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Abstract. The tumor microenvironment (TME) and Warburg 
effect are critical for the regulation of tumor metastasis. 
The monocarboxylate transporter (MCT) family members, 
particularly MCT4, which is encoded by the solute carrier 
family 16 member 3 gene, play an important role in the 
regulation of the TME and mediation of the Warburg effect 
by transporting lactate out of cancer cells. Migration and 
invasion are two key features of metastasis. Few studies have 
investigated the mechanism by which MCT4 promotes cell 
migration, and the suggested mechanisms by which MCT4 
promotes migration vary in different tumor cell models. 
The purpose of the present study was to use non‑cancerous 
cells as a research model to investigate the specific mecha‑
nism underlying the promotion of migration by MCT4. In a 
previous study, murine L929 cells overexpressing human 
MCT4 (MCT4‑L929 cells) were generated and MCT4 was 
demonstrated to promote the migration and invasion of these 
non‑cancerous cells. In the present study, MCT4‑L929 cells 
and control‑L929 cells were used to investigate the potential 

pathways and mechanisms through which MCT4 promotes 
cell migration. RNA sequencing analysis revealed 872 differ‑
entially expressed genes, comprising 337 and 535 upregulated 
and downregulated genes, respectively, in the MCT4‑L929 
cells. Reverse transcription‑quantitative analysis and western 
blotting revealed that MCT4 overexpression increased the 
transcription and protein levels of insulin‑like growth factor 1 
(IGF1). In a wound healing assay, the migration of exogenous 
mouse IGF1‑treated control‑L929 cells was similar to that of 
MCT4‑L929 cells. Additionally, the inhibition of IGF1 receptor 
(IGF1R) or serum/glucocorticoid regulated kinase 1 (SGK1), 
a downstream protein in the IGF1 and phosphoinositide 
3‑kinase PI3K regulatory subunit 3 (PIK3R3) pathways, in 
MCT4‑L929 cells mitigated the cell migration‑promoting 
effect of MCT4. These novel findings suggest that MCT4 may 
promote the migration of L929 fibroblast cells via activation of 
the IGF1/IGF1R/PIK3R3/SGK1 axis.

Introduction

Metastasis is responsible for the high mortality rate of patients 
with cancer (1). Cancer cell migration and invasion are impor‑
tant steps in tumor metastasis, which is a multistage process (2). 
Elucidation of the mechanisms underlying cell migration and 
invasion will provide improved understanding of the dynamics 
and complexity of tumor metastasis and facilitate the develop‑
ment of novel clinical interventions for patients with cancer (3). 

Several studies have examined the proteins and regulatory 
mechanisms involved in cell migration and invasion. For 
example, heat shock factor 1 has been demonstrated to be 
involved in the migration and invasion of human melanoma 
cells (4). In addition, it has been reported that activated 
prostaglandin‑endoperoxidase synthase 2/prostaglandin 
E2 contributes to the migration and invasion of U87 human 
glioblastoma cells (5), while tumor necrosis factor superfamily 
member 10 promotes the migration and invasion of cholangio‑
carcinoma cells (6). Thus, diverse proteins or mechanisms are 
involved in cell migration. However, studies on these proteins 
or pathways are limited only to certain types of tumors.

Previous studies have revealed that the tumor microen‑
vironment (TME) plays a crucial role in the regulation of 
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metastasis (7). The association between cancer cell metabolism 
and metastasis has piqued the interest of the scientific commu‑
nity (8). Metabolic reprogramming, which is a hallmark of 
cancer metastasis, involves a global metabolic shift toward 
increased glycolysis, known as the Warburg effect, to meet the 
energy demands of tumor cells and the TME (9). The Warburg 
effect is reported to promote tumor metastasis. Metastatic 
cancer cells experience increased oxidative stress, and the 
Warburg effect helps to reduce the oxidative stress in cancer 
cells via the inhibition of mitochondrial oxidative metabolism, 
thereby promoting the spread of metastases. Furthermore, the 
acidified TME, which develops due to the secretion of lactate 
from the cancer cells, increases the migratory and invasive 
activity of the cancer cells (10). 

Most cancer cells rely on the Warburg effect for energy 
generation, which is accompanied by the production of 
increased quantities of lactate (11). Monocarboxylate trans‑
porter (MCT) family members, particularly MCT4, which is 
encoded by the solute carrier family 16 member 3 (SLC16A3) 
gene, are associated with lactate export from cells (12). The 
expression of MCT4 is upregulated in various tumor cells, 
including breast, lung, pancreatic, bladder cancer and colorectal 
cancer cells (13‑17). Also, the upregulation of MCT4 expres‑
sion is strongly associated with a poor prognosis in patients 
with cancer (15‑17). 

In previous studies the knockdown of MCT4 expression 
was shown to decrease the migration and invasion of lung 
cancer (18), oral squamous cell carcinoma (16), hepatocel‑
lular carcinoma (19), pancreatic ductal adenocarcinoma (20), 
prostate cancer (21), glioma (22) and breast cancer cells (23). 
These studies involved the transient silencing of MCT4 in 
various types of tumor cells and were mostly limited to 
describing the decreased migration after MCT4 silencing. 
Few studies have investigated the mechanism by which MCT4 
promotes cell migration, and the mechanism by which MCT4 
promotes migration has been found to vary, with inconsis‑
tency between different tumor cell models. In our previous 
study, human MCT4 was expressed in non‑cancerous L929 
cells via stable transfection and the overexpression of MCT4 
was demonstrated to promote the migration and invasion of 
the non‑cancerous L929 fibroblast cells (24). Notably, the 
homology of human and mouse MCT4 proteins is as high as 
88%. The present study used transcriptomic sequencing and 
protein‑protein interaction (PPI) analysis of these cells to 
identify key differentially expressed genes (DEGs) and key 
networks to elucidate the potential mechanisms by which 
MCT4 promotes cell migration. 

Analysis of the DEGs indicated that insulin‑like growth 
factor 1 (Igf1) was the most critical DEG. Therefore, the func‑
tion of IGF1 in MCT4‑overexpressing L929 cells was also 
investigated, and the potential mechanism by which MCT4 
drives the migration of non‑cancerous L929 fibroblast cells 
was identified.

