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Abstract. 5‑Fluorouracil (5‑FU)‑based chemotherapy is
the first‑line option for patients with advanced colorectal
cancer (CRC). However, the development of chemoresistance
is the primary cause of treatment failure. Halofuginone (HF),
a small molecule alkaloid derived from febrifugine, has been
demonstrated to exert strong anti‑proliferative effects. However,
to the best of our knowledge, whether HF inhibits the progres‑
sion of 5‑FU‑resistant human CRC HCT‑15/FU cells, and the
underlying mechanisms, remain unknown. In the present study,
the effects of HF on HCT‑15/FU cells were assessed in vitro.
The results revealed that HF inhibited HCT‑15/FU cell viability
as demonstrated by the MTT and colony formation assays.
Following treatment of HCT‑15/FU cells with HF, the migratory
and invasive capacities of the cells were significantly decreased.
MicroRNA (miRNA/miR)‑sequencing data, subsequent
miRNA trend analysis and reverse transcription‑quantitative
PCR all demonstrated that miR‑132‑3p expression was
increased following treatment with HF in a dose‑dependent
manner. Western blot analysis indicated that following treat‑
ment with HF, the expression levels of proteins associated with
proliferation, invasion and metastasis in cells were markedly
downregulated. These results suggested that HF inhibited the
proliferation, invasion and migration of HCT‑15/FU cells by
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upregulating the expression levels of miR‑132‑3p. Therefore,
miR‑132‑3p may serve as a molecular marker, which may be
used to predict CRC resistance to 5‑FU, and HF may serve as a
novel clinical treatment for 5‑FU‑resistant CRC.
Introduction
Colorectal cancer (CRC) is the third most commonly diagnosed
cancer worldwide (1). Due to the continuous development of
endoscopic treatments, including endoscopic mucosal resec‑
tion and endoscopic submucosal dissection, which allow
radical resection of a CRC tumor without the need for open
surgery (2‑4), the 5‑year survival rate of patients with early
CRC is >90% (5,6). By contrast, for patients with advanced
CRC with distant metastasis, 5‑fluorouracil (5‑FU)‑based
chemotherapy is the first‑line option; however, the development
of drug resistance is the primary cause of treatment failure,
and the median survival time is <2 years (7). Therefore, the
development of alternative approaches to overcome CRC
resistance is urgently required.
Halofuginone (HF), a derivative of a traditional Chinese
medicine and the effective constituent of febrifugine, has
attracted increasing attention for its wide range of biological
activities in malaria, autoimmune diseases, fibrosis and
cancer (8‑11). HF suppresses cancer cell proliferation and
decreases tumor metastasis in hepatoma, melanoma and
multiple myeloma in vitro (12‑14). HF has already been
trialed for use as an anticarcinogenic drug for advanced solid
tumors in one phase I clinical trial (15). The trial found that
the pharmacokinetics of HF were linear over the dose range
studied, with a large interpatient variability. The dose‑limiting
toxicities of HF were nausea, vomiting and fatigue. The
recommended dose for phase II studies of HF was 0.5 mg
administered orally, once daily.
In the present study, the regulatory effects of HF on
the proliferation, migration and invasion of 5‑FU‑resistant
human CRC HCT‑15/FU cells were assessed. Additionally,
using bioinformatics analysis, alterations in the microRNA
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(miRNA/miR) expression profiles were determined following
treatment with HF. The results of the present study highlight
the potential of miR‑132‑3p as a potential therapeutic target,
and the potential of HF as a novel therapeutic agent in
5‑FU‑resistant CRC.
Materials and methods
Chemicals and reagents. MTT was purchased from
Sigma‑Aldrich; Merck KGaA. Antibodies against β‑catenin
(cat. no. 8480), poly(ADP‑ribose) polymerase (PARP;
cat. no. 9532), ERK1/2 (cat. no. 4696), AKT (cat. no. 4691),
Survivin (cat. no. 2808) and integrin β4 (ITGβ4; cat. no. 14803)
were obtained from Cell Signaling Technology, Inc. An antibody
against EGFR (cat. no. ab52894) was purchased from Abcam.
