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Abstract. Metastatic hepatocellular carcinoma (HCC) seriously 
threatens patients' prognosis. It was previously suggested that 
the insulin growth factor binding protein (IGFBP) family could 
serve as cancer suppressors in the development and metastasis of 
HCC. However, the role of IGFBP4 and its underlying molecular 
mechanism in HCC metastasis is elusive. In the present study, it 
was found that IGFBP4 is significantly downregulated in HCC, 
whose expression is positively correlated with the prognosis 
of patients with HCC. Overexpression of IGFBP4 restrained 

migration abilities and cancer metastasis of HCC cells both 
in vitro and in vivo. Furthermore, it was found that IGFBP4 
represses HCC metastasis by inhibiting epithelial‑mesenchymal 
transition. Molecular mechanism studies showed that overex‑
pression of IGFBP4 obviously suppresses NOTCH1 signaling 
in HCC. As for the upstream regulatory mechanism, it was 
revealed that downregulation of IGFBP4 in HCC was caused 
by CpG islands' hyper‑methylation‑dependent degradation 
mediated by MYBBP1A. Inhibition of MYBBP1A limited 
HCC metastatic ability and silence of IGFBP4 at the same time 
restored HCC metastatic potentials. Clinical data demonstrated 
that low expression of IGFBP4 was found in patients with HCC, 
especially with lymphatic metastasis. High MYBBP1A expres‑
sion and low IGFBP4 expression in HCC were correlated with 
poor survival of patients with HCC. Summarily, in the present 
study, it was revealed that MYBBP1A/IGFBP4/NOTCH1 
pathway could play a crucial role in the progression and metas‑
tasis of HCC, which stimulates novel therapeutic and diagnostic 
strategies against metastatic HCC.

Introduction

Hepatocellular carcinoma (HCC) is the fifth most common 
malignant tumor worldwide and the second leading cause of 
cancer‑related deaths globally (1,2). HCC accounts for 85‑90% 
of all primary liver cancers  (3). In 2022, there were over 
430,000 newly reported cases of liver cancer in China, ranking 
fourth among all cancers, with over 410,000 deaths, ranking 
second among all cancer‑related deaths (4). Despite significant 
advances in liver resection, liver transplantation, radiotherapy, 
chemotherapy and immunotherapy in recent years, the prognosis 
for patients with HCC remains poor due to high recurrence 
and metastasis rates, as well as resistance to chemotherapy and 
targeted therapy (5,6). Therefore, it is urgent to clarify the mecha‑
nisms of HCC metastasis and identify new therapeutic targets.

Insulin‑like growth factor binding proteins (IGFBPs) 
are a group of secreted proteins that can bind to insulin‑like 
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growth factors (IGFs). They mainly include IGFBP1‑7, which 
can affect the binding strength between IGF and IGF receptor 
(IGFR) and subsequently regulate the activation of down‑
stream signaling pathways, thus controlling the growth and 
proliferation of target cells (7). According to the significant 
differences in expression levels of all IGFBPs between tumors 
and normal tissues, combining survival analysis, IGFBP4 
has drawn our attention. Previous studies have showed that 
IGFBP4 is involved in the development of multiple diseases 
such as lung cancer (8), breast cancer (9), bladder epithelial 
cancer (10), bone metabolism (11) and endocrine metabolic 
diseases (12). However, its role and specific mechanisms in 
HCC have not been clearly defined.

In the present study, it was identified that IGFBP4 is 
downregulated in liver cancer. The expression of IGFBP4 
was associated with a favorable prognosis in patients with 
liver cancer. Functionally, IGFBP4 inhibited cell migration 
and invasion in vitro and suppressed tumor metastasis in vivo. 
Mechanistically, the expression of IGFBP4 is regulated by 
MYBBP1A, which targeted the methylation of the IGFBP4 
promoter region to suppress its transcription, thereby affecting 
its expression. IGFBP4 could inhibit NOTCH pathway activa‑
tion, furthermore inhibit epithelial‑mesenchymal transition 
(EMT) and impact tumor metastasis. Additionally, MYBBP1A 
and IGFBP4 expression could be combined to predict poor 
prognosis in HCC. In summary, the present study expands 
the knowledge of the regulation of IGFBP4 mediated by 
MYBBP1A, reveals a new mechanism in HCC tumorigenesis 
and demonstrates its potential for precise diagnosis.

Materials and methods

Patients and specimens. The present study adhered to 
the ethical guidelines outlined in the Declaration of 
Helsinki (1964), and protocols were approved (approval 
no.  2020‑IIT‑834) by the Ethics Committee of The First 
Affiliated Hospital of Zhejiang University (Hangzhou, China). 
All patients included in the study provided written informed 
consent. Surgical specimens of liver cancer tissue samples and 
adjacent non‑tumor tissue samples of 25 patients with HCC 
with or without metastasis were retrospectively collected from 
The First Affiliated Hospital of Zhejiang University, between 
January 2015 and December 2019. The patients were randomly 
selected based on specific clinical and pathological criteria, 
including confirmed diagnosis of HCC, stages I‑III according 
to the Barcelona Clinic Liver Cancer (BCLC) classification, 
and no previous treatment. The age of the patients (22 men 
and 3 women) ranged from 37‑80 years, with a median age of 
60 years. Demographic data were recorded but did not influ‑
ence selection criteria. The clinicopathological characteristics 
of the 25 patients are listed in Table SI. Following surgical 
resection, tissue samples were immediately snap‑frozen in 
liquid nitrogen and stored at ‑80˚C to preserve RNA integrity. 
All samples were processed using standardized protocols for 
RNA extraction to ensure high‑quality analysis.

Bioinformatics analysis. The transcript expression data and 
survival information of the Liver HCC (LIHC) from The 
Cancer Genome Atlas (TCGA) and the gene expression data 
in Genotype‑Tissue Expression (GTEx; https://gtexportal.

org/home/) were used for the present study. The 
Kaplan‑Meier plotter website (https://kmplot.com/analysis/), 
the GEPIA website (http://gepia.cancer‑pku.cn), and the 
UALCAN website (https://ualcan.path.uab.edu/) were used 
to analyze the clinical correlations with MYBBP1A and 
IGFBP4.The Methprimer database (http://www.urogene.
org/methprimer/) was used to predict the methylation sites 
of IGFBP4 and it was found that there were CpG islands 
in the promoter region of IGFBP4. The SMART website 
(http://www.bioinfo‑zs.com/smartapp/) was used to analyze 
the correlations of expression and methylation of IGFBP4. 
Genes were ranked based on their correlation with IGFBP4 
expression levels. Differentially expressed genes (DEGs) 
were identified using standard thresholds of P<0.05 and 
|log2FC|>1. These DEGs were then subjected to differen‑
tial expression analysis and gene set enrichment analysis 
(GSEA) to explore the potential pathways and biological 
processes associated with IGFBP4.

