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Abstract. Autophagy plays a key role in colorectal 
cancer (CRC) development and reduces the sensitivity 
of CRC cells to treatment. The present study reported a 
novel tumor‑suppressive role for autophagy, which was 
demonstrated to be regulated through the novel oncogene 
neurotrophin‑4 (NTF4). NTF4 was significantly overex-
pressed in tumor tissue compared with non‑tumor mucosa, 
and the upregulation of NTF4 in CRC was associated 
with poor overall survival and advanced TNM stage. The 
genetic knockdown of NTF4 using short hairpin RNA in 
CRC cells prevented epithelial‑to‑mesenchymal transition 
and activated autophagy; this was regulated through the 
interaction between autophagy‑associated gene 5 (Atg5) and 
the mitogen‑activated protein kinase pathway. In addition, 
the knockdown of NTF4 inhibited cell invasion, migration, 
proliferation and colony formation, and promoted cell cycle 
arrest. Treatment of the cells with the autophagy inhibitor 
chloroquine (CQ) rescued these functions and promoted 
cell invasion, migration, proliferation and colony formation. 
Finally, the knockdown of NTF4 inhibited the growth of 
subcutaneous xenografts in Balb/c‑nu mice. In conclusion, 
these findings suggested that NTF4 may be a diagnostic 
marker associated with the overall survival and progression 
of patients with CRC. NTF4 was found to promote tumori-
genesis and CRC development through autophagy regulation.

Introduction

Colorectal cancer (CRC) is a common malignant tumor of the 
digestive tract, with an estimated one million people diagnosed 
annually and a mortality rate of ~33% (1). Although the early 
symptoms of CRC are difficult to detect, tumor progression 
and metastasis often presents with symptoms such as changes 
in stool habits, hematochezia and emaciation  (2). Current 
treatment regimens for CRC include surgery, radiotherapy 
and chemotherapy; however, surgery is largely ineffective for 
patients with advanced‑stage disease and the side effects of 
radiotherapy and chemotherapy are severe, with chemoresis-
tance often posing a major challenge (3,4). Thus, there is an 
urgent need to identify novel oncogenes that may be driving 
CRC tumorigenesis, which may serve as effective diagnostic 
markers and therapeutic targets to facilitate the diagnosis of 
early‑stage CRC and block tumor development. Neurotrophin‑4 
(NTF4) belongs to the family of neurotrophic factors (NTFs), 
which are most commonly known for their roles in the nervous 
system (5,6). Previous studies have observed that other NTFs, 
and their corresponding receptors, are associated with breast 
and gastric cancer development (6,7); however, little is known 
on the role of NTF4 in this process. Our previous study demon-
strated that NTF4 was upregulated in patients with CRC, and 
bioinformatics analysis found NTF4 to be associated with 
tumor development (8). However, the specific mechanisms 
underlying the role of NTF4 in CRC remain largely unknown.

Epithelial‑to‑mesenchymal transition (EMT) is a crucial 
process that enables cancer cells to acquire invasive and 
metastatic properties. Tumor cells that undergo EMT are 
characterized by the loss of epithelial markers and the acqui-
sition of mesenchymal properties, accompanied by changes 
in various other molecular markers, including the down-
regulation of epithelial markers, such as E‑cadherin and 
β‑catenin, and the upregulation of mesenchymal markers, 
such as vimentin and N‑cadherin (9). Our previous study 
demonstrated that EMT was instrumental in promoting CRC 
invasion and progression (10).

Autophagy is a phagocytic process, whereby cytoplasmic 
proteins or organelles are phagocytosed into vesicles and fused 
with lysosomes to form autophagic lysosomes, or autophagoly-
sosomes (11). These autophagolysosomes degrade the contents 
of the lysosomes in response to the metabolic requirements 
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of the cells and provide nutrients to promote the renewal of 
organelles. The majority of malignant tumors are positively 
or negatively regulated by autophagy at some point during the 
initiation, development or metastasis of tumors; for example, it 
was previously reported that autophagy inhibited programmed 
cell death to inhibit cancer cell growth (12), whereas another 
study reported that autophagy improved the tolerance of 
cancer cells to stress and promoted their survival (13). Most 
previous studies on CRC have observed that autophagy 
promotes both the initiation and development of cancer, and 
reduces the sensitivity of cancer cells to treatment (14,15). 
Thus, the present study aimed to investigate the role of the 
novel oncogene, NTF4, as a regulator of autophagy in CRC.

Materials and methods

Patient samples. The present study was approved by the 
Ethics Committee of Shanghai Pudong Hospital and written 
informed consent was obtained from all participants. A total of 
74 CRC specimens and 4 normal healthy colon tissue samples 
were collected from patients between July 2016 and July 2018 
(Table I). Eligible CRC patients should have received adjuvant 
chemotherapy or radiotherapy prior to surgery, and patients 
with additional cancer diagnoses were excluded from the study. 
All patients were classified according to the TNM staging 
system (8th edition; https://cancerstaging.org). Postoperative 
adjuvant therapies were performed according to the standard 
schedule and doses.