GAPDH (1A6) monoclonal antibody (cat. no. MB001) and goat
anti‑mouse IgG (H+L)‑HRP (cat. no. BS12478) were purchased
from Bioworld Technology, Inc. Goat anti‑rabbit IgG (H+L)
HRP (cat. no. S0001) was purchased from Affinity Biosciences.
All tissue culture reagents and other routine laboratory reagents
were obtained from Guangzhou Whiga Technology Co., Ltd.
HF (Fig. 1A), extracted from Dichroa febrifuga Lour of tradi‑
tional Chinese herbs, with a purity of 99.05% was obtained
from Selleck Chemicals (cat. no. S8144).
Cell culture. The normal human primary colonic epithelial cells
(NHPCECs; HUM‑iCELL‑d010), the 5‑FU‑resistant human
CRC HCT‑15/FU cell line (iCell‑h073) and the corresponding
5‑FU‑sensitive HCT‑15 cells (iCell‑h072), the identities of which
were confirmed using Short Tandem Repeat profiling, were
purchased form iCell Bioscience, Inc. In detail, by gradually
increasing the 5‑FU concentration, HCT‑15 cells were success‑
fully induced to 5‑FU‑resistant cell lines and named HCT‑15/FU.
Specifically, HCT‑15 cells in the logarithmic growth phase were
seeded into 6‑well plates. When the cell proliferation was stable
and the confluence was ~80%, the medium was replaced with
complete medium containing 7.5 µg/ml 5‑FU. The drug concen‑
tration could be increased until the cells maintained normal
growth at a concentration of 7.5 µg/ml for 4 days. The increasing
drug concentrations were: 7.5, 10, 12.5, 15, 17.5 and 20 µg/ml. By
day 208, the cells could be cultured in 20 µg/ml 5‑FU‑containing
medium for 7 days, and the cells grew normally. At this point,
HCT‑15/FU cells were successfully constructed. 5‑FU‑resistant
HCT‑15/FU cells were authenticated by comparing their fold
resistance with that of the parental 5‑FU‑sensitive HCT‑15 cells
(Fig. S1). The aforementioned two CRC cell lines were cultured
in RPMI‑1640 medium supplemented with 1% penicillin‑strep‑
tomycin and 10% fetal bovine serum (FBS) (Tianhang Biotech
Co., Ltd.). NHPCECs were cultured in complete medium of the
iCell primary epithelial cell culture system (PriMed‑Icell‑001;
iCell Bioscience, Inc.). Both cultures were maintained at 37˚C in
a 5% CO2 incubator.
Cell cytotoxicity and colony formation assays. Cell cytotoxicity
was evaluated using MTT assays as previously described (16).
Specifically, 20 µl MTT (5 mg/ml) was added to each well for
a 4‑h reaction. Next, the supernatant was discarded, and the
formed formazan product was dissolved in 100 µl DMSO/well.
The optical density was detected at an absorbance wavelength
of 540 nm using a Model 550 Microplate reader (Bio‑Rad

Laboratories, Inc.), with reference filter of 655 nm. Colony
formation assays were performed to determine the cloning capa‑
bility of HCT‑15/FU cells. HCT‑15/FU cells were treated with
HF (0.11, 0.33, 1.00 µM) for 48 h. A total of 500 cells/well were
seeded into 6‑well plates and cultured for an additional 10 days in
RPMI‑1640 medium supplemented with 10% FBS at 37˚C until
most of the single colonies contained >50 cells. Subsequently,
the colonies were fixed with 4% formaldehyde at room tempera‑
ture, stained with 0.01% crystal violet for 30 min. Images were
captured using ChemiDoc™ XRS+ (Bio‑Rad Laboratories) (17).
Wound healing assay. A wound healing assay was performed
to determine cell migration in vitro. Briefly, cells were plated
in 6‑well plates and grown overnight to reach 100% conflu‑
ence. Subsequently, a 1‑ml pipette tip was used to scratch the
cell monolayer, the wounded cell layer was washed with PBS
to remove dead cells, and then FBS‑free medium was added.