Cell lines and cell culture. The human liver cancer cell lines 
HCCLM3 (cat. no. TCHu270), Huh7 (cat. no. TCHu182) as 
well as HepG2 (cat. no. TCHu72) used in the present study 
were obtained from the Cell Bank of the Chinese Academy 
of Sciences Typical Culture Collection Committee. Prior to 
use, all cell lines were validated by short tandem repeat (STR). 
Cells were maintained and stored according to the provider's 
instructions. The culture medium contained 10% fetal bovine 
serum (FBS; BioInd; http://www.bioind.org/), 100 IU/ml peni‑
cillin and 100 IU/ml streptomycin. Cells were cultured in a 
humidified incubator at 37˚C with 5% CO2.

Reagents and drugs treatment. Referring to previous 
studies (13), different concentrations (0, 5, 10 and 40 µmol/l) of 
the methylation inhibitor Decitabine (5‑Aza‑2'‑deoxycytidine) 
(cat. no. HY‑A0004; MedChemExpress) dissolved in DMSO 
were used to inhibit the methylation process. After 48 h of 
treatment, the cells were collected for western blotting (WB) 
and reverse transcription‑quantitative PCR (RT‑qPCR).

L en t iv i rus  cons t ruc t ion  a nd cel l  t ra ns fec t ion. 
MYBBP1A‑RNAi‑lentivirus, IGFBP4‑RNAi‑lentivirus and 
IGFBP4‑overexpression (oe) lentivirus were purchased from 
Shanghai GeneChem Co., Ltd. pFU‑GW‑016‑hU6‑MCS‑
CBh‑gcGFP‑IRES‑puromycin was used as the vector for 
shMYBBP1A and shMYBBP1A control. MYBBP1A shRNA 
sequences were targeted: 5'‑GCT​GGT​GAA​TGT​GCT​GAA​
GAT​GGC​C‑3'; pFU‑GW‑014‑hU6‑MCS‑Ubc‑mCherry‑IRES
‑neomycin was used as the vector for shIGFBP4 and shIGFBP4 
control, IGFBP4 shRNA sequences were targeted: 5'‑CTG​
CAG​AAG​CAC​TTC​GCC​AAA‑3'; in addition, a random 
sequence control shRNA, 5'‑TTC​TCC​GAA​CGT​GTC​ACG​
T‑3' was used as a negative control (NC). pGC‑FU‑CMVen‑
hancer‑3FLAG‑EF1‑ZsGreen1‑T2A‑puromycin was used 
as the vector for oeIGFBP4 and its control was vector only 
control.

All lentivirus constructs were generated using 
second‑generation lentiviral vector packaging system 
provided by Shanghai GeneChem Co., Ltd. Packaging was 
performed using the helper plasmids Helper1.0 and Helper2.0 
(Shanghai GeneChem Co., Ltd.). 293T cells (cat. no. GNHu17; 
Cell Bank of the Chinese Academy of Sciences Typical 
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Culture Collection Committee) were transfected with the 
lentiviral constructs (target vector plasmid 20 µg, Helper1.0 
vector plasmid 15  µg, Helper2.0 vector plasmid 10  µg) 
using Lipofectamine 2000 (Thermo Fisher Scientific, Inc.) 
according to the manufacturer's protocol. Cells were incu‑
bated at 37˚C with 5% CO2 for 48 h post‑transfection. After 
48 h, the viral supernatant was collected, filtered through 
a 0.22‑µm filter, and concentrated by ultracentrifugation 
at 73,000 x g for 2 h at 4˚C.

The viral particles were harvested and used to transduce the 
target cells Huh7 and HCCLM3. The target cells were infected 
at a multiplicity of infection of 10, and Polybrene (Shanghai 
GeneChem Co., Ltd.) was added at a final concentration of 
4 µg/ml to improve the infection efficiency. After incubation 
at 37˚C for 8‑12 h, the complete medium was replaced. A total 
of 48 h after infection, cells were selected using puromycin or 
neomycin (3‑4 µg/ml) (Sangon Biotech Co., Ltd.) for 72 h and 
transfection efficiency was confirmed by RT‑qPCR and WB.

RNA extraction and RT‑qPCR. Cell and tissue total RNA were 
extracted using an RNA‑Quick Purification Kit (Esunbio; 
http://www.esunbio.com/). Total RNA was reverse transcribed 
into cDNAwith HiScript II Q Select RT SuperMix for qPCR 
(cat. no. R233‑01; Vazyme Biotech Co., Ltd.) and HiScript III 
All‑in‑one RT SuperMix Perfect for qPCR (cat. no. R333‑01; 
Vazyme Biotech Co., Ltd.) according to the manufacturer's 
protocol. RT‑qPCR was performed with ChamQ SYBR Green 
Master Mix (Vazyme Biotech Co., Ltd.) on QuantStudio 5 
Real‑Time PCR System (Thermo Fisher Scientific, Inc.). After 
pre‑denaturation at ‑95˚C for 5min, the reaction was carried 
out at 95˚C for 10 sec and at 60˚C for 30 sec, with 40 cycles. 
The expression of target genes was calculated using the 2‑ΔΔCq 

method and normalized to the expression of GAPDH (14). The 
primers of all genes were ordered from TsingKe Biological 
Technology and listed in Table SII.

WB assays. Whole cells or tissues were lysed with RIPA 
buffer (Wuhan Servicebio Technology Co., Ltd.) supple‑
mented with protease and phosphorylation inhibitor cocktail 
(Selleck Chemicals) and quantified by BCA Protein Assay 
Kit (Thermo Fisher Scientific, Inc.). Then a total of 30 µg 
of protein loaded per lane were electrophoresed with 4‑20% 
SDS‑PAGE (GenScript) and transferred to 0.22‑µm PVDF 
membranes (MilliporeSigma). Membranes were blocked 
with 5% BSA (Beijing Solarbio Science & Technology Co., 
Ltd.) or 25% non‑fat milk for 1 h at room temperature, and 
incubated with primary antibodies over 8 h or overnight 
in 4˚C. After being washed with TBST (with 0.1% Tween) 
and incubated for 1 h with secondary antibodies at room 
temperature, the protein bands were exposed to an ECL 
detection reagent (Fudebio; http://www.fudebio.com/) in the 
chemiluminescence system (Bio‑Rad Laboratories, Inc.). 
GAPDH was marked as an internal control. Quantification 
of WB bands was performed using ImageJ software 
(version 1.54k; National Institutes of Health). The ‘Analyze 
Gel’ tool in ImageJ was used to measure the grayscale 
intensity of protein bands. Signal intensity for each band was 
background‑corrected and normalized to the internal control 
protein for relative quantification. All information regarding 
antibodies used in WB is included in Table SIII.

Immunohistochemistry (IHC). The metastatic tumors and liver 
tissues from mice and clinical patients were fixed with 4% 
paraformaldehyde at room temperature for 48 h and embedded 
in paraffin. The tissue sections were cut to a thickness of 3 µm 
and followed by H&E and IHC staining (incubation with the 
E‑cadherin, N‑cadherin and Vimentin antibodies at 4˚C for 
8 h) respectively. The tissue sections were stained with H&E 
(Wuhan Servicebio Technology Co., Ltd.) at room temperature 
for 5 and 7 min, respectively. The IHC assay was performed 
as previously described (15). Product information and dilution 
ratios of primary antibodies is provided in Table SIII.

