in recent 
years. The mechanism we have elucidated might not be applicable in 
CRCs that develop in the serrated pathway, and therefore, we need 
to continue to examine the mechanism in detail.

ABCC3 is a bile acid transporter expressed on the basolateral mem-
brane of ileal enterocytes and colonocytes, where it cooperates with 
OSTα/β heterodimers to export bile acids toward the portal circula-
tion.6,24–26 Although ABCC3 has been shown to transport several conju-
gated forms of bile acids, including glycocholate and taurocholate,38–40 
it remained unclear whether ABCC3 has an ability to transport DCA. 
We showed that knockdown or overexpression of ABCC3 increased or 
decreased intracellular DCA-NBD fluorescence, respectively, strongly 

suggesting that ABCC3 had an ability to transport DCA in CRC cells. 
However, DCA-NBD is a fluorescent NBD-labeled DCA, and there-
fore we cannot exclude the possibility that NBD moiety might affect 
substrate recognition by ABCC3. Future studies are thus warranted to 
determine whether ABCC3 has an ability to transport unlabeled DCA. 
This issue could be addressed by in vitro transport assay with plasma 
membrane vesicles that overexpress ABCC3, or by real-time monitor-
ing of intracellular bile acids with a Förster resonance energy transfer 
(FRET)-based sensor for bile acids.41,42

We found that expression of genes related to bile acid secre-
tion—including genes encoding ABC transporters, SLC transport-
ers, and UGTs—was downregulated in colorectal adenoma and 
adenocarcinoma compared with normal tissue. The ABC and SLC 
transporters mediate the transport of bile acids across plasma mem-
brane, whereas UGTs enhance water solubility and excretion of bile 
acids through conjugation with glucuronic acid.43 Notably, two SLC 
transporters, OSTα and OSTβ (encoded by SLC51A and SLC51B, re-
spectively), are major bile acid exporters in ileal enterocytes and 
colonocytes.25,26 Simultaneous downregulation of ABCC3, OSTα, 
and OSTβ thus could lead to excessive intracellular accumulation 
of bile acids in colorectal adenoma and adenocarcinoma. Although 
overexpression of ABCC3 alone only modestly affected activity of 
MAPK signaling in HT-29 and SW620 cells, it will be of interest to 
analyze the potential effects of ABCC3, OSTα, and OSTβ in com-
bination. In addition, we plan to conduct further detailed examina-
tions of other ABC transporters as they might also be involved in 
the oncogenic mechanism mediated by DCA and MAPK signaling. 
Furthermore, it would be also noteworthy to analyze the effects of 
ABCC3 downregulation on other signaling pathways besides MAPK 
signaling, as DCA has been shown to activate PI3K-AKT, nuclear 
factor-κB, and Wnt/β-catenin signaling pathways.44–47

Our study has several limitations. First, although we found that 
ABCC3 suppressed DCA-induced activation of MAPK signaling in 
CRC cells in vitro, its functional significance in vivo remains unclear. 
Second, HT-29 and SW620 cells harbor the BRAF V600E and KRAS 
G12D mutations, respectively, which lead to constitutive activation 
of MAPK signaling. These mutations might affect the responsive-
ness of DCA-induced MAPK signaling in those cells. Finally, in the 
growth assay of HT-29 cells with knockdown of ABCC3, the effect of 
ABCC3 expression changes on cell proliferation could not be prop-
erly evaluated, and it was unable to demonstrate reproducibility in 
experiments using ABCC3-knockdown cells to induce phosphory-
lated ERK by DCA. Detailed verification is needed after the optimi-
zation of the experimental conditions.