The HCT‑15/FU cells were incubated with HF (0.11, 0.33 and
1.00 µM) for 0, 12, 24 or 48 h. Images were captured using
a light microscope (Olympus Corporation) at x40 magnifica‑
tion. The surface area was calculated using ImageJ software
(version 1.51j8; National Institutes of Health). The cell motility
rate was calculated as follows: Cell motility rate (%) = migrated
cell surface area/total surface area x100.
Invasion assay. The bottom of the Transwell apparatus was
pre‑coated for 3 h with Matrigel (Corning Inc.), which was
diluted 5 times with basal medium. HCT‑15/FU cells were
transferred into the upper chamber of the Transwell apparatus at
a density of 2.5x104 cells/well in 200 µl serum‑free RPMI‑1640
medium, which contained the HF (0, 0.11, 0.33 and 1.00 µM).
The lower chamber contained 600 µl RPMI‑1640 medium
with 10% FBS, which was a chemoattractant. After incubation
for 48 h, cells that migrated into the lower chamber were fixed
with methanol and stained with 0.05% crystal violet at room
temperature for 30 min. Cells on the top layer were removed
using a cotton swab, and images of the migrated cells were
captured using an inverted microscope (Leica Microsystems)
at x200 magnification. Six random fields were imaged for
quantification of migrated cells. The cell number that had
invaded to the bottom chamber was calculated for each group
by ImageJ software (version 1.51j8).
Western blotting. Cultured cells from different samples
were collected and washed twice with ice‑cold PBS. The
pellet was vortexed and lysed in lysis buffer (Cell Signaling
Technology, Inc.), supplementary with proteinase inhibitor
cocktail (Cell Signaling Technology, Inc.) and phenylmethyl‑
sulfonyl fluoride (Cell Signaling Technology, Inc.). The protein
concentration was determined using a BCA Protein assay kit
(Thermo Fisher Scientific, Inc.). Proteins (25 µg/lane) were
separated on 8‑12% gels using SDS‑PAGE and subsequently
transferred onto PVDF membranes (EMD Millipore). The
membranes were then blocked with TBST buffer [150 mmol/l
NaCl, 20 mmol/l Tris‑HCl (pH 7.4) and 0.4% (v/v) Tween‑20]
containing 5% dried non‑fat milk, and subsequently incubated
with primary antibodies overnight at 4˚C. After being washed
with TBST buffer three times, the membranes were incubated
with horseradish peroxidase (HRP) conjugated secondary anti‑
bodies for 2 h at room temperature. Blots were visualized using
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Figure 1. HF exhibits potent cytotoxic effects on 5‑FU‑resistant human colorectal cancer HCT‑15/FU cells. (A) Chemical structure of HF, rel‑7‑bromo‑6‑chlo
ro‑3‑[3‑[(2R,3S)‑3‑hydroxy‑2‑piperidinyl]‑2‑oxopropyl]‑4(3H)‑Quinazolinone; molecular weight, 414.68. (B) MTT assays were used to determine the effects
of HF on HCT‑15/FU cells, HCT‑15 cells and NHPCECs. The cells were grown for 24 h and subsequently exposed to a range of concentrations of HF for 72 h.
(C) HF inhibited the proliferation of HCT‑15/FU cells as demonstrated by a colony formation assay. (D) Quantitative analysis of the colony formation assay.
****
P<0.0001. HF, halofuginone; NHPCEC, normal human primary colonic epithelial cells; ns, no significance; FU, 5‑fluorouracil.

a Western Lightning® Plus‑ELC kit (PerkinElmer, Inc.) and
analyzed by ChemiDoc™ XRS+ (Bio‑Rad Laboratories, Inc.).
Antibodies used in this study included: β‑catenin (1:1,000 dilu‑
tion), PARP (1:1,000 dilution), ERK1/2 (1:1,000 dilution), AKT
(1:1,000 dilution), Survivin (1:1,000 dilution), ITGβ4 (1:1,000
dilution), EGFR (1:1,000 dilution), GAPDH (1:10,000 dilution),
goat anti‑mouse IgG (H+L) HRP (1:5,000 dilution) and goat
anti‑rabbit IgG (H+L) HRP (1:5,000 dilution).