Immunohistochemistry (IHC). IHC staining was performed on 
paraffin‑embedded sections obtained from the patient tissues. 
The sections were subsequently deparaffinized in xylene and 
rehydrated in a descending series of ethanol (100, 90, 80 and 
75%) for 3 min each, followed by heating in sodium citrate 
buffer for antigen retrieval. The sections were blocked in 5% 
BSA (Beyotime Institute of Biotechnology) and incubated with 
a rabbit anti‑NTF4 primary antibody (1:100; cat. no. 12297; 
ProteinTech Group, Inc.) at 4˚C overnight. Following incuba-
tion with the primary antibody, the sections were incubated 
with a horseradish peroxidase (HRP)‑conjugated anti‑rabbit 
secondary antibody (1:200; cat. no. SA00001; ProteinTech 
Group, Inc.) for 1 h at room temperature. The slides were 
subsequently stained with 3,3'‑diaminobenzidine and hema-
toxylin at room temperature for 5 min, and visualized using an 
Olympus IX71 inverted microscope (Olympus Corporation) at 
a magnification of x200.

Cell lines and reagents. The human CRC cell lines HCT‑116 
and HT‑29 were purchased from the American Type Culture 
Collection and cultured in RPMI‑1640 medium supple-
mented with 10% FBS (Invitrogen; Thermo Fisher Scientific, 
Inc.) and maintained in a humidified atmosphere at 37˚C and 
5% CO2. Cells were digested and passaged upon reaching 
80% confluence. All cell lines were authenticated using 
STR profiling and all experiments were performed with 
mycoplasma‑free cells.

Cell transfection. Three short hairpin RNAs (shRNAs) 
targeting NTF4 and a scramble (scr) control were cloned 
into the pLKO.1 lentiviral vector (Table  II). The pLKO‑1.

shRNA (sh)NTF4 plasmid, psPAX2 and PMG.2G were 
co‑transfected into 293 cells to obtain the shNTF4 lentivirus 
using Lipofectamine® 3000 reagent (Thermo Fisher Scientific, 
Inc.), according to the manufacturer's protocol. The shNTF4 
lentiviral supernatant was subsequently harvested and used to 
infect HCT‑116 and HT‑29 cells at a multiplicity of infection 
of 25. Infected cells were screened using puromycin (5 µg/ml) 
for 72 h and the expression levels of NTF4 in the cells were 
confirmed using western blotting.

The siRNAs were transfected into HCT‑116 cells using 
Lipofectamine® 3000 reagent, according to the manufacturer's 
protocol.

Reverse transcription‑quantitative PCR (RT‑qPCR) analysis. 
Total RNA was extracted using TRIzol® reagent (Beyotime 
Institute of Biotechnology), according to the manufacturer's 
protocol. Total RNA was reverse‑transcribed into cDNA using 
the PrimeScript™ RT reagent kit (Takara Bio, Inc.) at 37˚C 
for 15 min and 85˚C for 5 sec. qPCR (95˚C for 30 sec; 95˚C 
for 3 sec, 60˚C for 30 sec, for 40 cycles) was subsequently 
performed using the SYBR® Premix Taq™ kit (Takara 
Bio, Inc.) and a Vii 7R real‑time PCR machine (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). The primers used 
for the qPCR are listed in Table III. Expression levels were 
quantified using the 2‑ΔΔCq method (16) and normalized to the 
internal reference gene β‑actin.

