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A B S T R A C T

Aberrant activation of Wnt/β-catenin signaling is a common event in the development of colorectal cancer
(CRC). It is important to identify new molecules and mechanisms that can negatively regulate Wnt/β-catenin
signaling. MicroRNAs are considered as promising candidates for cancer diagnosis and therapy. In our study, we
found that miR-377-3p was significantly decreased in CRC samples compared to the normal mucosa tissues,
especially in the patients at stage III/IV. Functional studies showed that overexpression of miR-377-3p sup-
pressed and silence of miR-377-3p enhanced the proliferation, migration and chemoresistance of CRC cells.
Molecularly, miR-377-3p inhibited Wnt/β-catenin signaling by directly targeting ZEB2 and XIAP, which were
the positive regulators of Wnt/β-catenin signaling. Overexpression of ZEB2/XIAP could counteract the tumor
suppressing phenotypes induced by miR-377-3p. Therefore, we uncovered the anti-cancer role and the relevant
mechanisms of miR-377-3p in CRC, which might provide novel targets for designing new anti-tumor strategies.

1. Introduction

Colorectal cancer (CRC) is the fourth most common cancer with
high mortality rates in the world [1]. Although surgery and adjuvant
chemo-radiotherapy provide effective treatment for CRC, a large
number of patients still experience distant metastasis and tumor re-
currence [2,3]. The 5-years survival rate of these patients is even lower
than 10 % [4]. At present, the underlying mechanisms of CRC tumor-
igenesis and progression remain largely unclear. This promotes us to
find key molecules and mechanisms that may contribute to the highly
malignant phenotypes and identify novel effective therapeutic targets.

Wnt/β-catenin signaling is a highly conserved pathway that controls
numerous biological and pathological processes, such as embryonic
development and tumorigenesis [5,6]. It is frequently deregulated (80
%–90 %) and considered as a potential therapeutic target in CRC [7,8].
β-catenin, the key molecule of canonical-Wnt cascade, is regulated by a
complex containing glycogen synthase kinase 3β (GSK3β),

adenomatous polyposis coli (APC) and AXIN. In the absence of Wnt
ligands, β-catenin is phosphorylated by the destruction complex and
targeted for degradation [9]. Once Wnt signaling is activated, β-catenin
translocates to the nucleus and works with the T-cell factor/lymphoid
enhancer factor (TCF/LEF) family to regulate transcription of down-
stream genes [10]. Dysregulation of Wnt/β-catenin signaling is a cri-
tical driver in CRC development and metastasis. Multiple molecules
were reportedly involved in Wnt/β-catenin signaling regulation, such
as microRNAs (miRNAs) [11–13].

MiRNAs are a class of small non-coding RNAs that negatively reg-
ulate the target genes by binding to 3′untranslated region of target
genes [14]. Numerous studies indicated that miRNAs were implicated
in tumor development [15,16]. MiR-377 has drawn interests as it acts
as a tumor suppressor in many types of cancers [17–20]. For example,
miR-377 inhibited initiation and progression of esophageal cancer by
targeting CD133 and VEGF [18]. In gastric cancer, miR-377 suppressed
cell proliferation and metastasis via repressing VEGFA expression [20].
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However, the functions and relevant mechanisms of miR-377 in CRC
remain unclear.

Here, we found that miR-377-3p was significantly downregulated in
CRC. In vitro and in vivo results demonstrate that miR-377-3p suppresses
the proliferation, migration and chemoresistance of CRC. This was
mechanistically because miR-377-3p directly targeted XIAP (X-linked
inhibitor of apoptosis protein) and ZEB2 (Zinc Finger E-Box Binding
Homeobox 2) to negatively regulate Wnt/β-catenin signaling. Our study
suggests that miR-377-3p may serve as a potential therapeutic target for
CRC.

2. Materials and methods

2.1. Antibodies and reagents

The antibodies used in this study were as follows: Vimentin (CST,
cat.5741), N-cadherin (CST, cat.13116), E-cadherin (CST, cat.3195), β-
catenin (Protein tech, cat.51067-2-AP), CyclinD1 (Boster, cat.BA0770),
XIAP (Abclonal, A6869), ZEB2 (Santa Cruz Tech, cat.sc48789), C-Myc
(Santa Cruz Tech, cat.sc-40), Axin2 (Affitnity, DF-08670), MMP9 (CST,
cat.13667), MMP2 (CST, cat.13132). 5-FU (5-Fluoracil) was purchased
from Medchemexpress LLC (Monmouth Junction, NJ, USA).