Materials and methods

Cells and cell culture. L929 cells, which are non‑cancerous 
murine cells that do not express MCT4, were obtained from 
the American Type Culture Collection (ATCC). L929 cell 
lines stably expressing human MCT4 were constructed as 

previously described (24). The human SLC16A3 gene sequence 
and enhanced green fluorescent protein (EGFP) gene sequence 
were inserted into a pcDNA3.0 vector, and the plasmids were 
transfected into host L929 cells by electroporation. Three 
L929 cell lines with high MCT4 expression were selected 
(3E10, 4D11 and 8E4), and the transfected human MCT4 was 
confirmed to be active in the murine L929 cells. Additionally, 
three L929 cell lines expressing EGFP protein were chosen 
as control cell lines (C5, H9 and 2H6). These were generated 
using the same transfection and screening protocol as was used 
to generate the MCT4‑overexpressing cells. In the following 
sections, L929 cells expressing MCT4 or EGFP are referred to 
as MCT4‑L929 or control‑L929 cells, respectively. The cells 
were cultured in CSC03‑CL medium (cat. no. Y3020; Zhejiang 
Yishengke Biotechnology Co., Ltd.) supplemented with 10% 
fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, 
Inc.) and 600 µg/ml G418 (cat. no. G15000; Vazyme Biotech 
Co., Ltd.) at 37˚C in an atmosphere containing 5% CO2. Cell 
counts and viability were measured using an automated cell 
counter (Shanghai Ruiyu Biotech Co., Ltd.) with trypan blue 
staining (cat. no. 93595; Sigma‑Aldrich; Merck KGaA).

RNA sequencing (RNA‑seq). The three control‑L929 cell 
lines (C5, H9 and 2H6) and three MCT4‑L929 cell lines 
(3E10, 4D11 and 8E4) were subjected to RNA‑seq using 
an Illumina platform. Total RNA was isolated using 
TRIzol (cat. no. 15596026, Invitrogen). Library prepara‑
tion and sequencing were performed at Shanghai Personal 
Biotechnology Co, Ltd (Shanghai, China). The mixed library 
was diluted to 2 nM and then denatured by alkali to create a 
single‑stranded library. The paired‑end method was used with 
150 base pairs for each end length. HISTAT2 (version 2.2.1, 
ccb.jhu.edu/software/hisat2/index.shtml) was used to map the 
reads to the Mus_musculus.GRCm38.dna.primary_assembly.
fa.gz genome. The transcriptome coverage was in the range 
of 93.43‑94.98%. The quality of the data is assessed based on 
factors including the Q20 ratio (the ratio of bases whose base 
recognition accuracy is over 99%), the Q30 ratio (the ratio of 
bases whose base recognition accuracy is over 99.9%), the 
Total_Mapped ratio (the ratio of total number of sequences 
of the reference genome on the alignment out of all clean 
reads), and Uniquely_Mapped ratio (the ratio of sequences 
aligned to only one position on the reference genome out 
of Total_Mapped). DEGs between the control‑L929 and 
MCT4‑L929 cells were identified based on the following 
criteria: |log2 fold change (FC)|>1 and P<0.05.

Bioinformatics. Gene Ontology (GO: geneontology.org/) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG: 
http://www.kegg.jp/kegg) enrichment analyses were 
performed. The degree of enrichment was evaluated based on 
the rich factor, the false discovery rate (FDR) and the number 
of genes enriched in each GO term. The rich factor is the 
ratio of the number of enriched DEGs to the total number of 
annotated genes in the GO term and is directly proportional 
to the degree of enrichment. The FDR is the expected propor‑
tion of false positives among all the significant results; the 
closer the FDR value is to zero, the more likely the significant 
results are likely to be true positives. PPI network functional 
enrichment analysis was performed using STRING 11.0 
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(https://string‑db.org/). The STRING results were saved in 
tab‑separated values (TSV) format, and the TSV file was 
retained and imported into Cytoscape software (version 3.9.1; 
bytesin.com/software/Cytoscape/) to visualize the relevant 
PPI networks. Clusters of networks were detected using the 
MCODE Cytoscape plugin (version 1.5.1) (25). The hub or 
core genes among the DEGs in the PPI network were identified 
using the CytoNCA Cytoscape plugin (version 2.1) (26).

Antibodies and inhibitors. The antibodies used in this 
study are listed in Table SⅠ, along with the concentrations at 
which they were used. The following inhibitors were used: 
Picropodophyllin (PPP; cat. no. HY‑15494; MedChemExpress) 
as an inhibitor of IGF1 receptor (IGF1R) activity (27‑29); and 
GSK650394 (cat. no. HY‑15192; MedChemExpress), as an 
inhibitor of serum/glucocorticoid regulated kinase 1 (SGK1) 
activity (30,31).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from cells using TRNzol Universal Reagent 
(cat. no. DP424; Tiangen Biotech Co., Ltd.). Complementary 
DNA was synthesized from the RNA using the HiFiScript 
cDNA Synthesis Kit (cat. no. CW2569; CoWin Biosciences) 
under the following conditions: 42˚C for 15 min and 85˚C 
for 5 min. qPCR analysis was then performed using 2X 
UltraSYBR Mixture (cat. no. CW0957; CoWin Biosciences) 
on a CFX96 system (Bio‑Rad Laboratories, Inc.) with the 
appropriate primers (Table SⅡ). The qPCR conditions were as 
follows: 95˚C for 10 min as the initial activation step, followed 
by 40 cycles of 95˚C for 15 sec for denaturation and 60˚C 
for 60 sec for annealing. The mRNA expression levels were 
calculated using the 2‑ΔΔCq relative quantification method (32). 
The expression level of each target gene was normalized to 
that of b‑actin mRNA in the same sample.

Enzyme‑linked immunosorbent assay (ELISA). Cells were 
plated in a 24‑well plate at a density of 1x106 cells/well and 
incubated overnight to achieve 100% confluency. After 
discarding the culture supernatant, the cells were washed 
with phosphate‑buffered saline (PBS) and cultured overnight 
in serum‑free medium. The culture supernatant was then 
collected to measure the IGF1 levels using a mouse IGF1 
(mIGF1) ELISA kit (cat. no. EK0378; Boster Biological 
Technology), following the manufacturer's instructions. The 
absorbance of the samples was measured at 450 nm using an 
Infinite M200 microplate reader (Tecan Group, Ltd.).

Cell counting assay. Cell proliferation was measured 
using a Cell Counting Kit‑8 (CCK‑8; cat. no. HY‑K030; 
MedChemExpress), following the manufacturer's instructions. 
The absorbance of the samples at 450 nm was measured using 
an Infinite M200 microplate reader (Tecan Group, Ltd.).