Western blotting. Total protein was extracted from the cells 
using RIPA lysis buffer with 1% phenylmethanesulfonyl 
fluoride and 1% DL‑Dithiothreitol. Total protein was quanti-
fied using a bicinchoninic acid assay kit (Beyotime Institute 
of Biotechnology) and 20 µg protein/lane was separated by 
10% SDS‑PAGE. The separated proteins were subsequently 
transferred onto PVDF membranes (Beijing Solarbio Science 
& Technology Co., Ltd.) and blocked with 5% BSA for 1 h 
at room temperature. The membranes were incubated with 
the following primary antibodies at 4˚C for 12 h: Anti‑NTF4 
(1:1,000; ProteinTech Group, Inc.), anti‑E‑cadherin (1:1,000; 
cat.  no.  20874; ProteinTech Group, Inc.), anti‑N‑cadherin 
(1:1,000; cat. no. 22018 ProteinTech Group, Inc.), anti‑vimentin 
(1:1,000; cat. no. 10366; ProteinTech Group, Inc.), anti‑Twist 
(1:1,000; cat. no. 25465; ProteinTech Group, Inc.), anti‑Atg5 
(1:1,000; cat. no. 10181; ProteinTech Group, Inc.), anti‑Beclin‑1 
(1:1,000; cat.  no.  ab207612; Abcam), anti‑p62 (1:1,000; 
cat. no. 56416; Abcam), anti‑LC3B (1:1,000; cat. no. ab51520; 
Abcam), anti‑phosphorylated (p)‑p38 mitogen‑activated 
protein kinase (MAPK; 1:1,000; cat. no. 4511; Cell Signaling 
Technology, Inc.), anti‑p38 MAPK (1:1,000; cat. no. 8690; Cell 
Signaling Technology, Inc.), anti‑phosphorylated extracellular 
signal‑regulated kinase (p‑ERK)1/2 (1:1,000; cat. no. 4370; 
Cell Signaling Technology, Inc.), anti‑ERK1/2 (1:1,000; 
cat. no. 4695; Cell Signaling Technology, Inc.), anti‑p‑JNK 
(1:1,000; cat. no. 9255; Cell Signaling Technology, Inc.) and 
anti‑β‑actin (1:4,000; cat. no. 600008; ProteinTech Group, Inc.). 
Following incubation with the primary antibody, the membranes 
were incubated with anti‑rabbit HRP‑conjugated secondary 
antibodies (1:4,000; ProteinTech Group, Inc.) for ~1 h at room 
temperature. Protein bands were visualized using ECL reagents 
(Thermo Fisher Scientific, Inc.) and an Omega Lum G machine 
(Aplegen).
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Co‑immunoprecipitation (Co‑IP). A total of 1x107 cells were 
harvested and lysed using NP‑40 buffer. The lysates were 
pre‑cleared using 20 µl Protein A/G sepharose beads (Santa 
Cruz Biotechnology, Inc.) and subsequently centrifuged at 
3,000 x g for 5 min at 4˚C to obtain the supernatant. The 
pre‑cleared lysate was incubated with 1  µg anti‑NTF4 
polyclonal antibody for 12 h at 4˚C with gentile rotation. 
Subsequently, 50 µl Protein A/G sepharose beads were added 
to the lysate to capture the immunocomplex. Following incuba-
tion for 4 h at 4˚C, the beads were harvested by centrifugation 
at 3,000 x g at 4˚C for 3 min, and washed four times with 
NP‑40 buffer. Elution of the proteins was conducted by adding 
2X SDS loading buffer to the beads and boiling for 5 min 
at 95˚C before subsequently performing western blotting, as 
previously described.

Immunofluorescence (IF) staining. Coverslips were placed hori-
zontally on the bottom of a 6‑well plate and 1x106 cells were 
seeded/well and cultured at 37˚C overnight. Cells were fixed 
with 4% paraformaldehyde for 10 min at room temperature 

and then permeabilized with 0.3% Triton X‑100 for 10 min. 
The coverslips were blocked with 5% BSA for 60 min and 
subsequently incubated with the following primary antibodies 
at 4˚C overnight: Anti‑E‑cadherin (1:100), anti‑NTF4 (1:100, 
cat. no. 12297; ProteinTech Group, Inc.), anti‑LC3B (1:100, 
cat. no. ab51520; Abcam) and anti‑Atg5 (1:100; cat. no. sc‑133158; 
Santa Cruz Biotechnology, Inc.). The coverslips were washed 
three times with PBS for 5 min prior to being incubated with 
an Alexa 594‑conjugated anti‑rabbit secondary antibody or an 
Alexa 488‑conjugated anti‑mouse secondary antibody (1:400; 
cat. no. SA00013; ProteinTech Group, Inc.) for 1 h at 4˚C in the 
dark. DAPI was used as a counterstain to label the nuclei. Stained 
cells were visualized and photographed using an Olympus IX71 
inverted fluorescence microscope (Olympus Corporation) at a 
magnification of x400.

CRC and normal healthy tissues were embedded in paraffin 
and cut into 4‑µm sections. The sections were subsequently 
deparaffinized and blocked as previously described for IHC 
staining. Then, the sections were incubated with an anti‑NTF4 
primary antibody overnight at 4˚C, followed by sequential 
incubation with an HRP‑conjugated secondary antibody 
for 1 h and a FITC‑conjugated anti‑HRP antibody (1:200; 
ProteinTech Group, Inc.) for 10 min at room temperature.

The sections were subsequently boiled in 1 mM EDTA, 
followed by 15 min at a sub‑boiling temperature to remove 
the antibodies that were incorporated into the tissues to 
re‑stain for E‑cadherin and Atg5. Similar to NTF‑4 staining, 
anti‑E‑cadherin and anti‑Atg5 antibodies were incubated 
with the slides. The sections were then incubated with 
HRP‑conjugated anti‑rabbit/mouse secondary antibodies and 
a Cy3‑conjugated goat anti‑HRP antibody or Cy5‑conjugated 
goat anti‑HRP antibody (1:200; cat. no. SA‑00009, ProteinTech 
Group, Inc.). DAPI was used as a counterstain to label the 
nuclei. Stained sections were visualized and photographed 
using an Olympus IX71 inverted fluorescence microscope 
(Olympus Corporation) at a magnification of x400.

Transmission electron microscopy (TEM). A total of 
1x105 cells were harvested for TEM, which was performed 
as previously described (14). Autophagosome formation was 
visualized using a Hitachi HT7700 transmission electron 
microscope (Hitachi High‑Technologies Corporation).

Cell migration and invasion assays. Cell migration and inva-
sion were analyzed using Transwell plates (pore size, 8 µm; BD 
Biosciences). Transwell plates (Corning Inc.) were coated with 
or without 55 µl Matrigel (1:8; BD Biosciences) for the invasion 
or migration assay, respectively. Cells were plated in the upper 
chambers of Transwell plates in RPMI‑1640 medium without 
FBS. A total of 1 ml 90% RPMI‑1640 supplemented with 10% 
FBS was added to the lower chambers. Following incubation 
for 48 h, the migrating or invading cells were fixed with 4% 
paraformaldehyde for 30 min and subsequently stained with 
0.1% crystal violet solution for 30 min at room temperature. 
The stained cells in the lower chamber were counted using an 
inverted microscope (Nikon Corporation) at a magnification 
of x400, to evaluate the invasion or migration ability.

Wound healing assay. A total of 5x105 cells in 10% FBS medium 
were seeded into 6‑well culture plates and cultured to 90% 

Table I. Clinical characteristics of patients.

Characteristics	 No.

Tumor (T) stage	
  pT1	    3
  pT2	 7
  pT3	 22
  pT4	 42
N stage	
  N0	 48
  N1	 22
  N2	 4
M stage	
  M0	 70
  M1	 4
Age, years	
  ≤45	 24
  >45	 50
Sex	
  Male	 54
  Female	 20
Tumor location	
  Right colon	 29
  Left colon	 12
  Transverse colon	 5
  Sigmoid colon	 28
Histological grade	
  Well‑differentiated	 70
  Poorly differentiated	 4
Mucinous colloid type	
  No	 57
  Yes	 17
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confluence. Then, a sterile 200‑µl micropipette tip was used to 
scratch the cell monolayer. The cells were cultured in serum‑free 
medium incubated at 37˚C for 48 h prior to being visualized 
using an inverted microscope (LV150N; Nikon Corporation) at 
a magnification of x200. The wound areas were quantified using 
ImageJ software, version 1.8.0 (National Institutes of Health).

Flow cytometric analysis of apoptosis. A total of 2x105 cells 
were collected by centrifugation at room temperature (800 x g 
for 5 min) and washed three times with PBS. The samples 
were resuspended in 100 µl binding buffer and subsequently 
stained with 5 µl Annexin‑V and propidium iodide (PI) for 
20 min at room temperature in the dark. Following staining, 
an additional 400 µl binding buffer was added to resuspend 
the sample. Apoptotic cells were subsequently analyzed using 
a flow cytometer (BD Biosciences) and visualized by FlowJo 
software, version. 7.6.1 (Ashland).

Cell cycle analysis. A total of 1x106 cells were collected by 
centrifugation at room temperature (800 x g for 5 min), fixed 
in 70% ethanol and incubated at 4˚C overnight. Cells were 
subsequently stained with PI staining solution for 30 min at 
room temperature in the dark before being analyzed by flow 
cytometry. The fractions of the cells in the G1, S and G2/M 
phases were calculated using Modfit software (version 5; 
Verity Software House, Inc.).

Cell proliferation assay. A total of 3x103 cells were cultured in 
96‑well plates in 100 µl RPMI‑1640 medium. Cell proliferation 

was assessed via the Cell Counting Kit‑8 (CCK‑8) kit (Dojindo 
Molecular Technologies, Inc.) according to the manufacturer's 
protocol. Briefly, 10 µl CCK‑8 solution was added to each well 
of the plate for different incubation times (0, 24, 48 and 72 h) 
at 37˚C. The absorbance was measured at 450 nm after 2 h of 
incubation.

Colony formation assay. A total of 500 cells were seeded 
into 6‑well plates and incubated at 37˚C. The colony size 
was observed daily using a microscope until the number of 
cells in the majority of colonies was >50. The medium was 
subsequently removed, and the cells were stained with 0.2% 
crystal violet solution for 30 min at room temperature. The 
cells were washed three times with PBS before the colonies 
were visualized and photographed using a light microscope 
(77002; Yuyan Instruments Co., Ltd.) at a magnification of 
x4. The rate of colony formation was calculated using the 
following equation: Rate of colony formation (%)=(colony 
number/500)x100.

