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Colorectal cancer (CRC) is one of the most common malignant tumors, and pharmacological treatments of CRC are
unsatisfactory. Increasing evidence shows that solute carrier organic anion transporter family member 4A1 (SLCO4A1) is
abnormally expressed in numerous cancer types and may be correlated with cancer development and metastasis. However,
the roles of SLCO4AL1 in CRC are incompletely understood. This study utilized the GSE110224 dataset and other databases
to analyze SLCO4AL1 expression levels in CRC tissues. The expression levels of SLCO4A1 in CRC cell lines were evalu-
ated by quantitative real-time polymerase chain reaction and western blotting. The roles of SLCO4A1 in CRC cell prolif-
eration, migration, invasion, and epithelial-mesenchymal transition were assessed. The interaction between SLCO4A1 and
microRNA-1224-5p was verified using a dual-luciferase reporter assay. The effect of SLCO4Al in vivo was investigated
using a BALB/c mouse model. The level of SLCO4A1 expression was increased in CRC tissues and cell lines. Moreover, high
SLCO4A1 expression was positively associated with a poor prognosis. The results of gain- and loss-of-function experiments
showed that SLCO4A1 knockdown suppressed CRC cell proliferation, migration, invasion, and epithelial-mesenchymal
transition while SLCO4A1 overexpression had opposite effects in vitro. Furthermore, SLCO4A1 knockdown could suppress
tumor growth in vivo. Further analyses showed that SLCO4A1 was downregulated by miR-1224-5p. Rescue experiments
confirmed that SLCO4A1 reversed the effect of miR-1224-5p on cell function. These results suggested that SLCO4A1 acted

as an oncogene to regulate CRC development and was a potential target for CRC treatment.
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Colorectal cancer (CRC) is one of the most frequent malig-
nancies and the fourth leading cause of morbidity worldwide
[1]. Furthermore, despite advances in radical surgery and
neoadjuvant therapy, the 5-year survival rate of CRC patients
is low [2, 3]. Thus, a better understanding of the molecular
mechanisms underlying CRC tumorigenesis is essential to
improve the prognosis of CRC.

Solute carrier organic anion transporter family member
4A1 (SLCO4A1l) (also known as OATP4A1), belonging to the
solute carrier organic anion transporter family (SLCO), plays
important role in transporting proteins, and endogenous
and exogenous compounds [4]. SLCO4A1l is abnormally
expressed in numerous cancer types and may be correlated
with cancer development and metastasis [5-7]. Recently,
Wau et al. propose that inhibition of SLCO4A1 expression
by downregulation of SLCO4A1-ASI protects against CRC
progression [8]. However, the biological roles of SLCO4Al
in CRC are incompletely understood.

microRNAs (miRNAs) are short-chain non-coding
RNA transcripts that directly bind to the 3’ untranslated
region of target messenger RNAs to inhibit gene expression
[9]. miRNAs regulate cancer cell proliferation, migration,
invasion, and apoptosis [10]. For instance, miR-1258 inhibits
CRC proliferation by directly targeting E2F8 [11]. miR-375
enhances 5-fluorouracil chemosensitivity by targeting thymi-
dylate synthase in CRC [12], and miR-150-5p suppresses
CRC progression by targeting VEGFA [13]. Therefore, under-
standing the function of miRNAs is essential to improve the
diagnosis and treatment of CRC.

This study found that SLCO4A1 was highly expressed
in CRC tissues and cell lines, and SLCO4A1 was positively
correlated with the poor prognosis of CRC. Functional exper-
iments were performed to assess the function of SLCO4A1
in vitro and in vivo. Furthermore, SLCO4A1 was negatively
regulated by miR-1224-5p. These results demonstrated that
SLCO4A1 was a potential target for CRC treatment.
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Materials and methods

Materials. RPMI-1640, fetal bovine serum (FBS),
Lipofectamine® 2000 transfection reagent, Click-iT EdU
Imaging Kit, TRIzol® reagent, and SLCO4Al antibody
(1:1000, A304-457A) were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Small interfering RNAs
(siRNAs) targeting SLCO4A1 (si-SLCO4A1) and a SLCO4A1
overexpression vector (ov-SLCO4A1) were synthesized by
GenePharma (Shanghai, China). miR-1224-5p mimics and
inhibitors were synthesized by RiboBio (RiboBio, Guang-
zhou, China). Primary antibodies against E-cadherin,
vimentin, N-cadherin, and GAPDH were purchased from
Cell Signaling Technology, Inc. (CST) (Danvers, MA, USA).