Construction and sequencing of the miRNA library and
subsequent miRNA trend analysis. HCT‑15/FU cells were
treated with HF (0.11, 0.33 and 1.00 µM) for 48 h, and total
RNA was extracted using TRIzol® (Thermo Fisher Scientific,
Inc.). An miRNA sequencing library was constructed using
the NEBNext Multiplex Small RNA Library Prep Set for
Illumina (New England Biolabs Inc.; NEB #E7580L),
which contains the adaptors, primers, enzymes and buffers
required to convert small RNAs into indexed libraries for
next generation sequencing on the Illumina platform. This
construction was performed by KangChen Bio‑tech Co.,
Ltd. Specifically, the experiment was performed according
to the following steps: i) 3'‑Adaptor ligation; ii) 5'‑adaptor
ligation; iii) cDNA synthesis; iv) PCR amplification; v) size
selection of 135 to 155‑bp PCR‑amplified fragments (corre‑
sponding to 15 to 35‑nt small RNAs). The libraries were
denatured into single‑stranded DNA molecules by 0.1 M

NaOH, captured on Illumina flow cells (Illumina, Inc.),
amplified in situ as clusters (TruSeq Rapid SR Cluster kit
(#GD‑402‑4001; Illumina, Inc.) and finally sequenced for
51 cycles on an Illumina NextSeq 500 platform. Based on
the miRNA sequencing results, the subsequent trend analysis
was performed using Short Time‑series Expression Miner
software v1.3.8 (Kangchen BioTech Co., Ltd.). The miRNAs
were assigned to the corresponding profile according to the
number of genes assigned to that profile, the number of genes
expected and the enrichment P‑value.
miRNA extraction and reverse transcription‑quantitative
(RT‑q)PCR. Following treatment of HCT‑15/FU cells with
0.33 and 1.00 µM HF for 48 h, total RNA was extracted using
TRIzol® reagent (Thermo Fisher Scientific, Inc.). A Mir‑X™
miRNA RT‑qPCR SYBR kit (Takara Bio, Inc.) was used
to reverse transcribe miRNAs into cDNA, and qPCR was
performed according to the manufacturer's protocol. The
thermocycling conditions were: 95˚C for 10 sec; followed by
40 cycles of 95˚C for 5 sec and 64˚C for 35 sec; followed by
95˚C for 30 sec and 55˚C for 30 sec. U6 was used as the internal
control. The primers were synthesized by Takara Bio, Inc. The
sequences of the primers were: U6 forward, 5'‑CGCAAGGAT
GACACG‑3' and reverse, 5'‑GAGCAGGCTGGAGAA‑3'; and
miR‑132‑3p forward, 5'‑TAACAGTCTACAGCCATGGTC‑3'
and reverse, 5'‑CAGTGCGTGTCGTGGAGT‑3'. The relative
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Figure 2. HF inhibits the migration of HCT‑15/FU cells. (A) HCT‑15/FU cell migration was inhibited by HF in a dose‑dependent manner (x40 magnification).
(B) Quantitative results of migration analysis. Data are presented as the mean ± standard deviation of three independent experiments. **P<0.01, ***P<0.001 and
****
P<0.0001. HF, halofuginone; ns, no significance.

expression levels of the genes were determined using the
2‑ΔΔCq method (18).
Statistical analysis. All statistical analyses were performed
using GraphPad Prism 7 software (GraphPad Software, Inc.).
Single factor variance analysis (one‑way ANOVA) followed by
Tukey's post‑hoc test was used when multiple sets of data met
the criteria for normality and the homogeneity of the variance.
All results were presented as mean ± standard deviation (SD).
P<0.05 was considered to indicate a statistically significant
difference.
Results
HF is cytotoxic to HCT‑15/FU cells. MTT assays were used to
measure cell viability following treatment with HF. As shown
in Fig. 1B, the IC50 values were 0.19±0.02 and 0.23±0.05 µmol/l

for HCT‑15 and HCT‑15/FU cells, respectively (P>0.05),
whereas for NHPCECs, the IC50 was 0.78±0.04 µmol/l. These
data suggest that HF exhibited potent and similar cytotoxicity
against both HCT‑15/FU and HCT‑15 cells. Compared with
the two tumor cell lines, HF was less cytotoxic to NHPCECs
(both P<0.05). Additionally, HF treatment inhibited the clone
formation of HCT‑15/FU cells as demonstrated by the colony
formation assays (Fig. 1C and D).