Immunofluorescence (IF). Cells (10x104 cells/well) were 
seeded onto glass coverslips in a 6‑well plate and allowed 
to adhere overnight at 37˚C with 5% CO2. The cells were 
washed twice with PBS and fixed with 4% paraformaldehyde 
at room temperature for 20  min. After two washes with 
PBS, the cells were stained with 5 µg/ml iFluor™ 488 phal‑
loidin (cat. no. 40736ES75; Shanghai Yeasen Biotechnology 
Co., Ltd.) at room temperature for 60 min, followed by two 
PBS washes. The cells were incubated with 1 µg/ml DAPI 
(cat. no. 40728ES50; Shanghai Yeasen Biotechnology Co., 
Ltd.) at room temperature for 10 min. After two additional 
PBS washes, fluorescence images were captured under a 
fluorescence microscope.

Transwell assays. Cells (5x104 cells/well) suspended in 
serum‑free medium were seeded into each upper Transwell 
chamber (24 well 8.0‑µm pore size; Falcon; Corning Life 
Sciences), while medium containing 10% FBS was added to 
the lower chamber. After incubation for 72 h at 37˚C with 5% 
CO2, the migratory or invasive cells in the lower chambers 
were fixed at room temperature for 10 min with 4% parafor‑
maldehyde and stained at room temperature for 15 min with 
0.1% crystal violet. Migratory cells were plotted as the average 
number of cells per field of view using a light microscope 
(Olympus Corporation) from 3 independent experiments.

Gap closure assays. Cells (5x104 cells/well) were seeded into 
both sides of Culture‑Inserts® (Ibidi GmbH) to make a 500‑µm 
gap. After incubation for 48 h in Huh7 and 72 h in HCCLM3 
cells, inserts were removed to allow cell migration for the 
indicated period of time in serum‑free medium. Migration 
distances were plotted as the average distance of two sides of 
cells views using a light microscope (Olympus Corporation) 
from 3 independent experiments.

Colony formation assay. Cells (1x103 cells/well) were seeded 
into 6 well plates and incubated for 2‑3 weeks at 37˚C with 
5% CO2. Then, the colonies on the plates were fixed at room 
temperature for 10 min with 4% polyoxymethylene and stained 
at room temperature for 15 min with 0.1% crystal violet. Viable 
colonies (>50 cells) were observed and counted manually and 
are pictured. The numbers of colonies are depicted as bar 
graphs. All experiments were repeated three times under the 
same conditions and methods.

DNA methylation analysis by bisulfite sequencing. The 
genomic DNA of cells was extracted using the standard 
phenol‑chloroform technique followed by proteinase K 
treatment to prevent protein contamination. Bisulfite conver‑
sion was performed using an EpiTect Fast DNA Bisulfite 
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Kit (cat. no. 59824; Qiagen China Co., Ltd.) according to 
the manufacturer's protocol. The bisulfite‑treated genomic 
DNA was subjected to PCR for the amplification of the CpG 
islands of IGFBP4 promoter using Hot Start Takara Taq DNA 
Polymerase (Takara Biotechnology Co., Ltd.). Amplified PCR 
products were cloned into the pGEMT‑easy vector using DNA 
Ligation Kit (cat. no. 6022; Takara Biotechnology Co., Ltd.). A 
total of 10 insert‑positive clones were isolated by the QIAprep 
Spin Miniprep kit (cat. no. 27104; Qiagen China Co., Ltd.). 
RNA sequencing and analysis of the samples were performed 
by Hangzhou Cosmos Wisdom Biotech Co. The PCR primers 
used for bisulfite sequencing of CpG islands of the promoter 
region of IGFBP4 gene are presented as follows: forward, 
5'‑TTYGGTAGAAAAGGATTTTTAGATG‑3' and reverse, 
5'‑CACRAAACAAAAAAACAACATAACC‑3'.

Tumor xenograft model. A splenic venous liver metastasis 
tumor experiment was performed with male immunodefi‑
cient nude mice aged 5 weeks and weighing 20‑25 g. A total 
of 5 mice in each group were purchased from the Zhejiang 
Academy of Medical Sciences and raised in the SPF barrier 
of the Experimental Animal Center of the First Affiliated 
Hospital of Zhejiang University School of Medicine with 
12/12‑h light‑dark cycle, 21‑23˚C and a relative humidity 
of 60‑65%, with ad libitum access to food and water, with 
ad  libitum supply of food and water. Experiments were 
performed in strict accordance with the NIH Guide for the 
Care and Use of Laboratory Animals. A total of 10 BALB/c 
nude mice were randomly allocated into two groups. After 
careful sterilization, 75 µl PBS containing 5x106 Huh7 cells 
of IGFBP4 stabilized‑knockdown or control cells were 
injected in the spleen of mice. The detailed process was 
conducted as previously described (16). Experimental nude 
mice were anesthetized by intraperitoneal injection of pento‑
barbital sodium according to their body weight (50 mg/kg). 
After anesthesia, tumor cells were injected under the splenic 
capsule for compression, hemostasis and suture. After 
injection, the mental state, abdominal shape and weight of 
the mice were observed every week to evaluate the tumor 
progression. In our laboratory animal Centre, experienced 
animal care staff monitored the animals daily and notified 
the laboratory staff if anything unusual happened. If the mice 
showed obvious wasting, lethargy and significant abdominal 
distension or where the ascites burden exceeded 10% of the 
body weight  (17), the humane experimental endpoint was 
reached. Their whole liver was removed when the mice 
were euthanized and immediately processed for histological 
evaluation. For a total of 60 days after injection, all mice 
were administered peritoneal injections of pentobarbital 
(150 mg/kg) and euthanized by cervical dislocation. Cardiac 
arrest is then followed by a pulsar examination to confirm 
death. The liver metastasis model was constructed for 
previous research proposes (18‑23). The animal studies were 
approved (approval no. 2020‑IIT‑rapid‑1132) by the Clinical 
Research Ethics Committee of the First Affiliated Hospital, 
School of Medicine, Zhejiang University (Hangzhou, China).

Statistical analysis. All experiments were repeated three 
times under the same conditions and methods to ensure the 
repeatability of the experiment. All data are expressed as 

the mean ± standard deviation (SD). Significant differences 
between the two unpaired groups were tested by the unpaired 
Student's t‑test, and paired groups were tested using paired 
t‑test. The one‑way ANOVA test followed by Tukey's post hoc 
test was used to analyze comparisons of significant differences 
between three or more groups. Kaplan‑Meier and log‑rank tests 
were performed to determine survival. The correlation analysis 
was evaluated using Pearson's test. In all statistical analyses, 
*P<0.05 was considered to indicate a statistically significant 
difference. Statistical analysis of data was performed using 
GraphPad Prism 8.0.2 software (Dotmatics).

