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Abstract. Acidosis is a hallmark of the tumor microenviron‑
ment caused by the metabolic switch from glucose oxidative 
phosphorylation to glycolysis. It has been associated with tumor 
growth and progression; however, the precise mechanism 
governing how acidosis promotes metastatic dissemination 
has yet to be elucidated. In the present study, a long‑term 
acidosis model was established using patient‑derived lung 
cancer cells, to identify critical components of metastatic 
colonization via transcriptome profiling combined with both 
in vitro and in vivo functional assays, and association analysis 
using clinical samples. Xenograft inoculates of 1 or 10 acidotic 
cells mimicking circulating tumor cell clusters were shown 
to exhibit increased tumor incidence compared with their 
physiological pH counterparts. Transcriptomics revealed 
that profound remodeling of the extracellular matrix (ECM) 
occurred in the acidotic cells, including upregulation of the 
integrin subunit α‑4 (ITGA4) gene. In clinical lung cancer, 
ITGA4 expression was found to be upregulated in primary 
tumors with metastatic capability, and this trait was retained 
in the corresponding secondary tumors. Expression of ITGA4 
was markedly upregulated around the vasculogenic mimicry 
structures of the acidotic tumors, while acidotic cells exhibited 
a higher ability of vasculogenic mimicry in vitro. Acidosis 
was also found to induce the enrichment of side population 

cells, suggesting an enhanced resistance to noxious attacks 
of the tumor microenvironment. Taken together, these results 
demonstrated that acidosis actively contributed to tumor meta‑
static colonization, and novel mechanistic insights into the 
therapeutic management and prognosis of lung cancer were 
discussed.

Introduction

As tumor cells opt for the ‘Warburg effect’ phenotype to 
fuel cellular expansion via aerobic glycolysis (1), lactic acid 
and CO2 are subsequently produced with a concomitant 
accumulation of H+, culminating in a measurable drop in 
the tumor extracellular pH (2). This increase in acidity of 
the tumor microenvironment, also termed acidosis, has been 
described in several cancer types, including lung cancer (3), 
breast cancer  (4,5), head and neck cancer  (6), cervical 
cancer (7) and sarcoma (8), and has been demonstrated to 
be associated with advanced tumor aggressiveness (9,10). 
Notably, in a study comparing clinical samples from 
various cancer types, metastatic lung tumors were demon‑
strated to display the highest degree of acidosis, with a 
7.2‑fold increase in lactate concentration compared with 
non‑metastatic lung tumor specimen (11), while metastatic 
head and neck tumors exhibit the second largest increase 
in lactate concentration (a 2.6‑fold increase) (6). Several 
studies have also associated differing degrees of acidosis 
with cellular changes in metabolism, stemness proper‑
ties and immune evasion ability  (12‑17), suggesting that 
acidosis may actively participate in cancer progression. 
Furthermore, blocking proton transport has been linked 
to improved clinical outcomes in breast cancer, suggesting 
that acidosis may also serve as a putative druggable target 
in therapeutic interventions (18‑20). However, despite the 
supporting evidence that has been collected in this regard, 
whether acidosis serves an active role in cancer, or is merely 
a consequence of altered tumor metabolism, remains to be 
confirmed experimentally.

For metastasis to successfully occur, tumor cells need 
to overcome multiple challenges prior to the final establish‑
ment as a new tumor colony. Once primary tumor cells have 
overcome the physical constraints set by the surrounding 

Acidosis promotes the metastatic colonization of lung cancer via 
remodeling of the extracellular matrix and vasculogenic mimicry

WAN‑YI SHIE1,  PIN‑HSUAN CHU1,  MARK YEN‑PING KUO2,3,  HUEI‑WEN CHEN4,  
MENG‑TIE LIN1,  XUAN‑JIE SU1,  YI‑LING HONG1  and  HAN‑YI ELIZABETH CHOU1,3,5

1Graduate Institute of Oral Biology; 2Department of Dentistry, College of Medicine, National Taiwan University;  
3Department of Dentistry, National Taiwan University Hospital; 4Graduate Institute of Toxicology, College of Medicine, 

National Taiwan University, Taipei 100; 5Center for Biotechnology, National Taiwan University, Taipei 106, Taiwan, R.O.C.

Received November 23, 2022;  Accepted July 12, 2023

DOI: 10.3892/ijo.2023.5584

Correspondence to: Dr Han‑Yi Elizabeth Chou, Graduate Institute 
of Oral Biology, National Taiwan University, 1 Changde Street, 
Taipei 100, Taiwan, R.O.C.
E‑mail: hyechou@ntu.edu.tw

Abbreviations: ECM, extracellular matrix, CTCs, circulating 
tumor cells; ITGA4, integrin subunit α‑4; GO, Gene Ontology; PPI, 
protein‑protein interaction; KEGG, Kyoto Encyclopedia of Genes 
and Genomes; PAS, periodic acid‑Schiff; BP, biological process; 
CC, cellular component; MF, molecular function

Key words: acidosis, metastasis, colonization, ECM, vasculogenic 
mimicry



SHIE et al:  CONTRIBUTION OF ACIDOSIS IN LUNG CANCER METASTATIC COLONIZATION2

tissues to gain access into the vascular systems, these cells 
are confronted with harsh threats, including immune surveil‑
lance and the tangential shear force exerted by the blood flow 
on the surface of the circulating tumor cells (CTCs) (21‑23). 
After extravasation, rapid acquisition of nutrients is required 
to support the growth of the new colony. The variety of these 
challenges highlights that tumor cells need to acquire multiple 
characteristics to survive as a metastatic colony in the new 
environment. Several animal models have been successfully 
employed to address different aspects of metastasis, including 
spontaneous metastasis, heterotopic transplantation and 
genetic engineering metastasis models (24). Although these 
models have provided important insights over time, one poten‑
tial disadvantage is that they may highlight certain specific 
components of the metastatic process, while underrepresenting 
changes involved in other steps of metastasis. For instance, 
the knowledge of critical events involved in the mechanism 
through which founder CTCs establish a new colony, with its 
subsequent development, remains poor due to the lack of a 
suitable study model.

In a set of experiments using the dorsal window chamber 
model, Estrella  et  al  (25) observed that acidic pH in the 
tumor environment promotes local invasion of breast cancer. 
Nevertheless, to the best of our knowledge, the mechanism(s) 
via which acidosis participates in metastatic colonization after 
extravasation and contributes to secondary tumor establish‑
ment remain largely unknown. Therefore, the present study 
used a novel metastatic colonization model, clinical samples 
and complementary in vitro assays to elucidate the role of 
long‑term acidosis in lung cancer metastasis.

Materials and methods

Cell lines and long‑term acidosis. Human CLS1 cells were 
isolated from an 87‑year‑old male patient with lung adeno‑
squamous carcinoma who provided written informed consent, 
according to the protocol NTUH‑IRB201103028RC approved 
by National Taiwan University Hospital Research Ethics 
Committee (Taipei, Taiwan) (26). These cells were cultured in 
RPMI‑1640 medium supplemented with 10% FBS and 1 mM 
sodium pyruvate (all from Thermo Fisher Scientific, Inc.) at 
37˚C with 5% CO2 in a humidified incubator. For the establish‑
ment of pH 6.6 and pH 7.4 subclones by long‑term acidosis 
treatment, cells were cultured in media adjusted to pH 6.6 
as described previously (27) for 2 months, while the control 
pH 7.4 subclone cells were cultured in pH 7.4 media. Mother 
stocks of the acidotic and control cells were prepared upon 
reaching the 48th passage. All experiments were performed 
using cells at passage 50. In experiments assessing short‑term 
acid treatment, the cells were cultured in the corresponding 
pH media for 24 h.