AUTHOR CONTRIBUTIONS
Yukihiro Sato: Conceptualization; funding acquisition; investigation; 
writing – original draft; writing – review and editing. Minoru Kobayashi: 

F I G U R E  6  Nonsteroidal anti-inflammatory drugs increase expression of bile acid transporters in colorectal cancer cells. (A–E) RT-
quantitative PCR analysis of the expression of bile acid transporters in HT-29 or SW620 cells treated without (0) or with increasing 
concentrations of aspirin, celecoxib, or sulindac sulfide (Sulindac S). Data are mean ± SEM (n = 3) and expressed as mRNA abundance of bile 
acid transporters relative to nontreatment. *p < 0.05, **p < 0.01, ***p < 0.001. n.s., not significant by one-way ANOVA followed by Dunnett's 
post hoc test.



    |  1789SATO et al.

Conceptualization; funding acquisition; investigation; writing – original 
draft; writing – review and editing. Masahiro Ohira: Investigation. 
Ryo Funayama: Conceptualization; funding acquisition; investigation; 
writing – original draft; writing – review and editing. Masamitsu 
Maekawa: Resources; supervision; writing – review and editing. 
Hideaki Karasawa: Resources; supervision; writing – review and ed-
iting. Ryosuke Kashiwagi: Supervision. Yayoi Aoyama: Investigation. 
Nariyasu Mano: Resources; supervision; writing – review and edit-
ing. Shinobu Ohnuma: Resources; supervision; writing – review and 
editing. Michiaki Unno: Resources; supervision; writing – review and 
editing. Keiko Nakayama: Conceptualization; funding acquisition; in-
vestigation; writing – original draft; writing – review and editing.

ACKNOWLEDG MENTS
We would like to thank all the patients and family members for their 
participation in this study. We also thank H. Miyoshi for provid-
ing the lentiviral vector CSII-EF-MCS-IRES-Puro, Y. Nagasawa, K. 
Kuroda, and M. Kikuchi for technical assistance, T. Konishi for help 
with preparation of the manuscript, other laboratory members for 
discussion, and the Biomedical Research Core of Tohoku University 
Graduate School of Medicine for technical support.

FUNDING INFORMATION
This study was supported by Japan Society for the Promotion of 
Science (JSPS) KAKENHI grants JP20K22829 and JP21K15477 (to 
M.K.), JP20K07560 and JP23K06626 (to R.F.), and JP17H04035, 
JP18H05215, and JP21H02458 (to K.N.).

CONFLIC T OF INTERE S T S TATEMENT
M.U. is an Editorial Board Member of Cancer Science. The other au-
thors declare no conflict of interest.

E THIC S S TATEMENT
Approval of the research protocol by an institutional review board: 
This study was approved by the institutional review board of Tohoku 
University Graduate School of Medicine (2022-1-1056).
Informed consent: Written informed consent was obtained from all 
participants.
Registry and the registration no. of the study/trial: N/A.
Animal studies: N/A.

ORCID
Minoru Kobayashi   https://orcid.org/0000-0003-4340-8535 
Hideaki Karasawa   https://orcid.org/0000-0003-0358-3398 
Shinobu Ohnuma   https://orcid.org/0000-0002-0205-8957 
Michiaki Unno   https://orcid.org/0000-0002-2145-6416 
Keiko Nakayama   https://orcid.org/0000-0003-0134-6401 

R E FE R E N C E S
	 1.	 Kuipers EJ, Grady WM, Lieberman D, et al. Colorectal cancer. Nat 

Rev Dis Primers. 2015;1:15065.
	 2.	 Keum N, Giovannucci E. Global burden of colorectal cancer: 

emerging trends, risk factors and prevention strategies. Nat Rev 
Gastroenterol Hepatol. 2019;16:713-732.

	 3.	 Day DW, Morson BC. The adenoma-carcinoma sequence. Major 
Probl Pathol. 1978;10:58-71.

	 4.	 Ocvirk S, O'Keefe SJD. Dietary fat, bile acid metabolism and col-
orectal cancer. Semin Cancer Biol. 2021;73:347-355.

	 5.	 Chiang JY. Bile acid metabolism and signaling. Compr Physiol. 
2013;3:1191-1212.

	 6.	 Rezen T, Rozman D, Kovacs T, et al. The role of bile acids in carcino-
genesis. Cell Mol Life Sci. 2022;79:243.

	 7.	 Shalon D, Culver RN, Grembi JA, et  al. Profiling the human in-
testinal environment under physiological conditions. Nature. 
2023;617:581-591.

	 8.	 Reddy BS, Wynder EL. Metabolic epidemiology of colon cancer. 
Fecal bile acids and neutral sterols in colon cancer patients and pa-
tients with adenomatous polyps. Cancer. 1977;39:2533-2539.

	 9.	 Imray CH, Radley S, Davis A, et  al. Faecal unconjugated 
bile acids in patients with colorectal cancer or polyps. Gut. 
1992;33:1239-1245.

	10.	 Bayerdorffer E, Mannes GA, Richter WO, et  al. Increased serum 
deoxycholic acid levels in men with colorectal adenomas. 
Gastroenterology. 1993;104:145-151.

	11.	 Cao H, Luo S, Xu M, et al. The secondary bile acid, deoxycholate 
accelerates intestinal adenoma-adenocarcinoma sequence in 
Apc (min/+) mice through enhancing Wnt signaling. Fam Cancer. 
2014;13:563-571.

	12.	 Nguyen TT, Ung TT, Kim NH, Jung YD. Role of bile acids in colon 
carcinogenesis. World J Clin Cases. 2018;6:577-588.

	13.	 Liu Y, Zhang S, Zhou W, Hu D, Xu H, Ji G. Secondary bile acids and 
tumorigenesis in colorectal cancer. Front Oncol. 2022;12:813745.

	14.	 Caliceti C, Punzo A, Silla A, Simoni P, Roda G, Hrelia S. New insights 
into bile acids related signaling pathways in the onset of colorectal 
cancer. Nutrients. 2022;14:2964.

	15.	 Lynch PM. Chemoprevention of familial adenomatous polyposis. 
Fam Cancer. 2016;15:467-475.

	16.	 Farooq U, Alayli AE, Duvvuri A, et al. Nonsteroidal anti-inflammatory 
drugs for chemoprevention in patients with familial adenomatous 
polyposis: a systematic review and meta-analysis. Gastro Hep Adv. 
2023;2:1005-1013.

	17.	 Jacoby RF, Marshall DJ, Newton MA, et  al. Chemoprevention of 
spontaneous intestinal adenomas in the Apc Min mouse model 
by the nonsteroidal anti-inflammatory drug piroxicam. Cancer Res. 
1996;56:710-714.

	18.	 Boolbol SK, Dannenberg AJ, Chadburn A, et al. Cyclooxygenase-2 
overexpression and tumor formation are blocked by sulindac in 
a murine model of familial adenomatous polyposis. Cancer Res. 
1996;56:2556-2560.

	19.	 Barnes CJ, Lee M. Chemoprevention of spontaneous intestinal ad-
enomas in the adenomatous polyposis coli Min mouse model with 
aspirin. Gastroenterology. 1998;114:873-877.

	20.	 Giardiello FM. NSAID-induced polyp regression in famil-
ial adenomatous polyposis patients. Gastroenterol Clin N Am. 
1996;25:349-362.

	21.	 Maniewska J, Jezewska D. Non-steroidal anti-inflammatory drugs 
in colorectal cancer chemoprevention. Cancer. 2021;13:594.

	22.	 Barker N, Clevers H. Mining the Wnt pathway for cancer therapeu-
tics. Nat Rev Drug Discov. 2006;5:997-1014.

	23.	 Kobayashi M, Funayama R, Ohnuma S, Unno M, Nakayama K. Wnt-
beta-catenin signaling regulates ABCC3 (MRP3) transporter ex-
pression in colorectal cancer. Cancer Sci. 2016;107:1776-1784.

	24.	 Dawson PA, Hubbert ML, Rao A. Getting the mOST from OST: role 
of organic solute transporter, OSTalpha-OSTbeta, in bile acid and 
steroid metabolism. Biochim Biophys Acta. 2010;1801:994-1004.

	25.	 Dawson PA. Role of the intestinal bile acid transporters in bile acid 
and drug disposition. Handb Exp Pharmacol. 2011;201:169-203.

	26.	 Durnik R, Sindlerova L, Babica P, Jurcek O. Bile acids transporters 
of enterohepatic circulation for targeted drug delivery. Molecules. 
2022;27:2961.

https://orcid.org/0000-0003-4340-8535
https://orcid.org/0000-0003-4340-8535
https://orcid.org/0000-0003-0358-3398
https://orcid.org/0000-0003-0358-3398
https://orcid.org/0000-0002-0205-8957
https://orcid.org/0000-0002-0205-8957
https://orcid.org/0000-0002-2145-6416
https://orcid.org/0000-0002-2145-6416
https://orcid.org/0000-0003-0134-6401
https://orcid.org/0000-0003-0134-6401


1790  |    SATO et al.

	27.	 Yamaguchi H, Okada M, Akitaya S, et al. Transport of fluorescent 
chenodeoxycholic acid via the human organic anion transporters 
OATP1B1 and OATP1B3. J Lipid Res. 2006;47:1196-1202.

	28.	 Walther A, Johnstone E, Swanton C, Midgley R, Tomlinson I, Kerr D. 
Genetic prognostic and predictive markers in colorectal cancer. Nat 
Rev Cancer. 2009;9:489-499.

	29.	 Aran D, Lasry A, Zinger A, et al. Widespread parainflammation in 
human cancer. Genome Biol. 2016;17:145.

	30.	 Zamek-Gliszczynski MJ, Xiong H, Patel NJ, Turncliff RZ, Pollack 
GM, Brouwer KL. Pharmacokinetics of 5 (and 6)-carboxy-2′,7′-dich
lorofluorescein and its diacetate promoiety in the liver. J Pharmacol 
Exp Ther. 2003;304:801-809.

	31.	 Qiao D, Chen W, Stratagoules ED, Martinez JD. Bile acid-induced 
activation of activator protein-1 requires both extracellular signal-
regulated kinase and protein kinase C signaling. J Biol Chem. 
2000;275:15090-15098.

	32.	 Stadler J, Stern HS, Yeung KS, et al. Effect of high fat consumption 
on cell proliferation activity of colorectal mucosa and on soluble 
faecal bile acids. Gut. 1988;29:1326-1331.

	33.	 Martin G, Kolida S, Marchesi JR, Want E, Sidaway JE, Swann JR. In 
vitro modeling of bile acid processing by the human fecal microbi-
ota. Front Microbiol. 2018;9:1153.

	34.	 Milovic V, Teller IC, Faust D, Caspary WF, Stein J. Effects of deoxy-
cholate on human colon cancer cells: apoptosis or proliferation. Eur 
J Clin Investig. 2002;32:29-34.

	35.	 Hinoshita E, Uchiumi T, Taguchi K, et  al. Increased expression of 
an ATP-binding cassette superfamily transporter, multidrug resis-
tance protein 2, in human colorectal carcinomas. Clin Cancer Res. 
2000;6:2401-2407.

	36.	 Ballestero MR, Monte MJ, Briz O, Jimenez F, Gonzalez-San Martin 
F, Marin JJ. Expression of transporters potentially involved in the 
targeting of cytostatic bile acid derivatives to colon cancer and pol-
yps. Biochem Pharmacol. 2006;72:729-738.

	37.	 Marin JJG, Monte MJ, Macias RIR, et  al. Expression of 
chemoresistance-associated ABC proteins in hepatobiliary, pancre-
atic and gastrointestinal cancers. Cancers. 2022;14:3524.

	38.	 Hirohashi T, Suzuki H, Takikawa H, Sugiyama Y. ATP-dependent 
transport of bile salts by rat multidrug resistance-associated pro-
tein 3 (Mrp3). J Biol Chem. 2000;275:2905-2910.

	39.	 Zelcer N, Saeki T, Bot I, Kuil A, Borst P. Transport of bile acids in 
multidrug-resistance-protein 3-overexpressing cells co-transfected 
with the ileal Na+−dependent bile-acid transporter. Biochem J. 
2003;369:23-30.

	40.	 Zelcer N, van de Wetering K, de Waart R, et al. Mice lacking Mrp3 
(Abcc3) have normal bile salt transport, but altered hepatic trans-
port of endogenous glucuronides. J Hepatol. 2006;44:768-775.

	41.	 van Staden CJ, Morgan RE, Ramachandran B, Chen Y, Lee PH, 
Hamadeh HK. Membrane vesicle ABC transporter assays for drug 
safety assessment. Curr Protoc Toxicol. 2012;Chapter 23:Unit 23 25.

	42.	 van der Velden LM, Golynskiy MV, Bijsmans IT, et  al. Monitoring 
bile acid transport in single living cells using a genetically en-
coded Forster resonance energy transfer sensor. Hepatology. 
2013;57:740-752.

	43.	 Jarvinen E, Deng F, Kiander W, Sinokki A, Kidron H, Sjostedt N. The 
role of uptake and efflux transporters in the disposition of glucuro-
nide and sulfate conjugates. Front Pharmacol. 2021;12:802539.

	44.	 Im E, Martinez JD. Ursodeoxycholic acid (UDCA) can inhibit 
deoxycholic acid (DCA)-induced apoptosis via modulation of 
EGFR/Raf-1/ERK signaling in human colon cancer cells. J Nutr. 
2004;134:483-486.

	45.	 Jean-Louis S, Akare S, Ali MA, Mash EA Jr, Meuillet E, Martinez JD. 
Deoxycholic acid induces intracellular signaling through membrane 
perturbations. J Biol Chem. 2006;281:14948-14960.

	46.	 Lee HY, Crawley S, Hokari R, Kwon S, Kim YS. Bile acid regulates 
MUC2 transcription in colon cancer cells via positive EGFR/PKC/
Ras/ERK/CREB, PI3K/Akt/IkappaB/NF-kappaB and p38/MSK1/
CREB pathways and negative JNK/c-Jun/AP-1 pathway. Int J Oncol. 
2010;36:941-953.

	47.	 Pai R, Tarnawski AS, Tran T. Deoxycholic acid activates beta-
catenin signaling pathway and increases colon cell cancer growth 
and invasiveness. Mol Biol Cell. 2004;15:2156-2163.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Sato Y, Kobayashi M, Ohira M, et al. 
Downregulation of ABCC3 activates MAPK signaling through 
accumulation of deoxycholic acid in colorectal cancer cells. 
Cancer Sci. 2024;115:1778-1790. doi:10.1111/cas.16132

https://doi.org/10.1111/cas.16132

	Downregulation of ABCC3 activates MAPK signaling through accumulation of deoxycholic acid in colorectal cancer cells
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Surgical specimens
	2.2|Cell culture and reagents
	2.3|Reverse transcription-­qPCR analysis
	2.4|Immunostaining
	2.5|Knockdown and forced expression of ABCC3 in CRC cells
	2.6|Export assay for CDF and DCA-­NBD
	2.7|Additional methods
	2.8|Statistical analysis

	3|RESULTS
	3.1|ABCC3 expression downregulated in early stage of CRC progression
	3.2|Gene expression related to bile acid secretion is downregulated in colorectal adenoma and adenocarcinoma
	3.3|Downregulation of ABCC3 expression results in intracellular accumulation of DCA in CRC cells
	3.4|Overexpression of ABCC3 reduces intracellular concentration of DCA in CRC cells
	3.5|ABCC3 expression suppresses DCA-­induced phosphorylation of ERK1/2 MAP kinases
	3.6|Nonsteroidal anti-­inflammatory drugs increase ABCC3 expression in CRC cells

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	ETHICS STATEMENT
	REFERENCES