Results

Expression of IGFBP4 is reduced in HCC tissues and 
negatively correlated with poor prognosis in patients with 
HCC. To determine which IGFBP family member may 
be the key to regulating HCC progression, the IGFBPs 
family (IGFBP1‑7) gene expression was first analyzed 
using TCGA‑LIHC datasets. The results showed that the 
IGFBP1 (P<0.001), IGFBP3 (P<0.001), IGFBP4 (P<0.001) 
and IGFBP5 (P=0.0042) have significantly downregulated 
expression in liver cancer (Fig. 1A). Kaplan‑Meier plotter 
website was used to predict the single gene expression asso‑
ciated with HCC prognosis, and low expression of IGFBP4 
(P=2.1x10-6) and IGFBP7 (P=2.2x10-5) was found; rather, 
other IGFBP members were significantly correlated with 
poor prognosis of patients with LIHC (Fig. 1B). Thus, further 
studies were performed to investigate the role of IGFBP4 in 
HCC progression. The expression of IGFBP4 was found to 
be lower in the HCC population compared with the normal 
population, especially in the Asian population (Fig. 1C). In 
addition, the expression of IGFBP4 was further reduced in 
patients with HCC with poor liver tumor grade and lymph 
node metastasis (Fig. 1D and E). The downregulated expres‑
sion of IGFBP4 in the clinical tumor specimens of patients 
with HCC was further validated using RT‑qPCR (P<0.0001) 
and WB (Fig. 1F and G). IHC staining also demonstrated that 
IGFBP4 expression was lower in HCC tissues compared with 
that in the matched adjacent normal tissues (Fig. 1H). These 
data indicated that IGFBP4 was downregulated in HCC and 
its low expression predicts poor prognosis in patients with 
HCC.

IGFBP4 inhibits the metastatic ability of liver cancer 
cells through repressing EMT. To explore the biological 
function of IGFBP4 in liver cancer, its expression levels 
were first assessed in various liver cancer cell lines. The 
results showed high IGFBP4 expression in HCCLM3 cells, 
moderate expression in MHCC97H and HepG2 cells, and 
low expression in Huh7 cells (Fig. 2A and B). HCCLM3 and 
Huh7 were selected for further study. IGFBP4 overexpres‑
sion lentivirus was applied in Huh7 and HCCLM3 cells, and 
the transfection efficiency was proven at both the mRNA 
and protein levels (Fig. 2C and D). The Transwell assays 
revealed that IGFBP4 overexpression inhibited the migra‑
tion ability in both two cell lines in vitro (Fig. 2E). Moreover, 
gap closure assays also showed that IGFBP4‑overexpressing 
Huh7 and HCCLM3 cell lines decreased migration ability 
(Fig. 2F). In addition, overexpression of IGFBP4 could also 
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reduce proliferation ability of liver cancer cells (Fig. S1). 
Phalloidin staining results showed that NC liver cancer 
cells appeared more rounded and had fewer pseudopodia 
compared with those with IGFBP4 overexpression (Fig. 2G). 

Cancer metastasis is closely related to the EMT of tumor 
cells. WB was used to verify EMT‑associated protein 
expression. IGFBP4 ectopic overexpression increased the 
expression of E‑cadherin while decreasing the expression 

Figure 1. Expression of IGFBP4 is downregulated in HCC. (A) Expression of IGFBP1 to IGFBP7 in normal and primary tumor patients based on LIHC in 
the TCGA and Genotype‑Tissue Expression databases. (B) Kaplan‑Meier survival analyzed patient survival in different expression groups of IGFBP1 to 
IGFBP7 in TCGA‑LIHC [log‑rank (Mantel‑Cox]. (C) Expression of IGFBP4 in patients from various ethnicities based on LIHC in the TCGA databases. (D 
and E) Expression of IGFBP4 based on different tumor grades and nodal metastasis of LIHC in TCGA databases. (F) IGFBP4 mRNA expression in paired 
HCC tissues (n=25) and adjacent non‑tumor tissues (n=25) evaluated by reverse transcription‑quantitative PCR (****P<0.0001, paired t‑test). (G) Representative 
IGFBP4 protein expression results in paired HCC tissues and adjacent non‑tumor tissues evaluated by western blotting (*P<0.05, paired t‑test). (H) Representative 
immunohistochemical images of IGFBP4 staining in liver tumor or adjacent tissues (scale bar, 100 µm; magnification, x100, and x400; *P<0.05, paired t‑test). 
IGFBP, insulin‑like growth factor binding protein; HCC, hepatocellular carcinoma; LIHC, liver hepatocellular carcinoma; TCGA, The Cancer Genome Atlas.
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of N‑cadherin and Vimentin in HCCLM3 and Huh7 cells 
(Fig.  2H). By contrast, IGFBP4 silencing increased the 
expression of N‑cadherin and Vimentin, whereas it 

decreased the expression of E‑cadherin (Fig. 2I). All these 
results suggested that IGFBP4 can alter the cytoskeleton 
and repress EMT in liver cancer cells.

Figure 2. IGFBP4 inhibits the metastatic ability of liver cancer cells through repressing epithelial‑mesenchymal transformation in vitro. (A and B) Basal expres‑
sion of IGFBP4 in mRNA level and protein level in Huh7, HCCLM3, MHCC‑97H and HepG2 cell lines by RT‑qPCR and WB. (C) The mRNA levels of IGFBP4 
in Huh7 and HCCLM3 cell lines after transfection with IGFBP4‑oe lentivirus based on RT‑qPCR (***P<0.001 and ****P<0.0001, Student's t‑test). (D) The protein 
expression of IGFBP4 in Huh7 and HCCLM3 cell lines after transfection with IGFBP4‑oe lentivirus based on WB (****P<0.0001, Student's t-test). (E and F) The 
migratory abilities of oeIGFBP4 Huh7 and HCCLM3 cells based on (E) Transwell migration assays and (F) gap closure assays, respectively (original magnifica‑
tion, x100 and x400; *P<0.05, **P<0.01 and ****P<0.0001, Student's t‑test). (G) The cytoskeletal morphologic effects of overexpressing IGFBP4 in liver cancer cells 
were detected by phalloidin staining (phalloidin, green; DAPI, blue; scale bar, 50 µm). (H) The protein levels of E‑cadherin, N‑cadherin, Vimentin and IGFBP4 in 
NC and oeIGFBP4 Huh7 and HCCLM3 cells based on WB (**P<0.01, ****P<0.0001, Student's t-test). (I) The protein levels of E‑cadherin, N‑cadherin, Vimentin and 
IGFBP4 in shIGFBP4 and NC groups in Huh7 and HCCLM3 cells based on WB (*P<0.05, **P<0.01, ****P<0.0001, Student's t-test). IGFBP 4, insulin‑like growth 
factor binding protein 4; RT‑qPCR, reverse transcription quantitative PCR; WB, western blotting; oe‑, overexpression; sh‑, short hairpin; NC, negative control.
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The silencing of IGFBP4 increased tumor metastasis in vivo. 
To further investigate whether IGFBP4 promotes tumor 
metastasis in vivo, a splenic venous liver metastasis model 
was constructed by injecting lentivirus‑mediated shRNA 
targeting IGFBP4 transduced cells and control cells under 
the splenic envelope of nude mice to mimic the liver metas‑
tasis (Fig. 3A). More liver metastatic nodules were found in 
IGFBP4‑knockdown group (Fig. 3B). Interestingly, intestinal 
metastasis was accidentally found in one IGFBP4 knockdown 
mice (Fig. S2). H&E staining showed the microstructure of 
metastatic lesions (Fig. 3C). Moreover, among normal liver 
tissues, it was also found that low expression of IGFBP4 in 
the liver was accompanied by low E‑cadherin expression and 
high N‑cadherin expression, and vice versa (Fig. 3D). These 
results demonstrated that IGFBP4 silencing promotes cancer 
cell metastasis in vivo.