HF inhibits migration and invasion of HCT‑15/FU cells.
Tumor cell migration and invasion promote tumor progression.
To determine the effects of HF on migration and invasion,
HCT‑15/FU cells were treated with 0.11, 0.33 or 1.00 µmol/l
HF for 48 h to assess changes in cell migration and invasion.
The results demonstrated that HF inhibited HCT‑15/FU cell
migration (Fig. 2) and invasion (Fig. 3) in a dose‑dependent
manner. Notably, the results presented in Fig. 2 indicated that
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Figure 3. HF inhibits the invasion of HCT‑15/FU cells. (A) HCT‑15/FU cell invasion was inhibited by HF in a dose‑dependent manner (x200 magnifica‑
tion). (B) Quantitative results of the invasion analysis. Data are presented as the mean ± standard deviation of three independent experiments. **P<0.01 and
****
P<0.0001. HF, halofuginone.

HF could also induce apoptosis of HCT‑15/FU cells (consis‑
tent with the western blotting results for PARP protein). Cell
mobility was quantified from living cells on the edge of the
scratch. At 48 h after HF treatment, numerous apoptotic cells
covered visible gaps and the edges of the scratch were not
visible. Therefore, dead cells were removed to calculate cell
mobility at 48 h.
miRNA trend analysis in HCT‑15/FU cells treated with
HF. Using miRNA sequencing analysis and subsequent
miRNA trend analysis, the expression profiles of miRNAs
in HCT‑15/FU cells treated with HF were determined.
The miRNA trend analysis results demonstrated that the
expression levels of certain miRNAs were increased in a
dose‑dependent manner (Fig. 4A), and other miRNAs were
assigned to the corresponding profile (Figs. S2 and S3). The
labeled lines in Fig. 4A represent miR‑96‑5p, miR‑132‑3p and
miR‑129‑5p. Subsequently, RT‑qPCR was used to validate the
expression levels of the aforementioned specific miRNAs.
Following treatment with HF, only miR‑132‑3p expression
was demonstrated to be increased in a dose‑dependent
manner (Fig. 4B), while the expression level of miR‑96‑5p
and miR‑129‑5p changed irregularly (data not shown). To
further elucidate the mechanism by which HF inhibited
progression of HCT‑15/FU cells, subsequent experiments
focused on the role of miR‑132‑3p. miR‑132‑3p expression

was lower in CRC cells (HCT‑15 and HCT‑15/FU cells)
compared with in NHPCECs (P<0.01). When HCT‑15 cells
were treated with 5‑FU, the expression levels of miR‑132‑3p
were increased. Additionally, the expression levels of
miR‑132‑3p were lower in HCT‑15/FU cells compared with
HCT‑15 cells (P<0.05; Fig. 4C). These results suggest that
HF may inhibit HCT‑15/FU cell progression via upregulation
of miR‑132‑3p expression.
HF inhibits progression of HCT‑15/FU cells through
miR‑132‑3p‑mediated targeting of proteins involved in
proliferation, invasion and metastasis. Using TargetScan
Human 7.2 prediction (http://www.targetscan.org/vert_72/),
search results demonstrated that miR‑132‑3p might be
predicted to target the 3'‑untranslated regions (UTRs) of
proteins involved in proliferation, invasion and metastasis,
including MAPK1, MAPK3, MAPKBP1, AKT3 and integrin
subunit α9. In the present study, western blotting results
revealed that the protein expression levels of EGFR, AKT,
ERK1/2, Survivin, β ‑Catenin, PARP and ITG β 4, which
are associated with cell proliferation, apoptosis, invasion
or metastasis, were decreased in HCT‑15/FU cells treated
with HF (Fig. 5). Overall, these results suggest that HF may
inhibit HCT‑15/FU cell progression via miR‑132‑3p‑mediated
targeting of proteins involved in proliferation, invasion and
metastasis.