Time‑lapse microscopy. pH 7.4 or pH 6.6 cells were seeded in 
6‑well plates at a density of 2,000 cells/well, and live images 
were captured every 40 min over a period of 96 h using an 
inverted phase‑contrast light microscopy equipped with the 
ASTEC‑real time cell monitoring system (Astec Co., Ltd.). 
Cell doubling times were analyzed by visual inspection of 
the serial images and calculated as the time between two 
completed cytokinesis events.

Trypan blue exclusion assay. pH  7.4 or pH  6.6 cells 
(20,000 cells/well) were seeded in 6‑well plates as triplicates, 
and cultured for 0, 24, 48, 72 or 96 h at 37˚C before harvesting. 
Cells were stained with trypan blue (Thermo Fisher Scientific, 
Inc.) for 30 sec at room temperature to exclude non‑viable 
cells, and counted using a Bright‑Line™ hemocytometer 
(Reichert, Inc.) under a DMi1 inverted light microscope 
(Leica Camera AG).

MTT assay. To analyze the cellular mitochondrial metabolic 
rate, pH 7.4 or pH 6.6 cells (1,000 cells/well) were seeded 
in 96‑well plates and cultured for 24, 48, 72 or 96 h at 37˚C, 
before incubation with 20 µl 5 mg/ml MTT (Merck KGaA) 
diluted in 180 µl complete medium (RPMI‑1640 medium 
with 10% FBS and 1 mM sodium pyruvate) for 2 h. MTT 
was subsequently removed, and 100 µl/well DMSO (Bionovas 
Biotechnology Co., Ltd.) was added and cells were incubated 
for 15 min. Optical absorbance was measured at 570 nm using 
an Elx800 reader (BioTek Instruments, Inc.).

Metastatic colonization model. All animal protocols were 
reviewed and approved by the National Taiwan University 
College of Medicine Institutional Animal Care and Use 
Committee (approval no. 20170550; Taipei, Taiwan). A total 
of 60 female nude mice (BALB/cAnN.Cg‑Foxn1nu/CrlNarl 
mice; age, 4  weeks; mean weight, 14.71±1.21  g) were 
purchased from National Applied Research Laboratories, 
National Laboratory Animal Center (Taipei, Taiwan), and 
kept at 22±2˚C and 55±10% humidity with a 12/12‑h light/dark 
cycle, with free access to food and water. In experiment #1, 8 
mice were implanted subcutaneously with 10‑cell inoculates 
of pH 6.6 or pH 7.4 cells to simulate metastatic colonization 
at opposite flanks, while the same procedure was performed 
with 1‑cell inoculates in another 8 mice. In experiment #2, 18 
nude mice were implanted subcutaneously with 10 pH 6.6 or 
pH 7.4 cells at opposite lower flanks, while 1 pH 6.6 or pH 7.4 
cell was implanted at opposite upper flanks of the same 
recipient mouse. In experiment #3, the same procedure as in 
experiment #2 was performed using 26 nude mice. Briefly, 
pH 6.6 or pH 7.4 cells at passage 50 were resuspended in 
complete culture medium, before accurately selecting either 
10 or 1 cells under a Zeiss Axio Observer D1 inverted fluo‑
rescence microscope (Zeiss AG) and packing these together 
by natural gravity in 5 µl Growth Factor Reduced, Phenol 
Red‑Free Matrigel™ (Corning, Inc.; final concentration, 
50%) for subcutaneous injection into the 5‑week‑old nude 
mice using 4% isoflurane for induction and 2% isoflurane for 
maintenance of anesthesia. Body weight was recorded every 
other day starting from the time when a palpable tumor could 
be detected (18 to 20 days post‑implantation; Fig. S1). Tumor 
volume was measured every other day using a caliper and 
calculated as 1/2 (length x width2), where length refers to the 
longest dimension and width refers to the smallest dimension 
perpendicular to the length. Intolerable distress caused to 
the animals, such as continued declining weight loss ≥20% 
for up to 2  days, or a xenograft tumor volume reaching 
2,000 mm3, were set as the humane endpoints of the present 
study. Mice were euthanized at week 6 post‑implantation 
in a CO2 chamber for 5 min (CO2 flow set to 30% chamber 
volume displacement per min). The mice were observed for 
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an additional 5 min to determine death as judged by stopped 
breathing, heart arrest and loss of blink reflex. Dissection 
was performed to thoroughly inspect any subcutaneous 
tumors that may have developed. The tumors were extracted, 
and their volumes were recorded. No further metastasis was 
observed. The tumor burden observed was: maximum tumor 
diameter, 9.44 mm; maximum sum of diameter, 16.84 mm; 
and maximum tumor volume, 308.225 mm3. The samples 
were fixed in 4% paraformaldehyde at room temperature 
for 24 h, followed by histological analyses. Notably, mouse 
no. 18 of experiment 2 was euthanized at day 35 post‑tumor 
inoculation after observation of clinical signs including dull‑
ness, lethargy and failure to respond to stimuli as suggested 
by the ethical guidelines of the National Taiwan University 
College of Medicine Institutional Animal Care and Use 
Committee (Taipei, Taiwan).

Transcriptome sequencing and analyses. For long‑term 
acidosis treatment, two independent transcriptome analysis 
experiments with two biological replicates each were 
performed for both pH 6.6 and pH 7.4 cells. CLS1 cells treated 
with either 0‑h (short term, pH 7.4) or 24‑h acidosis (short term, 
pH 6.6) served as short‑term treatment references. Total RNA 
was extracted using TRIzol® reagent (cat. no. 26073; Thermo 
Fisher Scientific, Inc.) and an RNeasy Mini Kit (cat. no. 74106; 
Qiagen, Inc.). Only samples with an integrity number >9.0 
were used to construct the sequencing libraries using the 
TruSeq Stranded mRNA Library Prep Kit (cat. no. 20020595; 
Illumina, Inc.). Briefly, mRNA purification was performed 
using oligo(dT)‑coupled magnetic beads. Double‑stranded 
cDNAs were synthesized using the SuperScript™ II Reverse 
Transcriptase kit (cat. no. 18064‑014; Thermo Fisher Scientific, 
Inc.) and random primers. The reverse transcription temperature 
protocol was 10 min at 25˚C, 15 min at 42˚C and 15 min at 70˚C, 
then holding at 4˚C. The quality of the libraries was assessed 
on the Agilent Bioanalyzer 2100 system and a Real‑Time PCR 
system (Agilent Technologies, Inc.). The loading concentration 
of the final libraries was 290 pM as measured by the Qubit 
2.0 Fluorometer Q32866 (Thermo Fisher Scientific, Inc.). 
Sequencing was performed using an Illumina™ NovaSeq 
6000 System (Illumina, Inc.) with the NovaSeq 6000 S1 
Reagent Kit (300 cycles; cat. no. 20012863; Illumina, Inc.) at 
a depth of ~40 million reads per sample of 150‑bp paired‑end 
reads. Bases with low quality and sequences from adapters in 
raw data were removed using the program FASTQ (version 
0.20.0) (28). The filtered reads were mapped with Bowtie 2 
(https://bowtie‑bio.sourceforge.net/bowtie2/index.shtml) and 
aligned to the human reference genome hg19 as it provided 
the most comprehensive annotation available at the time 
of analysis. The software FeatureCounts v2.0.1 (29) in the 
Subread package v2.0.1 (https://subread.sourceforge.net/) was 
applied for quantification of the gene abundance. Differentially 
expressed genes were identified by DESeq2 version 1.28.0 (30) 
for the samples with biological replicates or by EdgeR version 
3.36.0 (31) for the samples without biological replicates (0 and 
24 h acidosis samples). Significant differential expression of 
genes was defined as a posterior probability of being equally 
expressed (PPEE) <0.05 and log2 |posterior fold change|>1. 
Data were deposited in the National Center for Biotechnology 
Information Gene Expression Omnibus database (accession 

no. GSE200546; https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE200546).