2.2. Cell culture and transfection

293 T and human colorectal cancer cell lines LoVo, SW48 were
obtained from ATCC (American Type Culture Collection, Manassas,
VA). All cells were cultured in DMEM medium (Hyclone, Logan, UT)
supplemented with 10 % fetal bovine serum (ScienCell, Carlsbad, CA)
and maintained in a cell incubator with 5 % CO2 at 37 °C. Cells were
transfected using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions and then processed as described for each
experiment.

2.3. Small interfering RNAs and MicroRNA mimics

Small interfering RNAs (siRNAs) targeting β-catenin (siβ-catenin),
non-targeting siRNA negative control (siNC), miR-377-3p inhibitor,
non-targeting miRNA inhibitor negative control (miRNA inhibitor NC),
miR-377-3p mimics and miRNA negative control (miRNA NC) were
purchased from GenePharma (Suzhou, China). The siRNA sequence
information was showed in Table S1. All these siRNAs and miRNAs
were transfected into CRC cells using Lipofectamine 2000 according to
the manufacturer's instructions.

2.4. Plasmids construction, lentiviral transduction

The 3′-UTR of ZEB2 and XIAP were amplified from cDNA and li-
gated into the luciferase reporter plasmid pCMV-Tag2B-Luc at the re-
striction sites of EcoRI and SalI to generate pCMV-Luc-ZEB2-3′UTR and
pCMV-Luc-XIAP-3′UTR. The pMIR-miR-377-3p-GFP plasmid was pur-
chased from Vigene Biosciences (Shandong, China). Pri-miR-377-3p
was amplified from the pMIR-miR-377-3p-GFP plasmid and inserted
into the pLenti-puro-3XFlag lentivirus vector to generate pLenti-3XFlag-
miR-377-3p. ShRNAs targeting XIAP and ZEB2 were cloned into the
pLKO.1-TRC plasmid (Addgene plasmid # 10878).

For virus packaging, envelope plasmid pMD2.G (Addgene plasmid
#12259), packaging plasmid psPAX2 (Addgene plasmid #12260) and
expression pLenti-vectors (pLenti-puro-3XFlag, pLenti-puro-miR-377-
3p, pLKO.1–shNC, pLKO.1–shZEB2 and pLKO.1–shXIAP) were co-
transfected into HEK293 T cells. Medium was replaced with DMEM
after 6 h. The virus supernatant was collected at 48 h after medium
replacement. For virus transduction, CRC cells were infected with virus
supernatant with 8 μg/mL Polybrene (Sigma-Aldrich) overnight, then
the medium was replaced with fresh medium. The cells were selected
by puromycin (Biosharp) for 2 weeks.

2.5. Western blot

Cells were washed with PBS before harvest and total protein was
collected using the RIPA lysis buffer (Beyotime Institute of
Biotechnology). Protein concentration was measured by the BCA pro-
tein assay reagent. Cell lysates were separated by SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) and then transferred to nitrocellulose
membranes (Bio-Rad, Richmond, CA). The signal was visualized using a
chemiluminescence system (UVP, San Gabriel, CA). GAPDH was used as
control.

2.6. Reverse transcription reaction and quantitative real time PCR

Total RNA was extracted by Trizol (Takara Shuzo Co. Ltd, Kyoto,
Japan) according to the manufacturer’s recommendation. Synthesis of
complementary DNA (cDNA) was performed using M-MLV reverse
transcriptase (Thermo Scientific, Hudson, NH). Reverse transcriptase
reactions of miRNAs were performed using a Stem-loop miRNA qRT-
PCR Primer Sets. The quantitative RT–PCR was performed using the
SYBR Green PCR kit (Takara Shuzo Co. Ltd, Kyoto, Japan) with the
Real-Time PCR system (Applied Biosystems7500, Foster City, CA). The
expression levels of mRNA and miRNA were calculated using the
2−ΔΔCt method with GAPDH or U6 snRNA as endogenous control.
Sequences of primers used in the study were listed in Table S2.

2.7. Luciferase reporter assay

For luciferase activity analysis, HEK293 T cells were seeded and
transfected with indicated plasmids. Luciferase activities were detected
by the Dual Luciferase Assay Kit (Promega, Madison, WI) according to
the manufacturer’s instructions. Firefly luciferase activities were nor-
malized by Renilla luciferase activities.

2.8. Proliferation assay and cell cytotoxicity assay

For the cell growth curve detection, 1000 cells per well were seeded
in 96-well plate. Cell viability was tested every day by CCK-8 assay kit
(Dojindo, Japan) according to the manufacturer’s instructions. For Cell
cytotoxicity assay, 5000 cells per well were cultured in 96-well plate
with DMEM containing 10 % FBS. After 24 h incubation, it was replaced
by DMEM containing indicated concentrations 5-FU. CCK-8 assay kit
was used to detect cell viability after 48 h.