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Figure 4. Screening of the miRNA expression profiles in HCT‑15/FU cells treated with HF. (A) Using miRNA sequencing analysis and subsequent miRNA
trend analysis screening, the expression profiles of human miRNAs in HCT‑15/FU cells treated with HF were determined. The expression levels of certain
miRNAs were increased in a dose‑dependent manner. (B) miR‑132‑3p expression was increased in HCT‑15/FU cells treated with HF in a dose‑dependent
manner. (C) miR‑132‑3p expression was downregulated in colorectal cancer HCT‑15 and HCT‑15/FU cells compared with in NHPCECs. Treatment of
HCT15 cells with 5‑FU increased the expression levels of miR‑132‑3p (HCT‑15 versus HCT‑15/FU) and miR‑132‑3p expression was lower in HCT‑15/FU
cells compared with in the corresponding sensitive HCT‑15 cells. Experiments were performed in triplicate. *P<0.05 and ****P<0.0001. HF, halofuginone;
miR/miRNA, microRNA; NHPCEC, normal human primary colonic epithelial cells; FU, 5‑fluorouracil.

Discussion
HF has been demonstrated to exhibit anticancer activity via
several mechanisms, including the induction of apoptosis,
inhibition of proliferation and regulation of multiple down‑
stream cancer‑associated signaling molecules (19,20). Since
not having more 5‑FU‑resistant CRC cell lines is a limitation,
the present study detected the effects of HF on two pairs of
cancer cell lines: KB and it corresponding resistant KBv200
cell line (data not shown), and HCT‑15 and it corresponding
resistant HCT‑15/FU cell line. The results indicated that HF
exhibited potent cytotoxicity against the two pairs of cells.
To further elucidate the molecular mechanisms underlying
the antitumor activity of HF, the effects of HF on the tumori‑
genic progression of human 5‑FU‑resistant HCT‑15/FU cells
were examined. MTT, colony formation, wound healing and
invasion assays demonstrated that when HCT‑15/FU cells
were treated with HF, cell viability, migration and inva‑
sion were reduced, and western blotting indicated that the
protein expression levels of EGFR, AKT, ERK1/2, Survivin,
β‑catenin, PARP and ITGβ4 were downregulated. Therefore,
the effects of HF on HCT‑15/FU cells may be attributed to
two models: i) Inhibition of protein expression of EGFR,
AKT, ERK1/2, Survivin, β ‑catenin, PARP, downstream of
MAPK and/or PI3K/AKT signaling pathways, resulting in

inhibition of HCT‑15/FU cell proliferation and induction
of apoptosis; and ii) inhibiting the protein expression of
ITGβ 4, thus inhibiting invasion and metastasis. Therefore,
it was hypothesized that HF may exert beneficial effects in
5‑FU‑resistant CRC treatment.
miRNAs are small, endogenous single‑stranded 21‑23 nucle‑
otide non‑coding RNAs that serve as protooncogenes or tumor
suppressor genes, and are abnormally expressed in a variety
of tumors. Increasing bioinformatics evidence and subsequent
functional assays have revealed that miRNAs serve key roles
in numerous biological processes, including tumor occurrence,
development and metastasis, in several types of cancer (21).
miRNAs can bind to the 3'‑UTR of target gene mRNAs and
induce their post‑transcriptional repression (22‑24).
Studies have demonstrated that miRNAs regulate the expres‑
sion of various genes associated with human cancer (25,26).
Several other studies have revealed that miRNAs may serve as
biomarkers of CRC, and the majority of these miRNAs have a
tumor suppressor role (27,28). miR‑132 has been demonstrated
to regulate cancer via regulation of several cellular behaviors,
including tumorigenesis, proliferation, resistance and progres‑
sion (29). Previous studies have indicated that miR‑132 exerts
tumor‑suppressing functions in various types of cancer,
including prostate cancer, thyroid cancer, pancreatic cancer,
cervical cancer and renal carcinoma (30‑35). Furthermore,
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Fig u r e 5. H F i n h ibit s p rog r ession of HC T‑15/ F U c el ls v ia
microRNA‑132‑3p‑mediated targeting of proteins involved in prolifera‑
tion, invasion and metastasis. Following treatment of HCT‑15/FU cells with
various concentrations of HF, the expression levels of proteins associated
with cell proliferation, invasion and metastasis were detected. The protein
expression levels of EGFR, AKT, ERK1/2 (MAPK1/2), Survivin, β‑Catenin,
PARP and ITG β 4 were downregulated. PARP, poly(ADP‑ribose) poly‑
merase; ITGβ4, Integrin β4; HF, halofuginone.

miR‑132 affects drug resistance. Studies have demonstrated
that overexpression of miR‑132 enhances the chemotherapy
or radiotherapy sensitivity of CRC, ovarian cancer, nasopha‑
ryngeal carcinoma and cervical cancer (36‑39). However, the
biological functions of miR‑132‑3p in 5‑FU‑resistant CRC
remain poorly understood, which largely limits its potential
as a biomarker of resistance. In the present study, miR‑132‑3p
expression was determined to be downregulated in CRC
cells compared with NHPCECs. Additionally, the levels of
miR‑132‑3p were lower in HCT‑15/FU cells compared with
the sensitive HCT‑15 cells. Therefore, it was hypothesized that
miR‑132‑3p may be involved not only in the tumorigenesis,
but also in the process of CRC resistance to 5‑FU. Overall,
the present study identified that miR‑132‑3p may regulate CRC
resistance to 5‑FU.
Studies have demonstrated that natural compounds,
including curcumin, tectorigenin and avenanthramide A
can regulate the expression of numerous miRNAs, which
increases the sensitivity of cancer cells to conventional
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chemotherapeutics and thereby effectively suppresses tumor
cell proliferation (40‑42). Previous studies have demon‑
strated that anticarcinogenic effects of HF on various types
of cancer (43‑45). In order to determine the mechanisms by
which HF affected HCT‑15/FU cells, bioinformatics analysis,
miRNA‑sequencing data, subsequent miRNA trend analysis
and RT‑qPCR verification were used, and it was demonstrated
that miR‑132‑3p expression was increased in a dose‑dependent
manner.
ERK1/2 are critical molecules in the MAPK signaling
pathway, which is an important pathway involved in tumor
proliferation (46). Using TargetScan prediction software,
it was suggested that miR‑132‑3p bound to the 3'‑UTR of
MAPK1 (ERK1). Consistent with this prediction, the present
study demonstrated that HF treatment increased miR‑132‑3p
expression and reduced the protein expression levels of
ERK1/2. Therefore, it was hypothesized that miR‑132‑3p
served as a tumor suppressor in HCT‑15/FU cells via reduc‑
tion of ERK1/2 expression. Additionally, western blotting
suggested that the protein expression levels of EGFR,
AKT, Survivin, β‑Catenin, PARP and ITGβ4 were reduced
following treatment of HCT‑15/FU cells with HF. In addi‑
tion, cell cycle‑related proteins are closely associated with
tumor growth pathways. In our other work, after HCT15/FU
cells were added to HF, it was demonstrated using label‑free
quantitative proteomics that the expression levels of some
cell cycle‑related proteins, such as CDK2 and CDK11B, were
altered (data not shown). Overall, these results suggested
that HF inhibited proliferation of HCT‑15/FU cells via
upregulation of miR‑132‑3p‑mediated targeting of proteins
involved in proliferation, apoptosis, invasion and metastasis,
providing a novel perspective on anti‑5‑FU‑resistant CRC.
Both miR‑132‑3p and cancer progression‑related proteins may
potentially serve as 5‑FU‑resistant biomarkers and/or targets
for developing CRC therapeutics. These results suggest that
HF and its derivatives may serve as novel therapeutics for
treatment of 5‑FU‑resistant CRC.
In conclusion, the present study demonstrated that
downregulated expression of miR‑132‑3p in HCT‑15/FU
cells promoted CRC resistance to 5‑FU, and thus subse‑
quent progression. miR‑132‑3p expression was increased in
HCT‑15/FU cells treated with HF in a dose‑dependent manner.
HF inhibited proliferation of HCT‑15/FU cells via upregula‑
tion of miR‑132‑3p, which in turn targeted genes associated
with cancer progression. To the best of our knowledge, the
present study was the first to report the relationship among
HF treatment, miR‑132‑3p and cancer progression‑related
proteins in HCT‑15/FU cells, and HF and its derivatives may
be a novel therapeutic agent for treatment of 5‑FU‑resistant
CRC.
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