Subcutaneous  xenografts of nude mice. All experimental 
procedures were approved by the Institutional Animal Care and 
Utilization Committee of Fudan University Pudong Animal 
Experimental Center. The study was conducted according to 
the Animal Research Reporting In Vivo Experiments guide-
lines. A total of 14 female Balb/c‑nu mice, weighing 20±3 g 
and aged 5 weeks, were purchased from Beijing Vital River 
Laboratory Animal Technology Co., Ltd. The mice were 
randomly divided into the HCT116‑sh2 and HCT116‑scr 

Table II. shRNA sequence for NTF4 and siRNA sequence for Atg5.

	 Sense (5'‑3')	 Antisense (5'‑3')

NTF4‑sh1	 GCUGAUAACGCUGAGGAAGTT	 CUUCCUCAGCGUUAUCAGCTT
NTF4‑sh2	 GCAAGGCCAAGCAGUCCUATT	 UAGGACUGCUUGGCCUUGCTT
NTF4‑sh3	 GCUGGCGAUGGAUUCGAAUTT	 AUUCGAAUCCAUCGCCAGCTT
siAtg5	 GACGUUGGUAACUGACAAATT	 UUUGUCAGUUACCAACGUCTT

NTF4, neurotrophin‑4; Atg5, autophagy‑associated gene 5.

Table III. Primers for reverse transcription‑quantitative PCR analysis.

Gene	 Forward primer (5'‑3')	 Reverse primer (5'‑3')

NTF4	 GTACTTCTTTGAAACCCGCTG	 GCAGTGTCAATTCGAATCCATC
GAPDH	 GGGACCTGACTGACTACCTC	 TCATACTCCTGCTTGCTGAT
Ecad	 AGTCACTGACACCAACGATAAT	 ATCGTTGTTCACTGGATTTGTG
Vim	 AGTCCACTGAGTACCGGAGAC	 CATTTCACGCATCTGGCGTTC
Snail1	 AAGGATCTCCAGGCTCGAAAG	 GCTTCGGATGTGCATCTTGA
Beclin‑1	 CAAGATCCTGGACCGTGTCA	 TGGCACTTTCTGTGGACATCA
Atg4b	 AGAGCCCGTTTGGATACT	 GTCGATGAATGCGTTGAG
Atg7	 TGTATAACACCAACACACTCGA	 GGCAGGATAGCAAAACCAATAG
Vsp34	 GGACCTTCTGACCACGAT	 GCAACAGCATAACGCCTC

NTF4, neurotrophin‑4; Atg5, autophagy‑associated gene 5.
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groups. A total of 5x106 HCT116‑sh2 or HCT116‑scr cells 
suspended in 100 µl PBS were injected subcutaneously into 

the axilla of each mouse. At 1 week after injection, the long 
(L) and short (S) diameter of the tumors were measured using 

Figure 1. (A) The association between overall survival in patients with CRC and NTF expression was assessed using the GEPIA website tool through 
Kaplan‑Meier analysis. (B) Hematoxylin and eosin (HE) and immunohistochemistry staining of normal tissue and CRC at different stages (magnification, 
x200). (C) The protein expression levels of NTF4 were detected using western blotting. (D) The expression levels of NTF4 in normal samples and patients 
with CRC were analyzed using TCGA database. (E) The expression levels of NTF4 in multiple types of cancer were analyzed using TCGA database. NTF4, 
neurotrophin‑4; CRC, colorectal cancer; TCGA, The Cancer Genome Atlas. ***P<0.001.
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vernier calipers every 3 days (tumor volume=L x S2/2). The 
measured tumor volume was used to draw the growth curve 
of subcutaneous tumors. All mice were sacrificed 3 weeks 
after injection and the subcutaneous tumors were removed 
completely.

Statistical analysis. Data are presented as the mean ± standard 
deviation and each experiment was performed in triplicate. 
Significant differences between two groups was performed 
using a Student's t‑test, whereas differences between >2 groups 
were performed using one‑way ANOVA, with Tukey's post 
hoc test for multiple comparisons. P<0.05 was considered to 
indicate a statistically significant difference.

Results

NTF4 is upregulated in CRC tissue. Overall survival (OS) 
according to the expression of NTFs was determined using 
the GEPIA online tool (http://gepia.cancer‑pku.cn/) based on 
TCGA database via Kaplan‑Meier analysis (18). CRC with 
high expression levels of NTF4 was associated with poor OS 
(Fig. 1A). To confirm the function of NTF4 in CRC, IHC was 
performed to detect the expression levels of NTF4. NTF4 
was found to be significantly overexpressed in CRC tissue 
compared with healthy non‑tumor mucosa, and advanced CRCs 
exhibited higher expression levels compared with early‑stage 
CRC samples (Fig. 1B). Western blotting confirmed that NTF4 

Figure 2. (A) Short hairpin RNA lentivirus transfection in HCT116 and HT‑29 cells was confirmed using western blotting. (B) The expression levels of EMT 
markers in HCT116 and HT‑29 cells were detected using western blotting. (C) The mRNA expression levels of EMT markers in HCT116 and HT‑29 cells were 
detected using reverse transcription‑quantitative PCR. (D) Localization and expression of E‑cadherin in HCT116 cells were detected by immunofluorescence. 

***P<0.001. EMT, epithelial‑to‑mesenchymal transition; NTF4, neurotrophin‑4; CRC, colorectal cancer.
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was upregulated at the protein level in tumor tissue compared 
with normal tissue (Fig. 1C). Similar results were obtained 
through analyzing the expression levels of NTF4 in CRC using 
TCGA database and the Ualcan web tool (http://ualcan.path.
uab.edu) (19) (Fig. 1D). In addition, the expression levels of 
NTF4 were differentially regulated in various other types of 
cancer, including cervical and breast cancer (Fig. 1E). Overall, 

the findings suggested that NTF4 may act as a biomarker in 
multiple types of cancer.

Knockdown of NTF4 inhibits EMT in  vitro. To identify an 
association between NTF4 and EMT, three shRNA lentiviruses 
targeting NTF4 were infected into HCT‑116 and HT‑29 cells. 
Using western blotting, sh2 and sh3 were observed to significantly 

Figure 3. (A) The mRNA expression levels of autophagy‑associated genes were detected using reverse transcription‑quantitative PCR. (B) The expression 
levels of autophagy‑associated proteins in HCT‑116 and HT‑29 cells were detected using western blotting. (C) Autophagic flux in HCT‑116 cells was detected 
using immunofluorescence. (D) Visualization of autophagosome (AP; arrow) formation in HCT116 cells using transmission electron microscopy. **P<0.01 and 
***P<0.001.
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reduce the expression levels of NTF4 in both CRC cell lines 
(Fig. 2A). Several EMT markers were subsequently detected in 
sh2 and sh3‑infected cells. The expression levels of E‑cadherin 
were significantly increased, whereas those of N‑cadherin, 
vimentin and Twist were significantly decreased in both sh2‑ and 
sh3‑infected cells compared with sh‑scr‑infected cells (Fig. 2B). 
RT‑qPCR analysis detected results similar to those of western 
blotting, except that no significant differences in Snail expression 
levels were identified between HT‑29‑sh2 and HT‑29‑scr cells 
(Fig. 2C). Furthermore, IF was used to identify the localization 
and expression of the EMT marker E‑cadherin in HCT‑116 cells. 
E‑cadherin was detected on the cell membrane and cell junctions 
(Fig. 2D). The expression levels of E‑cadherin in HCT116‑sh2 
cells were significantly increased compared with HCT116‑scr 
(Fig. 2D). These results indicated that the knockdown of NTF4 
suppressed EMT in CRC cells.

Knockdown of NTF4 activates autophagy in vitro. To inves-
tigate the association between NTF4 and autophagy, mRNA 
expression levels of autophagy‑associated genes were assessed 
by RT‑qPCR. The majority of the autophagy‑associated genes 
were significantly increased in HCT116‑sh2 and HT‑29‑sh2 
cells compared with those in HCT116‑scr and HT‑29‑scr cells; 

however, no significant difference was observed in the expres-
sion levels of Beclin‑1 between HT‑29‑sh2 and HT‑29‑scr 
cells (Fig. 3A). The expression levels of autophagy‑associated 
proteins were analyzed using western blotting. In both HCT‑116 
and HT‑29 cells, the expression levels of p62 were found to be 
significantly decreased, whereas Beclin‑1 and the LC3II/I ratio 
were significantly increased in both sh2‑ and sh3‑infected cells 
compared with sh‑scr‑infected cells (Fig. 3B). Furthermore, 
IF was used to detect the autophagic flux in HCT‑116 cells. 
The autophagic flux in HCT116‑sh2 cells was significantly 
increased compared with that in HCT116‑scr‑infected cells 
(Fig. 3C). Finally, TEM was performed to observe autopha-
gosome formation (Fig. 3D); autophagosome formation was 
observed in HCT116‑sh2‑cells, but not in HCT116‑scr‑infected 
cells. These data indicated that the knockdown of NTF4 may 
activate autophagy in CRC cells.

NTF4 regulates autophagy through interacting with the Atg5 
and MAPK pathway. In order to determine the regulatory 
role of NTF4 in autophagy, several key autophagy‑associated 
molecules and pathways were investigated. Through Co‑IP 
analysis, NTF4 was found to interact with Atg5, an important 
autophagy regulatory molecule (Fig. 4A). The knockdown of 

Figure 4. (A) Co‑immunoprecipitation analysis between NTF4 and Atg5. (B) The expression levels of Atg5 following knockdown of NTF4 were analyzed 
using western blotting. (C) The expression levels of 3 MAPK pathway components following the knockdown of NTF4 were detected using western blotting 
(p38 MAPK, ERK1/2 and JNK). (D) p62 and LC3 expression levels in siAtg5‑transfected and p38 MAPK‑treated HCT116‑sh2 cells were detected using 
western blotting. (E) Co‑localization of Atg5 and NTF4 in HCT‑116 and HT‑29 cells was detected using immunofluorescence. NTF4, neutrotrophin‑4; Atg5, 
autophagy‑associated gene 5; MAPK, mitogen‑activated protein kinase; si, small interfering RNA; sh, short hairpin RNA.
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NTF4 also increased the expression levels of Atg5 (Fig. 4B). 
IF identified a significant co‑localization between NTF4 and 
Atg5 in HCT‑116 and HT‑29 cells (Fig. 4E). In addition, activa-
tion of the MAPK pathway was detected by western blotting; 
p38 MAPK expression levels were significantly upregulated, 
whereas ERK1/2 expression levels were significantly inhibited 
in NTF4 knockdown cells (Fig. 4C). Both siAtg5 and the 
p38 MAPK inhibitor SB203580 (10 µM for 2 h) rescued the 
decreased expression levels of p62 and increased the LC3 II/I 
ratio in HCT116‑sh2‑infected cells (Fig. 4D).

Knockdown of NTF4 inhibits CRC cell invasion, migra‑
tion, proliferation and colony formation, and promotes cell 

cycle arrest. In order to determine the association between 
NTF4‑induced autophagy and cell invasion, HCT116‑scr and 
HCT116‑sh2‑cells were treated with the autophagy inhibitor 
chloroquine (CQ) and Transwell assays were performed. Cells 
in the HCT116‑sh2 group exhibited reduced migratory and 
invasive capacity compared with the scramble control group, 
whereas CQ treatment successfully increased the migratory 
and invasive ability of the HCT116‑sh2 group. In addition, 
CQ treatment exerted no effect on HCT116‑scr. (Fig. 5A). In 
the wound healing assay, the wound area in the HCT116‑sh2 
group was wider compared with the scramble control group 
after 48 h, whereas CQ treatment in the HCT116‑sh2 group 
reduced the size of the wound. Similarly, CQ exerted no effect 

Figure 5. (A) Cell migration and invasion ability was analyzed using Transwell assays. (B) Cell migration ability was analyzed using the wound healing assay. 
(C) Colony formation assay and (D) ratio of each group. *P<0.05, ***P<0.001.
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on HCT116‑scr in this assay (Fig. 5B). Collectively, these 
results indicated that the knockdown of NTF4 may inhibit cell 
migration and invasion through activating autophagy.

To investigate the association between NTF4‑induced 
autophagy and cell proliferation, CCK‑8 and colony forma-
tion assays were performed. The knockdown of NTF4 in 
HCT‑116  cells significantly inhibited colony formation, 
whereas CQ treatment reversed this inhibition (Fig. 5C and D). 
Similar to colony formation, the proliferation of HCT‑116 cells 
was also inhibited by knockdown of NTF4 and was rescued by 
CQ treatment. CQ treatment exerted no effect on HCT116‑scr 
in the proliferation and colony formation assays (Fig. 5E). 
Flow cytometric analysis conducted to determine the effect of 
NTF4 on the cell cycle revealed that sh2‑infected cells had an 
increased percentage of cells in the G1 phase and a decreased 
percentage in the S phase, which indicated that the knockdown 
of NTF4 promoted cell cycle arrest. CQ treatment significantly 

rescued cell cycle arrest in the HCT116‑sh2 group. However, 
CQ treatment also reduced cell cycle arrest in HCT116‑scr 
(Fig. 5F and G).

Knockdown of NTF4 suppresses tumor growth in  vivo. 
To investigate the effect of NTF4 in vivo, HCT116‑sh2 and 
HCT116‑scr cells were injected into Balb/c‑nu mice. At 
7 days post‑injection, the tumor volume in the HCT116‑sh2 
group was significantly smaller compared with that in the 
HCT116‑scr group (Fig. 6A and B). This trend was maintained 
until day 21, where there was a significant difference in the 
growth rate between the two groups. In addition, the tumor 
weights within the HCT116‑sh2 group were significantly lower 
compared with those in the HCT116‑scr group (Fig. 6C). The 
expression of the EMT marker E‑cadherin and the autophagy 
marker Atg5 was further investigated using IF. Similar to 
in vitro studies, the expression of both E‑cadherin and Atg5 

Figure 5. Continued. (E) Cell proliferation of each group was analyzed using a Cell Counting Kit‑8 assay. ***P<0.001, HCT116‑sh2 vs. HCT116‑scr; ##P<0.01, 
###P<0.001, HCT116‑sh2 vs. HCT116‑sh2 + CQ group. (F and G) Cell cycle analysis of HCT‑116 cells using flow cytometry. ***P<0.001. sh, short hairpin RNA; 
scr, scramble; CQ, chloroquine.
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was significantly increased in HCT11‑sh2‑derived compared 
with HCT11‑scr‑derived xenografts (Fig. 6D). These find-
ings indicated that the knockdown of NTF4 in vivo may also 
suppress EMT and activate autophagy.

