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Abstract 
An increase in the production of reactive oxygen species (ROS) leads to the 
promotion of ROS-dependent cancer cell proliferation, migration, invasion, 
and metastasis, and it has been reported that treatment of metastatic cancer 
cells with ROS scavengers suppresses their metastatic potential. Using cul-
tured human cells, we have previously reported the antioxidative effects of 
lifeceramics (LC)-treated water (LC water) prepared by mixing MiliQ water 
with LC particles comprising zeolite and oyster shells. In this study, we inves-
tigated effects of culture medium prepared using LC water (LCM) on prolif-
eration, migration, and invasion of human cancer cells, along with the accu-
mulation of ROS. We found that migratory and invasive capacities, assessed 
in vitro using Transwell assays, were lower in LCM-cultured RKO colorectal 
and MKN45 gastric cancer cells than in the cancer cells cultured in control 
medium prepared with MilliQ water (ContM). Using a fluorescence probe, we 
detected reductions in both intracellular ROS accumulation and H2O2-in-
duced ROS production in the LCM-cultured cells compared with the ContM-
cultured cells. Furthermore, treatment of RKO cells with the antioxidant N-
acetyl-L-cysteine resulted in a suppression of migration and invasion. In ad-
dition, gene expression analysis based on RNA-seq revealed that genes down-
regulated in the LCM-cultured cancer cells compared with the ContM-cul-
tured cells were enriched in gene ontology terms related to oxidative stress, 
suggesting a reduction in oxidative stress in the LCM-cultured cells. Some of 
these down-regulated genes are involved in oxidative stress-induced migra-
tion, invasion, or epithelial-mesenchymal transition in cancer cells. Collec-
tively, our findings in this study indicate that exposure to LCM has migration-
/invasion-suppressive and antioxidative effects in the two human cancer cells 
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examined. Furthermore, these findings suggest that the antioxidative effects 
of LC water contribute to the migration-/invasion-suppressive effects of LCM 
culture in association with the down-regulation of genes involved in oxidative 
stress-induced cancer progression. 
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1. Introduction 

Oxidative stress, which is typically induced in response to an excessive generation 
of reactive oxygen species (ROS), activates signaling pathways that contribute to 
cancer development by promoting proliferation, invasion, angiogenesis, and me-
tastasis of cancer cells [1]-[3]. Under a limited availability of oxygen, some cancer 
cells depend on anaerobic glycolysis uncoupled from oxidative phosphorylation, 
a pathway associated with the production of ROS [4] [5]. However, in certain 
types of cancer cells, glycolysis occurs even in the presence of sufficient oxygen, 
which is a process referred to as aerobic glycolysis or the Warburg effect, and there 
is evidence to indicate that aerobic glycolysis can often be reverted to oxidative 
phosphorylation [4] [6]. For example, Porporato et al. have reported that this type 
of reversion involves excessive mitochondrial respiration and an increase in ROS 
production, leading to the promotion of ROS-dependent cancer cell migration, 
invasion, clonogenicity, and metastasis [4]. Moreover, these authors found that 
antioxidants and mitochondrial superoxide scavengers blocked the migration of 
cancer cells, and suggested that this suppression contributed to preventing the 
metastatic dissemination of cancers via the pharmacological scavenging of ROS. 
Other authors have reported that mitochondrial respiration is conducive to en-
hancing the migratory/invasive capacities of cancer cells [7], and that mutations 
in mitochondrial DNA associated with an excessive production of ROS may con-
tribute to the high metastatic potential of cancer cells [8]. They also demonstrated 
that treatment of metastatic cancer cells with ROS scavengers suppressed their 
metastatic potential. Hirakawa et al., found that ascorbic acid suppressed the ROS-
potentiated invasive capacity of rat ascites hepatoma cells and suggested that the 
antioxidative activity of ascorbic acid is involved in the invasion-suppressive effect 
on the hepatoma cells [9]. 

Previous studies have assessed the antioxidant properties of alkaline electro-
lyzed water [10] [11]. We have previously investigated the effects of lifeceramics 
(LC)-treated water (LC water) on cellular responses to oxidative stress, using cul-
tured human cells with high susceptibility to stresses. Lifeceramics is a material 
prepared from zeolite and powdered oyster shells under high temperature and 
pressure [12] [13]. The cells cultured in medium prepared with LC water (LCM) 
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showed an enhanced resistance to H2O2- and X ray-induced cell death compared 
with the cells cultured in medium prepared with MilliQ water (ContM) [14]. H2O2 
and X ray cause oxidative stress, and following H2O2 treatment ROS levels actually 
increased in the cells cultured in ContM, whereas the levels in the cells cultured 
in LCM were lower than those in the control group [15]. The findings of these 
studies thus indicate that culturing cells in LCM can contribute to suppression of 
ROS accumulation and reduction of oxidative stress in the human cells examined, 
thereby providing evidence of the antioxidative effects of LC water in vitro. More-
over, using hyperlipidaemic rats, we have similarly demonstrated the antioxida-
tive effects of LC water in vivo [16]. 

These previous findings pertain to the antioxidative effects of LC water in non-
cancerous human cells. In this study, we investigated effects of LC water on pro-
liferation, migration, and invasion, as well as ROS accumulation, in human cancer 
cells, and found that suppressive effects of LC water on migration and invasion 
and the accumulation of ROS in the cancer cells. 