Cell culture and transfection. Human CRC cell lines
LoVo and HT29 and normal colonic epithelial cells NCM460
were obtained from the American Type Culture Collection
(Manassas, VA, USA). Cells were cultured in RPMI-1640
medium supplemented with 10% FBS in a humidified
incubator at 37 °C with 5% CO,.

For transfection, 1 ml of LoVo and HT29 cells (2x10%/ml)
was seeded in each well of a 6-well plate. After reaching
70-80% confluence, cells were transfected with oligonucle-
otides (miR-1224-5p mimics and inhibitors at a final concen-
tration of 5 uM) using Lipofectamine® 2000 following the
manufacturer’s protocol. After 6 h of incubation at 37°C, the
transfection mixture was replaced with a fresh medium, and
cells were cultured for another 48 h.

Measurement of mRNA expression by quantitative real-
time PCR (qRT-PCR). Total RNA from transfected CRC
cells was extracted using TRIzol® reagent. Then the extracted
RNAs were reverse transcribed into cDNA by PrimeScript™
RT reagent kit (Takara, Dalian, China). The miRNA expres-
sion levels were analyzed using a Mir-X miRNA First-Strand
Synthesis Kit (Takara). The expression levels of miR-1224
and SLCOA41 were measured by qRT-PCR on an ABI 7500
Fast system (Applied Biosystems, Waltham, MA, USA). The
transcription level of each target gene was normalized to the
housekeeping gene U6 or GAPDH using the 2*4“* method.

Western blotting. Total protein was extracted using
RIPA lysis buffer (Beyotime, Guangzhou, China), and
protein concentration was measured using the BCA Protein
Assay Kit. Proteins (40 ug in each line) from each cell line
were separated by SDS-PAGE and transferred to PVDF
membranes. The membranes were blocked in 5% non-fat
milk in TBST for 2 h at room temperature and incubated with
primary antibodies at 4°C overnight. Then, the membranes
were incubated with HRP-conjugated secondary antibodies
for 2 h. Immunoreactive bands were visualized using an
enhanced chemiluminescence detection system. Protein
expression was normalized to GAPDH expression levels.
The antibodies, including Vimentin (#5741), N-Cadherin
(#13116), E-Cadherin (#14472), GAPDH (#5174), anti-
rabbit IgG (#7074), and anti-mouse IgG (#7076) were all
purchased CST (Danvers, MA, USA). SLCO4A1 antibody

(A304-457A) was purchased from Thermo Fisher Scientific
(Shanghai, China).

Wound-healing assay. Transfected CRC cells (5x10° cells/
well) were seeded on six-well plates. Upon reaching full
confluence, the cell monolayer was scratched using a sterile
10 ul pipette tip. Then, cells were washed with sterile PBS
three times and cultured in a fresh serum-free medium. At
0 and 24 h after scratch, cells were observed under a light
microscope, and relative cell migration was quantified.

Transwell migration assay. The invasion of CRC cells
was assessed using a 24-well Transwell system (BD Biosci-
ence, San Jose, CA, USA). Briefly, Matrigel (1:8 dilution;
BD Biosciences) was added to the upper compartment of a
Transwell chamber and solidified at 37°C. Transfected cells
(5%x10*) were resuspended in 600 pl of RPMI-1640 medium
supplemented with 0.1% FBS and plated on the Matrigel-
coated upper chamber, while 600 pl of culture medium
supplemented with 20% FBS was added to the lower chamber.
The cells were cultured in an incubator at 37 °C for 48 h. The
cells in the upper chamber were removed with cotton swabs
and washed with PBS three times. The cells that crossed the
Transwell membrane were fixed with 4% paraformaldehyde
for 30 min and stained with 0.1% crystal violet for 30 min at
room temperature. Cells were observed under a light micro-
scope at 200x magnification (Olympus Corporation, Tokyo,
Japan) and counted in five randomly selected fields.