Gene Ontology (GO), Kyoto Encyclopedia of Genes and 
Genomes (KEGG) and protein‑protein interaction (PPI) 
analyses. Cellular component (CC), molecular function (MF) 
and biological process (BP) functions were analyzed using the 
GO database (http://geneontology.org/) using Protein Analysis 
Through Evolutionary Relationships 15.0 (https://pantherdb.
org/) with a significance threshold of P<0.05 and false 
discovery rate <0.05. KEGG signaling pathway analyses 
were subsequently performed using KEGG Orthology‑Based 
Annotation System 3.0 (32) for the Homo sapiens reference 
list, with a significance threshold of P<0.05 and corrected 
P<0.05. PPI analyses were performed using the Search Tool 
for the Retrieval of Interacting Genes/Proteins (STRING) 
database version 10.5 (https://string‑db.org; >0.5 confidence 
score; species was limited to Homo sapiens).

Histological and immunohistochemistry staining. For H&E 
staining, xenograft samples were fixed in 4% paraformal‑
dehyde at room temperature for 24 h and then embedded in 
paraffin. Sections (4‑µm thick) were de‑paraffinized with 
xylene (Merck KGaA) for 5 min at room temperature and 
rehydrated with a gradient of 95, 85, 70 and 50% ethanol for 
5 min each at room temperature prior to a 2‑min incubation at 
room temperature with H&E Y solution (ScyTek Laboratories, 
Inc.). Images of all sections were captured using a Zeiss Axio 
Imager Z2 upright fluorescence microscope (Zeiss AG).

For immunohistochemistry staining, human lung 
cancer tissue microarray slides (LC10014a, LC10013c and 
LC814a; 10% formalin‑fixed for 24 h at room temperature, 
paraffin‑embedded; 5‑µm thick) were purchased from US 
Biomax, Inc.; TissueArray.Com LLC as approved by National 
Taiwan University Hospital Research Ethics Committee 
(approval no. 202201055RIND; Taipei, Taiwan). Xenograft 
samples including both paired and unpaired tumors were 
fixed in 4% paraformaldehyde for 24 h at room temperature, 
paraffin‑embedded and cut as sections of 4‑µm thick. All 
slides were de‑paraffinized with xylene (Merck KGaA) for 
5 min at room temperature and rehydrated with a gradient 
of 95, 85 and 70% ethanol for 5 min each at room tempera‑
ture. Antigen retrieval was performed in 10 mM citric acid 
buffer at 100˚C for 20 min followed by 3% H2O2 treatment 
for 20  min at room temperature. Blocking using Protein 
block (normal goat serum reagent as supplied by the manu‑
facturer; cat. no.  HK112‑9KE; BioGenex) was performed 
for 30 min at room temperature. The slides were incubated 
with anti‑human ITGA4 antibodies (cat no. 350695; dilution, 
1:500; United States Biological) for 2 h at room temperature 
and then washed with PBS buffer three times. The slides were 
incubated with HRP rabbit/mouse antibodies (undiluted; cat. 
no. K5007: Dako; Agilent Technologies, Inc.) for 1 h at room 
temperature. 3,3‑diaminobezidine chromogenic staining was 
used for detection prior to 5 sec hematoxylin counterstaining 
at room temperature. LC814a included 6 cases of small cell 
carcinoma and 17 cases each of squamous cell carcinoma 
and adenocarcinoma, as well as their matched lymph node 
metastases. LC10014a included 50 cases of adenocarcinoma, 
and LC10013c included 48 cases of adenocarcinoma with the 
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matched adjacent normal lung tissues (NATs) and 4 normal 
lung tissues. There were 13 overlapping cases among these 
three lung tissue arrays, which were annotated and analyzed 
only once to avoid repetition. Images of all sections were 
captured using a Zeiss Axio Imager Z2 upright fluorescence 
microscope (Zeiss AG) and analyzed using StrataQuest 
6.0.1.216 software (TissueGnostics GmbH) for at least three 
randomly selected fields.

Vasculogenic mimicry assay. In vitro vasculogenic mimicry 
assays were performed on 96‑well plates coated with 50 µl 
Growth Factor Reduced, Phenol Red‑Free Matrigel™ per 
well. pH 6.6 and pH 7.4 cells were seeded at a density of 
4x104 cells/well and cultured for 10 h. Images of the wells were 
captured using a Zeiss Axio Observer D1 inverted fluorescence 
microscope (Zeiss AG). Three independent experiments with 
three repeats each were performed. Three randomly selected 
images per sample were analyzed using Image J version 1.53k 
(National Institutes of Health) for vasculogenic mimicry 
structures. Five parameters were analyzed: Total tube length, 
number of branching points, number of loops, percentage of 
total loop area per well and number of tubes.

To  a na lyz e  i n   v i vo  va scu logen ic  m i m ic r y, 
paraffin‑embedded slides of xenograft samples (4% parafor‑
maldehyde‑fixed for 24 h at room temperature; 4‑µm thick) 
were de‑paraffinized with xylene (Merck KGaA) for 5 min 
at room temperature and rehydrated with a gradient of 95, 
85 and 70% ethanol for 5 min each at room temperature. 
The slides were treated with a periodic acid‑Schiff PAS‑1 
staining kit (ScyTek Laboratories, Inc.) according to the 
manufacturer's instructions. Slides were then processed 
as for immunohistochemical staining, including antigen 
retrieval, quenching, blocking, secondary antibody incuba‑
tion, washing, chromogen detection, and counterstaining as 
described for immunohistochemical staining. Slides were 
incubated with polyclonal rabbit anti‑human CD31 antibody 
(cat. no. ab28364; dilution, 1:500; Abcam) for 2 h at room 
temperature. Images of all sections were captured using a 
Zeiss Axio Imager Z2 upright fluorescence microscope (Zeiss 
AG). The angiogenic structures (CD31+/PAS+) were counted 
in four biologically paired whole tumors. Vasculogenic 
mimicry structures were defined by CD31‑/PAS+ staining 
accompanied by the presence of red blood cells in the lumen, 
and counted from at least five whole tumors of either pH 6.6 
and pH 7.4.