2.9. Tumor cell migration assay

Cells were cultured in 6-well plate until grew into the density of 80
% confluent. Then cells were suspended with serum-free DMEM and
adjusted to a density of 5 × 104 /200 μl. 200 μl suspended cells were
added into the upper chamber of the transwell device (Corning Inc,
Acton, MA). The lower chamber was filled with 500 μl DMEM supple-
mented with 10 % FBS. After 12 h (SW48 cells) or 24 h (LoVo cells),
cells were fixed by 4 % paraformaldehyde and stained with crystal
violet. The representative images were taken by microscope.

2.10. Focus colony formation assay and Soft agar colony formation assay

For focus colony formation assay, cells were seeded in 6-well plates
at a density of 1000 cells per well and incubated with DMEM supple-
mented with 10 % FBS. Two weeks later, colonies were fixed by 4 %
paraformaldehyde and stained by 0.1 % crystal violet.

For soft agar colony formation assay, 1.6 % sterilized soft agar was
warmed in incubator prior to use. 6 mL 37 °C preheated DMEM con-
taining 10 % FBS was mixed with 6 mL 1.6 % soft agar. Then the mixed
medium was added in the 6-well plate to make bottom layer. The 6-well
plate was placed in the 4 °C refrigerator to allow agar mixture to soli-
dify. 6000 indicated cells were suspended with 3 mL soft agar and 9 mL
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preheated medium. Then added 1.5 mL cell mixture in the 6-well plate
carefully to avoid deposition of any air bubbles into the plate well. The
6-well plate was plated in 4 °C refrigerator to allow agar mixture to
solidify for 30 min. 4 weeks later, colonies were stained by 0.05 %
crystal violet.

2.11. Xenograft tumor model

Animal studies were performed using 6-week-old BALB/c athymic
nude mice. Mice were maintained in laminar flow rooms with constant
temperature and humidity. The mice were anesthetized with pento-
barbital sodium. LoVo cells (Vector control and miR-377-3p) were
suspended with serum-free RPMI 1640 and adjusted to a density of 1 ×
107 cells/mL. 100 μL indicated cells were subcutaneously inoculated
into each flank of the mice. 5 days post injection, the tumor size was
measured every other day. The tumor size was calculated using the
formula: V = (length × width2)/2. 25 days after injection, the mice
were euthanized and the tumors and livers were isolated. For survival
curve, tumor-loaded mice were checked every 2 or 3 days. In addition,
once the first mouse died, mice were checked every day.

For post-implantation therapeutic experiments, 1 × 106 LoVo cells
were subcutaneously inoculated into each flank of the nude mice (n =
5 per group). Once the tumors reached 0.5 cm3, the mice were rando-
mized to receive the treatments of PBS, miR-377-3p agomir (75 mg/kg)
or NC agomir (75 mg/kg) every 3 days for consecutive 6 times.
Eighteen days after the treatment, the mice were euthanized and the
tumors were isolated.

2.12. Statistical analysis

Results were performed with GraphPad Prism 5 and presented as
the means± standard deviation (SD). Survival curves were analyzed
using the Kaplan-Meier method and assessed according to the log rank
test. Other comparisons were analyzed by using Student’s t-test or One-
way ANOVA. Statistical significance in this study was set at P<0.05.

3. Results

3.1. MiR-377-3p is downregulated in CRC

Mature microRNAs are derived from pre-miRNAs (precursor-
microRNAs) that are processed by Dicer and Drosha, producing a -3p or
-5p suffix in opposite arms of the same denoted pre-miRNA [21]. To
determine the main existing form of miR-377 in CRC, we analyzed the
expression of mature miR-377 in CRC samples from TCGA. The ex-
pression of miR-377-3p was markedly higher than miR-377-5p, sug-
gesting that miR-377-3p is the dominant form in CRC (Fig. 1A). By
analyzing miR-377-3p expression in CRC tissues and normal colon
mucosa tissues from the database GSE18392 and GSE48267, we found
that miR-377-3p was significantly downregulated in CRC tissues
(Fig. 1B). Moreover, both mRNA and serum levels of miR-377-3p were
lower in the patients at the advanced stages (stage III/ IV) (Fig. 1C, E).
In GSE53159 that contains liver metastasis information, the serum le-
vels of miR-377-3p in CRC patients with liver metastasis were lower
than the patients without liver metastasis (Fig. 1D). The ROC curve
analyses in GSE53159 showed that miR-377-3p could serve as a po-
tential marker to differentiate stage IV CRC patients from stage I with
AUC (ROC curve area) of 0.76, more effective than miR-21 and miR-
203, which reportedly acted as the diagnostic biomarkers in CRC
[22,23] (Fig. 1F). Therefore, these data reveal that miR-377-3p is
downregulated and may act as an inhibitory factor in CRC progression.