Cell counting kit-8 (CCK-8) assay. Cell viability was
measured using a CCK-8 kit according to the manufacturer’s
instructions. Briefly, cells in the logarithmic growth phase
were cultured in a serum-free medium for 24 h, digested,
diluted to a concentration of 5x10*/ml, seeded in 96-well
plates (100 pl), and cultured in a humidified incubator with
5% CO, at 37 °C. After 24, 48, and 72 h, 100 pl of the medium
was replaced with the same volume of a fresh medium, and
10 ul of CCK-8 reagent was added to each well. The plates
were incubated for 2 h in the dark, and cell viability was
assessed by measuring absorbance at 450 nm using a micro-
plate reader.

EdU assay. Transfected cells were seeded in 96-well plates
(2-3%10* cells/ml) and cultured in a humidified incubator
with 5% CO, at 37°C overnight. Then, cells were incubated
with EAU (10 uM) for 2 h, harvested, fixed with 4% parafor-
maldehyde at room temperature for 15-30 min, and permea-
bilized with PBS containing 0.5% Triton X-100 for 20 min.
After washing with PBS, samples were incubated with 100
wl of reaction buffer in the dark at room temperature for 30
min. Nuclei were stained with Hoechst 33342. Cells were
imaged on an inverted fluorescence microscope.

Luciferase reporter assay. Putative binding sites between
the SLCO4A1 3’-UTR and miR-1224-5p seed sequence were
predicted by TargetScan (www.targetscan.org). The wild-
type or mutant 3’-UTR of SLCO4A1 harboring miR-1224-5p
binding sites was constructed by GenePharma. Then, 293T
cells were co-transfected with plasmids and miR-1224-5p
mimic or the negative control and seeded in 24-well plates.
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After 48 h of transfection, luciferase activity was detected
using the Dual-Luciferase Reporter Assay Kit (Promega,
Madison, WI, USA). The binding between SLCO4A1l and
miR-1224-5p was assessed by calculating the ratio of Renilla
luciferase to firefly luciferase activity.

Immunofluorescence staining. LoVo and HT29 cells
were fixed with 4% paraformaldehyde for 15 min at room
temperature and blocked with 5% BSA for 30 min. Cells were
washed with PBS and incubated with anti-vimentin antibody
(#5741, CST) at 4°C overnight and with secondary antibody
(#4413, CST) at 4°C for 2 h. Nuclei were counter-stained
with 0.1% DAPI for 5 min. Cells were imaged on a fluores-
cence microscope.

Animal studies. Briefly, 4-week-old BALB/c nude mice
(Gem Pharmatech; Nanjing, China) were randomly divided
into two groups (n=6 in each group). LoVo cells were trans-
duced with lentivirus expressing SLCO4A1 (sh-SLCO4A1l)
or a negative control lentivirus (sh-NC). Cells (2x10°) were
suspended in 100 pl of PBS and injected subcutaneously into
the lateral flank of mice to form tumors. Tumor size was
measured every 2 days using a Vernier caliper. When the
tumor volume of the sh-NC group reached 1000 mm’, mice
were sacrificed, the tumors were surgically dissected, and
tumor volume was calculated using the equation V = 0.5 x
(length x square width). All animal studies were approved

by the Animal Care and Use Committee of Zhejiang Chinese
Medicine University and were performed in accordance with
institutional guidelines.

Statistical analysis. Statistical analysis was performed
using GraphPad Prism version 7.0. Continuous data were
analyzed using a one-way analysis of variance or Student’s
t-test and were expressed as the mean + standard deviation.
p-values of <0.05 were considered statistically significant.
All experiments were performed in triplicate and repeated
independently at least three times.