Side population analysis. pH 7.4 or pH 6.6 cells (1x106 cells/ml) 
were seeded 14 h before the experiment, then incubated in 
RPMI‑1640 medium containing 2% FBS (both from Thermo 
Fisher Scientific, Inc.) and 7.5 µg/ml Hoechst 33342, with 
either DMSO (Mock group) or the ATP‑binding cassette 
(ABC) transporter inhibitor reserpine (20  µM; Reserpine 
group) (all from Merck KGaA) for 2 h at 37˚C in the dark, then 
treated with 0.05% Trypsin‑EDTA for resuspension in sorting 
buffer containing 50  µg/ml propidium iodide (both from 
Thermo Fisher Scientific, Inc.) to exclude non‑viable cells. 
Cells were subsequently sorted by dual wavelength analysis 
(blue, 424‑444 nm; red, 675 nm) with an excitation wave‑
length of 350 nm using a BD FACS Aria II flow cytometer 
(Becton, Dickinson and Company). Data were analyzed using 

FCS Express 4 Plus (De Novo Software), and the fold‑change 
of ABC transporter‑dependent side population cells was 
calculated as [pH 6.6 (side population %Mock‑side population 
%Reserpine)]/[pH  7.4 (side population %Mock‑side population 
%Reserpine)].

Western blot analysis. Cell lysates were collected using 
a buffer containing 50  mM Tris/HCl (pH  8.0), 1% SDS, 
1% deoxycholate and 10  mM EDTA, supplemented with 
cOmplete™ Protease Inhibitor Cocktail (cat. no. 11836145001; 
Roche Diagnostics) and phosphatase inhibitor cocktail 3 (cat. 
no. P0044; Merck KGaA), and the lysates were centrifuged 
at 4˚C at 12,000 x g for 5 min. The protein concentration was 
determined using a BCA protein assay kit (Thermo Fisher 
Scientific, Inc.), and aliquots containing 20 µg total protein 
per lane were analyzed by 10% SDS‑PAGE and blotted onto 
a PVDF membrane (Pall Corporation). The membranes were 
blocked with TBS buffer containing 0.05% Tween‑20 and 5% 
skimmed milk for 30 min at room temperature. After a 2‑h 
incubation at room temperature with the primary antibodies, 
including rabbit anti α‑tubulin antibody (cat. no. GTX112141; 
dilution, 1:1,000; GeneTex, Inc.), rabbit anti‑Oct4 antibody 
(cat. no. SC9081; dilution, 1:500; Santa Cruz Biotechnology, 
Inc.) and rabbit anti‑mouse Nanog antibody (cat. 
no.  RCAB002P; dilution, 1:500; ReproCELL, Inc.). The 
membranes were washed with TBS buffer containing 0.1% 
Tween‑20 three times at room temperature before incubation 
with secondary antibodies (goat anti‑rabbit HRP antibody; 
cat. no. GTX213110; dilution, 1:5,000; GeneTex, Inc.), for 
1 h at room temperature. Bands were visualized using the 
ECL chemiluminescence method (WesternBright® ECL 
HRP substrate; Advansta, Inc.) with an LAS‑4000 lumi‑
nescent image analyzer (FUJIFILM Wako Pure Chemical 
Corporation).

Statistical analysis. Unless otherwise specified, all experi‑
ments were repeated independently at least three times. The 
mean values of the groups were compared, and the results 
are presented as the mean ± SD. GraphPad Prism 7 software 
(Dotmatics) and OriginPro 2023b software (OriginLab) 
were used for statistical analysis. Comparisons between 
different groups were analyzed by Student's unpaired t‑test. 
In paired tumors, the germination times, volume, density, 
the percentage of ITGA4+ cells and ITGA4+ stained areas, 
as well as the analysis of endothelial angiogenic and vascu‑
logenic mimicry structures, were analyzed by Student's 
paired t‑test. In the lung tissue microarray, the mean 
intensity of expression per ITGA4+ cells was analyzed for 
tumor different nodal statuses and stages using one‑way 
ANOVA with Tukey's multiple comparisons test. Two‑way 
mixed ANOVA with the Bonferroni multiple comparisons 
test was used to analyze the percentage of ITGA4+ cells in 
the normal group vs. (NAT group vs. lung cancer within 
the same patient group). Two‑way mixed ANOVA with the 
Bonferroni multiple comparisons test was used to analyze 
the mean intensity of expression per ITGA4+ cells in the 
no‑metastasis group vs. (metastatic primary tumors group 
vs. lymph node metastases within the same patients group). 
P<0.05 was considered to indicate a statistically significant 
difference.
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Results

Establishment of the long‑term acidosis cell model. Tumor 
acidosis develops over long periods of time, involving serial 
regulatory processes in the cancer cell that may lead to the 
acquisition of a stable phenotype (15). To accurately reflect 
this scenario, a long‑term acidosis cell model was established 
in the present study (Fig. 1A) using the CLS1 patient‑derived 
primary cells of lung adenosquamous carcinoma reported 
in our previous study (26). These cells were acclimated for 
2 months in culture media at pH 6.6 to emulate the cellular 
responses to acidosis relative to normal physiological culture 
conditions (pH 7.4)  (33,34). Using time‑lapse microscopy, 
both subclones acclimated at pH 6.6 and pH 7.4 were found 
to replicate synchronously without detectable abnormalities 
or differences in morphology (Fig. 1B), nor any significant 
differences in cell doubling time, population survival or 
metabolic rates (Fig.  1C‑E). Cell lines from other cancer 
types, such as SAS (Tohoku University, Sendai, Japan) and 
OECM1 (National Defense Medical Center, Taipei, Taiwan) 
of oral squamous cell carcinoma origin, also exhibited good 
adaptation to the of acidotic conditions, displaying discernible 
changes in population survival rates or growth dynamics (data 
not shown). These finding suggested that the lung cancer cells 
became well adapted to the long‑term acidosis regime, and 
subsequent analyses could be conducted with only minimal 
concern regarding discrepancies of growth dynamics.

Numerous studies have reported that an acidic microenviron‑
ment can trigger stemness‑like properties in tumor cells (35,36). 
Although western blotting indicated no significant change in the 
protein expression levels of either of the stemness‑associated 
transcription factors Oct4 and Nanog (Fig. 1F), the pH 6.6 
subclones displayed a 1.85‑fold increase in the proportion of 
reserpine‑sensitive side population cells relative to the pH 7.4 
subclones (Fig. 1G), suggesting a survival advantage of the 
pH 6.6 subclone associated with ABC transporter‑dependent 
clearance of noxious agents while growing in adverse environ‑
ments. Taken together, the present results indicated that lung 
cancer cells can adapt to long‑term acidosis, preserving regular 
cellular morphology and growth dynamics. Acidosis per se 
may not be sufficient to promote the stemness properties of 
lung cancer cells; however, with an increased proportion of side 
population cells, acidotic cancer cells may display a survival 
advantage in adverse environments. The two CLS1 subclones 
obtained were referred to as pH 6.6 cells and pH 7.4 cells, and 
they were subsequently used as the model to study the lung 
cancer cell response following long‑term acidosis.

Acidosis promotes metastatic incidence and growth. 
Overcoming the adverse environment for growth is a primor‑
dial task for CTCs to successfully establish as a new metastatic 
colony (22). To test whether the survival advantage of acidotic 
cells may lead to increased metastatic colony incidence, a novel 
experimental model that tightly controlled the exact number 
and physical conditions of the inoculated cells was designed, 
to enable a rigorous comparison of the colonizing ability of the 
pH 7.4 and pH 6.6 cells. Since CTCs found in the pulmonary 
veins of patients with non‑small cell lung cancer (NSCLC) are 
mostly clusters of ~10 cells (37), exactly 10 cells or one single 
cell from the pH 6.6 and pH 7.4 cells were selected under an 

inverted microscope, then packed together by natural gravity 
in 5 µl growth factor‑reduced Matrigel (Fig. 2A). These cells 
were implanted subcutaneously in opposite flanks of nude 
mice, which were sacrificed to inspect the tumor growth 
either on day 42 post‑inoculation or earlier if humane endpoint 
criteria had been reached. After performing three independent 
experiments, grown tumor masses were retrieved from 27 
mice (Fig. S2), while 33 mice did not develop tumors (Fig. S3). 
As shown in Fig. 2B, the cumulative tumor incidence of the 
10‑cell and 1‑cell inoculations of the pH 6.6 cells surpassed 
that of the pH 7.4 cells by 2.22‑ and 1.25‑fold, respectively. 
When comparing paired tumors grown on the same mouse, the 
germination time of the pH 6.6 tumors was faster (20±1.5 days 
vs. 25±9.4 days post‑inoculation for the pH 7.4 tumors), and their 
standard deviation was smaller, indicating a more coordinated 
pace compared with their pH 7.4 counterparts (Fig. 2C); they 
also exhibited a larger volume with a slightly higher density 
(Fig. 2D). Albeit without reaching statistical significance, the 
tumor incidence rate, germination time, volume and density 
all displayed consistent differences when comparing pH 6.6 
tumors with their pH 7.4 counterparts, collectively supporting 
a more robust establishment of the pH 6.6 cells as developing 
colonies. This also indicates that, despite the low number of 
cells inoculated, the metastatic colonization model was able to 
provide reliable information on the role of long‑term acidosis 
in promoting tumor germination and growth.

Acidosis results in reorganization of the ECM. The molecular 
events underlying the metastatic advantage of acidotic cells 
were subsequently investigated. RNA sequencing analysis 
was employed to profile the transcriptomes of both the pH 6.6 
and pH 7.4 cells (Gene Expression Omnibus series accession 
no. GSE200546; https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE200546) (38). A total of 1,735 differentially expressed 
genes (>2‑fold change; PPEE <0.05) were identified in two 
independent RNA sequencing experiments with two biological 
replicates each (Fig. S4). Of these genes, 142 showed consistent 
changes in all replicates (Fig. 3A), of which 44 genes were 
found to be upregulated and 98 genes were downregulated in 
pH 6.6 cells. Heatmap analysis of these 142 acidosis‑responsive 
genes highlighted the differential expression of numerous 
ECM‑related genes, including ITGA4, FBN1, FBN2, COL6A1, 
ITGB4 and VTN (Fig. 3B). In Table I, the 20 most upregulated 
and downregulated genes are listed. Furthermore, functional 
annotation of these 142 acidosis‑responsive genes using KEGG 
database analysis identified ‘ECM‑receptor interaction’ and ‘cell 
adhesion molecules’ as the most significantly overrepresented 
categories. Correspondingly, in the GO enrichment analysis of 
these acidosis‑responsive genes, the terms ‘cell adhesion’ and 
‘regulation of cell communication’ in the BP category, ‘plasma 
membrane’ and ‘extracellular region’ in the CC category, and 
‘extracellular matrix structural constituent’ in the MF category 
were the main terms identified (Fig. 3C). Finally, STRING 
analysis of the protein‑protein networks (>0.5 confidence score) 
revealed that these 142 acidosis‑responsive genes gravitated 
around processes involving ‘ECM organization’, ‘regulation 
of localization’ and ‘cellular response to chemical stimulus’ 
(Fig. 3D). Taken together, these results suggested that a coor‑
dinated and largescale reorganization of the ECM occurs upon 
long‑term acidosis of lung cancer cells.
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Increased ITGA4 protein expression in the acidotic metastases. 
To identify the direct participants of acidosis‑induced ECM 
organization that may offer targetability in terms of future ther‑
apeutic interventions, the acidosis‑responsive genes annotated 

to the two GO categories ‘extracellular region’ and ‘plasma 
membrane’, which were also included in the ‘ECM organiza‑
tion’ category in PPI analysis, were selected. Of the six targets 
identified, ITGA4 was found to be the most upregulated gene 

Figure 1. Establishment of long‑term acidosis lung cancer cell model. (A) Treatment scheme and analytical approach for long‑term acidosis in metastatic 
colonization. Patient‑derived CLS1 lung cancer cells were acclimated for 2 months in pH 7.4 or pH 6.6 media. Both in vitro and in vivo assays were validated 
by clinicopathological examination of NSCLC specimens. (B) Time lapse microscopy across 96 h to observe doubling dynamics and morphology at a magni‑
fication of x40. Each color bar indicates one doubling generation, from generation 0 (blue) to 4 (red). (C) Average doubling time of cell generations (G0‑G4) 
presented as the mean ± SD from three independent experiments. (D) Viability of pH 7.4 and pH 6.6 cells as examined using trypan blue exclusion assay 
at 0, 24, 48, 72 and 96 h post‑seeding based on three independent experiments. (E) Metabolic curve as determined using MTT assay at 24, 48, 72 and 96 h 
based on two independent experiments with three replicates each. (F) Protein expression of the stemness‑associated transcription factors Oct4 and Nanog. 
Representative western blot image using 20 µg whole cell lysate per lane. (G) ATP‑binding cassette‑transporter‑dependent clearance activity. Gated areas 
mark the reserpine‑sensitive side population cells. Data were analyzed using Student's unpaired t‑test and are presented as the mean ± SD. Mol. Wt, molecular 
weight; NSCLC, non‑small cell lung cancer; OD, optical density; GO, Gene Ontology; PPI, protein‑protein interaction; KEGG, Kyoto Encyclopedia of Genes 
and Genomes.
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as determined by the fold change of the read counts (Fig. 4A). 
ITGA4 transcripts were present at low levels in pH 7.4 cells. They 
encode for the α4 subunit of the integrin protein family, which 
heterodimerizes with either the β1 or the β7 subunit to form a 

functional integrin to regulate cell motility and adhesion (39). 
High and steady levels of ITGB1 transcripts were found in both 
the pH 6.6 and 7.4 cell groups, while ITGB7 was expressed 
only at negligible levels (Fig. 4B). This suggests that the higher 

Figure 2. Long‑term acidosis promotes the incidence of metastatic colonization. (A) (Top panel) Workflow of the metastatic colonization model. (Lower panel) 
Picking a finite number of cells using an elongated tip. Each red circle indicates one cell (magnification, x100). (B) Representative image of the xenograft 
tumors and their cumulative incidence. pH 6.6 and pH 7.4 cells were inoculated at opposite flanks of the same mouse. The circled area indicates the regions 
where tumors have developed, with their macroscopic appearance recorded post‑mortem shown in the upper images. Five mice bearing 10‑cell inoculates 
developed paired tumors grown in the same recipient mouse. Their (C) tumor germination time, and (D) tumor volume and density were analyzed using 
Student's paired t‑test, and are presented as the mean ± SD. Exp, experiment.
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expression of ITGA4 may result in an increase of functional 
α4β1 integrin in the pH 6.6 cells. Immunohistochemical exami‑
nation confirmed that the percentage of ITGA4‑expressing 

cells was significantly higher in the pH 6.6 metastatic tumors, 
although the increase in the positively stained area was not 
statistically significant (Fig. 4C). Furthermore, ITGA4 proteins 