Protein extraction and western blotting (WB). Control‑L929 
and MCT4‑L929 cells were seeded into 6‑cm dishes and 
incubated in the presence or absence of recombinant mIGF1 
(cat. no. 50437‑MNAY; Sino Biological, Inc.) at a concentra‑
tion of 500 pg/ml for 1 h or inhibitors (300 nM PPP/5 µM 
GSK650394) for 2 h in serum‑free medium at 37˚C. The cells 
were serum‑free starved overnight prior to treatment with 

mIGF1 or inhibitor. After incubation, cells were collected 
using a scraper, incubated on ice for 15 min, and lysed using 
radioimmunoprecipitation assay lysis buffer (cat. no. P0013C; 
Beyotime Institute of Biotechnology) with 1 mM protease 
inhibitor cocktail (cat. no. 05892970001; Roche Diagnostics, 
GmbH) and 1 mM phosphatase inhibitors (cat. no. 4906845001; 
Roche Diagnostics, GmbH). The lysate was centrifuged at 
10,000 x g for 10 min. The protein concentration in the super‑
natant was quantified using a bicinchoninic acid assay kit 
(cat. no. AR0197A; Wuhan Boster Biological Technology, Ltd.).

To perform WB, lysates (15‑50 µg/lane) were resolved using 
sodium dodecyl sulfate‑polyacrylamide gel electrophoresis 
with a 12 (all proteins except IGF1) or 15% (for IGF1) gel. The 
resolved proteins were transferred to a 0.45‑µm polyvinylidene 
difluoride membrane (cat. no. IPFL00010; Merck KGaA). To 
reduce background staining, the membrane was blocked with 
5% bovine serum albumin in Tris‑buffered saline containing 
0.1% Tween 20 (TBST) for 1 h at room temperature. Next, the 
membrane was incubated with primary antibodies overnight 
at 4˚C. After washing with TBST buffer, the membrane was 
incubated with horseradish peroxidase‑conjugated anti‑mouse 
(cat. no. 31430; Invitrogen; Thermo Fisher Scientific, Inc.; 
1:5,000) or anti‑rabbit (cat. no. 31460; Invitrogen; 1:5,000) 
secondary antibodies for 1 h at room temperature. Protein 
bands were visualized using enhanced chemiluminescence 
(cat. no. KGP1127; Nanjing KeyGen Biotech Co., Ltd.) with 
5200 Multi Automatic Chemiluminescence (Tanon Science 
and Technology Co., Ltd.) and quantified using ImageJ v1.5.1 
software ( National Institutes of Health).

Cell migration assay. The wound healing assay, which mimics 
in vivo cell migration, is based on the observation of cell migra‑
tion into a ‘wound’ that is generated in a cell monolayer (33). To 
form a confluent monolayer, 1x106 cells/well were seeded in a 
24‑well plate and incubated overnight to achieve 100% conflu‑
ency. A wound was generated at the midline of each culture 
by scraping the confluent cells with a 200‑µl pipette tip. Next, 
the cell monolayer was gently washed with PBS to remove the 
detached cells and incubated with fresh serum‑free medium. In 
each experiment, a first image (0 h) was immediately captured 
under a light microscope (Leica Microsystems GmbH), and 
a second image was captured in the same manner after 48 h. 
The closure of the wound was measured using Image‑Pro Plus 
analysis software (Media Cybernetics, Inc.). The migration 
rate was calculated using the following formula: Migration 
rate (%)=[(average wound width at 0 h‑average wound width at 
48 h)/average wound width at 0 h] x100.

For migration promotion or inhibition studies, the same 
protocol was used, with the exception that before wounds 
were generated, the cells were treated with serum‑free 
medium overnight, and after the wounds were generated, 
mIGF1 (500 pg/ml for 1 h at 37˚C), PPP (300 nM for 2 h at 
37˚C) or GSK650394 (5 µM for 2 h at 37˚C) was added to the 
serum‑free medium. Cell proliferation was measured using the 
aforementioned CCK‑8 kit.

Lentivirus system‑mediated knockdown of IGF1. BLOCK‑iT™ 
RNAi Designer (https://rnaidesigner.thermofisher.com/rnaiex‑
press/) was used to design IGF1 short hairpin (sh) sequences. 
Three gene sequences were synthesized (Genewiz, Inc.): IGF1 
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sh1: 5'‑GCC TCT GTG ACT TCT TGA AGA CGA ATC TTC 
AAG AAG TCA CAG AGG C‑3'; IGF1 sh2: 5'‑GCT CTT CAG 
TTC GTG TGT GGA CGA ATC CAC ACA CGA ACT GAA GAG 
C‑3'; and IGF1 sh3: 5'‑CAG GCA TTG TGG ATG AGT GTT CGA 
AAA CAC TCA TCC ACA ATG CCT G‑3'. These sequences 
were cloned into an LV‑U6‑MSC‑CMV‑ZsGreen‑PGK‑PURO 
vector (Hanheng Biotechnology Co., Ltd.) for lentiviral 
packaging. The vector was also used for lentiviral pack‑
aging as a knockdown control (shControl). The lentiviral 
plasmids shControl and IGF1 sh1‑3 were transfected into 
293T cells (ATCC) using a LipoFiter™ transfection reagent 
(cat. no. HB‑TRIF‑1000; Hanheng Biotechnology Co., Ltd.).

A total of 25 µg lentiviral plasmid was used for transfec‑
tion. The lentivirus, packaging plasmid, and envelope plasmid 
were used in a ratio of 2:2:1. After 6 h of transfection at 37˚C, 
the medium was replaced with complete medium (CSC03‑CL 
medium containing 10% FBS), and ZsGreen protein expres‑
sion was observed 48 and 72 h after transfection. The viral 
supernatant was removed after 72 h and the viral stock was 
obtained by ultracentrifugation at 100,000 x g for 2 h at 4˚C. 

MCT4‑L929 (4D11) cells were seeded at a density of 
1x104 cells/well in a 96‑well plate and incubated overnight. 
Then, the culture supernatant was removed, 50 µl/well 
lentivirus stock solution was added, and 50 µl complete 
medium (CSC03‑CL medium with 10% FBS) was added 
after 4 h. Lentiviral transfection was performed using 
a multiplicity of infection of 50. The virus‑containing medium 
was replaced with 100 µl/well complete medium after 24 h. 
ZsGreen expression was observed 48 h after lentiviral 
infection, and puromycin (10 µg/ml) was added to the cell 
supernatant. Plates were then returned to the incubator for 
2 weeks. Clones were sub‑cultured in 24‑ or 6‑well plates and 
used for subsequent experiments.