Results

SLCO4A1 expression was increased in CRC tissues
and cell lines. We first analyzed the GSE110224 dataset
and found that SLCO4Al expression was significantly
higher in CRC tissues than in normal tissues (Figure 1A).
starBase database (http://starbase.sysu.edu.cn/index.php) is
a comprehensive database that provides information on the
interaction between miRNA and various RNA molecules
[14], and GEPIA (http://gepia.cancer-pku.cn/index.html),
designed by Peking University, is a database for analyzing
RNA sequence expression [15]. The analyses of the starBase
and GEPIA databases confirmed that SLCO4A1 was overex-
pressed in CRC tissues, indicating that SLCO4A1 was upreg-
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Figure 1. SLCO4A1 expression is increased in colorectal cancer (CRC) tissues and cell lines. A) Expression of mRNAs in CRC and normal tissues. The
red and blue dots represent differentially expressed dysregulated mRNAs. Among these, SLCO4A1 expression was increased. The expression of SL-
CO4A1 in CRC and normal tissues was analyzed using starBase (B) and GEPIA (C) databases. D) The relationship between SLCO4A1 expression and
the prognosis of CRC patients was analyzed using the GEPIA database. E) SLCO4A1 expression detected by RT-qPCR was higher in CRC cells than in

normal cells. *p<0.05, **p<0.01
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ulated in CRC (Figures 1B, 1C). Overall survival was signifi-
cantly lower in patients with high SLCO4Al expression
than in patients with low SLCO4A1 expression, indicating
that SLCO4A1 expression level was correlated with the poor
prognosis of CRC patients (p=0.0053, Figure 1D). Moreover,
SLCO4A1 expression level was significantly higher in CRC
cells than in the normal cell line NCM460 (Figure 1E).
These results suggested that SLCO4A1 was involved in CRC

development as an oncogene and correlates with the poor
prognosis of CRC patients.

SLCO4A1 regulates the proliferation, migration,
invasion, and epithelial-mesenchymal transition (EMT)
of CRC cells in vitro. To elucidate the biological function
of SLCO4AL1 in CRC, SLCO4A1 expression was downreg-
ulated in LoVo cells using siRNA targeting SLCO4Al
(si-SLCO4A1), and SLCO4Al expression was upregu-
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Figure 2. SLCO4A1 promotes the proliferation, migration, invasion, and epithelial-mesenchymal transition of cancer cells in vitro. LoVo cells were
transfected with SLCO4A1 siRNA, and HT29 cells were transfected with a SLCO4A1-overexpression plasmid. A) The efficiency of SLCO4A1 knock-
down or overexpression was evaluated by western blotting. B, C) The proliferation of CRC cells was assessed using CCK-8 and EdU assay. D) The mi-
gration of CRC cells was evaluated using a wound-healing assay. E) The invasion of CRC cells was assessed using a Transwell assay. F) The expression
levels of E-cadherin, vimentin, and N-cadherin were measured by western blotting. G) Changes in the protein expression of vimentin were assessed by

immunofluorescence.
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lated in HT29 cells utilizing a SLCO4A1l overexpression
plasmid (ov-SLCO4A1). Transfection with si-SLCO4A1 and
ov-SLCO4A1 was confirmed by western blotting (Figure 2A).
The results of CCK-8, EdU, wound-healing, and Transwell
assays demonstrated that SLCO4A1 knockdown significantly
inhibited the viability, proliferation, migration, and invasion
of LoVo cells (Figures 2B-2E). These assays also revealed that
SLCO4A1 overexpression promoted the proliferation, migra-
tion, and invasion of HT29 cells (Figures 2B-2E). Further-
more, western blot analysis showed that SLCO4A1 silencing
increased E-cadherin levels while decreased N-cadherin
and vimentin levels in LoVo cells (Figure 2F). In contrast,
SLCO4A1 overexpression had opposite effects on the expres-
sion of EMT markers in HT29 cells (Figure 2F). Immunoflu-
orescence showed that SLCO4A1 silencing reduced vimentin
expression in LoVo cells, whereas SLCO4A1 overexpression
increased vimentin expression in HT29 cells (Figure 2G).
These findings demonstrated that SLCO4A1 promoted CRC
progression.

SLCO4A1 knockdown inhibits tumor growth in vivo.
To confirm the effect of SLCO4A1 on CRC tumorigenesis
in vivo, LoVo cells were transfected with a lentiviral vector
expressing an shRNA against SLCO4Al (sh-SLCO4A1)
and corresponding negative control (sh-NC). As shown in
Figure 3A, the sizes of tumor tissues in sh-SLCO4A1 groups

were smaller than those in NC groups. Consistently, tumor
volume and tumor weight were also remarkably reduced by
SLCO4A1 knockdown (Figures 3B, 3C). Importantly, we
observed decreased Ki-67 expression in the sh-SLCO4Al
groups compared with the NC groups (Figures 3D-3E).
These results demonstrated that SLCO4A1 silencing inhib-
ited tumor growth in vivo.