Discussion

NTF4 encodes the protein NTF4, which is a neurotrophic factor 
that signals predominantly through the TrkB receptor tyrosine 

Figure 6. (A) Subcutaneous xenografts in nude mice. (B) Growth curves of xenograft tumors in the HCT116‑sh2 and HCT116‑scr group. (C) Tumor weights in 
the HCT116‑sh2 and HCT116‑scr group. (D) Expression levels and localization of neurotrophin‑4, E‑cadherin and autophagy‑associated gene 5, as detected 
by immunofluorescence. ***P<0.001. sh, short hairpin RNA; scr, scramble.
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kinase. The majority of studies on NTF4 has focused on its 
functions in neurology and ophthalmology, but rarely on its 
role in cancer, with the exception of breast cancer, where NTF4 
was shown to contribute to cancer cell survival and served as 
a potential target to inhibit tumor growth (20). Our previous 
study demonstrated that NTF4 was significantly overexpressed 
in CRC tissues compared with normal tissues (21). NTF4 was 
also observed to be associated with tumor progression. EMT 
is an important mechanism that initiates tumor invasion and 
migration to promote tumor progression. In addition, previous 
studies have revealed that autophagy is associated with tumor 
progression; the dietary intake of urolithin A inhibited the 
migration of CRC cells and the activity of matrix metallopro-
teinase‑9 through inducing autophagy (22). In another study, 
RNF216 prevented autophagy in CRC cells through inhibiting 
the autophagy‑associated gene Beclin‑1 during nutritional 
starvation, thus promoting the proliferation and migration of 
CRC cells (23). Therefore, the aim of the present study was to 
further investigate these two mechanisms.

Through western blotting, it was confirmed that the sh2 
and sh3 lentivirus induced the knockdown of NTF4 expres-
sion levels; this significantly increased the expression levels 
of E‑cadherin, whilst decreasing the expression levels of 
N‑cadherin, vimentin and Twist. These results suggested 
that NTF4 may induce EMT. The knockdown of NTF4 also 
significantly decreased the expression levels of p62 and 
increased the expression levels of Beclin‑1 and the LC3 II/I 
ratio. NTF4 was also observed to interact with Atg5, which 
is an important regulator of autophagy (20). The inhibition 
of ERK1/2 has previously been demonstrated to regulate the 
induction of autophagy (25,26). p38 MAPK reportedly plays 
a dual role in the regulation of autophagy, as both a positive 
and a negative regulator; in a previous study, p38 MAPK 
was found to be a contributing factor to oridonin‑induced 
autophagy (27), whereas in another study, the suppression 
of p38 MAPK promoted necroptotic and autophagic cell 
death in tumor necrosis factor α‑treated L929 cells (28). The 
present study demonstrated that the knockdown of NTF4 
increased p38 MAPK and decreased ERK1/2 expression 
levels, which suggested that the role of NTF4 in the MAPK 
pathway may be complicated. Furthermore, the knockdown 
of NTF4 promoted autophagic flux and the formation of 
autophagosomes, which indicated that the knockdown of 
NTF4 may activate autophagy through interacting with Atg5 
and regulating the MAPK pathway. In addition, the knock-
down of NTF4 significantly inhibited HCT‑116 cell invasion 
and migration, which was successfully restored by CQ 
treatment; similar results were reported for the proliferation 
and colony formation assays. It was also observed that the 
knockdown of NTF4 promoted cell cycle arrest in HCT‑116 
cells. As the autophagy inhibitor exerted similar effects on 
both HCT116‑scr and HCT‑sh2, it was inferred that NTF4 
knockdown promoted cell cycle arrest in HCT‑116 cells via 
activating the p38 MAPK pathway. Previous research in 
vascular smooth muscle cells has demonstrated that Honokiol, 
an active component in the extracts of Magnolia officinalis, 
represses cyclin D1/CDK4 and cyclin E/CDK2 complexes to 
block the cell cycle in the G1 phase (29). Finally, knockdown 
of NTF4 was observed to significantly inhibit tumor growth 
in vivo.

However, our research was performed only in HCT‑116 
and HT‑29 cells, and more CRC cell lines must be investigated 
to verify the findings of the present study. We also aim to 
investigate the specific mechanism of action of NTF4 in other 
tumors. In addition, future research will also include other 
members of the NTF family.

In conclusion, NTF4 was found to be upregulated in CRC 
and was associated with tumor progression; the knockdown of 
NTF4 inhibited CRC tumorigenesis, which may be mediated 
through regulating EMT and autophagy.
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