IGFBP4 inhibits the activation of the NOTCH signaling 
pathway. To explore the mechanism of IGFBP4 in regulating 
liver cancer malignancy, differentially expressed genes 
(DEGs) enrichment analysis (Fig. 4A) and GSEA analysis 
were performed, and the NOTCH pathway was found enriched 
(Fig. 4B). NOTCH signaling is a strong modulator in regu‑
lating the EMT process (24‑26), thus it was hypothesized that 
IGFBP4 might inhibit EMT through the NOTCH pathway. 
RT‑qPCR was used to verify the mRNA expression level of 
core genes of the NOTCH pathway, which are involved in the 
present GSEA analysis. It was found that mRNA levels of 
NOTCH receptor 1 (NOTCH1), hes family bHLH transcrip‑
tion factor 1 (HES1) and neuralized E3 ubiquitin protein ligase 
1 (NEURL) decreased after IGFBP4 overexpression, and 
increased after IGFBP4 silencing (Fig. 4C and D). WB results 
showed that overexpression of IGFBP4 reduced the expression 
of NOTCH1 and HES1 at the protein level, while knockdown 
of IGFBP4 had the opposite effect (Fig. 4E and F). Next, to 
verify the relation of NOTCH pathway activation and IGFBP4 
expression in the liver, IHC was performed. IHC results 
revealed that NOTCH1 expression was reduced in the liver 
tissue with high levels of IGFBP4, and vice versa (Fig. 4G). 
The Smad and β‑catenin pathways play crucial roles in EMT 
and tumor metastasis, which is well established. WB assays 
were performed to assess the expression levels of β‑catenin, 
Wnt3a, Smad2/3 and phosphorylated Smad2/3. However, 
no significant alterations were observed in the expression of 
these proteins following IGFBP4 overexpression (Fig. S3). 
Additionally, the expression changes of the transcription 
factor YAP1 in the NOTCH signaling pathway were assessed. 
It was found that the protein expression level of YAP1 was 
significantly reduced in liver cancer cells with IGFBP4 over‑
expression, and the level of YAP1 was positively correlated 
with the activation of the NOTCH pathway (Fig. S4). These 
results showed that IGFBP4 overexpression could inhibit the 
NOTCH signaling pathway activation in liver cancer cells.

IGFBP4 is negatively regulated by MYBBP1A via CpG 
island methylation‑mediated degradation. Our previous 
study had shown that IGFBP5, another important IGFBP 
family member, could be regulated by MYBBP1A and inhibit 
the metastasis ability of liver cancer cells (13). Thus, it was 
hypothesized that IGFBP4 may be regulated by MYBBP1A as 

well. In order to investigate the relation between MYBBP1A 
and IGFBP4, though analyzing the data from the TCGA 
database and GTEx database, it was found that the IGFBP4 
gene expression varied obviously when the expression of 
MYBBP1A was changed (Fig.  5A). At the same time, a 
correlation analysis between two genes was conducted and 
it was identified that there was no significant correlation 
between the expression of MYBBP1A and IGFBP4 in the liver 
tissue of the normal liver tissue (P=0.5, R=0.098) (Fig. 5B). 
However, a negative correlation of MYBBP1A and IGFBP4 
expression was observed in liver tumor tissues of patients 
with HCC (P=9.8x10‑6, R=‑0.23) (Fig. 5C). The experimental 
results demonstrated that MYBBP1A knockdown resulted in a 
significant increase in the mRNA and protein expression level 
of IGFBP4 (Fig. 5D and E). By contrast, after overexpressing 
MYBBP1A, IGFBP4 decreased in both mRNA and protein 
levels (Fig. S5A and B). Our previous study (13) reported that 
MYBBP1A inhibited IGFBP5 transcription by promoting the 
high methylation level of CpG island at IGFBP5 CDS sites. 
Then, the Methprimer database was used to predict the meth‑
ylation sites of IGFBP4 and found that there were CpG islands 
in the promoter region of IGFBP4 (Fig. 5F). The SMART 
database was used to analyze the correlation between IGFBP4 
methylation and expression and it was found that the expres‑
sion of IGFBP4 was significantly negatively associated with 
the methylation in transcription level (Fig. 5G). In addition, a 
higher level of IGFBP4 promoter methylation was observed 
in patients with higher tumor grade and stage (Fig. 5H and I). 
Bisulfite sequencing PCR (BSP) technology was utilized to 
compare the methylation levels of CpG islands in the IGFBP4 
promoter region between the MYBBP1A knocked‑down 
group and the NC group (Fig. 5J). Overall methylation in the 
IGFBP4 promoter region was decreased in the MYBBP1A 
knockdown group compared with the control group. More 
importantly, mRNA levels of IGFBP4 in HCC cells were 
significantly increased after treatment with DNA methyltrans‑
ferase inhibitor Decitabine (5‑Aza‑2'‑deoxycytidine) (0, 5, 
10 and 40 µmol/l) (Fig. 5K and L). The inhibitory efficiency 
of 5Aza was verified by detecting the expression of DNMT1 at 
different concentrations of 5Aza. These results all confirmed 
that MYBBP1A affects the expression level of IGFBP4 by 
promoting CpG island methylation of the IGFBP4 promoter 
region.

Knocking down IGFBP4 restores the repressed metas‑
tasis abilit y of liver cancer caused by MYBBP1A 
inhibition. To further confirm our theory, lentivirus‑medi‑
ated shRNA targeting MYBBP1A was used to construct 
MYBBP1A‑knockdown Huh7 and HCCLM3 cells. Transwell 
and gap closure assay results demonstrated that knocking 
down MYBBP1A decreased the migratory activities of liver 
cancer cells (Fig. 6A and B). Then, the lentivirus‑mediated 
shMYBBP1A and shIGFBP4 were used to co‑transfect 
Huh7 and HCCLM3 cells. The results showed that knocking 
down MYBBP1A suppressed migration ability while 
knocking down IGFBP4 restored the migration abilities of 
liver cancer cells (Fig. 6C and D). Besides, colony formation 
assays revealed that the proliferation ability of liver cancer 
cells could also be restored (Fig. S6A and B). Moreover, 
IGFBP4 knockdown could restore the repressed EMT 
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progression caused by MYBBP1A inhibition. Specifically, 
inhibition of MYBBP1A increased E‑cadherin expression, 
while knocking down IGFBP4 restricted the increase of 

E‑cadherin. Similarly, MYBBP1A inhibition decreased 
N‑cadherin expression, and knocking down IGFBP4 
restored its expression caused by MYBBP1A inhibition 