2. Materials and Methods 
2.1. Cells and Culture Conditions 

RKO and SW480 colorectal cancer (CRC) cell lines used in this study were ob-
tained from the American Type Culture Collection (ATCC, Manassas, VA, 
USA), and MKN45 gastric cancer cell line was obtained from the Japanese Can-
cer Research Resources Cell Bank (JCRB, Tokyo, Japan). In addition, we used 
MIA PaCa-2 pancreatic cancer cell line [17]. RKO and MIA PaCa-2 cells were 
cultured in Eagle’s minimum essential medium (Eagle’s MEM; FUJIFILM Wako 
Pure Chemical Corp., Osaka, Japan) supplemented with penicillin-streptomycin 
(Sigma-Aldrich, St. Louis, MO, USA) and 10% (v/v) foetal bovine serum (FBS; 
Regular; Collected in Brazil, Processed in UK, Corning, NY, USA). MKN45 and 
SW480 cells were cultured in Roswell Park Memorial Institute 1640 medium 
(RPMI; FUJIFILM Wako Pure Chemical Corp.), containing penicillin–streptomy-
cin and 10% (v/v) FBS. All cells were cultured at 37˚C in a 5% CO2 atmosphere. 

To prepare LC water, we mixed LC powder (Wedge Co., Ltd., Fuji, Japan) with 
MilliQ water at a final concentration of 0.03%. The mixture was allowed to stand 
overnight at 4˚C, and then LC water was collected as supernatants following cen-
trifugation of the mixture. The main elements present in the LC powder were cal-
cium and magnesium. LC water, prepared from MilliQ water mixed with the low 
concentration of LC powder, as described above, contained mainly the three min-
erals (sodium 1.8 mg/L, magnesium 1.9 mg/L, and calcium 15 mg/L) and was 
weakly alkaline (around pH 10) [18]. ContM and LCM were prepared by dissolv-
ing medium powder (Eagle’s MEM or RPMI 1640 medium; Shimadzu Diagnostics 
Corp., Tokyo, Japan) in MilliQ water and LC water, respectively, according to the 
manufacturer’s protocol. The pH of the medium was adjusted by adding an 8% 
NaHCO3 solution of the appropriate volume to each medium and further adding 
a small amount of 1 N HCl solution to LCM for the RPMI 1640 medium. We 
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confirmed that the pH of each medium was maintained around 7.4 in a 5% CO2 
atmosphere during cell culture, and we examined the effects of culturing cancer 
cells in these media. 

2.2. WST-8 Cell Proliferation Assay 

Cells pre-cultured in ContM or LCM for 5 days were harvested during the expo-
nential phase of growth, seeded in 96-well plates (1.2 × 103 cells/well) with the 
respective media, and thereafter cultured for 4 days. Assessments of the numbers 
of viable cells were performed daily based on the WST-8 [2-(2-methoxy-4-nitro-
phenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium 
salt] method using a Cell Counting Kit-8 (Dojindo Laboratories, Kumamoto, Ja-
pan), according to the manufacturer’s protocol. Briefly, WST-8 solution was 
added to the cultured cells in each well, and following incubation for 3 h, absorb-
ance of the well contents was measured at 450 nm using a microplate reader (Syn-
ergy LX multi-mode plate reader; BioTek Instruments Inc., Winooski, VT, USA). 

2.3. In Vitro Migration and Invasion Assays 

The migratory and invasive capacities of cancer cells were evaluated using Corn-
ing® BioCoat™ Transwell chambers (#354578 and #354480, respectively; Corning) 
with 24-well inserts and 8-mm pore-sized membranes, following the manufac-
turer’s protocol. Briefly, following pre-culture in ContM or LCM for 6 days, RKO 
and MKN45 cells were suspended in serum-free each medium and plated (RKO 
cells: 2.5 × 105 cells/well; MKN45 cells: 5 × 105 cells/well) on uncoated upper 
chambers for migration assay and on Matrigel-coated upper chambers for inva-
sion assay. RKO cells were also cultured in ContM with or without 1 mM N-ace-
tyl-L-cysteine (NAC) (FUJIFILM Wako Pure Chemical Corp.) for 3 days, and 
plated on both chambers, as described above. SW480 cells (1.3 × 105 cells/well in 
both assays) and MIA PaCa-2 cells (0.5 × 105 cells/well in the migration assay and 
2.5 × 105 cells/well in the invasion assay) were similarly plated following pre-cul-
ture. Each medium containing 20% serum was used as a chemoattractant in the 
lower chambers. Following incubation for 48 h, non-migrating and non-invading 
cells were gently removed from the upper surface of the membrane using a cotton-
tipped swab. Migrating and invading cells through the membrane were fixed and 
stained with Diff-Quik staining solution (#16920; Sysmex, Hyogo, Japan) and the 
numbers of cells in each well were counted in approximately 10 randomly selected 
fields of view under a microscope using BZ-X analysis software (Keyence, Osaka, 
Japan). The mean of the numbers of migratory/invasive cells per field of view was 
taken to be indicative of the migratory and invasive capacities, respectively, and 
the capacities of the LCM-cultured cells were expressed as a ratio relative to those 
of the ContM-cultured cells. 

2.4. Reactive Oxygen Species Measurement 

Intracellular ROS levels were assessed using CellROX Green Reagent (C10444, 
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Invitrogen, Waltham, MA, USA) probe, according to the manufacturer’s instruc-
tion. Briefly, following pre-culture in ContM or LCM for 6 days, the cells were 
suspended in the respective media, seeded in 96-well plates (1 × 104 cells/well), 
and cultured for 24 h. H2O2 solution (FUJIFILM Wako Pure Chemical Corp.) was 
added at the indicated doses followed by incubation for 15 min, after which, 
CellROX green reagent was added at 6 µM, with further incubation for 25 min. 
Following incubation, the cells were washed with PBS, and fluorescence (Ex/Em 
= 485/528 nm) was analysed using a fluorescence microplate reader (Synergy HTX 
multi-mode plate reader; BioTek Instruments, Inc.). The cells in each well were 
also stained with a crystal violet dye, and absorbance was measured at 595 nm 
using the Synergy LX microplate reader. The intensity of ROS fluorescence was 
normalized with respect to the absorbance at 595 nm, and the normalized ROS 
values were considered indicative of ROS levels. The levels obtained for each treat-
ment were expressed relative to those of the ContM culture condition without 
H2O2 treatment, as the relative ROS intensity. No decrease in cell viability was 
observed, even under the H2O2 existence, at least during the measurement period. 