Figure 3. Long‑term acidosis induces reorganization of the ECM. (A) A total of 142 acidosis‑responsive genes were identified as those showing consistent 
differential expression with >2‑fold change at a posterior probability of being equally expressed <0.05 in two independent RNA sequencing experiments 
with two repeats each. (B) Heatmap of the 142 acidosis‑responsive genes. The red box demarks the 44 upregulated genes, while blue box demarks the 98 
downregulated genes in pH 6.6 cells. ECM‑associated genes identified by KEGG analysis are indicated. (C) Both KEGG pathway and GO analyses annotated 
ECM‑associated events, including ‘ECM‑receptor interaction’, ‘cell adhesion’ and ‘extracellular matrix structural constituent’, as the most prominent changes 
induced after long‑term acidosis. P<0.05 was considered to indicate a statistically significant difference. (D) Protein‑protein interaction analysis of the 142 
acidosis‑responsive genes using the Search Tool for the Retrieval of Interacting Genes/Proteins database. Interactions are color‑coded as follows: Blue, gene 
co‑occurrence; black, co‑expression; purple, experimentally determined; aqua, curated databases; and olive yellow, text‑mining. A confidence score >0.5 was 
set as the filter value. ABC, ATP‑binding cassette; ECM, extracellular matrix; Exp, experiment; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes 
and Genomes; NOD, nucleotide‑binding oligomerization domain.
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were demonstrated to be predominantly localized to the cell 
membrane of the pH 6.6 tumors (Fig. 4C; lower right panel). 
Taken together, these experiments suggested that acidosis 

induced the upregulation of ITGA4 mRNA, which is effectively 
translated into protein, and this higher level of ITGA4 protein 
expression was sustained in acidotic metastatic colonies.

Figure 4. Increased ITGA4 protein expression in the metastatic colonies. (A) Acidosis‑responsive genes localized in the outer plasma membrane involved in 
ECM organization were identified through cross‑comparisons among the indicated GO categories and PPI networks. ITGA4 exhibited the highest fold‑change 
in gene expression among these six genes. (B) mRNA levels of the ITGA4 integrin partners extracted from RNA‑Seq data were analyzed using Student's 
unpaired t‑test and presented as the mean ± SD. (C) Immunohistochemical staining of ITGA4 protein in the pH 6.6 and pH 7.4 paired metastatic colonies. 
Percentage of positive cells and positively stained areas as determined by StrataQuest were analyzed using Student's paired t‑test and presented as the 
mean ± SD. Scale bar, 50 µm. **P<0.01 and ***P<0.001 compared with pH 7.4. ECM, extracellular matrix; GO, Gene Ontology; ITGA4, integrin subunit α‑4; 
PPI, protein‑protein interaction; RNA‑Seq, RNA sequencing.
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Long‑term acidosis enhances vasculogenic mimicry. In solid 
tumors, ITGA4 expression has been implicated in tumor 
interaction with vascular endothelial cells, which is crucial 
for proper metastatic colonization and angiogenesis (40,41). 
To examine the development of vascular structures, all paired 
tumors that were grown in the same recipient mouse were 
compared, in order to minimize inter‑individual differences in 
the ability of vascularization. A similar extent of macroscopic 
neoangiogenic blood vessel formation was observed for pH 6.6 
and pH 7.4 tumors (Fig. 5A; left panels). Both tumors were 
found to be irrigated internally with CD31‑positive angiogenic 
microvessels. By contrast, only the pH 6.6 tumors displayed 
a large number of CD31‑/PAS+ trabecular structures, indica‑
tive of the presence of vasculogenic mimicry in the acidotic 
tumors, while no such structures were observed in the paired 
pH 7.4 tumors (Fig. 5A). This observation was sustained even 
when comparing all grown tumors obtained from the experi‑
ment (Fig. S5A), and the accentuated expression of ITGA4 
surrounding these structures (Fig. 5B) suggested a possible 
involvement of ITGA4 in the formation of vasculogenic 
mimicry. To verify whether long‑term acidosis could promote 
vasculogenic mimicry in vitro, live microscopy was employed 
to compare the potential of vasculogenic mimicry of pH 6.6 
cells vs. pH 7.4 cells. The numbers of vasculogenic mimicry 
loops and branch points formed by pH 6.6 cells were signifi‑
cantly higher, and their total lengths were longer (Fig. 5C). 
Parameters of potential trabecular space for nutrient infusion, 
as evaluated by the total loop area per well (Fig. S5B), as well 
as the quantity of tubes formed (Fig. S5C), were also found 
to be higher in the acidotic cells. Taken together, these results 
suggested that long‑term acidosis could promote the forma‑
tion of vasculogenic mimicry networks, thereby enhancing the 
ability of tumors to establish nutrient and metabolite exchanges 
in the new colony.

ITGA4 upregulation is not restricted to the cancer cells. 
Since acidosis may affect the microenvironment beyond the 
intratumoral milieu, it was subsequently examined whether 
upregulation of ITGA4 also occurred in the adjacent tissues. 
Immunohistochemical staining indicated that ITGA4 protein 
expression in normal lung tissue was low, whereas in normal 
lung tissues adjacent to the tumors, the presence of ITGA4 
was found to be significantly higher, accompanying an even 
higher expression in the tumor cells themselves (Fig. 6). A 
2‑fold upregulation of ITGA4 expression upon challenging the 
cells with a pH 6.6 environment for 24 h was also observed, 
suggesting that this increase in the mRNA level was a rapid 
response to environmental acidosis, which may be further 
maintained and amplified as acidosis is sustained (Fig. S6). 
These results indicated that the upregulation of ITGA4 is a 
phenomenon common to tissues in the tumor microenviron‑
ment, which is further amplified in the tumor cells as acidosis 
is prolonged.

Upregulation of ITGA4 expression is a signature of primary 
tumors with metastatic potential. Upregulation of ITGA4 
expression has been associated with metastasis in several 
different tumor types (42‑44). To determine the participation of 
ITGA4 in metastatic colonization, clinical lung cancer speci‑
mens were examined, and ITGA4 expression was compared 

Table I. Differentially expressed genes after long‑term acidosis.

A, Top 20 upregulated genes

No.	 Gene name	 Reads FC	 log2FC

  1	 TMPRSS15	 2177.5183	 11.0885
  2	 LEF1	 16.1598	 4.0143
  3	 COL14A1	 14.8659	 3.8939
  4	 ITGA4	 13.5348	 3.7586
  5	 CFI	 12.7163	 3.6686
  6	 SLITRK6	 10.1096	 3.3377
  7	 COL12A1	 8.9881	 3.1680
  8	 ADGRV1	 7.5856	 2.9232
  9	 NCAM2	 7.2470	 2.8574
10	 TENM1	 6.6790	 2.7396
11	 NEGR1	 6.3001	 2.6554
12	 GNG2	 6.1555	 2.6219
13	 MYOCD	 5.2372	 2.3888
14	 GPR141	 5.1445	 2.3630
15	 RASEF	 4.7859	 2.2588
16	 LBH	 4.4340	 2.1486
17	 FBN2	 4.2925	 2.1018
18	 HAS3	 3.9088	 1.9667
19	 GCA	 3.8591	 1.9482
20	 OR51B5	 3.8137	 1.9312

B, Top 20 downregulated genes

No.	 Gene name	 Reads FC	 log2FC

  1	 SERF1A	 0.0075	 ‑7.0553
  2	 CDH11	 0.0378	 ‑4.7272
  3	 MAL2	 0.0383	 ‑4.7077
  4	 DCLK1	 0.0427	 ‑4.5507
  5	 ARHGEF5	 0.0462	 ‑4.4350
  6	 ZNF44	 0.0588	 ‑4.0875
  7	 NDN	 0.0598	 ‑4.0641
  8	 IGSF11	 0.0622	 ‑4.0060
  9	 MAPK4	 0.0637	 ‑3.9722
10	 AMDHD1	 0.0696	 ‑3.8445
11	 CSF3	 0.0753	 ‑3.7305
12	 TMEM256‑PLSCR3	 0.0869	 ‑3.5250
13	 ERC2	 0.1061	 ‑3.2370
14	 FAM134B	 0.1286	 ‑2.9585
15	 CRIP1	 0.1300	 ‑2.9439
16	 SLCO2B1	 0.1365	 ‑2.8728
17	 AGR2	 0.1404	 ‑2.8321
18	 MYOM3	 0.1409	 ‑2.8270
19	 PLA2R1	 0.1440	 ‑2.7962
20	 CYB5R2	 0.1672	 ‑2.5801

All genes had a posterior probability of being equally expressed value 
<0.05. FC, fold change.
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across TNM descriptors. As shown in Fig. 7A, ITGA4 was 
widely expressed in all adenocarcinoma specimens tested. 
Notably, compared with the non‑metastatic primary tumors, 
ITGA4 expression as evaluated by mean intensity per positively 
stained cells was significantly higher in the primary tumors that 
had already disseminated (N1 and N2+N3; Fig. 7B), whereas 

the level of ITGA4 expression was not significantly different 
between the N1 or N2 primary tumors and their corresponding 
lymph node metastases (Fig. 7C). Similarly, statistical analysis 
across different stages of lung cancer (Fig. 7D) also indicated 
that upregulation of ITGA4 expression occurred upon the 
tumor's entry into stage II (Fig. 7E), whereas neither more 

Figure 5. Long‑term acidosis promotes vasculogenic mimicry. (A) Vascular structures in the metastatic colonies. Paired tumors grown in the same recip‑
ient mouse were compared. Zoomed‑in images of the boxed regions are shown (scale bar, 50 µm). Red arrows denote CD31+/PAS+ endothelial angiogenic 
structures, whereas the blue arrows denote CD31‑/PAS+ vasculogenic mimicry structures. Data are presented as the mean ± SD and were analyzed using 
Student's paired t‑test. (B) ITGA4 protein expression adjacent to vasculogenic mimicry structures examined by immunohistochemical staining. Arrows denote 
CD31‑/PAS+ vasculogenic mimicry structures. Scale bar, 50 µm. (C) In vitro vasculogenic mimicry capabilities of pH 7.4 and pH 6.6 cells. The number of 
loops and branching points, and the total tube length were quantified at 10 h post‑seeding, and the results are presented as the mean ± SD of three independent 
experiments and were analyzed using Student's unpaired t‑test. *P<0.05 and ***P<0.001 compared with pH 7.4. ITGA4, integrin subunit α‑4; PAS, periodic 
acid‑Schiff.
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advanced stages, nor their corresponding metastases, showed 
any further significant increase in the ITGA4 level (Fig. 7F). 
Taken together, these results indicated that the upregulation of 
ITGA4 is a common feature of primary lung tumors that have 
developed metastatic potential, and acquisition of a higher level 
of ITGA4 may be a prerequisite for the successful completion 
of metastasis to form secondary tumors. Since the upregulation 
of ITGA4 persists within the lymph node metastases where 
acidosis may no longer be present, these data also suggested 
that acidosis may possess the potential to induce long‑term 
regulatory changes that support the continued upregulation of 
ITGA4 even after extratumoral acidosis pressure is alleviated.

Discussion

An acidic microenvironment presents continuous stress to 
cells, which respond through adaptation and evolution to 
achieve dynamic fitness for their survival. As cancer cells are 
intrinsically prone to genetic changes, long‑term acidosis may 
further promote their pace of evolution, driving the selection 
for tumor cells with enhanced survival capabilities (45,46). 
Nevertheless, a systematic analysis of the role of acidosis in 
cancer progression has been hampered by difficulties, including 
long experimental time periods, marked individual variabili‑
ties and scarcity of in vivo probes. Recently, MRI chemical 
exchange saturation transfer combined with positron emission 
tomography imaging was used to demonstrate the contribu‑
tion of acidosis to the metastatic potential of breast cancer cell 
lines in an animal model (47). In the present study, a metastatic 
colonization model was established to investigate the effect of 
long‑term acidosis on lung cancer cells. The results indicated 

that acidosis facilitated the colonization step of metastasis by 
conferring a growth advantage to the tumor mass, leading 
to higher tumor incidence rates. Transcriptomics analysis of 
acidotic cells revealed an extensive reorganization of the ECM, 
featuring upregulation of the ECM organization gene ITGA4. 
Acidotic tumors exhibited prominent vasculogenic mimicry 
structures at ITGA4‑rich regions, while the acidotic cells also 
displayed an improved vasculogenic mimicry ability in vitro, 
suggesting a role of the ITGA4 protein in the facilitation 
of nutrient supply in the growing tumor mass. In summary, 
the present study provided evidence that acidosis promoted 
the establishment of CTCs as new metastatic colonies after 
extravasation via remodeling of the ECM and vasculogenic 
mimicry (Fig. 8). The present study also demonstrated that 
upregulation of ITGA4 expression occurred in both tumor and 
adjacent normal tissues, indicating that acidosis affects not 
only the tumor, but also induces changes in the surrounding 
tissues.

In the present experimental animal model, the initial events 
of metastatic colonization at distant organs were simulated 
by the subcutaneous implantation of exactly 10 tumor cells 
or only 1 tumor cell, reflective of the number of CTCs in the 
pulmonary vein of patients with NSCLC (37). This technique 
is derived from the tumor incidence stemness assay in our 
previous study (26), with improvements to tightly control the 
exact number and physical conditions of the inoculated cells. 
As the number of cells implanted was low, tumors did not 
develop in all mice (Fig. S3) (26), and no further metastasis 
or internal tumors were observed in the experimental time 
span (42 days post‑inoculation). Three individual experiments 
were conducted using the same procedures, with a gradual 
increase in the number of animals used each time based on the 
gained experience. This approach was taken to cope with the 
expected low incidence of tumor formation and taking ethical 
considerations into account, while still obtaining robust and 
reproducible findings. Notably, the inoculation of paired 
tumors at both flanks of the same mouse allowed comparisons 
of tumor development free of individual differences, which 
revealed a growth advantage of the acidotic cells, despite the 
divergent measurements observed among different experi‑
mental animals. No medium/buffer/vector control group was 
needed in this experimental design as the test group pH 6.6 
cells were compared with the control group pH 7.4 cells. We 
hypothesized that this novel animal model can emulate the 
scenario of metastatic colonization, thus offering a study model 
that complements other metastasis tumor models currently in 
use, including spontaneous metastasis (48), tail vein injec‑
tion (49) and genetically engineered mouse models (50).

Our previous study reported the strong positive association 
between the ECM component fibronectin and the metastatic 
potential of lung cancer cells (51). Fibronectin is an integrin 
α4β1 ligand (52), and the present study also revealed that the 
fibronectin‑interacting genes FBN1 and FBN2 (53) were upreg‑
ulated in acidotic cells. Furthermore, the whole transcriptome 
dataset suggested that the change of ECM composition is an 
extensive and coordinated event, involving other extracellular 
components, such as collagen type XIV α‑1 chain and collagen 
type XII α1 chain. The individual contribution of these genes 
in terms of acidosis‑induced ECM remodeling and vasculo‑
genic mimicry requires further investigation. Our preliminary 

Figure 6. ITGA4 is upregulated in adjacent normal tissues. Representative 
images of ITGA4 staining in normal lung tissue, NAT and lung cancer. 
Percentages of ITGA4+ cells are shown. Data are presented as the 
mean ± SD and were analyzed using a two‑way mixed ANOVA with the 
Bonferroni method for post hoc pairwise comparisons. Magnification, x200. 
Upper scale bar, 200 µm; lower scale bar, 50 µm. ****P<0.0001 compared 
with normal or NAT as indicated. NAT, adjacent normal lung tissue; ITGA4, 
integrin subunit α‑4.
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Figure 7. Upregulation of ITGA4 expression is a signature of primary tumors with metastatic potential. (A) Representative images of ITGA4 expression in 
lung cancer for different nodal statuses. (B) ITGA4 expression was calculated as the mean intensity of staining per ITGA4‑positive cells, and analyzed by 
one‑way ANOVA with Tukey's multiple comparisons test. (C) ITGA4 expression at the primary site of N1 or N2 tumors compared with their corresponding 
lymph node metastases, as analyzed by two‑way mixed ANOVA with the Bonferroni method for post hoc pairwise comparisons. (D) Representative images 
of ITGA4 expression in lung cancer at different stages. (E) ITGA4 expression in primary tumors at different cancer stages as analyzed by one‑way ANOVA 
with Tukey's multiple comparisons test. (F) ITGA4 expression at the primary site of stage II or III tumors compared with their corresponding lymph node 
metastases, as analyzed by two‑way mixed ANOVA with the Bonferroni method for post hoc pairwise comparisons. Magnification, x200. Upper scale bar, 
200 µm; lower scale bar, 50 µm. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. ITGA4, integrin subunit α‑4; M, matched lymph node metastatic site of the 
same tumor; N, nodal status.
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results regarding ectopic overexpression of full‑length ITGA4 
cDNA have revealed that the sole manipulation of ITGA4 
gene expression was not sufficient to recapitulate the complete 
phenotype elicited by long‑term acidosis (data not shown). 
Perturbations of cell adhesion and proliferation also made 
it difficult to evaluate the effects of altering ITGA4 levels 
compared with the mock transfection control. Similarly, in 
melanoma cells (54), it has been reported that overexpression 
of ITGA4 induces homotypic adhesion of the cells in the 
form of integrin α4β1 interaction. These observations also 
highlight the pleiotropic and longitudinal nature of long‑term 
acidosis, and that its final effects on cancer progression are an 
integrated outcome involving multiple players/steps over time, 
which cannot be recapitulated by the transient manipulation of 
ITGA4 expression alone.

ITGA4 encodes for a member of the integrin α family (39), 
which forms a heterodimeric transmembrane protein with 
either the β1 or the β7 subunit to function in cell adhesion and 
expansion. The present study revealed that both the mRNA 
and protein expression levels of ITGA4 were increased in 
long‑term acidotic cells, with accentuated localization of 
ITGA4 around the vascular mimicry structures of the tumors. 
It has been reported that upregulation of ITGA4 is associated 
with poor prognosis of numerous types of tumors (42‑44,55). 
ITGA4 has also been implicated in the activation of the 

Hedgehog signaling pathway, enhancing cancer cell stem‑
ness and tumorigenicity, and stabilizing cell clusters  (56). 
The present study corroborates the findings of these studies, 
by demonstrating the increase in tumor incidence, chemore‑
sistance properties and vasculogenic mimicry after long‑tern 
acidosis, which favors the establishment of secondary tumors.

Integrin α4β1 and the hyaluronan ligand CD44 have been 
reported to synergize in enhancing ABC transporter func‑
tionality, thereby promoting tumor chemoresistance (57) and 
providing protection against noxious agents through limiting 
their entry into cells (58). The pH 6.6 cells exhibited an ~2‑fold 
increase in the proportion of the side population cells, indi‑
cating the involvement of ABC transporter activity. However, 
our transcriptome analysis indicated no transcriptional upreg‑
ulation of any of the ABC transporter family genes (data not 
shown), suggesting that this side population functionality may 
involve post‑transcriptional regulation, as has been reported in 
human hematopoietic progenitor cells, in which the integrin 
α4β1/CD44 axis controls side population/drug efflux func‑
tionality (57). Although an increase in the proportion of side 
population cells is a hallmark for the stemness properties of 
cancer cells (59), the expression levels of the stemness‑associ‑
ated transcription factors Nanog and Oct4 were not found to 
be increased in the pH 6.6 cells. Taken together, these results 
suggested that acidotic cells possess a superior ability to 

Figure 8. Acidosis contributes to metastatic colonization via remodeling of the ECM and vasculogenic mimicry. Long‑term acidosis reprograms the tran‑
scriptome profile of lung cancer cells, characterized by extensive changes in the ECM composition. Upregulation of ITGA4 expression is associated with the 
stabilization of vasculogenic mimicry structures and clearance of noxious metabolites, thus promoting the establishment of CTCs as new metastatic colonies 
after extravasation. CTCs, circulating tumor cells; ECM, extracellular matrix; ITGA4, integrin subunit α‑4.
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achieve clearance of noxious agents via the ABC transporters, 
thus promoting the survival of metastatic colonies in the new 
environment. However, acidosis per se may be insufficient to 
promote the expression of stemness‑associated transcription 
factors Nanog and Oct4 in cancer cells.

The benefits of vasculogenic mimicry in rapidly estab‑
lishing nutrient supply for the development of metastasis 
have been described in numerous tumor types, including 
melanoma (60), head and neck cancer (61), lung cancer (62‑64) 
and colorectal cancer (65). The finding that ITGA4 expression 
was elevated in the proximity of vasculogenic mimicry struc‑
tures of the acidosis colonies was in accordance with previous 
studies demonstrating that integrins are associated with the 
formation of vasculogenic mimicry (66,67). The present study 
demonstrated that acidosis enhanced the formation of vasculo‑
genic mimicry networks, which together with the capability to 
expel noxious agents through ABC transporter activity, could 
support the survival and expansion of the metastatic colony in 
new environments. These results suggest a role for acidosis as 
an intricate factor of cancer progression and shed light on the 
key molecular role of ITGA4, which may aid the development 
of therapeutic interventions with the aim of deterring lung 
tumor metastasis.
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