Figure 3. Silencing of IGFBP4 promotes liver cancer metastasis in vivo. (A) Illustration of the intra‑splenic injection procedure for modeling liver metastasis. 
(B) More little white liver margins scattered in metastases were observed in the liver of IGFBP4 knockdown group mice compared with the NC group (*P<0.05, 
Student's t-test). (C) Compared with the NC group, the shIGFBP4 group had more liver cancer metastases, and their representative microscopic morphology 
was shown by H&E staining (original magnification, x200 and x400). (D) The expression of E‑cadherin, N‑cadherin and Vimentin in mice liver tissue with 
IGFBP4‑high and IGFBP4‑low expression (original magnification, x100 and x400). IGFBP 4, insulin‑like growth factor binding protein 4; sh‑, short hairpin; 
NC, negative control.
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Figure 4. Overexpression of IGFBP4 downregulates NOTCH signaling pathway in liver cancer. (A) Volcano plot of the differentially expressed genes in patients 
with hepatocellular carcinoma included in The Cancer Genome Atlas database. Red dots represent genes that were significantly upregulated, blue dots represent 
genes that were significantly downregulated, grey dots represent genes that were not differentially expressed and the horizontal line represents a P‑value of 0.05. 
(B) Gene set enrichment analysis found the differentially expressed gene of IGFBP4 was enriched in the NOTCH signaling pathway (p adj.=0.016, FDR=0.014). 
(C) The mRNA levels of the NOTCH pathway key genes NOTCH1, HES1 and related genes DLK1, NEURL and DNER in negative control and oeIGFBP4 groups 
of Huh7 and HCCLM3 cells based on RT‑qPCR (*P<0.05, **P<0.01 and ***P<0.001, Student's t‑test). (D) The mRNA levels of NOTCH1, HES1, DLK1, NEURL and 
DNER in NC and shIGFBP4 groups of Huh7 and HCCLM3 based on RT‑qPCR (*P<0.05, **P<0.01 and ***P<0.001, Student's t‑test). (E) The protein expression of 
NOTCH1 and HES1 in oeIGFBP4 group and NC group in Huh7 and HCCLM3 cell lines based on WB (*P<0.05, ***P<0.001, ****P<0.0001, Student's t-test). (F) The 
protein expression of NOTCH1 and HES1 in NC and shIGFBP4 group in Huh7 and HCCLM3 cell lines based on WB (*P<0.05, **P<0.01, ****P<0.0001,  Student's 
t-test). (G) Representative images of immunohistochemical staining of NOTCH1 in the high‑expressing IGFBP4 and low‑expressing patients with liver tissues 
(original magnification, x100 and x400). IGFBP 4, insulin‑like growth factor binding protein 4; HES, hes family bHLH transcription factor 1; NEURL, neuralized 
E3 ubiquitin protein ligase 1; oe‑, overexpression; RT‑qPCR, reverse transcription quantitative PCR; NC, negative control; WB, western blotting; sh‑, short hairpin.
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(Fig. 6E). As for NOTCH signaling regulation, IGFBP4 
knockdown could restore the repressed NOTCH1 and 
Hes1 expression caused by MYBBP1A inhibition (Fig. 6F). 

These results demonstrated that IGFBP4 was involved in 
regulating EMT, cancer metastasis and EMT and NOTCH 
activation mediated by MYBBP1A in liver cancer.

Figure 5. IGFBP4 is negatively regulated by MYBBP1A via CpG island methylation mediated degradation. (A) Heat map showed the top 50 genes which 
significantly negatively correlated with MYBBP1A from TCGA database, IGFBP4 ranked third. (B and C) TCGA and The Genotype‑Tissue Expression databases 
analysis showed that there was no significant correlation between MYBBP1A and IGFBP4 expression in normal liver tissues (P=0.05, R=0.098), while there was a 
negative correlation between MYBBP1A and IGFBP4 expression in patients with liver cancer (P=9.8x10‑6, R=‑0.23). (D) The expression level of IGFBP4 mRNA 
in Huh7 and HCCLM3 cell lines after MYBBP1A knockdown was detected by RT‑qPCR (**P<0.01 and ***P<0.001, Student's t‑test). (E) WB of IGFBP4 protein 
expression in Huh7 and HCCLM3 cell lines after knockdown of MYBBP1A (*P<0.05, ****P<0.0001, Student's t-test). (F) Using the Methprimer website, three 
CpG islands were found in the IGFBP4 promoter region. (G) Transcript‑level correlation showing that the expression of IGFBP4 is negatively associated with the 
methylation of cg19878076, cg03635766, cg27255115, cg17980404, cg09358481, cg15471812, cg09213124, cg18928737, cg11961138, cg13385210 and cg02627216 
using SMART website analysis (M value, Spearman). (H and I) IGFBP4 promoter methylation level in the liver hepatocellular carcinoma database of TCGA under 
different tumor grades and lymph node metastases. (J) The methylation level of IGFBP4 promoter region was detected by bisulfite sequencing PCR technique. 
Compared with the MYBBP1A knockdown group, the IGFBP4 promoter region was more methylated in the control group (**P<0.01 and ****P<0.0001, Student's 
t‑test). (K) The expression level of IGFBP4 mRNA after stimulation with methylase inhibitor 5‑Aza at different concentrations (0, 10, 20 and 40 µmol/l) after 
48 h was detected by RT‑qPCR (***P<0.001, Student's t‑test). (L) WB was performed to detect the expression levels of methylase DNMT1 and IGFBP4 protein 
after stimulation with different concentrations of methylase inhibitor 5Aza (0, 10, 20, 40 µmol/l) after 48 h (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001,  Student's 
t-test). IGFBP 4, insulin‑like growth factor binding protein 4; TCGA, The Cancer Genome Atlas; RT‑qPCR, reverse transcription‑quantitative PCR; WB, western 
blotting.
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Clinical significance of IGFBP4 and MYBBP1A in the prog‑
nosis of metastatic liver cancer. Overall survival (OS) time 
and disease‑specific survival time (DSS) of patients with liver 

cancer with different IGFBP4 expression groups in different 
tumor grades and stages were analyzed. The results demon‑
strated that high expression of IGFBP4 was correlated with 