2.5. Gene Expression Analysis 

RNA was extracted from cancer cells cultured in ContM or LCM for 6 days using 
a Direct-zolTM RNA Miniprep Kit (Zymo Research, Irvine, CA, USA) following 
the manufacturer’s protocol, and gene expression was examined based on RNA-
seq analysis. Libraries for RNA-seq samples were prepared using a TruSeq 
Stranded mRNA Sample Prep Kit (Illumina Inc., San Diego, CA, USA) following 
the manufacturer’s protocol. Deep sequencing was performed using the Illumina 
NovaSeq 6000 platform. More than 5 million reads per sample were acquired 
through the RNA-seq analysis. STAR (version 2.6.0c) [19] was used to map 
FASTQ reads to the hg38 reference genome and RSEM (v1.3.1) [20] was used for 
transcript abundance quantification. Gene expression levels are expressed as tran-
scripts per million mapped sequence reads (TPM). With respect to TPM fold-
change determination, TPM with values <1.0 were all designated ‘1.0’, given that 
these values are considered to be less reliable. Genes down- and up-regulated in 
response to culturing in LCM were selected based on log2 TPM fold-change (LCM 
versus ContM) <−0.25 and >0.25, respectively, in both RKO and MKN cells, and 
the four cell lines examined were sorted into two groups, LCM-responsive cells 
and LCM-non-responsive cells, by two-way hierarchical clustering of the genes 
selected using the cutoff range.  

2.6. Maintaining the Integrity of the Specifications 

Data are presented as mean ± standard deviation (SD). Differences among groups 
were assessed using Student’s t-test, with statistical significance set at P < 0.05. Heat 
maps were drawn using Java TreeView software (http://jtreeview.sourceforge.net/), 
and gene ontology (GO) enrichment analysis was performed using the gene anno-
tation tool in the Metascape web application [21] (http://metascape.org). 
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3. Results 
3.1. Effects of LCM Culture on the Rates in Cancer Cell 

Proliferation 

To examine effects of LCM culture on the proliferation of cancer cells, we pre-
cultured RKO and MKN45 cells in ContM or LCM for 5 days, and thereafter as-
sessed cell growth under each culture condition using WST-8 assay over a 4-day 
time course. During the experimental period, we detected no significant differ-
ences between the assessed culture conditions with respect to the rates of cancer 
cell proliferation (Figure 1), thereby indicating that LCM has no appreciable ef-
fects on cell proliferation. Similar results were obtained for SW480 and MIA 
PaCa-2 cells (Figure S1). In addition, for the pre-culture period, growth rates de-
termined by cell number counting were not significantly altered by LCM culture 
in all four assessed cancer cell lines (data not shown). 
 

 
Figure 1. The effects of LCM culture on cancer cell proliferation. 

 
Following pre-culture in ContM or LCM for 5 days, the rates of RKO and 

MKN45 cell proliferation were estimated using WST-8 assay over a 4-day time 
course. Data are presented as mean ± standard deviation (SD) of three wells of the 
96-well plate, n = 3. 

3.2. Effects of LCM Culture on the Migration and Invasion in 
Cancer Cells 

We examined the migratory and invasive capacities of the four cancer cell lines, 
using Transwell migration and invasion assays, which revealed that compared 
with MKN45 cells, RKO cells were characterized by higher capacities of both in-
vasion and migration (Figure 2(A), Figure 2(B)); for RKO and MKN45 cells, 
when cultured in ContM, we obtained mean values (from four wells of the 
Transwell chamber) of 1530 ± 249 and 25.8 ± 9.83 for the numbers of migratory 
cells and 88.3 ± 22.8 and 32.4 ± 14.0 for the numbers invasive cells per field of 
view, respectively. Notably, for both cell lines, the migratory and invasive capaci-
ties decreased significantly in the LCM-cultured cells compared to the ContM-
cultured cells (Figure 2(A), Figure 2(B)); the counts of migratory cells decrease 
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to approximately 50% and 35%, and those of invasive cells decreased to approxi-
mately 20% and 35%, in RKO and MKN45 cells, respectively, thereby providing 
evidence for the suppression of cancer cell migration and invasion by LCM in both 
cell lines. Contrastingly, in the case of SW480 and MIA PaCa-2 cells, there was no 
significant differences between the ContM and LCM culture conditions in the ei-
ther migratory or invasive capacity (Figure 2(C)). 
 