Statistical analysis. Origin (Electronic Arts Inc.) was used 
to generate volcano plots and GO/KEGG bubble diagrams. 
Statistical analyses were performed using GraphPad Prism 
software version 8.0.1 (GraphPad Software; Dotmatics). 
Two‑tailed unpaired t‑tests were used to compare results 
between two groups. One‑way ANOVA or two‑way ANOVA 
with Tukey's post hoc test was used to compare results among 
more than two groups. Correlation was assessed by Pearson's 
coefficient. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Overview of RNA‑Seq. Sequencing the three MCT4‑L929 cell 
lines (3E10, 4D11 and 8E4) and three control‑L929 cell lines 
(C5, H9 and 2H6) on an Illumina platform yielded an average 
of 45,975,435 clean reads per library. The data quality analysis 
revealed that the Q20 and Q30 ratios were >95 and >90%, 
respectively. The total_mapped and uniquely_mapped ratios 
were both >95%, indicating good data quality (Table SⅢ). 

Transcriptome de novo assembly. Two groups of cells from 
each cell line were subjected to correlation analysis to ensure 
biological reproducibility within each group. Pearson's 
correlation test was used to measure the correlation of gene 
expression levels [fragments per kilobase of exon per million 

mapped fragments (FPKM)] among the six cell lines (Fig. 1A). 
A strong correlation coefficient (0.8‑1.0) indicates high 
reproducibility among samples within biological replicates. 
Conversely, a correlation coefficient lower than 0.8 indicates 
low reproducibility among samples in the same cohort.

The RNA‑seq data of MCT4‑L929 (3E10, 4D11 and 8E4) 
and control‑L929 (C5, H9 and 2H6) cells were normalized 
using FPKM values. In total, 872 DEGs were identified with 
|log2FC|>1 and P<0.05); these comprised 337 upregulated 
and 535 downregulated genes. The results are displayed in a 
bar graph (Fig. 1B) and volcano plot (Fig. 1C). A clustering 
heatmap was prepared to present a visual comparison of DEGs 
between the MCT4‑L929 and control‑L929 cells (Fig. 1D). 
In the GO and KEGG analyses, the top 15 GO terms with 
the smallest FDR values are shown in Fig. 1E and the top 15 
KEGG pathways with the smallest FDR values are shown in 
Fig. 1F. The most enriched KEGG pathway is ‘pathways in 
cancer’, suggesting that the upregulated expression of MCT4 
may promote the carcinogenesis of L929 cells.

Analysis and identification of DEGs. The top three scoring 
clusters in the PPI network according to the MCODE analysis 
are listed in Table SⅣ. These clusters are shown in Fig. 2A‑C, 
where the nodes represent proteins and the edges represent 
the association between proteins. The first‑ranked network, 
cluster 1, consists of 32 nodes and 155 edges, making it the 
largest and potentially most impactful network. As a result, 
this network was chosen for further examination. Table SⅤ 
lists the 32 genes of cluster 1 ranked by their betweenness 
value obtained using CytoNCA. A higher betweenness value 
indicates a higher likelihood of a gene being the core gene 
in the PPI network. The size of each gene cluster was sorted 
based on the betweenness value.

The mRNA levels of all genes in cluster 1 were subjected to 
pairwise comparison. The fold change was determined as the 
ratio of expression in the MCT4‑L929 and control‑L929 groups 
according to the RNA‑seq data (Fig. 2D). The transcription of 
Serpina3f and Serpina3i in MCT4‑L929 cells and that of puri‑
nergic receptor P2Y14 (P2ry14) in control‑L929 cells was low 
(close to zero). Therefore, the fold change values of these three 
genes were not calculated. The expression levels of all genes 
in cluster 1 were verified using RT‑qPCR (Fig. 2E). P2ry14 
and Igf1 exhibited large differences in expression between the 
MCT4‑L929 and control‑L929 cells, which is consistent with 
the RNA‑seq results. Therefore, P2ry14 and Igf1 were selected 
as the two candidate target genes for further investigation.

P2RY14 is a UDP‑glucose P2Y purinergic receptor that 
plays a crucial role in signaling through G‑protein‑coupled 
receptors and peptide ligand‑binding receptors (34). It is asso‑
ciated with various biological processes, including immune 
responses, tumorigenesis and cell senescence (35,36). Studies 
have shown that P2RY14 expression is significantly down‑
regulated in head and neck squamous cell carcinoma and lung 
cancer, and the higher expression of P2RY14 is associated with 
an improved prognosis in patients with these cancers (37,38). 
Acute leukemia cells that are resistant to PI3K/mTOR inhibi‑
tion have been found to exhibit an upregulation of P2RY14, 
which plays a role in patient survival and is associated with 
activation of ERK signaling; however, PI3K/mTOR signaling 
is not downstream of P2RY14 (39). In the formation and 
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Figure 1. Transcriptome data analysis. (A) Sample correlation analysis. The left and upper sides indicate sample clustering, while the right and lower sides of the 
figure are cell line names. Different colors of the squares represent the strength of the correlation between the two corresponding samples. (B) Bar chart showing 
the number of upregulated and downregulated DEGs. (C) Volcano plot of DEGs in which the x‑axis represents log2 |fold change| for MCT4‑L929/control‑L929 
and the y‑axis shows the log10 (P‑value). The two vertical dashed lines in the figure indicate the two‑fold expression difference threshold, while the horizontal 
dashed line indicates the P=0.05 threshold. The red and green dots represent upregulated and downregulated genes, respectively. The gray dots represent genes 
that are not significantly and differentially expressed. (D) Heatmap of DEGs in which each column is a cell line and the y‑axis represents DEGs. The colors 
indicate the expression levels of the DEGs; red and green represent upregulated and downregulated genes, respectively. (E) GO enrichment and (F) KEGG 
enrichment. The color of each bubble represents the P‑value, while the size represents the number of DEGs in the GO or KEGG term. The x‑axis shows the rich 
factor, which represents the ratio of DEGs vs. total genes in the pathway that is measured. DEGs, differentially expressed genes; GO, Gene Ontology; KEGG, 
Kyoto Encyclopedia of Genes and Genomes; Igf1, insulin‑like growth factor 1; NoDiff, no difference.
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Figure 2. PPI networks of DEGs and RNA‑Seq analysis of selected cluster genes. (A‑C) PPI clusters of the top 3 DEGs. (A) Cluster 1, (B) cluster 2 and 
(C) cluster 3. Each node represents a protein, and the lines between proteins indicate predicted interactions or associations. The size of each gene node is sorted 
according to the betweenness value. (D) RNA‑seq analysis of the expression ratio of cluster 1 genes in MCT4‑L929 cells over control‑L929 cells. Fold change 
>1 indicates that the transcription level in CT4‑L929 cells was higher than that in control‑L929 cells. (E) Reverse transcription‑quantitative PCR analysis of 
the expression of cluster 1 genes. Fold of control >1 indicates that the expression of the gene in MCT4‑L929 cells was higher than that in control‑L929 cells. 
The transcription level of target genes in MCT4‑L929 cells was normalized to that in control‑L929 cells. The means of the data from three cell lines in each 
group are shown, and each error bar represents one standard deviation. PPI, protein‑protein interaction; DEGs, differentially expressed genes; RNA‑seq, RNA 
sequencing; MCT4, monocarboxylate transporter 4.
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development of gastrointestinal cancers, P2Y14 triggers 
numerous mitogen‑activated protein kinases (MAPKs), 
Src family kinases and downstream protein kinases (40). 
Furthermore, in stem/progenitor cells, P2RY14 inhibits cell 
senescence through a mechanism involving reactive oxygen 
species, p38 MAPK/JNK and p16/Rb (35). 

IGFs family members and their receptors constitute an 
important growth regulatory system under physiological condi‑
tions. However, under pathological conditions, IGFs contribute 
to tumorigenesis owing to their powerful pro‑growth and 
anti‑apoptotic effects (41,42). IGF1 expression is upregulated 
in tumors (43), and promotes the growth and metastasis of 
various tumors, including Wilms tumor (44), papillary thyroid 
cancer (45), colorectal cancer (46), glioma (47) and cervical 
cancer (48). 

Cytoscape analysis indicates that Igf1 has a higher 
betweenness value than P2ry14 (Table SⅤ). Additionally, 
the aforementioned studies have shown that P2RY14 is 
downregulated in several types of tumors and that higher 
expression levels are associated with better patient prognosis 
while, by contrast, IGF1 and MCT4 are upregulated in tumors 
and promote tumor growth and metastasis. On the basis on 
these findings, it was decided to focus the present investigation 
on Igf1.

MCT4 activates the IGF1/IGF1R/PIK3R3/SGK1 axis. WB 
analysis indicated that MCT4 upregulated the expression level 
of IGF1 (Fig. 3A and B). The upregulation of IGF1 levels in 
the MCT4‑L929 culture supernatant was demonstrated using 
mIGF1 ELISA test. As the cells were cultured in serum‑free 
medium, no exogenous IGF1 was present. The difference 
in the IGF1 concentration between the MCT4‑L929 and 
control‑L929 cells was 150‑250 pg/ml (Fig. 3C). Analysis using 
the CCK‑8 assay revealed that the number of MCT4‑L929 and 
control‑L929 cells was not significantly different (Fig. S1A). 

The function of IGF1 is primarily mediated through the 
IGF1R (49,50). The IGF1R has been reported to be involved in 
aberrant tumor growth and malignancy in vitro (51). Therefore, 
the mRNA levels of Igf1r and key genes downstream of 
activated IGF1R were evaluated. The Igf1r mRNA levels in 
MCT4‑L929 cell lines were found to be higher than those in 
control‑L929 cell lines (Fig. 3D), which we hypothesize may 
be attributed to upregulated IGF1 expression. 

Two major downstream pathways of IGF1/IGF1R are the 
Ras/Raf and phosphoinositide 3‑kinase (PI3K) pathways (52). 
PI3K regulatory subunit 3 (Pik3r3), which encodes the PI3K 
regulatory subunit p55γ (53), is a key gene in cluster 1 (Fig. 2A) 
and its mRNA level is upregulated in MCT4‑L929 cell lines 
(Fig. 3D). Therefore, it was speculated that the PI3K pathway 
may be the key pathway downstream of IGF1/IGF1R. PIK3R3 
is reported to be involved in the migration and invasion of 
various cancers, including glioma (54), oral carcinoma (55) 
and melanoma (56). AKT is commonly reported as a down‑
stream mediator of PI3K (57). However, the RNA‑seq analysis 
revealed that Akt was not a DEG while Sgk1 was differentially 
expressed between the MCT4‑L929 and control‑L929 cell lines. 
SGK1 is a member of the cAMP‑dependent, cGMP‑dependent 
and protein kinase C family of serine/threonine kinases, which 
shares a large homologous sequence and kinase function with 
the AKT family. Additionally, SGK1 is a downstream effector 

of PI3K that acts in parallel to AKT (57) and is upregulated 
in most cancers (58). SGK1 overexpression has been reported 
to promote cell migration and invasion in various cancers, 
including colorectal cancer (59), lung adenocarcinoma (60) 
and prostate cancer (61).

The transcription of several effector genes downstream of 
IGF1/IGF1R signaling was quantified using RT‑qPCR (Fig. 3D). 
The Pik3r3 and Sgk1 mRNA levels in MCT4‑L929 cells were 
higher than those in control‑L929 cells. However, the mRNA 
levels of Akt1, Akt2 and Akt3 were not significantly different 
between the MCT4‑L929 and control‑L929 cells. These find‑
ings are consistent with the RNA‑seq data. The protein levels 
of IGF1, IGF1R, PIK3R3, SGK1, AKT1/2/3 and their phos‑
phorylation levels, with the exception of IGF1 phosphorylation, 
were analyzed using WB. The protein levels of IGF1, IGF1R, 
p‑IGF1R, PIK3R3, p‑PIK3R3, SGK1 and p‑SGK1 in the 
MCT4‑L929 cells were higher than those in the control‑L929 
cell lines (Fig. 3E and F). As the expression levels of both total 
and phosphorylated levels of IGF1R, PIK3R3, and SGK1 were 
increased in MCT4‑L929 cells compared with control‑L929 
cells, the ratios of phosphorylated to total proteins did not show 
a significant difference between MCT4‑L929 and Control‑L929 
cells (Fig. 3G). Therefore, it was speculated that the overexpres‑
sion of MCT4 may promote the migration of L929 cells via 
activation of the IGF1/IGF1R/PIK3R3/SGK1 pathway. 

IGF1 promotes the migration of control‑L929 cells. 
Control‑L929 cell lines (C5, H9, and 2H6) were treated with 
mIGF1 to simulate the effect of MCT4 overexpression. The 
migration rate of the control‑L929 cells treated with 500 pg/ml 
mIGF1 was significantly upregulated and similar to that of 
MCT4‑L929 cells (Fig. 4A and B). Analysis using the CCK‑8 
kit revealed that the number of MCT4‑L929 and control‑L929 
cells was not significantly different (Fig. S1A). The expression 
and phosphorylation of proteins in the IGF1R/PIK3R3/SGK1 
axis were examined in control‑L929 cells treated with 
500 pg/ml mIGF1 for 1 h. As in Fig. 4C and D, the levels of 
IGF1R, p‑IGF1R, p‑PIK3R3 and p‑SGK1 in IGF1‑stimulated 
cells were comparable to those in MCT4‑L929 cells. 
Phosphorylated/total protein ratios were shown in Fig. 4E. In 
the blank group, the ratio of phosphorylated protein to total 
protein showed no significant difference between MCT4‑L929 
and control‑L929 cells as the expressions of both total and 
phosphorylated proteins of IGF1R, PIK3R3, and SGK1 were 
increased in MCT4‑L929 cells compared with control‑L929 
cells (Fig. 4E). In the mIGF1 group, the ratio of phosphory‑
lated IGF1R and PIK3R3 to their corresponding total proteins 
showed no significant difference between MCT4‑L929 and 
control‑L929 cells, but the ratio of phosphorylated SGK1 to 
total protein in MCT4‑L929 cells was significantly lower than 
that in control‑L929 cells, which could be attributed to the 
notable changes in SGK1 and p‑SGK1.

Conversely, the expression of IGF1 was knocked down in 
the MCT4‑L929 cell line 4D11 using a lentivirus system. The 
migration‑promoting effect of MCT4 in the L929 cells was 
mitigated to varying degrees according to the degree of IGF1 
knockdown (Fig. S2). The knockdown of IGF1 expression in 
the MCT4‑L929 (4D11) cells by IGF1 sh1‑3 was evaluated. 
The results indicated that IGF1 sh‑2 and particularly IGF1 
sh‑3 decreased the expression level of IGF1. The migration rate 
of the MCT4‑L929 cells (4D11) treated with IGF1 sh‑2 was 
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Figure 3. MCT4 activates the IGF1/IGF1R/PIK3R3/SGK1 axis. (A) WB analysis of MCT4 and IGF1 levels in control‑L929 and MCT4‑L929 cell lines using 
β‑actin as a loading control and (B) semi‑quantification of the WB results. The expression of IGF1 was normalized to that of β‑actin. (C) IGF1 concentration 
in the supernatant of MCT4‑L929 and control‑L929 cell lines as quantified using an enzyme‑linked immunosorbent assay. (D) The mRNA levels of selected 
genes in the IGF1/IGF1R pathway in MCT4‑L929 and control‑L929 cells as quantified using reverse transcription‑quantitative PCR. Transcription levels in 
MCT4‑L929 cells were normalized to those in control‑L929 cells. (E) WB analysis of IGF1, IGF1R, PIK3R3, AKT1/2/3 and SGK1 expression levels and the 
phosphorylation of IGF1R, PIK3R3, AKT1/2/3 and SGK1 and (F) semi‑quantification of the WB results. (G) Phosphorylated/total protein ratio. The expression 
levels in MCT4‑L929 cells were normalized to those in control‑L929 cells. The means of the data from three cell lines in each group are shown, and each error 
bar represents one standard deviation. Differences between groups were analyzed using two‑tailed unpaired t‑tests. *P<0.05, **P<0.01 and ***P<0.001. ns, not 
significant; MCT4, monocarboxylate transporter 4; IGF1, insulin‑like growth factor 1; IGF1R, IGF1 receptor; PIK3R3, phosphoinositide 3‑kinase regulatory 
subunit 3; SGK1, serum/glucocorticoid regulated kinase 1; WB, western blotting; p‑, phosphorylated.
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Figure 4. IGF1 promotes the migration of control‑L929 cells. (A) Representative wound healing images of the control‑L929 and MCT4‑L929 cells treated with 
or without SF and mIGF1 and (B) quantified wound healing results. (C) Western blot analysis of the expression levels of IGF1, IGF1R, PIK3R3 and SGK1 and 
the phosphorylated forms of IGF1R, PIK3R3 and SGK1 in control‑L929 and MCT4‑L929 cells supplemented with or without SF and mIGF1 using β‑actin as 
a loading control and (D) semi‑quantification of the results. The expression level of target genes in MCT4‑L929 cells was normalized to that in control‑L929 
cells. (E) Phosphorylated/total protein ratio. The means of the data from three cell lines in each group are shown, and each error bar represents one standard 
deviation. Differences between groups were analyzed using two‑tailed unpaired t‑tests. *P<0.05, **P<0.01 and ***P<0.001. ns, not significant; IGF1, insulin‑like 
growth factor 1; MCT4, monocarboxylate transporter 4; SF, serum‑free starvation overnight before mIGF1 treatment; mIGF1, mouse IGF1; IGF1R, IGF1 
receptor; PIK3R3, phosphoinositide 3‑kinase regulatory subunit 3; SGK1, serum/glucocorticoid regulated kinase 1; p‑, phosphorylated.
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downregulated and was significantly downregulated by IGF1 
sh‑3 to a level similar to that of control‑L929 cells (2H6). CCK‑8 
assay indicated that viability of L929 cells was not significantly 
affected by the knockdown of IGF1 (Fig. S2B). The phenotypes 
of the IGF1‑supplemented control‑L929 cells and IGF1 knock‑
down MCT4‑L929 cells indicate the critical role of IGF1 in the 
regulation of L929 cell migration, suggesting that MCT4 may 
exert its cell migration‑promoting function via IGF1.

Inhibition of IGF1R or SGK1 mitigates the migration‑ 
promoting effect of MCT4. To further examine whether MCT4 
exerts its function through the IGF1/IGF1R pathway, the 
IGF1R inhibitor PPP and SGK1 inhibitor GSK650394 were 
used to block the functions of MCT4. The migration rate of 
MCT4‑L929 cells treated with 300 nM PPP was significantly 
downregulated to a level similar to that of control‑L929 cells 
(Fig. 5A and B). CCK‑8 analysis revealed that the number 
of MCT4‑L929 and control‑L929 cells was not significantly 
different (Fig. S1B). WB analysis revealed that the phosphory‑
lation of IGF1R was significantly inhibited in the MCT4‑L929 
cells upon PPP treatment (Fig. 5C and D). In the blank group, 
the ratio of phosphorylated protein to total protein showed no 
significant difference between MCT4‑L929 and control‑L929 
cells as the expressions of both total and phosphorylated 
proteins of IGF1R were increased in MCT4‑L929 cells 
compared with control‑L929 cells. In the PPP group, the ratio of 
phosphorylated IGF1R protein to total protein in MCT4‑L929 
cells was significantly lower than that in control‑L929 cells, 
which could be attributed to the notable changes in IGF1R and 
p‑IGF1R.SGK1 functions as an essential AKT‑independent 
mediator of the PI3K/mTOR signaling pathway in cancer (62). 
The investigation of SGK1 in the present study is particularly 
important as the relationship between the PI3K‑SGK1 pathway 
and cancer metastasis has rarely been reported. To the best of 
our knowledge, the only previous study that has examined this 
correlation demonstrated that dexamethasone enhances breast 
cancer lung metastasis through the PI3K‑SGK1‑connective 
tissue growth factor pathway (63). The migration rate of 
MCT4‑L929 cells treated with 5 µM GSK650394 was signifi‑
cantly reduced to a level similar to that of the control‑L929 
cells (Fig. 6A and B). CCK‑8 analysis revealed that the number 
of MCT4‑L929 and control‑L929 cells was not significantly 
different (Fig. S1C). The phosphorylation of SGK1 in the 
MCT4‑L929 cells was significantly downregulated after 
GSK650394 treatment, whereas the expression of SGK1 was 
unaffected (Fig. 6C and D). In the blank group, the ratio of 
phosphorylated protein to total protein showed no significant 
difference between MCT4‑L929 and control‑L929 cells as 
the expressions of both total and phosphorylated proteins of 
SGK1 were increased in MCT4‑L929 cells compared with 
control‑L929 cells. In the GSK650394 group, the ratio of 
phosphorylated SGK1 to their corresponding total proteins 
also showed no significant difference between MCT4‑L929 
and control‑L929 cells.

Discussion

In the present study, MCT4‑overexpressing L929 cells were 
used to investigate the potential pathways and mechanisms 
through which MCT4 promotes cell migration. The results 

revealed that MCT4 overexpression increases the transcript and 
protein levels of IGF1, the mechanism of which is unknown. 
The expression of IGF1 activates PIK3R3 and SGK1, which 
promote the migration of L929 cells. Therefore, it is suggested 
that one possible pathway through which MCT4 exerts its 
function is the IGF1/IGF1R/PIK3R3/SGK1 axis (Fig. 7). 

Previous studies have demonstrated that silencing MCT4 in 
certain tumor cells can reduce the migration and invasion of the 
cells, but the mechanism by which MCT4 promotes migration 
is inconsistent in different tumor cell models (16,21,64,65). For 
instance, MCT4 is reported to promote tumor cell invasion and 
migration through the integrin β4‑SRC‑FAK and MEK‑ERK 
pathways in oral squamous cell carcinoma (16). By contrast, 
MCT4 has been suggested to facilitate the metastasis of renal 
cancer cells through integrin β1 (64), while MCT4 has been 
demonstrated to promote hepatocellular migration via upregu‑
lation of the trafficking protein particle complex subunit 5 
(TRAPPC5) gene (65). Furthermore, MCT4 has been shown 
to promote the invasion of prostate cancer cells via the regula‑
tion of invasion‑associated genes, including VEGF, CD147, 
MMP2 and MMP9 (21). These findings are from studies in 
which MCT4 was silenced in one type of tumor cell, and the 
mechanism by which MCT4 promotes migration varies among 
the different tumor cell models. Silencing may sometimes 
be transient or incomplete; however, in our previous study, 
MCT4‑L929 cell lines were generated by stable transfection 
and it was demonstrated that MCT4 promotes the migration 
and invasion of non‑cancerous L929 cells (24). Therefore, it 
is suggested that the upregulated expression of MCT4 may 
promote the carcinogenesis of L929 cells. In the present study, 
the possible mechanism by which MCT4 promotes the migra‑
tion of L929 cells was investigated. In contrast to previous 
studies, the possible mechanism was studied via the over‑
expression of MCT4 rather than by silencing MCT4, which 
provides some new information on the promotion of tumor cell 
the migration and carcinogenesis by MCT4.

The present study systematically analyzed the transcrip‑
tome of three MCT4‑L929 cell lines and compared it with that 
of three control‑L929 cell lines. Based on subsequent validation 
studies, it is proposed that MCT4 may promote migration by 
upregulating the expression of IGF1. Generally, IGF1 activates 
its downstream pathway via the phosphorylation of IGF1R. 
In the present study, the results indicated that an increase in 
the expression of IGF1 may activate the downstream pathway 
by increasing the expression and phosphorylation of IGF1R. 
It has previously been shown that under hypoxic conditions, 
the expression level of IGF1 is significantly upregulated in 
pancreatic fibroblast cells and that of IGF1R is upregulated 
in pancreatic cancer cells under the same cancer microen‑
vironment, indicating a possible association between IGF1 
and IGF1R expression (50). Although previous studies have 
reported that IGF1 or MCT4 promote tumor cell migration, 
the role of IGF1 in MCT4‑mediated cell migration has not 
been reported. It has been shown that IGF1 promotes cell inva‑
sion and proliferation via activation of the IGF1/PI3K/AKT1 
pathway (66) and can activate the PI3K/SGK1 pathway in 
cells (67). The role of SGK1 in MCT4‑mediated cell migra‑
tion has not been reported. To the best of our knowledge, the 
present study is the first to report that MCT4 overexpression 
promotes cell migration by upregulating the expression of 
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IGF1 and activating the IGF1/IGF1R/PIK3R3/SGK1 axis. 
The findings of the present study may provide useful insights 
into the mechanism underlying MCT4‑mediated cell migra‑
tion and provide new ideas for the mechanistic investigation of 
MCT4‑promoted tumor cell metastasis. The findings may also 
generate new perspectives on MCT4‑mediated carcinogenesis, 
as promotion of the expression of IGF1 by MCT4 may mediate 
cell carcinogenesis. It is hypothesized that MCT4 may play 

an important role in the early stages of cancer progression, in 
cells that are not already cancerous.

In the present study, the IGF1/IGF1R/PIK3R3/SGK1 axis 
was identified as a plausible pathway through which MCT4 
promotes cell migration. This conclusion was achieved 
through the study of a panel of MCT4‑overexpressing cell 
lines compared with control cell lines. Recently, a potent 
MCT4‑specific inhibitor, MSC‑4381, has been reported that 

Figure 5. Inhibition of IGF1R mitigates the migration‑promoting effect of MCT4. (A) Representative wound healing images of the control‑L929 and 
MCT4‑L929 cells treated with or without PPP and SF and (B) quantified wound healing results. (C) Western blotting analysis of IGF1R expression and 
phosphorylation in control‑L929 and MCT4‑L929 cells treated with or without SF and PPP using β‑actin as a loading control and (D) semi‑quantification and 
phosphorylated/total protein ratio. The protein levels in MCT4‑L929 cells were normalized to those in control‑L929 cells. The means of the data from three 
cell lines in each group are shown, and each error bar represents one standard deviation. Differences between groups were analyzed using two‑tailed unpaired 
t‑tests. *P<0.05 and **P<0.01. ns, not significant; IGF1R, insulin‑like growth factor 1 receptor; MCT4, monocarboxylate transporter 4; PPP, picropodophyllin; 
SF, serum‑free starvation overnight before PPP treatment; p‑, phosphorylated.
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effectively suppresses the efflux of lactate and decreases cell 
viability in cells with high MCT4 expression (68). It would be 
worthwhile to investigate if MSC‑4381 is able to eradicate the 
function of MCT4 in activating the IGF1/IGF1R/PIK3R3/SGK1 
axis. This investigation will be undertaken in future studies. 

The lack of in vivo validation is one of the limitations of 
the present study. In previous studies, the knockdown of MCT4 

expression has been shown to decrease the migration and inva‑
sion of lung cancer, oral squamous, hepatocellular carcinoma, 
pancreatic ductal adenocarcinoma, prostate cancer, glioma, 
bladder cancer and breast cancer cells (13,16‑19,21‑23). However, 
to date, there are only two relevant studies on the in vivo 
testing of MCT4 knockdown tumor cell lines. In one study, the 
knockout of MCT4 in the 5637 human bladder cancer cell line 

Figure 6. Inhibition of SGK1 mitigates the migration‑promoting effect of MCT4. (A) Representative wound healing images of the control‑L929 and 
MCT4‑L929 cells treated with or without GSK650394 and (B) quantification of the wound healing results. (C) Western blotting analysis of SGK1 expression 
and phosphorylation in control‑L929 and MCT4‑L929 cells treated with or without SF and GSK650394 using β‑actin was used as a loading control and 
(D) semi‑quantification and phosphorylated/total protein ratio. The protein levels in MCT4‑L929 cells were normalized to those in control‑L929 cells. The 
means of the data from three cell lines in each group are shown, and each error bar represents one standard deviation. Differences between groups were 
analyzed using two‑tailed unpaired t‑tests. *P<0.05 and **P<0.01. ns, not significant; SGK1; serum/glucocorticoid regulated kinase 1; MCT4, monocarboxylate 
transporter 4; SF, serum‑free starvation overnight before GSK650394 treatment; p‑, phosphorylated.
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resulted in a significant reduction in the tumorigenic ability of 
the cells in nude mice (17). In the other, TRAPPC5 expression 
was significantly downregulated following the knockdown of 
MCT4 in HCCLM3 highly metastatic liver cancer cells, and 
the knockdown of TRAPPC5 in HCCLM3 cells resulted in a 
significant reduction in the tumorigenicity of HCCLM3 cells 
in nude mice (65). Indeed, in a follow‑up to the present study, 
it is planned to investigate the effect of IGF1 overexpression 
on the migration of MCT4‑L929 cells in vivo. At present, a 
MCT4 knockout mouse model has been established which will 
be used to compare the migration capability of spontaneous 
tumors in knockout and wild‑type mice. The in vivo results 
will be reported upon completion of the experiments.

IGF1 has been reported to promote cell proliferation and 
metastasis, and IGF1 exerts its function through activation of 
the PI3K/AKT or STAT3 pathways (44,45,66,69). However, 
in the present study, it was discovered that although MCT4 
upregulates IGF1, the higher IGF1 expression did not increase 
the proliferation of the L929 cells. In addition, the mRNA 
levels of Akt1, Akt2 and Akt3 did not show any significant 
differences between the MCT4‑L929 and control‑L929 
cells, which aligns with the results obtained from RNA‑seq 
analysis. Furthermore, the protein levels of AKT1, AKT2 and 
AKT3, as well as their phosphorylation levels, exhibited no 
discernible variation between the cell lines. The discrepancy 
between the present observations and those of previous reports 
may originate from the difference in IGF1 concentration. The 
concentration of IGF1 reported to promote cell prolifera‑
tion is generally in the range of 10‑100 ng/ml (44,45,66,69). 
However, in the present study, the concentration of IGF1 in the 

MCT4‑L929 medium was only 150‑250 pg/ml higher than that 
in the control‑L929 medium, which is markedly lower than 
that required to accelerate proliferation.

The mechanism through which MCT4 increases the 
expression of IGF1 is unknown. However, there have been 
some interesting reports that may be relevant. It has been 
demonstrated that under hypoxic conditions, E74 like ETS 
transcription factor 3 (also known as epithelium‑specific ETS 
transcription factor 1 and epithelial‑restricted with serine box) 
promotes tumor angiogenesis via the upregulation of IGF1 
expression and secretion and consequently improves endo‑
thelial cell proliferation and migration (70). In addition, it has 
been shown that IGF1 promotes the stability and expression 
of HIF1A (71), and TGF‑β1 upregulates MCT4 expression via 
HIF1A under hypoxic conditions (72). Therefore, the mecha‑
nism by which MCT4 increases the expression of IGF1 is of 
academic interest and will be investigated in future studies. 
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