Figure 6. Knocking down IGFBP4 reduces the metastasis ability of liver cancer cell with MYBBP1A low expression. (A and B) The motile activities of 
shMYBBP1A Huh7 and HCCLM3 cells based on Transwell migration assays and gap closure assays, respectively. (original magnification, x400; ****P<0.0001, 
Student's t‑test). (C and D) The migration capacity of Huh7 and HCCLM3 cell lines in the negative control group, shMYBBP1A group, shIGFBP4 group, and 
shMYBBP1A + shIGFBP4 group were detected by Transwell migration assay and gap closure experiment (magnification, x100 and x400; *P<0.05, **P<0.01 
and ****P<0.0001, Student's t‑test). (E) WB analysis of the protein expression levels of MYBBP1A, IGFBP4, and EMT related genes in the negative control 
group, shMYBBP1A group, shIGFBP4 group and shMYBBP1A + shIGFBP4 group (*P<0.05, **P<0.01, ***P<0.001, Student's t-test). (F) WB analysis was 
performed to detect the protein expression levels of NOTCH pathway‑related genes NOTCH1 and Hes1 in the negative control group, shMYBBP1A group, 
shIGFBP4 group, and shMYBBP1A + shIGFBP4 group (*P<0.05, **P<0.01, ***P<0.001, Student's t-test). IGFBP 4, insulin‑like growth factor binding protein 4; 
sh‑, short hairpin; WB, western blotting; NC, negative control; HES, hes family bHLH transcription factor 1.
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longer OS [log‑rank P=3.3x10‑6, hazard ratio (HR)=0.43] 
and DSS (log‑rank P=2.9x10‑5, HR=0.38). This association 
was statistically significant in late stages (stages III and IV; 
log‑rank P=0.0013 in OS and log‑rank P=0.0012 in DSS) 
but not in early stages (stages I and II; log‑rank P=0.047 in 
OS and log‑rank P=0.052 in DSS) in liver cancer (Fig. 7A). 
Interestingly, the negative correlation between MYBBP1A 
expression and OS (log‑rank P=0.0045) or DSS (log‑rank 
P=0.018) was observed in late stages (stages III and IV) rather 
than in early stages (stage I and II) in liver cancer (Fig. 7B). 
IHC staining was performed on tumor and peritumor tissue 
specimens of patients with liver cancer with different meta‑
static status in The First Affiliated Hospital of Zhejiang 
University. The results suggested that IGFBP4 expression 
levels in the liver tissues of patients with liver cancer were lower 
than those in normal individuals, and even lower in patients 
with metastatic liver cancer (Fig.  7C). Then, the survival 
curves of patients with HCC with MYBBP1AHighIGFBP4Low, 
MYBBP1AHighIGFBP4High, MYBBP1ALowIGFBP4High and 
MYBBP1ALowIGFBP4Low were analyzed; the results revealed 
that the OS of patients with MYBBP1AHighIGFBP4Low was 
significantly poorer than those with MYBBP1AlowIGFBP4High. 
The MYBBP1ALowIGFBP4High group had the most favorable 
OS in these four groups (Figs. 7D and S8). Therefore, it is 
concluded that IGFBP4 and MYBBP1A expression could 
serve as potential biomarkers in predicting the prognosis of 
liver cancer.

Discussion

The progression of HCC is associated with the abnormal acti‑
vation of multiple signaling pathways, including angiogenesis, 
cell proliferation, apoptosis, invasion and metastasis. Current 
therapies inhibit the proliferation and survival of tumor cells 
by targeting specific molecules in these abnormal signaling 
pathways, which rely on specific therapy under molecular 
targeted diagnosis. While the therapy under the molecular 
targeted diagnosis has made some progress in the treatment 
of metastatic liver cancer, there are still challenges (27,28). 
Novel diagnosis and treatment are getting increasing attention 
in clinical practice, and the development of treatment strate‑
gies based on individualized diagnosis will help improve the 
treatment effect and provide patients with an improved chance 
of survival.

IGFBPs are a family of proteins that bind to IGFs and are 
usually composed of seven high‑affinity IGFBP isoforms, 
namely IGFBP1 to IGFBP7 (7). IGFBP4, the smallest protein 
in the IGFBP family (29), is a secreted protein mainly produced 
by the liver (30). It acts as a transport protein for IGF‑I and 
IGF‑II and regulates their biological effects. The levels and 
expression of IGFBP4 in various tissues are influenced by 
IGFBP proteinases, multiple growth factors and hormones. 
The results of the present study suggested that IGFBP4 may 
play a positive regulatory role in the process of tumor cell 
metastasis and invasion. Overexpression of IGFBP4 in glio‑
blastoma cells leads to the upregulation of molecules involved 
in tumor growth (31). Inhibition of IGFBP4 could significantly 
reduce the invasion and expression of mesenchymal markers in 
oral squamous cell carcinoma (32). Several studies have found 
that overexpression of IGFBP4 inhibits the invasiveness of 

cancer cells, including lung cancer (33), colorectal cancer (34) 
and breast cancer (9). Previous research has shown that tran‑
scriptional activation of IGFBP4 could inhibit the metastasis 
of liver cancer (35,36). In the present study, the analysis of 
the TCGA database and clinical samples from patients with 
HCC showed that IGFBP4 was downregulated in liver cancer. 
In addition, despite the lack of 5‑10 years of survival data 
which is the limitation in the present study, the five‑year 
survival curve analysis still showed that the high expression 
of IGFBP4 was associated with favorable prognosis in patients 
with HCC. EMT was considered one of the key steps in tumor 
metastasis and invasion. During EMT, tumor cells could lose 
the adhesive properties of epithelial cells, acquire the motility 
of mesenchymal cells, and enter other organs through the 
blood or lymphatic system. In the present study, comprehen‑
sive experimental methods such as gap closure experiments 
and Τranswell assays were used to verify that overexpressing 
IGFBP4 could inhibit the migration ability of HCC in vitro 
and reduce the tumor metastasis in vivo. It was confirmed that 
overexpression of IGFBP4 in HCC cells leads to upregulation 
of the epithelial marker protein E‑cadherin, downregulation of 
the mesenchymal marker protein N‑cadherin and the cytoskel‑
etal protein Vimentin.

DNA methylation is a common epigenetic modifica‑
tion (37). Aberrant regulation of DNA methylation is closely 
associated with tumorigenesis and progression in liver 
cancer (38). High methylation status is associated with gene 
silencing and functional loss. Studies have shown that some 
tumor suppressor genes undergo hypermethylation, leading 
to the methylation of their promoter regions and subsequent 
gene silencing, thereby causing tumor cells to lose normal 
proliferation and growth control. Our previous research 
suggested that IGFBP5 was regulated by MYBBP1A, 
inducing abnormal hypermethylation of the CpG island in 
the IGFBP5 CDS region, inhibiting IGFBP5 transcription 
and secretion which promoted HCC progression (27). It was 
hypothesized that IGFBP4, another important member of 
the IGFBP family, may also be regulated by MYBBP1A. 
To validate this hypothesis, it was firstly confirmed that 
MYBBP1A indeed promotes the migratory and invasive 
abilities of liver cancer cells. Secondly, it was demon‑
strated that IGFBP4 expression is negatively regulated by 
MYBBP1A, and rescue experiments further confirmed 
this relationship. Additionally, using Methprimer analysis, 
it was found that there were CpG islands in the IGFBP4 
promoter region, and the methylation level of IGFBP4 was 
negatively correlated with poor prognosis. To further verify 
that the high methylation status of the IGFBP4 promoter 
is regulated by MYBBP1A, BSP was used to confirm that 
knocking down MYBBP1A leads to a decrease in CpG 
island methylation in the IGFBP4 promoter regions and 
an enhancement of target gene transcription. Furthermore, 
treatment with the methylation inhibitor 5‑Aza resulted in a 
subsequent decrease in IGFBP4 expression.