 
Figure 2. The effects of LCM culture on cancer cell migration and invasion. RKO and 
MKN45 cells were pre-cultured in ContM or LCM for 6 days, after which, the migratory 
(A) and invasive (B) capacities were evaluated as described in the Materials and Methods 
section. Left; representative images of the lower surface of the Transwell membranes are 
shown (×10 magnification; scale bars, 200 μm). Right; the numbers of migrating (A) and 
invading (B) cells under both culture conditions were counted in selected fields of view 
under the microscope and statistically analysed. The migratory and invasive capacities of 
LCM-cultured cells are expressed as the ratio relative to those of ContM-cultured cells. In 
both assays, four wells of the Transwell chamber were used for the respective cells. Data are 
presented as mean ± standard deviation (SD), n = 4. **P < 0.01, ***P < 0.001 for LCM 
culture vs. ContM culture. SW480 and MIA PaCa-2 cells were similarly pre-cultured in 
ContM and LCM, and the migratory (C, left) and invasive (C, right) capacities were evalu-
ated as described above. In both assays, two wells of the Transwell chamber were used. Data 
are presented as mean ± standard deviation (SD), n = 2. 
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3.3. Effects of LCM Culture on ROS Accumulation in Cancer Cells 

With respect to oxidative stress, we initially examined whether NAC, a typical 
antioxidant, could inhibit the migration and/or invasion of RKO cells, which we 
established to have higher migratory/invasive capacities compared with MKN45 
cells. NAC inhibited both of the intracellular accumulation of ROS associated with 
cell metabolism in the absence of H2O2 treatment and H2O2 (50 μm and 100 μm)-
induced ROS production (Figure 3(A)), and also suppressed migration and inva-
sion in the cells (Figure 3(B)). These findings show that under the assessed assay 
conditions, antioxidants could suppress the migration and invasion of the cancer 
cells. 
 

 
Figure 3. The effects of NAC on ROS levels and the migratory and invasive capacities of 
RKO cells. RKO cells were pre-cultured for 3 days in ContM or the medium containing 1 
mM NAC (ContM+NAC), after which, ROS levels were measured as described in the Ma-
terials and Methods section, and the levels of ROS are expressed relative to those in the 
cells cultured in ContM without H2O2 treatment, as the relative ROS intensity (A). Three 
wells of the 96-well plate were used for each concentration of H2O2. Data are presented as 
mean ± standard deviation (SD), n = 3. *P < 0.05, **P < 0.01 for ContM+NAC vs. ContM. 
The migratory and invasive capacities were analysed for each culture condition (B). Upper; 
representative images of the lower surface of the Transwell membranes are shown (×10 
magnification; scale bars, 200 μm). Lower; the migratory and invasive capacities of the cells 
cultured in ContM+NAC are expressed as the relative ratio to those of ContM-cultured 
cells. In both assays, three wells of the Transwell chamber were used. Data are presented as 
mean ± standard deviation (SD), n = 3. *P < 0.05, **P < 0.01 for ContM+NAC vs. ContM. 
 

Subsequently, we compared the accumulation of ROS in the LCM- and ContM-
cultured cells. In the absence of H2O2 treatment, the levels of ROS in RKO and 
MKN45 cells cultured in LCM were found to be less than 50% of those detected 
in ContM-cultured cells (Figure 4 (upper)), thus tending to indicate an inhibition 

https://doi.org/10.4236/jbm.2026.146009


K. Kita et al. 
 

 

DOI: 10.4236/jbm.2026.146009 134 Journal of Biosciences and Medicines 
 

of ROS production in both cell lines following exposure to LCM. Similarly, when 
treated with H2O2 at 50 μm and 100 μm, the ROS levels increased in both cell lines 
when cultured in ContM, but the increased levels were also significantly sup-
pressed in the LCM-cultured cells (Figure 4 (upper)). These findings thus indicate 
that culturing in LCM can inhibit not only the intracellular accumulation of ROS 
but also ROS produced in response to the oxidative stress by the H2O2 treatment 
in both cancer cells. On the other hand, in SW480 cells the intracellular accumu-
lation of ROS was only weakly inhibited by LCM culture, whereas culturing under 
these conditions had no significant effects regarding H2O2-induced ROS produc-
tion (Figure 4 (lower)). Moreover, in the case of MIA PaCa-2 cells, culturing in 
LCM inhibited neither intracellular ROS accumulation nor H2O2-induced ROS 
production (Figure 4 (lower)). 
 

 
Figure 4. The effects of LCM culture on the accumulation of ROS. Following pre-culture 
in ContM or LCM for 6 days, levels of intracellular ROS in the four assessed cancer cell 
lines, with and without H2O2 treatment, were determined based on measurements of fluo-
rescence intensity using CellROX Green Reagent. The levels of ROS are expressed in terms 
of fluorescence intensity relative to those in the ContM culture condition without H2O2 
treatment, as the relative ROS intensity. Data are presented as mean ± SD of three wells of 
the 96-well plate, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001 for LCM culture vs. ContM 
culture. 

3.4. Changes in Gene Expression in Response to LCM Culture in 
Cancer Cells 

To determine the effects of LC water on gene expression, we analysed changes in 
gene expression in the four assessed cancer cell lines (RKO, MKN45, SW480, and 
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MIA PaCa-2), cultured in LCM or ContM based on RNA-seq. Among 17,129 
genes expressed in the four cell lines, 111 and 83 genes were selected as down- and 
up-regulated, respectively, in response to culturing in LCM culture in both of 
RKO and MKN45 cells (Figure 5). Heatmaps generated to visualize patterns in 
gene expression change revealed certain differences between the two cell line 
groups (Figure 5 (left panel)); the group consisting of RKO and MKN45 cells, 
being responsive to the migration-/invasion-suppressive and antioxidative effects 
of culturing in LCM, and the other group consisting of SW480 and MIA PaCa-2 
cells, being either weakly responsive or non-responsive to the effects. 
 

 
Figure 5. The effects of LCM culture on gene expression in cancer cells. RNA was extracted 
from the four assessed cancer cell lines cultured in ContM or LCM for 6 days, and gene 
expression was analysed based on RNA-seq, as described in the Materials and Methods 
section. Genes down- and up-regulated in response to culturing in LCM were selected on 
the basis of a log2 TPM fold-change (LCM versus ContM) <−0.25 and >0.25, respectively, 
in both of RKO and MKN45 cells. In heatmaps, changes in the levels of 111 down-regulated 
and 83 up-regulated genes in the four assessed cell lines are presented in order of the rate 
of change in RKO cells in left upper and lower panels, respectively. GO groups selected 
based on GO analysis from the down- and up-regulated genes with highest significance are 
shown in right upper and lower panels, respectively, with genes classified in the respective 
GO groups. No other GO groups with high significance were selected from either down-
regulated genes or up-regulated genes. 
 

The 111 down-regulated genes were most significantly enriched in the GO term 
‘Recognition and association of DNA glycosylase with site containing an affected 
pyrimidine’ (P = 1 ×10-4.2) (Figure 5 (right upper panel)). The functions of the GO 
group (Dn-GO) include base-excision repair involved in the repair of oxidative 
DNA damage and oxidative stress-induced cell cycle arrest, and NEIL1 and 
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CDKN2D in Dn-GO are the typical genes playing roles in the response to oxidative 
stress (Table 1). These findings indicate that in the two LCM-responsive cancer 
cells, there was a reduction in the response to oxidative stress in the culture condi-
tion of LCM compared with that of ContM, which is taken to be indicative of an-
tioxidative effects by LCM culture in the two cancer cells. Furthermore, some of 
genes classified in the Dn-GO group, namely, SNAI1, TUBA3D, GTF2H2C, and 
SYCE2, have been reported to be up-regulated in certain cancer cells and function 
in cancer progression, including the promotion of cancer cell proliferation, metas-
tasis, migration/invasion, or epithelial-mesenchymal transition (EMT) (Table 1). 
In addition, we identified the top 10 down-regulated genes in RKO (Dn-RK) and 
MKN45 (Dn-MK) cells, respectively, some of which are also associated with the 
progression of cancer (Table 1). 

The 83 up-regulated genes were most significantly enriched in the GO term 
‘RMTs methylate histone arginines’ (P = 1 × 10−8.7) (Figure 5 (right lower panel)), 
thereby tending to indicate that LCM-induced gene expression involves epigenetic 
modification. Some of genes in the GO group (Up-GO), including TLE4, PML, 
CDKN1C, and U2AF1, have been reported to be down-regulated in certain cancer 
cell lines, including CRC cells, and have been established to play roles in cancer 
suppression, such as the inhibition of cancer cell proliferation, metastasis, migra-
tion/invasion, or EMT (Table 2). Other genes among the top 10 up-regulated 
genes in RKO (Up-RK) and MKN45 (Up-MK) cells have also been established to 
function in cancer suppression (Table 2). 

4. Discussion 

In this study, we found that culturing in LCM prepared with LC water had migra-
tion-/invasion-suppressive effects on RKO and MKN45 cancer cells (Figure 2). 
Similar migration-suppressive effects were also observed in a wound-healing as-
say conducted using these two cell lines (data not shown). In addition, we found 
the antioxidative effects of LCM in both cell lines, including inhibition of the in-
tracellular accumulation of ROS and H2O2-induced ROS production (Figure 4). 
In contrast, we detected neither migration-/invasion-inhibitory effects nor nota-
ble antioxidative effects of LCM in SW480 and MIA PaCa-2 cells (Figure 2 and 
Figure 4). The antioxidative effects of LCM culture in RKO and MKN45 cells were 
also suggested from the result of gene expression analysis (Figure 5). Further-
more, we demonstrated the migration-/invasion-suppressive effects of the antiox-
idant reagent NAC in RKO cells (Figure 3). Collectively, these findings suggest 
that the antioxidative effects of LC water contribute to the migration-/invasion-
suppressive effects of LCM culture on RKO and MKN45 cells. The detailed differ-
ences in the physicochemical properties of ContM and LCM are unclear. How-
ever, the property concerned with viability and growth of the cells seemed to make 
little difference, because for the culture period in this study, growth rates were not 
significantly altered by LCM culture in any of the four cancer cell lines (Figure 1 
and Figure S1). 
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Table 1. The functions of genes selected as down-regulated genes in LCM culture. 

Functions Genes Group Refs. 

Oxidative stress response 

Base excision repair NEIL1, H2BC14, H2BC7, H4C14 
Dn-GO 
Dn-RK 
Dn-MK 

[27] [28] Oxidative stress- 
CDKN2D, H2BC14, H2BC7, H4C14 

induced cell cycle arrest 

Cancer progression 

Promotion of cancer cell SNAI1, TUBA3D, GTF2H2C, SYCE2 Dn-GO [29]-[36] 

proliferation, metastasis, BOLA2, PHOSPHO2-KLHL23, PILRB Dn-RK [37]-[39] 

migration, invasion or EMT EIF3C Dn-MK [40] [41] 

EMT: epithelial-mesenchymal transition. Dn-GO: The group of down-regulated genes in RKO and MKN45 cells selected based on 
GO analysis is shown in Figure 5. H2BC7 and H4C14 in Dn-GO are also classed in the Dn-RK and Dn-MK groups, respectively. 
Dn-RK: The top 10 down-regulated genes in RKO cells (log2 TPM fold change (LCM/ContM) = −6.6 - −0.71). Dn-MK: The top 10 
down-regulated genes in MKN45 cells (og2 TPM fold change (LCM/ContM) = −1.1 - −0.53). 

 
Table 2. The functions of genes selected genes up-regulated in LCM culture. 

Functions Genes Group Refs. 

Cancer suppression 
Suppression of cancer cell proliferation, 
metastasis, migration, invasion or EMT 

Tumor suppressor 

TLE4, PML, CDKN1C, U2AF1 Up-GO 
Up-RK 

[42]-[46] 

HSD17B6 Up-RK [47] 

SPTY2D1OS Up-MK [48] 

Up-GO: The group of up-regulated genes in RKO and MKN45 cells selected based on GO analysis is shown in Figure 5. U2AF1 in 
Up-GO is also classed in the Up-RK group. Up-RK: The top 10 up-regulated genes in RKO cells (log2 TPM fold change (LCM/ContM) 
= 0.71 - 2.1). Up-MK: The top 10 upregulated genes in MKN45 cells (log2 TPM fold-change (LCM/ContM) = 0.74 - 2.0). 

 
At present, it is still unclear as to why neither any notable antioxidative effects 

nor migration-/invasion-suppressive effects were detected in LCM-cultured 
SW480 and MIA PaCa-2 cells. However, when we compared arbitrary ROS inten-
sities, rather than relative values, between ContM-cultured RKO and MIA PaCa-
2 cells, which were both cultured in the same medium (Eagle’s MEM), the intra-
cellular levels of ROS in the absence of H2O2 treatment appeared to be slightly 
higher in MIA PaCa-2 cells than in RKO cells (data not shown). Following H2O2 
treatment, a more pronounced increase in the relative levels of ROS was observed 
in MIA PaCa-2 cells than in RKO cells (Figure 4). MKN45 and SW480 cells, which 
were both cultured in the same medium (RPMI 1640 medium), were found to 
have comparable intracellular levels of ROS (data not shown); however, we ob-
served a slightly higher apparent increase in ROS levels in response to treatment 
with H2O2 in SW480 cells than in MKN45 cells (Figure 4). It is thus conceivable 
that the extents of oxidative stress are more pronounced in MIA PaCa-2 and 
SW480 cells than in RKO and MKN45 cells, and the antioxidative activity attribut-
able to LCM culture may be insufficient to suppress the oxidative stress in SW480 
and MIA PaCa-2 cells.  
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The antioxidative activity of electrolyzed reduced water has been established to 
be attributable to the scavenging of ROS [22]-[24]. Interestingly, two different 
types of electrolyzed reduced water have been reported, one of which scavenges 
ROS directly in vitro, whereas the other type is associated with indirect scavenging 
of ROS mediated via interactions with other antioxidative compounds both intra- 
and extracellularly [22] [23]. In this regard, we have previously reported that in 
vitro, LC water does not scavenge ROS directly but instead contributes to enhanc-
ing the antioxidative activity of low dose ascorbic acid, thus suggesting that the 
action of LC water is of the latter type described above [15], although the precise 
mechanisms underlying its antioxidative effects have yet to be elucidated. The 
type of antioxidative activity of LC water may be also associated with difference 
in the effects of LCM culture between the two groups of cancer cells. Alternatively, 
the observed difference in response to the migration-/invasion-suppressive effects 
of LCM could be associated with a difference in the TP53 status between the two 
cell groups, as whereas both RKO and MKN45 cells express wild-type TP53, 
SW480 and MIA PaCa-2 cells have mutated TP53 [17]. That’s because p53 has 
been reported to have the antioxidative function via the up-regulation of genes 
encoding antioxidative proteins [25], along with roles in regulating cellular pro-
cesses, including the inhibition of invasion and metastasis [26].  

It has also been reported that mitochondrial respiration is conducive to the mi-
gratory/invasive behaviour of cancer cells, and that excessive mitochondrial res-
piration, and hence heightened levels of ROS production, contribute to the pro-
motion of ROS-dependent cancer cell migration, invasion, clonogenicity, and me-
tastasis [4] [6]-[8]. Pre-treatment of highly metastatic cancer cells with ROS scav-
engers has been shown to suppress their metastatic potential [9], and pharmaco-
logical scavenging of ROS has been suggested to prevent the expansion of meta-
static cancers [4]. In the present study, we found that SW480 and MIA PaCa-2 
cells appeared to be characterized by more pronounced migratory or invasive ac-
tivity than RKO and MKN45 cells, particularly MIA PaCa-2 cells, for which these 
activities were approximately 2.5- and 4.3-fold higher, respectively, than those in 
RKO cells. However, the migration-/invasion-suppressive activities of LCM ap-
peared to be not effective against SW480 and MIA PaCa-2 cells with these higher 
progression activities. On the basis of our findings in this study, and those re-
ported previously [4] [9], we speculate that the migration-/invasion-suppressive 
activity of LC water might be more effective in preventing the transition of cancer 
cells to highly metastatic types than suppressing the metastatic potential of highly 
metastatic cancers, even though the activity of LC water was observed only in vitro 
in the two responsive cell lines and seemed cell line-specific so far.  

From the gene expression analysis, the 111 down-regulated genes were selected 
in the two LCM-responsive cancer cell lines, RKO and MKN45, and these genes 
were enriched in the Dn-GO group associated with the response to oxidative stress 
(Figure 5 and Table 1), which tends to be consistent with the antioxidative effects 
of LCM culture on these two cell lines. Among the genes classified in Dn-GO, 
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NEIL1 and CDKN2D encode proteins typically involved in the response to oxida-
tive stress, including the repair of oxidative DNA damage and oxidative stress-
induced cell cycle arrest, respectively (Table 1) [27] [28]. In addition, other genes 
or gene products in this group have been reported to be involved in oxidative 
stress and the progression of cancer (Table 1). For example, SNAI1, which con-
tributes to carcinogenesis via EMT, has been reported to facilitate the progression 
of CRC [29] and promote the migration and invasion of thymic epithelial tumors 
cell lines [30]. Similarly, Wen et al. found that the long non-coding RNA-XIST 
promoted the oxidative stress-induced migration, invasion, and EMT of osteosar-
coma cells via up-regulation of SNAI1 [31]. Furthermore, TUBA3D is the ag-
grephagy-related gene and encodes the different isoform of α-tubulin that plays 
pivotal roles in intracellular architecture, cell migration, and signal transduction 
[32]. Aggrephagy, the process whereby protein aggregates are degraded, is among 
the responses to oxidative stress [33]. GTF2H2C, a component of the transcrip-
tion factor TFIID complex, has been reported to be involved in the transcription-
coupled repair of damaged DNA attributable to UV irradiation and oxidative 
stress [34], and has recently been identified as a potential marker for predicting 
the metastasis of non-small cell lung cancer [35]. Moreover, SYCE2, which con-
tributes to the regulation of DNA damage repair, has been reported to be associ-
ated with cellular resistance to radiation or DNA-damaging treatments [36]. Col-
lectively, these findings suggest that in the two LCM-responsive cancer cell lines 
assessed in this study, the migration-/invasion-suppressive effects of LCM may be 
mediated via down-regulation of these oxidative stress-related genes. In addition, 
genes classified in the Dn-RK or Dn-MK groups of down-regulated genes, includ-
ing BOLA2, PHOSPHO2-KLHL23, PILRB, and EIF3C, have been reported to be 
involved in the metastatic phenotype, migration, and invasion of cancer cells (Ta-
ble 1) [37]-[40]. EIF3C has also recently been identified as an oxidative stress-
related gene [41].  

The 83 up-regulated genes were enriched in the Up-GO group (Figure 5 and 
Table 2), indicating that epigenetic modification-related pathways were poten-
tially involved in changes in the gene expression in LCM-cultured RKO and 
MKN45 cells. For example, it has been found that lysine-specific demethylase 1 
(LSD1) suppresses the expression of LSD1-target genes, including TLE4 in Up-
GO, via demethylation of histone H3 lysine4 at LSD1-target gene promoter re-
gion, and thereby enhances the invasion and metastasis of CRC [42]. However, 
the mechanisms whereby these epigenetic changes were induced by LCM culture 
are yet unclear. There are some other genes identified as being involved in the 
suppression of cancer cell proliferation and migration/invasion in the GO group 
and other two groups, Up-RK and Up-MK (Table 2). Among the products of 
those genes, PML and CDKN1C have been suggested to be associated with oxida-
tive stress in cancer cells. PML has been known to function as a tumor suppressor 
in different types of cancers and to associate with suppression of metastatic pro-
gression in CRC [43]. Han et al. have reported that low-dose H2O2 reduces the 
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number of PML bodies, thereby leading to mild oxidative stress-induced cell pro-
liferation, and have suggested that this protein may contribute to the suppression 
of oxidative stress-induced cell proliferation and is plausibly associated with hu-
man cancers [44]. CDKN1C (p57(Kip2)) has been also identified as a candidate 
tumor suppressor, and Wang et al. have reported that the antioxidant compound 
curcumin contributes to the suppression of cell growth, migration, and invasion 
in glioma cells via up-regulation of CDKN1C [45]. Other genes classified in the 
Up-GO, Up-RK or Up-MK groups of up-regulated genes, including U2AF1, 
HSD17B6, and SPTY2DIOS, have been reported to be involved in the suppression 
of cancer progression (Table 2) [46]-[48]. 

Thus, on the basis of the foregoing findings, it can be speculated that the mi-
gration-/invasion-inhibitory effects of LCM culture on RKO and MKN45 cancer 
cells are associated with the down-regulation of the cancer-progressive genes and 
the up-regulation of the cancer-suppressive genes. 

5. Conclusion 

Collectively, our findings in this study suggest that the antioxidative activity of LC 
water contributes to the suppression of the migratory and invasive capacities of 
the human cancer cell types examined, although the precise mechanisms under-
lying this efficacy remain to be elucidated. These findings underscoring the po-
tentially beneficial effects of LC water on human cancer cells in vitro may provide 
a foundation for the development of countermeasures to prevent the progression 
of cancer. 

Acknowledgements 

This work was supported by the Non-Profit Organization Chiba Researchers Net-
work for Health Care Promotion. We would like to thank Editage  
(https://www.editage.jp/) for English language editing. 

Authors’ Contributions 

During the research and preparation of the manuscript, Kazuko Kita (KK) and 
Nobuo Suzuki (NS) designed the study, as corresponding authors, and KK per-
formed the experiments and analysed the experimental data. Bahityar Rahmutulla 

performed RNA-seq analysis, and Masaki Fukuyo and Atsushi Kaneda (AK) ana-
lysed the gene expression data. KK prepared the manuscript, and NS and AK re-
vised the manuscript. All authors have read and agreed to publish this manuscript. 

Conflicts of Interest 

The authors declare no conflicts of interest regarding the publication of this paper. 

References 
[1] Jackson, A.L. and Loeb, L.A. (2001) The Contribution of Endogenous Sources of 

DNA Damage to the Multiple Mutations in Cancer. Mutation Research, 477, 7-21.  

https://doi.org/10.4236/jbm.2026.146009
https://www.editage.jp/


K. Kita et al. 
 

 

DOI: 10.4236/jbm.2026.146009 141 Journal of Biosciences and Medicines 
 

https://doi.org/10.1016/s0027-5107(01)00091-4 

[2] Storz, P. (2005) Reactive Oxygen Species in Tumor Progression. Frontiers in Biosci-
ence, 10, 1881-1896. https://doi.org/10.2741/1667 

[3] Vallée, A. and Lecarpentier, Y. (2018) Crosstalk between Peroxisome Proliferator-
Activated Receptor Gamma and the Canonical Wnt/β-Catenin Pathway in Chronic 
Inflammation and Oxidative Stress during Carcinogenesis. Frontiers in Immunology, 
9, Article ID: 745. https://doi.org/10.3389/fimmu.2018.00745 

[4] Porporato, P.E., Payen, V.L., Pérez-Escuredo, J., De Saedeleer, C.J., Danhier, P., 
Copetti, T., et al. (2014) A Mitochondrial Switch Promotes Tumor Metastasis. Cell 
Reports, 8, 754-766. https://doi.org/10.1016/j.celrep.2014.06.043 

[5] Dewhirst, M.W. (2009) Relationships between Cycling Hypoxia, HIF-1, Angiogenesis 
and Oxidative Stress. Radiation Research, 172, 653-665.  
https://doi.org/10.1667/rr1926.1 

[6] Vaupel, P. and Mayer, A. (2012) Availability, Not Respiratory Capacity Governs Ox-
ygen Consumption of Solid Tumors. The International Journal of Biochemistry & 
Cell Biology, 44, 1477-1481. https://doi.org/10.1016/j.biocel.2012.05.019 

[7] LeBleu, V.S., O’Connell, J.T., Gonzalez Herrera, K.N., Wikman, H., Pantel, K., Haigis, 
M.C., et al. (2014) PGC-1α Mediates Mitochondrial Biogenesis and Oxidative Phos-
phorylation in Cancer Cells to Promote Metastasis. Nature Cell Biology, 16, 992-
1003. https://doi.org/10.1038/ncb3039 

[8] Ishikawa, K., Takenaga, K., Akimoto, M., Koshikawa, N., Yamaguchi, A., Imanishi, 
H., et al. (2008) Ros-Generating Mitochondrial DNA Mutations Can Regulate Tumor 
Cell Metastasis. Science, 320, 661-664. https://doi.org/10.1126/science.1156906 

[9] Hirakawa, N., Miura, Y. and Yagasaki, K. (2005) Inhibitory Effect of Ascorbic Acid 
on the Proliferation and Invasion of Hepatoma Cells in Culture. Cytotechnology, 47, 
133-138. https://doi.org/10.1007/s10616-005-3750-y 

[10] Mizuno, K., Watanabe, K., Yamano, E., Ebisu, K., Tajima, K., Nojima, J., et al. (2022) 
Antioxidant Effects of Continuous Intake of Electrolyzed Hydrogen Water in Healthy 
Adults. Heliyon, 8, e11853. https://doi.org/10.1016/j.heliyon.2022.e11853 

[11] Wu, T., Sakamoto, M., Inoue, N., Imahigashi, K. and Kamitani, Y. (2022) Effect of 
Functional Water on the Antioxidant Property of Concentrated Reconstituted Juice. 
Foods, 11, Article 2531. https://doi.org/10.3390/foods11162531 

[12] Mori, K. (1998) Development of Ceramic with Powerful Sterilization Junction from 
a Mixture of Baked Oyster Shell and Natural Zeolite: The Background, Current Status 
and Outlook. The Food Industry, 41, 48-59.  

[13] Li, K., Tong, X., Yu, J., Gao, X., Gao, F., Liu, X., et al. (2020) Lifeceramics-Treated 
Water Reduces Serum Uric Acid Levels and Improves Hemorheological Activity in 
Hyperuricemic Rats. Biomedical Reports, 13, Article No. 22.  
https://doi.org/10.3892/br.2020.1329 

[14] Kita, K., Sugaya, S., Tanaka, T., Dong, M., Sato, C. and Suzuki, N. (2013) Effects of 
Lifeceramics-Treated Water on Resistance to Oxidative Stress in Human Cells. Food 
& Function, 11, 14-19. 

[15] Kita, K., Fukuyo, M., Kaneda, A. and Suzuki, N. (2021) Antioxidative Effects of 
Lifeceramics-Treated Water in Cultured Human Cells: Suppression of H2O2-Induced 
Cell Death, Accumulation of Reactive Oxygen Species, and Changes in Gene Expres-
sion. Food & Function, 17, 14-21. 

[16] Yu, J., Tong, X., Li, K., Suzuki, A., Kita, K. and Suzuki, N. (2025) Lifeceramics-Treated 
Water Improves Serum Lipid Profile in Hyperlipidaemic Rats. Journal of Biosciences 

https://doi.org/10.4236/jbm.2026.146009
https://doi.org/10.1016/s0027-5107(01)00091-4
https://doi.org/10.2741/1667
https://doi.org/10.3389/fimmu.2018.00745
https://doi.org/10.1016/j.celrep.2014.06.043
https://doi.org/10.1667/rr1926.1
https://doi.org/10.1016/j.biocel.2012.05.019
https://doi.org/10.1038/ncb3039
https://doi.org/10.1126/science.1156906
https://doi.org/10.1007/s10616-005-3750-y
https://doi.org/10.1016/j.heliyon.2022.e11853
https://doi.org/10.3390/foods11162531
https://doi.org/10.3892/br.2020.1329


K. Kita et al. 
 

 

DOI: 10.4236/jbm.2026.146009 142 Journal of Biosciences and Medicines 
 

and Medicines, 13, 86-98. https://doi.org/10.4236/jbm.2025.134009 

[17] Inoue, T., Matsuda, K., Matsusaka, K., Nakajima, M., Takeno, Y., Miyazaki, T., et al. 
(2023) Anti-Proliferating and Apoptosis-Inducing Activity of Chemical Compound 
FTI-6D in Association with P53 in Human Cancer Cell Lines. Chemico-Biological 
Interactions, 369, Article 110257. https://doi.org/10.1016/j.cbi.2022.110257 

[18] Tong, X., Dong, M., Kita, K., Zhu, T., