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microRNA-16-5p suppresses cell proliferation and angiogenesis in colorectal cancer
by negatively regulating forkhead box K1 to block the PI3K/Akt/mTOR pathway
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MicroRNAs (miRNAs/miRs) have aroused increasing attention in colorectal cancer (CRC) therapy. This study
is designed for a detailed analysis of the roles of miR-16-5p and forkhead box K1 (FOXK1) in cell angiogenesis
and proliferation during CRC in addition to their underlying mechanisms. CRC tissues and colon cancer cell
lines (SW620 and HCT8) were investigated. qRT-PCR and Western blot were utilized to evaluate miR-16-5p
and FOXK1 expression. Following gain- and loss-of-function assays on miR-16-5p or FOXK1, the effects of
miR-16-5p and FOXK1 were assessed on cell angiogenesis and proliferation in CRC cells. A dual-luciferase
reporter assay was employed to evaluate the binding relationship of miR-16-5p and FOXK1. Western blot was
used to determine the effects of miR-16-5p and FOXK1 on key molecules of the PI3K/Akt/mTOR pathway.
Highly expressed FOXK1 and lowly expressed miR-16-5p were observed in CRC cells and tissues. miR-16-5p
overexpression or FOXK1 knockdown reduced CRC cell proliferation and angiogenesis of human umbilical
vein endothelial cells co-cultured with the supernatant of CRC cells, whereas miR-16-5p silencing or FOXK1
upregulation caused opposite trends. Additionally, miR-16-5p negatively modulated FOXK1 expression. The
blockade of the PI3K/Akt/mTOR pathway was triggered by miR-16-5p overexpression or FOXK1 silencing.
In conclusion, miR-16-5p hampers cell angiogenesis and proliferation during CRC by targeting FOXK1 to
block the PI3K/Akt/mTOR pathway.

Key words: microRNA-16-5p; forkhead box K1; PI3K/Akt/mTOR pathway; colorectal cancer; proliferation;
angiogenesis.
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Introduction
Colorectal cancer (CRC), consisting of colon cancer and rectal

cancer, is the third prevailing cancer and the fourth cause frequent-
ly associated with cancer-caused death globally, accounting for
roughly 600,000 deaths and 1.2 million new cases per year.1,2 CRC
is a lethal carcinoma worldwide with complicated pathogenesis, in
which both environmental variables and genetic factors assume
certain roles.3 The treatment for CRC in clinical practice comprises
radiation therapy, surgical resection, chemotherapy, adjuvant treat-
ment, and immunotherapy.4 Although great advancements have
been achieved for CRC remedy, the five-year survival rate of
metastatic CRC remains less than 10%, posing a serious threat to
human mental and physical health. Therefore, it is of great signif-
icance to identify and understand changes in the cancer genome for
targeted therapeutics development. Since the requirement of new
vessels to provide nutrients and oxygen to the blood, angiogenesis
elicits a major effect on the formation and progression of solid
tumors.5 The presence of angiogenesis interferes with a series of
events triggered by the upregulation in angiogenic factors, such as
microvessel density and vascular endothelial growth factor
(VEGF).6 As a type of endogenous small non-coding RNAs,
microRNAs (miRNAs or miRs) negatively mediate the expression
of the target genes by binding to the 3’-untranslated region of tar-
get messenger RNA transcripts for degradation or translational
suppression.7 Several miRNAs are uniformly associated with cell
proliferation, angiogenesis, and metastasis in CRC, indicating that
miRNAs may serve as therapeutic targets or diagnostic markers for
CRC.8,9 Growing evidence expounds that certain changes in
miRNAs that mediate the expression of anti-oncogenes or onco-
genes may also stimulate the occurrence of CRC.10 Numerous
studies have confirmed that miR-16, as a tumor suppressor, is
involved in various cancers, including pancreatic cancer, prostate
cancer, ovarian cancer, and CRC.11-14 Briefly, miR-16 can repress
cell survival, proliferation, angiogenesis, and epithelial-to-mes-
enchymal transition in CRC by targeting oncogenes.15 The miR-
16-5p/ALDH1A3/PKM2 axis modulates aerobic glycolysis and
thus participates in the inhibition of CRC development through the
diethyldithiocarbamate-copper complex.16 Therefore, the mecha-
nism of miR-16-5p in CRC merits further exploration.

The forkhead box K (FOXK) family regulates a variety of bio-
logical processes, such as cell cycle progression, differentiation,
metabolism, and apoptosis.17 Importantly, FOXK1 plays a crucial
role in the orchestration of cell proliferation and differentiation in
cancers.18 For instance, Wang et al.19 have reported that FOXK1 is
highly expressed in gastric cancer (GC) tissues, which was respon-
sible for the malignant behaviors of GC. Furthermore, the alter-
ation of FOXK1 was documented to govern hilar cholangiocarci-
noma cell migration and proliferation.20 In CRC, FOXK1 is well
documented to act as an oncogene.21,22 Despite the oncogenic role
of FOXK1 in several tumors having been elucidated, further
research is needed to dissect the relationship between FOXK1 and
miR-16-5p and the impacts of this relationship on CRC cells. Here,
we were devoted to determining the relationship between FOXK1
and miR-16-5p and the impact of miR-16-5p/FOXK1 axis on cell
proliferation and angiogenesis in CRC, hoping to shed light on a
new insight into the disease mechanism and treatment of CRC.

Materials and Methods

Subjects and sample collection
From June 2018 to December 2018, 20 pathologically diag-

nosed CRC patients were included in this study with their CRC tis-
sues and adjacent tumor tissues (at least 2 cm away from tumor
lesion) collected. After surgical resection of the tumor, samples
were immediately collected, frozen in liquid nitrogen, and then
stored at -80°C until being used. Through pathological diagnosis,
tumor tissue specimens were clearly diagnosed as CRC, and adja-
cent tumor tissues were clearly excluded from CRC. The included
CRC patients did not receive any anti-tumor therapy, such as
neoadjuvant radiotherapy, chemotherapy, or traditional Chinese
medicine before the surgery. No other concomitant malignant
tumor was found in all eligible patients. The study protocol involv-
ing humans was approved by the Ethics Committee of The First
Affiliated Hospital of Nanchang University, and all of the patients
provided their written informed consents.

Cell culture
Human embryonic kidney cells (HEK293T), human umbilical

vein endothelial cells (HUVECs), normal colorectal epithelial cells
NCM460, and colon cancer cell lines (SW620 and HCT8) were
obtained from Shanghai Institutes for Biological Science, Chinese
Academy of Sciences (Shanghai, China). Cells were incubated
with Dulbecco’s modified eagle medium/nutrient mixture F-12
(Invitrogen, Carlsbad, CA, USA) encompassing 10% fetal bovine
serum in a 37°C and 5% CO2 incubator (ThermoFisher, Waltham,
MA, USA). Cells were grown for 2-3 days before being harvested.
Then, cells were passaged when cell confluence reached 70-90%,
and cells in the logarithmic growth phase were harvested for fol-
low-up experiments.

Quantitative real-time polymerase chain reaction (qRT-
PCR)

Total RNA was extracted from CRC cells with TRIzol
(Invitrogen). The cDNA template was synthesized using a reverse
transcription kit (TaKaRa, Tokyo, Japan) based on the protocols.
Gene expression was detected on a LightCycler 480 real-time
polymerase chain reaction instrument (Roche Diagnostics,
Indianapolis, IN, USA). The reaction conditions were concordant
with the manuals of the fluorescent quantitative polymerase chain
reaction kit (SYBR Green Mix, Roche Diagnostics). The thermal
cycle parameters were 95°C for 10 s, followed by 45 cycles of
95°C for 5 s, 60°C for 10 s, and 72°C for 10 s, and a final extension
at 72°C for 5 min. The test was implemented in triplicate. With U6
or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the
normalizer, data analysis was performed with the 2-ΔΔCt method:
ΔΔCt = [Ct(target gene)-Ct(reference gene)]experimental group-[Ct(target gene)-Ct(reference

gene)]control group. 
The primers are exhibited in Table 1.

Table 1. Primer sequences.

Name of primer                                          Sequences

miR-16-5p-F                                                         GCTAGCAGCACGTAAATA
miR-16-5p-R                                                           CGTGGAGTCGGCAAT
U6-F                                                                       CTCGCTTCGGCAGCACA
U6-R                                                                    AACGCTTCACGAATTTGCGT
FOXK1-F                                                           AGCAGTGTACCTTCCGGTTTC
FOXK1-R                                                         GTGGATCTTCAGAGGGGAGATC
GAPDH-F                                                           GACAGTCAGCCGCATCTTCT
GAPDH-R                                                           GCGCCCAATACGACCAAATC

F, forward; R, reverse.
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Cell transfection and grouping
miR-16-5p mimic and its negative control (mimic NC) (100

nM), miR-16-5p inhibitor and inhibitor NC (100 nM), and
pcDNA3.1-FOXK1 and its empty vector pcDNA3.1 (2 μg) were
synthesized and constructed by GenePharma (Shanghai, China).
Transfection was conducted with the Lipofectamine 2000 transfec-
tion kit (Invitrogen) as per the manuals. Following cell transfec-
tion, cells were assigned into a miR-16-5p mimic group, a mimic
NC group, a miR-16-5p inhibitor group, an inhibitor NC group, a
pcDNA3.1-FOXK1 group, a pcDNA3.1 group, a small interfering
RNA (si)-FOXK1 group, and an si-NC group. Subsequent to 48-h
transfection, the relative expression was tested.

Cell counting kit (CCK)-8 assay
Cells were seeded onto 96-well plates, made into 100 µl/well

of cell suspension (1500 cells/well), and pre-cultured for 24 h in a
37°C and 5% CO2 incubator. Then, each well of the plates was sup-
plemented with 10 µL CCK-8 solution for further 2-h culture, and
no bubble was created during this operation. Absorbance (optical
density, OD) was measured at 450 nm with a microplate
absorbance reader. The experiment was repeated three times. The
absorbance value A was measured and the proliferation rate was
reckoned: proliferation rate (%) = [A (transfection group) - A (Control)]/[A
(Blank group) - A (Control)] × 100%. In the formula, A (transfection group) referred
to the absorbance value of the wells encompassing cells subjected
to cell transfection and culture with CCK-8 solution, A (Control) indi-
cated the absorbance value of the wells containing culture medium
and CCK-8 solution but without cells, and A (Blank group) represented
the absorbance value of the wells encompassing cells without cell
transfection but incubated with CCK-8 solution.

5-ethynyl-2’-deoxyuridine assay
Cell proliferation was determined utilizing 5-ethynyl-2’-

deoxyuridine (EdU) assay following the protocols of an EdU assay
kit (RiboBio, Guangzhou, China). Immunostaining was then
observed under a Leica DMI3000B microscope with positive cells
counted. The experiment was repeated three times.

Flow cytometry analysis
Cell suspension (1 ml) was seeded onto 6-well plates at the

density of 5×105 cells/well, followed by incubation in an incubator
at 37°C with 5% CO2. After 24-h incubation, adherent cells were
trypsinized and washed with pre-cooled phosphate-buffered saline
twice (2,000 rpm, 5 min). After that, cells were re-suspended with
1 mL Annexin V binding buffer and then subjected to the 30-min
reaction with 10 µL propidium iodide and 5 µL Annexin V-fluores-
cein isothiocyanate in the dark. Cell apoptosis was analyzed on a
flow cytometer within 1 h. The experiment was repeated three
times.

Tube formation assay
After trypsinization, cells were titrated into single-cell suspen-

sion before 5-min centrifugation at 12,000 rpm to obtain the super-
natant. The supernatant was mixed with an equal volume of fresh
medium to prepare a mixed solution for the culture of HUVECs.
Before the tube formation assay, Matrigel, 24-well plates, and a
pipette tip were liquefied/pre-cooled overnight at 4°C. HUVECs
were exposed to a serum-free medium for 24-h serum-starved cell
culture. Briefly, 250 µL chilled Matrigel solution was dispensed
into the pre-chilled 24-well plates and allowed to solidify (37°C,
30 min), and no bubble was created during this operation.
Following digestion with 0.25% Trypsin-Ethylenediamine-
tetraacetic Acid solution, HUVECs were titrated to single-cell sus-
pension (7.5×106 cells/mL) using a 10% serum culture medium.
After 10 µL single-cell suspension was mixed with 300 µL serum

culture medium, the mixture was added to the pre-treated 24-well
plates. Following 10-h conventional incubation, images were cap-
tured by microscopy, and the branch number and length of the
formed tubes were measured and recorded. Data were obtained
from three independent experiments.

Western blot
Cells were lysed with radio-immunoprecipitation assay lysis

buffer (Beyotime, Shanghai, China) to obtain protein samples.
After the protein concentration was measured by a bicinchoninic
acid kit (Beyotime), the corresponding volume of protein was
added and mixed with loading buffer (Beyotime) in a boiling-water
bath for 3-min denaturation. Electrophoresis was conducted for 30
min at 80 V and then for 1-2 h at 120 V once bromphenol blue
reached the separation gel. Then, the proteins were transferred to
membranes at 100 V for 180 min in an ice bath. The membranes
were rinsed 1-2 min with the washing solution and then blocked in
the blocking solution at room temperature for 60 min or overnight
at 4°C. The polyvinylidene fluoride membranes were incubated
with the primary antibodies (1:1000) against GAPDH (5174S; Cell
Signaling Technology, Beverly, MA, USA), FOXK1 (ab18196;
Abcam, Cambridge, UK), phosphoinositide 3-kinase (PI3K,
17366S; Cell Signaling Technology), AKT (4685S; Cell Signaling
Technology), and mechanistic target of rapamycin (mTOR, 2983S;
Cell Signaling Technology), VEGFA (ab46154; Abcam),
Angiopoietin 2 (ang2, ab153934; Abcam), matrix metallopro-
teinase-9 (MMP-9, ab76003; Abcam) at room temperature in a
shaking table for 1 h. After that, the membranes were washed
thrice with washing solution for 10 min and then incubated with
goat anti-rabbit Immunoglobulin G (1:5000, Beijing ComWin
Biotech Co., Ltd., Beijing, China) labeled with horseradish perox-
idase for 1 h at room temperature. The membranes were washed
with washing solution for 3×10 min prior to color development.
Afterward, a chemiluminescence imaging analysis system (Bio-
rad, Hercules, CA, USA) was applied for observation.

Dual-luciferase reporter assay
StarBase (http://starbase.sysu.edu.cn/) was utilized to predict

the binding site of miR-16-5p to FOXK1. The mutant (mut) and
wild-type (wt) sequences containing the binding sites of miR-16-
5p to FOXK1 (mut-FOXK1 and wt-FOXK1) were designed and
synthesized based on the predicted results and cloned into
luciferase reporter vectors (pGL3-Basic). Thereafter, the designed
sequences were co-transfected with miR-16-5p mimic (0, 150, 300
nM, GenePharma) into HEK293T cells, respectively. After that,
cells received 20-min cell lysing with 100 µL cell lysis buffer on a
shaking table at room temperature. Firefly luciferase activity or
Renilla luciferase activity was measured after the exposure of cell
suspension (50 µL) to luciferase reaction solution (50 µL,
Promega, Madison, WI, USA) or Stop & Glo reagent (50 µL,
Promega). The relative activity was calculated as the ratio of
Firefly luciferase activity to Renilla luciferase activity. Renilla
luciferase activity was regarded as an internal control. Three repli-
cates were set for this test.

Statistical analysis
Statistical analysis was conducted utilizing GraphPad prism 7

software with the Shapiro-Wilk method for normality analysis and
the Levene test for homoscedasticity analysis. The correlation
between miR-16-5p and FOXK1 expression was analyzed with the
Pearson correlation coefficient. The t-test was employed for the
comparison between the two groups. Comparisons among multiple
groups were analyzed with a one-way analysis of variance test, fol-
lowed by Tukey’s post-hoc test. Western blots were analyzed using
Image J (version 1.6065; National Institutes of Health).
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Experiments were repeated three times. Data were displayed as
mean ± standard deviation (SD), and all sample data conformed to
normal distribution and homoscedasticity; p-values of significance
were p<0.05.

Results

CRC tissues and cells exhibited highly expressed
FOXK1 and lowly expressed miR-16-5p

Here, miR-16-5p expression in CRC and tumor-adjacent tis-
sues was measured with qRT-PCR (Figure 1A). CRC tissues had
considerably lower miR-16-5p expression than tumor-adjacent tis-
sues. As expected, qRT-PCR unfolded an increased FOXK1
mRNA level in CRC tissues (Figure 1A, vs tumor-adjacent tis-
sues). Additionally, miR-16-5p was negatively correlated with
FOXK1 as shown by the Pearson correlation coefficient (Figure
1B, p<0.05). Similar results were obtained from qRT-PCR and
Western blot analyses on the colon cancer cell lines (SW620 and
HCT8), which exhibited an increase of FOXK1 expression and a
decrease of miR-16-5p expression in SW620 and HCT8 cells com-
pared with normal colorectal epithelial cell NCM460 (Figure 1 C-
F). These preliminary observations indicated a negative correlation
between abnormally expressed miR-16-5p and FOXK1 in CRC. 

miR-16-5p facilitated cell apoptosis and inhibited cell
angiogenesis and proliferation in CRC

The effects of miR-16-5p on cell proliferation and angiogene-
sis were dissected. qRT-PCR revealed the satisfactory transfection
of miR-16-5p mimic or miR-16-5p inhibitor in SW620 and HCT8
cells (Figure 2A; p<0.05). To measure CRC cell proliferation,
CCK-8 and EdU assays were implemented. Notably, a pronounced
elevation in proliferation was found in CRC cells transfected with
miR-16-5p inhibitor (vs inhibitor NC, p<0.05), and a marked
decline in CRC cell proliferation was shown after miR-16-5p
mimic transfection (Figure 2 B,C; vs mimic NC, p<0.05). CCK-8
and EdU assay results presented the inhibitory influence of miR-
16-5p on CRC cell proliferation.

As reflected by flow cytometry results, there were an elevated
proportion of apoptotic cells in SW620 and HCT8 cells transfected
with miR-16-5p mimic (Figure 2D; vs mimic NC, p<0.05) and
reduced apoptotic rate in CRC cells treated with miR-16-5p
inhibitor (Figure 2D; vs. inhibitor NC, p<0.05). These findings
suggested that miR-16-5p accelerated CRC cell apoptosis.

Angiogenesis is indispensable for the progression and develop-
ment of tumor cells. With respect to the tube-forming ability of
HUVECs, HUVECs cultured in the supernatant of SW620 and
HCT8 cells transfected with miR-16-5p mimic had reduced tube-
forming ability and expression of angiogenesis-related proteins
(VEGFA, ang2, and MMP-9), but HUVECs cultured in the super-

Figure 1. CRC cells have elevated level of FOXK1 and suppressed level of miR-16-5p. A) Lowly expressed miR-16-5p (left) and highly
expressed FOXK1 (right) in CRC tissues were quantitated by qRT-PCR. B) Pearson correlation coefficient analysis identified the neg-
ative correlation of miR-16-5p with FOXK1. C) miR-16-5p expression in colon cancer cell lines (SW620 and HCT8) and normal col-
orectal epithelial cell NCM460 was measured by qRT-PCR. (D) FOXK1 mRNA expression in SW620, HCT8, and NCM460 cells was
evaluated by qRT-PCR. E) Representative Western blots of FOXK1 protein in SW620, HCT8, and NCM460 cells were presented. F)
FOXK1 protein expression in SW620, HCT8, and NCM460 cells was evaluated by Western blot; t-test was applied for comparison
between two groups, and one-way analysis of variance test for comparison among multiple groups, with Tukey's method for post-hoc
multiple comparisons. Cell experiments were independently repeated three times, and data were expressed as means ±SD. CRC, col-
orectal cancer; #p<0.05 compared to the NCM460 group; *p<0.05 compared to the tumor-adjacent tissues. 
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natant of SW620 and HCT8 cells transfected with miR-16-5p
inhibitor had opposite trend (Figure 2 E,F; p<0.05). The observed
findings illustrated that miR-16-5p upregulation restricted cell pro-
liferation and angiogenesis in CRC.

FOXK1 promoted cell proliferation and angiogenesis
and repressed cell apoptosis in CRC

Here, the role of FOXK1 in CRC cell proliferation was
explored. Results of Western blot and qRT-PCR manifested the

[page 421]

Figure 2. The proliferation, apoptosis, and angiogenesis of CRC cells are related to miR-16-5p. SW620 and HCT8 cells were transfected
with miR-16-5p mimic, miR-16-5p inhibitor, and corresponding controls. A) qRT-PCR was utilized for examination of the overexpres-
sion/knockdown efficiency of miR-16-5p in SW620 and HCT8 cells. B) CCK-8 assay was applied for analysis of CRC viability. C) EdU
assay was adopted for analysis of SW620 and HCT8 cell proliferation ability (×200) (on the left was the representative image of EdU
staining, and on the right was a quantitative analysis of the ratio of positive cells). D) Flow cytometry was employed for the detection
of CRC cell apoptosis (left side, representative dual-parameter cytograms; right side, percentage of apoptotic cells). E) Tube formation
assay was conducted for measurement of HUVEC angiogenesis, evaluated by vessel length and branch points (left side, representative
micrographs of tube formation; right side, relative quantitative analysis of tube length and branch points); scale bar: 100 µm. F)
Expression of angiogenesis-related proteins (VEGFA, ang2, and MMP-9) was evaluated using Western blot (on the left, representative
Western blot bands of VEGFA, ang2, and MMP-9 proteins; on the right, quantitative analysis of the relative protein levels). One-way
analysis of variance test was applied for comparison among multiple groups with Tukey's method for post-hoc multiple comparisons.
Cell experiments were independently repeated three times, and data were expressed as means ±SD. CRC, colorectal cancer; NC, negative
control; HUVECs, human umbilical vein endothelial cells; VEGFA, vascular endothelial growth factor A; ang2, Angiopoietin 2; MMP-
9, matrix metalloproteinase-9; *p<0.05 compared to mimic NC group; #p<0.05 compared to inhibitor NC group.
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effective transfection of pcDNA3.1-FOXK1 and si-FOXK1 in
SW620 and HCT8 cells (Figure 3 A,B; p<0.05). Subsequently,
CCK-8 and EdU assays depicted a notably declined cell prolifera-
tion in the si-FOXK1 group (vs the si-NC group) and a prominent-
ly augmented proliferation of CRC cells in the pcDNA3.1-FOXK1
group (Figure 3 C,D; vs the pcDNA3.1 group, p<0.05).

Flow cytometry demonstrated that the knockdown of FOXK1
enhanced CRC cell apoptosis but the overexpression of FOXK1
diminished cell apoptosis (Figure 3E; p<0.05). Tube formation
assay and Western blot displayed the suppressed tube-forming
ability of HUVECs after culture with supernatant of SW620 and
HCT8 cells transfected with si-FOXK1, accompanied by dimin-
ished VEGFA, ang2, and MMP-9 expression (Figure 3 F,G; vs the
si-NC group, p<0.05) and elevated tube-forming ability and
VEGFA, ang2, and MMP-9 expression of HUVECs following cul-
ture with supernatant of SW620 and HCT8 cells transfected with
pcDNA3.1-FOXK1 (Figure 3 F,G; v. the pcDNA3.1 group,
p<0.05). Collectively, FOXK1 boosted cell proliferation and
angiogenesis in CRC.

miR-16-5p negatively regulated FOXK1 in CRC cells
The aforesaid results elucidated that in CRC tissues and cells,

miR-16-5p expression was negatively correlated with FOXK1. In
an attempt to study whether miR-16-5p mediated FOXK1 in CRC
cells, a dual-luciferase reporter assay was utilized for the analysis
of the targeting relationship between miR-16-5p and FOXK1. The
dual-luciferase reporter assay stated that in the wt-FOXK1 + miR-
16-5p mimic group, the luciferase activity was diminished with the
enhancement in miR-16-5p mimic concentration compared with
the wt-FOXK1 + mimic-NC group (Figure 4A, p<0.05), and no
obvious difference in luciferase activity was revealed between the
mut-FOXK1 + miR-16-5p mimic group and the mut-FOXK1 +
mimic-NC group (Figure 4A, p>0.05). These results indicated that
miR-16-5p targeted FOXK1.

Subsequently, the analyses of qRT-PCR and Western blot fur-
ther ascertained the targeting relationship between miR-16-5p and
FOXK1. miR-16-5p mimic reduced the mRNA and protein levels
of FOXK1 in SW620 and HCT8 cells, whereas miR-16-5p
inhibitor elevated FOXK1 expression (Figure 4 B,C, p<0.05).
These data revealed that miR-16-5p negatively targeted FOXK1 in
CRC cells.

miR-16-5p blocked the PI3K/Akt/mTOR pathway by
downregulating FOXK1

To further delve into whether miR-16-5p modulated cell angio-
genesis, apoptosis, and proliferation in CRC by targeting FOXK1,
SW620 and HCT8 cells were co-transfected with miR-16-5p
mimic and pcDNA3.1-FOXK1. As reflected by the results of
CCK-8 assay (Figure 5A), EdU assay (Figure 5B), and flow
cytometry (Figure 5C), transfection with miR-16-5p mimic aug-
mented the apoptotic rate and diminished cell proliferation of
SW620 and HCT8 cells, whereas pcDNA3.1-FOXK1 transfection
caused contrary results (p<0.05). Tube formation assay (Figure
5D) and Western blot (Figure 5E) manifested that the tube-forming
ability and VEGFA, ang2, and MMP-9 expression of HUVECs
were diminished by co-culture with the supernatant of miR-16-5p
mimic-transfected SW620 and HCT8 cells but enhanced by co-
culture with the supernatant of pcDNA3.1-FOXK1-transfected
SW620 and HCT8 cells (p<0.05). Co-transfection of miR-16-5p
mimic and pcDNA3.1-FOXK1 counteracted the suppressive effect
of miR-16-5p mimic on the above indicators (Figure 5A-E;
p<0.05). In conclusion, miR-16-5p induced cell apoptosis and cur-
tailed cell proliferation and angiogenesis by targeting FOXK1 in
CRC.

Western blot was employed to assess the relationship between

miR-16-5p and the PI3K/Akt/mTOR pathway. Transfection with
the miR-16-5p mimic decreased the phosphorylation of PI3K, Akt,
and mTOR in SW620 and HCT8 cells, and transfection with
pcDNA3.1-FOXK1 enhanced the phosphorylation of PI3K, Akt,
and mTOR in SW620 and HCT8 cells. However, the difference in
these phosphorylation levels did not reach statistical significance
among the blank, mimic-NC, and pcDNA3.1 groups. Furthermore,
co-transfection with miR-16-5p mimic and pcDNA3.1-FOXK1
increased the phosphorylation of pathway-related proteins (Figure
5F-G; p<0.05, vs the miR-16-5p mimic group). Taken together,
miR-16-5p disrupted the PI3K/Akt/mTOR pathway by repressing
FOXK1.

Discussion
As one of the most prevalent malignancies currently, CRC con-

fers a high fatality and incidence rate worldwide despite advances
in diagnosis and therapy.23,24 It is indispensable for future therapeu-
tic strategies of CRC to detect innovative screening biomarkers
and study their mechanisms that manipulate CRC progression.25 It
is therefore imperative to address the molecular mechanism under-
lying CRC pathology to develop therapeutic strategies for CRC. In
this study, colon cancer cell lines SW620 and HCT8 were utilized
to analyze the impacts of miR-16-5p and FOXK1 on the prolifera-
tion and apoptosis of CRC cells and the angiogenesis of HUVECs
co-incubated with the supernatant of CRC cells. Moreover, we
found that miR-16-5p negatively targeted FOXK1 to block the
PI3K/Akt/mTOR pathway, which subdued cell proliferation and
angiogenesis in CRC. 

miR-16-5p and FOXK1 expression was examined by qRT-
PCR and the results exhibited that miR-16-5p was lowly expressed
and FOXK1 was highly expressed in CRC tissues and cells.
Interestingly, prior studies have analyzed that CRC tissues contain
elevated FOXK1 expression and downregulated miR-16-5p
expression compared with normal colonic tissues.26-28 From these
preliminary observations, we gave an assumption that miR-16-5p
may inhibit tumorigenesis in CRC. CCK-8 assay, EdU assay, and
flow cytometry further confirmed our hypothesis that miR-16-5p
promoted apoptosis and repressed proliferation of CRC cells. Such
changes were consistent with angiogenesis observed in HUVECs
by tube-forming assay. Our results are in agreement with the find-
ings by Wu et al., manifesting that miR-16-5p can hinder cell pro-
liferation, invasion, migration, and angiogenesis in CRC.14 Also,
Xu et al.29 noted that ectopically expressed miR-16-5p stimulated
apoptosis while repressing the proliferative, migratory, and inva-
sive capacity of CRC cells. Although miR-16-5p is well explored
for its anti-oncogenic effects, miR-16-5p has been also reported to
orchestrate multiple physiological or immunological processes.
For instance, miR-16-5p acts as a positive feedback mediator in
EV71-induced apoptosis and an inhibitor of virus replication.30

miR-16-5p downregulation restricted endoplasmic reticulum of
human cardiomyocytes and oxidative stress-induced injury.31 In
addition, miR-16-5p has been documented to predict poor immune
response following antiretroviral therapy in HIV-infected
patients.32 Also, Li et al. observed that miR-16-5p was involved in
the promoting effects of M1 macrophage-released exosomes on T
cell-dependent immune response via PD-L1 in GC. Therefore,
future investigations are warranted to further ascertain the role of
miR-16-5p in physiological or immunological processes.

Furthermore, we found highly expressed FOXK1 fostered
angiogenesis and proliferation in CRC cells. FOXK1, which is
associated with multiple malignancies, confers an essential effect
on cell proliferation, metastasis, apoptosis, and cell cycle transi-
tion.33,34 For instance, FOXK1 is reported to promote cell prolifer-
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Figure 3. FOXK1 plays a vital role in CRC cell proliferation, apoptosis, and angiogenesis. SW620 and HCT8 cells were transfected with
si-FOXK1 and pcDNA3.1-FOXK1 and their corresponding NCs. A) The overexpression/knockdown efficiency of FOXK1 in SW620
and HCT8 cells was detected by qRT-PCR. B) The overexpression/knockdown efficiency of FOXK1 in SW620 and HCT8 cells was
evaluated by Western blot (upper row, representative Western blot of FOXK1 protein; lower row, quantitative analysis of the relative
FOXK1protein levels). C) SW620 and HCT8 cell viability was tested by CCK-8 assay. D) SW620 and HCT8 cell proliferation ability
was assessed by EdU assay (×200) (on the left, representative images of EdU staining; on the right, percentage of positive cells). E)
SW620 and HCT8 cell apoptosis was evaluated by flow cytometry (left side, representative flow cytograms; right side, quantitative
analysis of the apoptosis rate). F) The tube formation assay was conducted for measurement of HUVEC angiogenesis, evaluated by ves-
sel length and branch points (scale bar: 100 µm) (left side, representative micrographs of tube formation; right side, quantitative analy-
sis of the tube length and branch points). G) Expression of VEGFA, ang2, and MMP-9 was evaluated by Western blot (left side, repre-
sentative Western blot of VEGFA, ang2, and MMP-9 proteins; right side, quantitative analysis of relative protein levels). One-way analy-
sis of variance test was applied for comparison among multiple groups with Tukey's method for post hoc multiple comparisons. Cell
experiments were independently repeated three times, and data were expressed as means ±SD. CRC, colorectal cancer; NC, negative
control; HUVECs, human umbilical vein endothelial cells; VEGFA, vascular endothelial growth factor A; ang2, Angiopoietin 2; MMP-
9, matrix metalloproteinase-9; *p<0.05 compared to the si-NC group; #p<0.05 compared to the pcDNA3.1 group.
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ation via p21 and facilitate metastasis in ovarian cancer.35

Moreover, FOXK1 can induce epithelial-to-mesenchymal transi-
tion and promote proliferation, invasion, and metastasis in CRC
cells.36,37 Correspondingly, our findings revealed that the transfec-
tion of miR-16-5p mimic hampered the mRNA and protein expres-
sion of FOXK1, whereas the transfection of miR-16-5p inhibitor
augmented FOXK1 expression. FOXK1 and miR-16-5p have been
studied in association with CRC, and qRT-PCR revealed a negative
correlation between FOXK1 and miR-16-5p expression. Thus, we
hypothesized that FOXK1 was a target gene of miR-16-5p, which
was confirmed by the dual-luciferase reporter assay. Taken togeth-
er, these results provided a possible ideal that the miR-16-
5p/FOXK1 axis could control cell proliferation and angiogenesis
in CRC. Since the effect of FOXK1 on cell proliferation and angio-
genesis in CRC was orchestrated by miR-16-5p, the most likely
explanation was that miR-16-5p targeted FOXK1 to inhibit angio-
genesis and proliferation in CRC. Subsequently, this finding was

confirmed by rescue experiments.
The PI3K/Akt/mTOR pathway, an intracellular pathway, is

directly associated with cell proliferation, longevity, and cancer.38

In this study, we identified that miR-16-5p was an inhibitor of the
PI3K/Akt/mTOR pathway in CRC cells, which is similar to the
previous finding.39 mTOR, the downstream factor of the PI3K/Akt
pathway, is a possible therapy for various types of cancer, includ-
ing CRC.40 The activated PI3K phosphorylates 3, 4, 5-phos-
phatidylinositol trisphosphate, which thereafter activates Akt and
mTOR and affects cell proliferation, growth, and other func-
tions.40,41 Our results exhibited that the overexpression of FOXK1
accelerated the activation of the PI3K/Akt/mTOR pathway, where-
as the overexpression of miR-16-5p led to the opposite result.
Furthermore, the PI3K/Akt/mTOR pathway was involved in the
angiogenesis and proliferation of CRC, which was negatively
mediated by miR-16-5p. To conclude, the abnormal expression
pattern of miR-16-5p and FOXK1 was associated with the progres-

Figure 4. FOXK1 is inversely targeted by miR-16-5p in CRC cells. A) The binding site of FOXK1 to miR-16-5p was predicted based
on the StarBase database with mutation site of FOXK1 designed and synthesized (left) and a dual-luciferase reporter gene assay was
conducted to verify the binding relationship between miR-16-5p and FOXK1 (right). B) qRT-PCR was applied to detect the effect of
miR-16-5p on FOXK1 mRNA expression. C) Western blot was adopted to test the effect of miR-16-5p on FOXK1 protein expression
(left side, representative Western blot of FOXK1; right side, quantitative analysis of FOXK1 relative protein level). One-way analysis of
variance test was applied for comparison among multiple groups with Tukey's method for post-hoc multiple comparisons. Cell experi-
ments were independently repeated three times, and data were expressed as means ±SD. CRC, colorectal cancer; NC, negative control;
*p<0.05 compared to the wt-FOXK1 group; ns p>0.05; #p<0.05 compared to the mimic-NC group; &p<0.05 compared to the inhibitor
NC group.

[page 424]                                           [European Journal of Histochemistry 2022; 66:3333]

2022_2_o.qxp_Hrev_master  10/05/22  14:31  Pagina 424



                                                                                                                   Article

[page 425]

Figure 5 A-E. The PI3K/Akt/mTOR pathway is curbed by miR-16-5p by targeting FOXK1 in CRC cells. SW620 and HCT8 cells were
transfected or co-transfected with miR-16-5p mimic and pcDNA3.1-FOXK1. A) CCK-8 assay was used to measure the viability of
SW620 and HCT8 cells. B) EdU assay was performed to assess the proliferation ability of SW620 and HCT8 cells (× 200) (on the left,
representative images of EdU staining; on the right, percentage of positive cells). C) Flow cytometry was applied to detect cell apoptotic
rate (left side, representative cytograms; right side, apoptosis rate). D) Tube formation assay was employed to assess the tube-forming
ability of HUVECs, evaluated by tube length and branch points (scale bar: 100 µm) (left side, representative micrographs of tube for-
mation; right side, relative quantitative analysis of the tube length and branch points). E) Expression of VEGFA, ang2, and MMP-9 was
evaluated by Western blot (left side, representative Western blot bands of VEGFA, ang2, and MMP-9 proteins; right side, relative protein
levels). CRC, colorectal cancer; NC, negative control; HUVECs, human umbilical vein endothelial cells; VEGFA, vascular endothelial
growth factor A; ang2, Angiopoietin 2; MMP-9, matrix metalloproteinase-9; PI3K, phosphoinositide 3-kinase; mTOR, mechanistic tar-
get of rapamycin; *p<0.05 compared to the blank group; #p<0.05 compared to the mimic-NC group; $p<0.05 compared to the
pcDNA3.1 group; &p<0.05 compared to the miR-16-5p mimic group.
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Figure 5 F-G. The PI3K/Akt/mTOR pathway is curbed by miR-16-5p by targeting FOXK1 in CRC cells. SW620 and HCT8 cells were
transfected or co-transfected with miR-16-5p mimic and pcDNA3.1-FOXK1. F) The expression and phosphorylation levels of PI3K,
Akt, and mTOR in SW620 cells were measured by Western blot (upper side row, representative Western blot bands of p-PI3K, p-Akt,
p-mTOR, PI3K, Akt, and mTOR; lower row, relative protein and phosphorylation levels). G) The expression and phosphorylation levels
of PI3K, Akt, and mTOR in HCT8 cells were evaluated by Western blot (upper row, representative Western blot bands of p-PI3K, p-
Akt, p-mTOR, PI3K, Akt, and mTOR; and the lower side was the quantitative analysis of relative protein and phosphorylation levels).
One-way analysis of variance test was applied for comparison among multiple groups with Tukey's method for post hoc multiple com-
parisons. Cell experiments were independently repeated three times, and data were expressed as means ±SD. CRC, colorectal cancer;
NC, negative control; HUVECs, human umbilical vein endothelial cells; VEGFA, vascular endothelial growth factor A; ang2,
Angiopoietin 2; MMP-9, matrix metalloproteinase-9; PI3K, phosphoinositide 3-kinase; mTOR, mechanistic target of rapamycin;
*p<0.05 compared to the blank group; #p<0.05 compared to the mimic-NC group; $p<0.05 compared to the pcDNA3.1 group; &p<0.05
compared to the miR-16-5p mimic group.
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sion of CRC, and FOXK1 possessed the ability to promote cell
proliferation and angiogenesis in CRC (Figure 6). miR-16-5p
exerted a potent tumor-suppressing role in CRC through the block-
ade of the PI3K/Akt/mTOR pathway by negatively regulating
FOXK1. Thus, this study provided novel evidence that miR-16-5p
targeting FOXK1 may be a novel and promising therapeutic
approach to the treatment of CRC. However, there are some limi-
tations to this study. Firstly, the effects of miR-16-5p and FOXK1
on migration and invasion of CRC cells were not explored, and no
in vivo experiments were performed for the time being. We will
further explore the effects of miR-16-5p and FOXK1 on migration
and invasion of CRC cells and the regulatory role of miR-16-5p
and FOXK1 on tumors in animal models of transplantation tumor
in vivo in the future. Secondly, based on tissue results and in vitro
results published in this report, further investigations are warranted
to identify the role of miR-16-5p in patient samples in order to find
the correlation of miR-16-5p with tumorigenesis, metastasis, and
prognosis and reveal the therapeutic potential of miR-16-5p in
CRC.
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