EMT is a dynamic process that can be achieved through 
multiple signaling pathways such as IGR‑1R receptor ligand 
activation, NOTCH, Wnt/β‑catenin and Hedgehog pathway 
activation, which may also contribute to the EMT process. 
Studies have shown that knocking down Wnt3a can affect 
the activation of the Wnt/β‑catenin signaling pathway, 
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Figure 7. Clinical significance of IGFBP4 and MYBBP1A in prognosis of liver cancer. (A and B) Kaplan Meier‑plotter database website analyzed OS 
and DSS of patients with liver cancer in different IGFBP4 and MYBBP1A expression groups at different tumor grade stages (Log Rank Mantel‑Cox). 
(C) Immunohistochemical staining showed different expression of IGFBP4 in hepatocellular carcinoma tissues and adjacent tissues of patients with/without 
tumor metastasis. (D) Kaplan Meier survival curve showed the results among the MYBBP1AHighIGFBP4High, MYBBP1AHighIGFBP4Low, MYBBP1ALowIGFBP4High 
and MYBBP1AlowIGFBP4low group [P=0.00036 respectively, Log Rank (Mantel‑Cox)]. The cut‑off values were determined using the surv_cutpoint function 
from the survminer package, yielding 438.9 for IGFBP4 and 6.29 for MYBBP1A. IGFBP 4, insulin‑like growth factor binding protein 4; OS, overall survival; 
DSS, disease specific survival.
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thereby affecting the EMT process and inhibiting the meta‑
static ability of liver cancer cells (39,40). Initially, it was 
considered that IGFBP4 function was closely associated 
with the Wnt/β‑catenin pathway. WB assays were performed 
to assess the expression of β‑catenin/Wnt3a/Smad protein. 
However, no significant changes in the expression of these 
proteins were observed following IGFBP4 overexpression 
(Fig.  S3). This result may be attributed to the complex 
crosstalk between signaling pathways, suggesting that the 
β‑catenin/Smad pathway may not serve as the primary driver 
in this regulatory axis. Further investigation supports that 
this pathway is likely not the predominant mechanism by 
which IGFBP4 influences liver cancer metastasis. Through 
GSEA analysis, differential gene enrichment was found in 
the NOTCH pathway, which is another crucial pathway that 
affects the EMT. The NOTCH signaling pathway was aber‑
rantly activated in various tumors and has been found to be 
associated with tumor cell proliferation, invasion and metas‑
tasis (41). In pancreatic cancer, RHBDL2 stabilizes N1ICD 
through OTUD7B and activates the NOTCH signaling 
pathway, promoting cell proliferation and migration (42). In 
the liver, activation of the NOTCH‑YAP1/TEAD‑DNMT1 
axis drives hepatocytes to develop into intrahepatic chol‑
angiocarcinoma (43). When the NOTCH1 receptor binds 
to the DELTA ligand, the extracellular structure of the 
receptor undergoes conformational changes, leading to the 
cleavage of the receptor's intracellular domain (NICD) by 
γ‑secretase. NICD is further translocated into the nucleus 
and forms a transcriptional regulatory complex with the 
key transcription factor CSL, promoting the transcription 
of downstream target genes (44). Hes1 is one of the down‑
stream target genes of the NOTCH signaling pathway, and 
its expression is regulated by the NICD‑CSL complex. In 

the present study, overexpression of IGFBP4 was found to 
significantly increase the transcription and protein levels 
of NOTCH1 and its downstream target gene Hes1. Some 
studies showed that EMT and IGR‑1R activation are 
involved in a positive feedback loop (45). IGFBP4 can bind 
to IGF1, inhibit the binding of IGF ligands to the receptor, 
and prolong its half‑life in circulation (46). The crosstalk 
between IGF‑1R and NOTCH could jointly act on the EMT 
phenotype of tumors. Some researchers considered that 
IGF‑1R was a target of NOTCH1, and NOTCH directly 
upregulated the expression of IGF1R in human T‑cell acute 
lymphoblastic leukemia cells, significantly enhancing their 
sensitivity to environmental ligands (47). It has also been 
suggested that NOTCH1 may be transcriptionally activated 
by YAP (48,49) and the activity of this transcription factor 
is triggered by the IGF‑1R/PI3K/mTOR signaling pathway. 
Additionally, the YAP‑IGF1R signaling loop is also involved 
in EMT‑related proteins  (50,51). The results of protein 
interaction analysis showed that IGFBP4 had a  strong 
interaction with IGF1/ IGF1R, and IGF1R also showed a 
strong interaction with NOTCH1 and YAP1 (Fig. S7). The 
present study confirmed that the overexpression of IGFBP4 
significantly reduces the level of the transcription factor 
YAP, which is positively correlated with the activation of 
the NOTCH pathway (Fig. S4). Regrettably, the specific 
mechanism by which IGFBP4 regulates the NOTCH 
pathway through YAP was not investigated. Further studies, 
along with additional clinical sample data, are required to 
confirm the upstream and downstream regulatory effects of 
IGFBP4 on the NOTCH pathway. This topic could serve as 
a significant focus for future research.

The previous phase of our research (13) elucidated the 
mechanism of MYBBP1A regulates IGFBP5 transcription 

Figure 8. Molecular models describing the mechanism of IGFBP4 as a tumor suppressor gene in liver cancer. IGFBP 4, insulin‑like growth factor binding 
protein 4; EMT, epithelial‑mesenchymal transition.
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and inhibits the AKT pathway, and it was hypothesized that 
another member of the family, IGFBP4, may have a similar 
function. Since IGFBP4 has been found to play an important 
role in other cancers, experiments were designed to verify the 
function of IGFBP4 and its upstream and downstream path‑
ways in HCC. In conclusion, IGFBP4 is a potent biomarker that 
plays a protective role in liver cancer, especially in metastatic 
liver cancer. By exploring the upstream and downstream of 
IGFBP4, it was revealed that MYBBP1A inhibits the transcrip‑
tion of IGFBP4 through high methylation levels of the CpG 
islands of the IGFBP4 promoter region mediated by DNMT1, 
which promotes the activation of the NOTCH pathway, 
increasing the EMT of HCC and providing migration ability 
for cancer cells (Fig. 8). A recent study by the authors showed 
that liver cancer populations with high MYBBP1A expression 
had a poor prognosis (27), and subsequently, it was found that 
low expression of IGFBP4 in HCC was associated with poor 
prognosis in patients with HCC. Therefore, a combined prog‑
nostic analysis of MYBBP1A and IGFBP4 was performed. 
It was found that MYBBP1AHighIGFBP4High patients had 
an improved prognosis than MYBBP1AHighIGFBP4Low, 
and in the population with high MYBBP1A expression 
and poor prognosis, high IGFBP4 expression at the same 
time could prolong the OS time. It was also found that 
MYBBP1AlowIGFBP4Low patients had an improved prognosis 
than those with MYBBP1AHighIGFBP4Low, and in popula‑
tions with high MYBBP1A expression and poor prognosis, 
simultaneous high expression of IGFBP4 could prolong OS. 
Similarly, among the four groups, MYBBP1ALowIGFBP4High 
patients had the best prognosis, and the OS of patients with 
MYBBP1ALowIGFBP4High was significantly longer than those 
with MYBBP1AHighIGFBP4Low (Fig. S8). Dual gene biomarker 
combination prediction of MYBBP1A and IGFBP4 has great 
potential in the prognosis of metastatic liver cancer, providing 
a theoretical basis for the precise treatment and survival 
prediction of liver cancer.

The primary limitations of the present study are the 
restricted sample size and the absence of longitudinal prog‑
nostic data. Future studies with larger cohorts will be essential 
to confirm these observations. Further research should also 
aim to elucidate the specific mechanisms by which IGFBP4 
regulates the NOTCH pathway in liver cancer and explore the 
roles of other IGFBP family members in hepatocarcinogenesis, 
as they may contribute through distinct or complementary 
mechanisms.
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