3.2. MiR-377-3p suppresses cell migration, proliferation and
chemoresistance in CRC

To verify the function of miR-377-3p in CRC, we transfected miR-

377-3p mimics or miR-377-3p inhibitor into SW48 and LoVo cells.
Transwell assays showed that the cell migration ability was decreased
in miR-377-3p overexpressing cells and increased in miR-377-3p si-
lenced cells (Fig. 2A–D). EMT related proteins and MMPs play im-
portant roles in tumor metastasis. MiR-377-3p downregulated the ex-
pression of mesenchymal markers (ZEB2, Vimentin and N-cadherin)
and MMPs (MMP2 and MMP9) while upregulated epithelial markers (E-
cadherin) (Fig. 2E). The effects of miR-377-3p on Vimentin and E-
cadherin were also confirmed by immunofluorescence (Fig. S1A, B).

We also explored other biological functions of miR-377-3p in CRC
and found that overexpression of miR-377-3p slightly suppressed
colony formation, proliferation and 5-FU resistance of CRC cells
(Figs. 2F, H and S2A, C). Conversely, knockdown of miR-377-3p en-
hanced colony formation, proliferation and 5-FU resistance of CRC cells
(Figs. 2G, H and S2B, D). Bcl2 (negative regulator) and Bax (positive
regulator) are well known apoptosis related genes. MiR-377-3p could
upregulate the expression of Bax and downregulate Bcl2 (Fig. 2I).
Collectively, we demonstrate that miR-377-3p suppresses cell migra-
tion, proliferation and chemoresistance in CRC.

3.3. MiR-377-3p inhibits Wnt/β-catenin signaling

Wnt/β-catenin signaling plays an important role in CRC tumor-
igenesis and progression. We wondered whether miR-377-3p could
modulate Wnt/β-catenin signaling in CRC. The protein levels of β-ca-
tenin as well as its downstream effectors Axin2 and CyclinD1 were
significantly decreased in miR-377-3p overexpressing cells and in-
creased in miR-377-3p silenced cells (Fig. 3A). Similarly, we observed
that miR-377-3p reduced β-catenin protein levels by immuno-
fluorescence (Fig. 3B). Moreover, qRT-PCR showed that miR-377-3p
negatively regulated the expression of Wnt/β-catenin related genes
including Cyclin D1, Axin2, TCF1, SOX2, C-myc, MMP2, MMP9, CD44,
VEGF and Twist (Fig. 3C). To assess the effect of miR-377-3p on β-
catenin activity, Wnt/β-catenin signaling activator LiCl was used to
treat miR-377-3p transfected cells. MiR-377-3p reduced β-catenin’s
transcriptional activity and protein levels at both the quiescent or ac-
tivated states of Wnt/β-catenin signaling (Fig. 3D). Then we de-
termined whether Wnt/β-catenin signaling was involved in miR-377-3p
regulated cell migration. Wnt/β-catenin signaling inhibitor XAV-939
abolished the migration promoted by miR-377-3p inhibitor in SW48
and LoVo cells (Fig. 3E, F). These findings suggest that miR-377-3p
suppresses CRC through inhibiting Wnt/β-catenin signaling.

3.4. MiR-377-3p directly targets the 3′UTR of ZEB2 and XIAP

MiR-377-3p failed to match with the 3′UTR of β-catenin, suggesting
that miR-377-3p regulates Wnt/β-catenin signaling through other
target genes. To identify these genes, we screened the genes that con-
tained miR-377-3p binding site in 3′UTR (from Targetscan website) and
positively regulated β-catenin. Bioinformatics analysis revealed three
putative candidate genes: ZEB2, XIAP and SOX11 (Fig. 4A). TCGA da-
tabase analysis indicates that miR-377-3p is negatively correlated with
ZEB2 and XIAP in CRC (Fig. 4B). To determine whether miR-377-3p
regulated ZEB2 and XIAP by directly targeting their 3′UTR, ZEB2 and
XIAP 3′UTR were constructed into a luciferase reporter plasmid
(Fig. 4C). The luciferase activity of ZEB2 and XIAP 3′UTR was repressed
by miR-377-3p in a dose-dependent manner (Fig. 4D, E). Mutations in
either ZEB2/XIAP-3′UTR at the predicted matching sites or in miR-377-
3p at the conserved binding site disrupted this repression (Fig. 4F, G).
Both mRNA and protein levels of ZEB2 and XIAP were significantly
decreased in miR-377-3p overexpressing cells and increased in miR-
377-3p silenced cells in a dose-dependent manner (Fig. 4H). Taken
together, these results suggest that ZEB2 and XIAP are the direct target
genes of miR-377-3p.
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3.5. MiR-377-3p inhibits cell migration through targeting ZEB2 in CRC

ZEB2 reportedly upregulates β-catenin in glioma [24]. Meanwhile,
ZEB2 is an EMT related transcriptional factor that plays an important
role in cell migration and invasion [25]. We sought to determine
whether ZEB2 was involved in miR-377-3p’s modulation on Wnt/β-
catenin signaling and cell migration. We established ZEB2 stably
knockdown cell line and found that knockdown of ZEB2 could down-
regulate Vimentin and CyclinD1 (Fig. 5A). Moreover, knockdown of
ZEB2 inhibited the upregulation of β-catenin and its downstream ef-
fectors including Cyclin D1, Axin2, TCF1, SOX2, C-myc, MMP2, MMP9,
CD44, VEGF and Twist in miR-377-3p silenced cells (Fig. 5B, D). TOP-
flash luciferase assays showed that the promoting effect of miR-377-3p
inhibitor on Wnt/β-catenin signaling was abrogated when ZEB2 was
silenced (Fig. 5C). The upregulation of Vimentin and MMP2, and the

enhanced migration phenotype in miR-377-3p silenced cells were also
abolished when ZEB2 was knockdown (Fig. 5D–F). Overexpression of
ZEB2 rescued the dampened migration ability in miR-377-3p over-
expressing cells (Fig. S4C). These results demonstrate that miR-377-3p
represses CRC cells migration and Wnt/β-catenin signaling by targeting
ZEB2.

3.6. MiR-377-3p suppresses CRC cell proliferation and chemoresistance by
targeting XIAP

XIAP was reported to monoubiquitylate Gro/TLE to enhance β-ca-
tenin transcriptional activity [26]. As another target gene of miR-377-
3p, knockdown of XIAP also abrogated the promoting effect of miR-
377-3p inhibitor on Wnt/β-catenin signaling (Fig. 6A–C). XIAP is a
member of inhibitor of apoptosis family proteins (IAP) that can promote

Fig. 1. Expression levels of miR‐377‐3p in CRC. (A) Analysis of different forms of mature miR-377-3p levels in 186 colon cancer samples from TCGA. (B) Analysis
of miR-377-3p expression in colon cancer samples and normal colon mucosa tissues from GSE18392 (unpaired tissues) and GSE48267 (paired tissues). (C) Analysis of
miR-377-3p mRNA expression in CRC samples at different tumor stages from GSE28364; *, P< 0.05. (D) Analysis of serum miR-377-3p levels in CRC samples with or
without liver metastasis from GSE53159; *, P< 0.05. (E) Analysis of serum miR-377-3p levels in CRC patients at different tumor stages from GSE39833; *, P< 0.05.
(F) Serum miR-377-3p predicted liver metastasis in 10 stage I and 10 stage IV patients from GSE53159. AUC represents area under the curve.
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Fig. 2. MiR-377-3p suppresses cell migration, proliferation and chemoresistance in CRC. (A-D) Migration assays of SW48 or LoVo cells transfected with miR-
377-3p mimics (A) or miR-377-3p inhibitor (C). Representative images were shown and the average number of cells per field were calculated (B, D). n = 3 samples
per group, four fields per sample; Scale bars, 200 μm; **, P<0.01; ***, P< 0.001. (E) SW48 or LoVo cells were transfected with miR-377-3p mimics or miR-377-3p
inhibitor for 48 h. EMT markers (ZEB2, N-cadherin, E-cadherin, Vimentin) and MMPs (MMP9, MMP2) were detected by western blot. (F and G) Colony formation
assays of SW48 or LoVo cells stably transfected with miR-377-3p plasmid (F) or transfected with miR-377-3p inhibitor (G). Colony numbers were calculated by
ImageJ pro-plus. n = 3 samples per group; Scale bars, 5 mm; **, P< 0.01; ***, P< 0.001. (H) 5-FU cytotoxicity assays of SW48 or LoVo cells transfected with miR-
377-3p inhibitor or stably overexpressing miR-377-3p. Cell viability was determined by CCK8 assay kits after being treated with indicated concentrations of 5-FU for
48 h. n = 3 samples per group; *, P< 0.05; **, P< 0.01; ***, P< 0.001. (I) SW48 or LoVo cells were transfected with miR-377-3p mimics or miR-377-3p inhibitor
for 48 h. Bcl2 and Bax were detected by western blot.
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cell growth and suppress apoptosis in CRC [27]. XIAP knockdown
abolished the enhancement in colony formation (Figs. 6D, E and S3A,
B), chemoresistance (Fig. 6F) and proliferation (Fig. 6G) in miR-377-3p
silenced cells. In line with this, overexpression of XIAP restored the
suppressed colony formation and chemoresistance in miR-377-3p stably
overexpressing cells (Fig. S4A, B). Therefore, miR-377-3p suppresses
the proliferation and chemoresistance of CRC cells via targeting XIAP.

3.7. MiR-377-3p inhibits CRC tumorigenesis and metastasis in vivo

To further explore the effects of miR-377-3p on CRC in vivo, nude
mice were subcutaneously injected with LoVo cells stably expressing
miR-377-3p. Overexpression of miR-377-3p repressed tumor growth
(Fig. 7A, B), increased survival rate (Fig. 7C) and decreased the number
of liver metastatic foci in mice (Fig. 7D–F). Immunohistochemical
staining showed that the expression of Ki67, a cell proliferation marker,
was significantly lower in miR-377-3p overexpression group (Fig. 7G).
As the target genes of miR-377-3p, ZEB2 and XIAP were downregulated
(Fig. 7G). Overexpression of miR-377-3p decreased the mesenchymal
marker Vimentin and upregulated the epithelial marker E-cadherin
(Fig. 7G). To assess the therapeutic potential of targeting miR-377-3p in
established tumors, we subcutaneously injected LoVo cells into nude
mice. After the tumors reached 0.5 cm3, we performed intra-tumoral
injections of miR-377-3p agomir. Strikingly, injection of miR-377-3p
agomir but not the control effectively inhibited tumor growth (Fig. 7H,
I) and extended survival time of the mice (Fig. 7J). These data indicate
that miR-377-3p represses CRC development and metastasis in vivo.

4. Discussion and conclusion

Aberrant expression of miRNAs is implicated in tumorigenesis and
cancer progression [28]. MiR-377 was previously reported to act as a
tumor suppressor in many types of cancers [18,19,29–31]. However,
the functional roles and mechanisms of miR-377 in CRC remain un-
clear. Recently, a study reported that miR-377 could promote the ma-
lignant characteristics of CRC cells via targeting and upregulating GSK-
3β [32]. Contrary to their findings, our study showed that miR-377-3p
could suppress the malignant phenotypes of CRC, including pro-
liferative, invasive and drug resistant capabilities. This was supported
by publically available clinical databases showing that miR-377-3p was
significantly downregulated in CRC tissues, especially in patients at
advanced stages. Compared to the previous study reporting that miR-
377 promoted CRC progression, the functional experiments of miR-377-
3p in our study were more reliable, particularly in vivo experiments. We
had 15 mice in each group and performed the survival experiment of
mice. More importantly, we conducted miRNA therapeutic experiment
in the mouse xenografted cancer model, and found that miR-377-3p
suppressed CRC growth in vivo. Therefore, our data strongly supports
that miR-377-3p acts as a tumor suppressor in CRC.

Abnormal activation of Wnt/β-catenin signaling is common in CRC
[34]. Many studies have devoted to finding molecular targets that can
inhibit Wnt/β-catenin signaling to treat CRC [35,36]. MiRNAs have
been considered as powerful therapeutic tools because of their small
size and ability to repress the expression of multiple oncogenic targets
[37]. We found that miR-377-3p negatively regulated the Wnt/β-

catenin signaling cascade by targeting the 3′UTR of two positive reg-
ulators of Wnt/β-catenin signaling, ZEB2 and XIAP. We also provided
evidences showing that miR-377-3p suppressed the progression of CRC
via inhibiting Wnt/β-catenin signaling, suggesting that miR-377-3p
might be a potential therapeutic target for CRC treatment.

ZEB2 reportedly contribute to the loss of epithelial marker E-cad-
herin and upregulation of mesenchymal markers, including N-cadherin
and Vimentin to facilitate tumor cell invasion in CRC [38,39]. ZEB2 was
reported to promote the expression of β-catenin, suggesting ZEB2′s
positive regulatory role in Wnt/β-catenin signaling [24]. Consistent
with this notion, our study showed that knockdown of ZEB2 abrogated
the promoting effect of miR-377-3p inhibitor on Wnt/β-catenin sig-
naling and cell migration in CRC, indicating that miR-377-3p’s effects
on Wnt/β-catenin signaling relies on targeting ZEB2. Another miR-377-
3p target gene was found to be XIAP, a member of inhibitor of apoptosis
proteins (IAPs). Overexpression of XIAP was associated with poor
prognosis and drug resistance in CRC [27,40]. XIAP could mono-ubi-
quitylate Groucho/TLE to promote canonical Wnt signaling, suggesting
a link between apoptosis and Wnt/β-catenin signaling [26]. Our work
reveals that XIAP mediates miR-377-3p’s regulation on Wnt/β-catenin
signaling, cell proliferation and chemoresistance in CRC. Thus, ZEB2
and XIAP are responsible for the miR-377-3p suppressed Wnt/β-catenin
signaling and CRC development.

In summary, our findings demonstrate that miR-377-3p can sup-
press the development of CRC, which is achieved by negatively reg-
ulating Wnt/β-catenin signaling through targeting XIAP and ZEB2. This
novel miR-377-3p/ZEB2-XIAP/Wnt axis provides a new insight into the
mechanisms of CRC progression and may lead to the development of
new anti-CRC therapies.
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Fig. 3. MiR-377-3p is a negative regulator of Wnt signaling. (A) SW48 or LoVo cells were transfected with miR-377-3p mimics or miR-377-3p inhibitor for 48 h.
β-catenin, Axin2 and CyclinD1 were detected by western blot. (B) LoVo cells were transfected with miR-377-3p inhibitor for 24 h. Cells were fixed and immuno-
fluorescently stained for β-catenin. Representative images were shown and the fluorescence intensity was calculated. Scale bars, 10 μm; ***, P<0.001. (C) SW48
and LoVo cells were transfected with miR-377-3p mimics or miR-377-3p inhibitor for 48 h. The downstream genes of Wnt signaling were detected by qPCR. The
heatmap showed the changes in mRNA expression for the downstream genes of Wnt signaling. (D) SW48 or LoVo cells were co-transfected with miR-377-3p mimic
(0.4 μg) and TOP/FOP-flash reporter (0.1 μg) for 24 h. Then cells were treated with or without 20 μM LiCl for 12 h. Luciferase activity was measured and normalized
to Rellina luciferase activity. n = 3 samples per group; *, P< 0.05; **, P< 0.01; ***, P< 0.001. β-catenin was detected by western blot. (E and F) SW48 (E) or LoVo
(F) cells were transfected with miR-377-3p inhibitor for 24 h. Then cells were treated with or without XAV939 for 12 h and harvested for migration assays.
Representative images were shown and the average number of cells per field were calculated. n = 3 samples per group, four fields per sample; Scale bars, 100 μm; *,
P<0.05; **, P< 0.01; ***, P< 0.001.
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Fig. 4. ZEB2 and XIAP are the target genes of miR-377-3p. (A) Overlap of miR-377-3p target genes predicted by TargetSan and the genes positively regulating β-
catenin from NCBI-AmiGO2. (B) Pearson correlation analysis of miR-377-3p with ZEB2 or XIAP expression in CRC from TCGA. (C) Predicted miR-377-3p binding sites
underlined in the 3′UTR of ZEB2 or XIAP. Perfect matches in seed regions were indicated by lines. Mutants (underlined) of the binding sites in ZEB2/XIAP-3′UTR and
miR-377-3p were generated. (D and E) 293 T cells were co-transfected with miR-377-3p mimic or miR-377-3p inhibitor and the wild-type 3′UTR of ZEB2 (D) or XIAP
(E) firefly luciferase reporter plasmid for 48 h. Luciferase activities were measured and normalized to Rellina luciferase. n = 3 samples per group; *, P<0.05; **,
P<0.01; ***, P<0.001. (F-G) 293 T cells were co-transfected with miR-377-3p mimic and the mutant 3′UTR of ZEB2 (F) or XIAP (G) firefly luciferase reporter
plasmid for 48 h. Luciferase activity was measured and normalized to Rellina luciferase activity. n = 3 samples per group; ***, P< 0.001. (H) The miR-377-3p
plasmid was transfected into 293 T cells at different doses (0, 1, 2, 4 μg) or miR-377-3p inhibitor (miR-377-3p Inh) was transfected into SW48 cells at different
concentrations (0, 50, 100, 200 nM) for 48 h. The expression of ZEB2 and XIAP was detected by western blot and qPCR.
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Fig. 5. MiR-377-3p inhibits CRC cell migration by targeting ZEB2. (A) The expression of Vimentin and CyclinD1 in ZEB2 stably knockdown LoVo cells was
detected by western blot. (B) ZEB2 stably knockdown SW48 and LoVo cells were transfected with miR-377-3p inhibitor for 48 h. The downstream genes of Wnt
signaling were detected by qPCR. The heatmap showed the changes in mRNA expression for the downstream genes of Wnt signaling. (C) ZEB2 stably knockdown
SW48 and LoVo cells were co-transfected with miR-377-3p inhibitor and TOP-flash luciferase reporter for 48 h. Luciferase activity was measured and normalized to
Rellina luciferase activity. n = 3 samples per group; *, P<0.05; **, P< 0.01; ***, P< 0.001. (D) ZEB2 stably knockdown LoVo cells were transfected with miR-377-
3p inhibitor for 48 h. ZEB2, β-catenin, Axin2, MMP2, Vimentin, CyclinD1 proteins were detected by western blot. (E) ZEB2 stably knockdown LoVo cells were
transfected with miR-377-3p inhibitor for 48 h. Cells were fixed and stained for Vimentin. Representative images were shown and the fluorescence intensity was
calculated. Scale bars, 8 μm; ***, P<0.001. (F) Migration assays of ZEB2 stably knockdown LoVo cells transfected with miR-377-3p inhibitor. Representative images
were shown and the average number of cells per field were calculated. n = 3 samples per group, four fields per sample; Scale bars, 100 μm; ***, P< 0.001; ns, no
statistical significance.

L. Huang, et al. Pharmacological Research 156 (2020) 104774

9



Fig. 6. MiR-377-3p suppresses CRC cell proliferation and chemoresistance via targeting XIAP. (A) XIAP stably knockdown SW48 and LoVo cells were co-
transfected with miR-377-3p inhibitor and TOP-flash luciferase reporter for 48 h. Luciferase activity was measured and normalized to Rellina luciferase activity. n =
3 samples per group; **, P< 0.01; ***, P<0.001. (B) XIAP stably knockdown LoVo cells werinhibitor for 48 h. β-catenin, Axin2, CyclinD1 and XIAP proteins were
detected by western blot. (C) XIAP stably knockdown SW48 and LoVo cells were transfected with miR-377-3p inhibitor for 48 h. The downstream genes of Wnt
signaling were detected by qPCR. The heatmap showed the changes in mRNA expression for the downstream genes of Wnt signaling. (D and E) Colony formation
assays of XIAP stably knockdown SW48 and LoVo cells transfected with miR-377-3p inhibitor (D) Colony numbers were calculated by ImageJ pro-plus (E). n = 3
samples per group; Scale bars, 5 mm; **, P<0.01; ***, P<0.001. (F) 5-FU cytotoxicity assays of XIAP stably knockdown SW48 and LoVo cells transfected with miR-
377-3p inhibitor. n = 3 samples per group; *, P<0.05. **, P< 0.01. ***, P< 0.001. (G) Proliferation assays of XIAP stably knockdown SW48 and LoVo cells
transfected with miR-377-3p inhibitor. n = 3 samples per group; **, P<0.01; ***, P<0.001.
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Fig. 7. MiR-377-3p inhibits CRC development and metastasis in vivo. (A and B) LoVo cells expressing Vector or miR-377-3p were subcutaneously injected into
nude mice at a dose of 1 × 106 cells per mouse (n = 15 per group). Tumors isolated from the mice at day 23 post inoculation (A) and tumor growth curves (B) were
shown. Scale bars, 2 cm; ***, P< 0.001. (C) Kaplan-Meier survival analysis of the two groups (n = 10 per group). (D and E) The representative images (D) of livers
isolated from the nude mice described in (A) and the number of liver metastatic foci were counted (E). Scale bars, 5 mm; **, P< 0.01. (F) The representative HE
staining of the livers isolated from the nude mice described in (A). Scale bars, 200 μm. (G) Immunohistochemical staining of Ki67, ZEB2, XIAP, β-catenin, Vimentin,
E-cadherin in tumors isolated from the nude mice described in (A). The representative images (upper panel) and the statistical proportions of positive cells (lower
panel) are shown. Scale bars, 20 μm; **, P<0.01; ***, P<0.001. (H–I) 1 × 106 LoVo cells were subcutaneously inoculated into nude mice (n = 5 per group). Once
the tumors reached 0.5 cm3, the mice were randomized to receive the treatments of PBS, miR-377-3p agomir (75 mg/kg) or NC agomir (75 mg/kg) every 3 days for
consecutive 6 times. Eighteen days after the treatment, the mice were euthanized and the tumors were isolated. Isolated tumors (H) and tumor growth curves (I) were
shown. Scale bars, 2 cm; *, P< 0.05. (J) Kaplan-Meier survival analysis of the three treatment groups described in (H).
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