SLCO4A1 directly interacts with miR-1224-5p. To
explore the underlying mechanisms of SLCO4AI in CRC
progression, Target Scan (www.targetscan.org) was used
to predict the potential miRNAs targeting SLCO4A1 and
miR-1224-5p was predicted to interact with SLCO4A1l
(Figure 4A). Luciferase activity assay demonstrated that
SLCO4A1 was a direct target of miR-1224-5p. miR-1224-5p
mimic inhibited the luciferase activity of wild-type
SLCO4A1-WT but not mutant SLCO4Al (Figure 4B).
The expression levels of miR-1224-5p in CRC tissues were
evaluated using starBase. The results showed that the
miR-1224-5p expression level was markedly lower in CRC
tissues than in normal tissues (Figure 4C). Meanwhile,
miR-1224-5p expression was lower in CRC cells than in
NCM460 cells (Figure 4D) The mRNA and protein levels
of SLCO4A1, measured by qRT-PCR and western blotting,
decreased after transfection with miR-1224-5p mimics,
whereas the miR-1224-5p inhibitor enhanced SLCO4A1l
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Figure 3. SLCO4A1 knockdown inhibits tumor growth in vivo. A) Morphology of colorectal cancer cells transfected with sh-SLCO4A1 or sh-NC. sh-
SLCO4A1 decreased tumor volume (B), tumor weight (C), and Ki-67 expression (D-E). **p<0.01
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between SLCO4A1 and miR-1224-5p was predicted using the starBase database.

expression (Figure 4E, 4F). In addition, the miR-1224
level was inversely correlated with the SLCO4A1 level in
CRC tissues (Figure 4G). These results demonstrated that
miR-1224-5p directly targeted SLCO4A1l.

SLCO4A1 reverses the effects of miR-1224-5p on the
proliferation, migration, invasion, and EMT of CRC cells.
Next, si-SLCO4A was transfected into miR-1224-5p inhibitor-
treated LoVo cells while a SLCO4A1 plasmid was transfected
into miR-1224-5p mimic-treated HT29 cells. miR-1224-5p
expression levels after transfection were measured by
RT-qPCR (Figure 5A). Functional assays revealed that the
effects of miR-1224-5p inhibition on the phenotype of LoVo
cells were partially reversed by sh-SLCO4A1, whereas the
effects of miR-1224-5p mimics on the phenotype of HT29
cells were partially abolished by SLCO4A1 overexpression
(Figures 5B-5G). These findings suggested that SLCO4A1
was a downstream target of miR-1224-5p and reversed the
effects of miR-1224-5p on CRC cell phenotypes.

Discussion

CRC is the most common gastrointestinal tumor, with
high mortality. In 2020, approximately 147,950 people
were diagnosed with CRC, of which approximately 53,200
died from the disease [16]. Despite significant advances in
the diagnosis and treatment of CRC, the prognosis is poor.
Therefore, understanding the mechanisms of CRC progres-

sion and identifying novel therapeutic targets for CRC are
essential to improve treatment and prognosis.

The solute carrier protein (SLC) family is a class of
membrane transporters [17]. SLCs encode organic anion-
transporting polypeptides (OATPs) and mediate the
sodium-independent transport of endogenous and exoge-
nous compounds, including bile salts, hormones, hormone
conjugates, toxins, and drugs [18, 19]. Increasing evidence
indicates that OATPs are regulated in several types of cancer
and exert a role in cellular processes associated with cancer
progression, suggesting a role in the occurrence and develop-
ment of cancer [20].

The present study analyzed the GSE110224 dataset and
found that SLCO4A1 (OATP4Al) expression was higher
in CRC tissues than in normal tissues. This result was
confirmed by the starBase and GEPIA databases. Further-
more, SLCO4A1 overexpression was associated with the
poor prognosis of CRC. In line with these findings, SLCO4A1
expression was shown to be higher in colon cancer and
pancreatic adenocarcinoma than in healthy control tissues
[8]. These findings suggested that SLCO4A1 functioned as
an oncogene in CRC progression.

To further explore the function of SLCO4Al in CRC
progression, si-SLCO4A1 and SLCO4Al plasmids were
transfected into LoVo and HT29 cells, respectively, to assess
cell proliferation, migration, and invasion. Gain- and loss-
of-function experiments verified that SLCO4A1 knock-
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Figure 5. The miR-1224-5p affects the proliferation, migration, invasion, and EMT of colorectal cancer (CRC) cells by regulating SLCO4A 1 expression.
LoVo cells knocked down for SLCO4A1 were transfected with miR-1224-5p inhibitor, and HT29 cells overexpressing SCLO4A1 were transfected with
miR-1224-5p mimics. A) The miR-1224-5p levels in transfected CRC cells were measured by qRT-PCR. B, C) The proliferation of CRC cells after co-
transfection was assessed using the CCK-8 and EdU assay. D) The migration of CRC cells after co-transfection was evaluated using a wound-healing
assay. E) The invasion of CRC cells after co-transfection was assessed using a Transwell assay. F) The levels of E-cadherin, vimentin, and N-cadherin
were determined by western blotting. G) Changes in the protein expression of vimentin were assessed by immunofluorescence.
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down suppressed CRC cell proliferation, migration, and
invasion in vitro. Moreover, in vivo experiments demon-
strated that SLCO4A1 knockdown inhibited tumor growth,
as evidenced by reduced tumor volume, tumor weight, and
Ki-67 expression. It has been demonstrated that SLCO4A1
deletion reduces cancer migration, invasion, sphere forma-
tion, and tumorigenesis and enhances apoptosis in colon
cancer stem cells [8], further supporting our hypothesis that
SLCO4AL1 is implicated in CRC progression. EMT, charac-
terized by lower levels of epithelial markers and higher levels
of mesenchymal markers, promotes cancer cell migration
and invasion. Our results revealed that SLCO4A1 knock-
down upregulated epithelial markers and downregulated
mesenchymal markers in LoVo cells. Conversely, SLCO4A1
overexpression decreased E-cadherin levels and increased
the levels of vimentin and N-cadherin in HT29 cells. These
data suggested that SLCO4A1 controlled CRC cell invasion
and migration by promoting EMT.

Accumulating evidence demonstrates that miRNAs are
implicated in tumor initiation and progression. Bioinformatics
analysis and luciferase reporter assays proved that SLCO4Al
was a target gene of miR-1224-5p. miR-1224-5p is downregu-
lated in ovarian cancer [9], esophageal squamous cell carci-
noma [21], pancreatic cancer [22], and rectal cancer [23].
starBase and RT-qPCR analyses showed that miR-1224-5p
expression was low in CRC tissues and cell lines, consistent
with a previous study [2]. miR-1224-5p mimic increased
the mRNA and protein levels of SLCO4Al, whereas a
miR-1224-5p inhibitor had the opposite effect, indicating that
miR-1224-5p negatively regulated SLCO4A1. Rescue experi-
ments were performed to investigate whether SLCO4A1 was
regulated by miR-1224-5p. SLCO4A1 knockdown partially
reversed the effect of the miR-1224-5p inhibitor on the
phenotype of LoVo cells. Conversely, SLCO4Al partially
reversed the effect of miR-1224-5p mimic on the phenotype
of HT29 cells. These findings suggested that SLCO4A1 was
regulated by miR-1224-5p and that miR-1224-5p/SLCO4A1
could be considered a new strategy for CRC treatment.

This study demonstrated that SLCO4Al was highly
expressed in CRC, and SLCO4Al silencing reversed the
effects of miR-1224-5p on CRC cell proliferation, migration,
invasion, and EMT. However, Buxhofer-Ausch et al. found
that OATP4A1 expression levels were inversely correlated
with tumor recurrence in early-stage CRC, indicating that
OATP4A1 levels varied at different stages of cancer [24]. In
addition, SLCO4A1 was identified as candidate transporter
for erlotinib [25], implying that SLCO4A1 may be involved
in drug resistance. In terms of these points, it deserves
further study in the future. In conclusion, our data indicated
that SLCO4A1 was a potential biomarker for the diagnosis
and treatment of CRC.
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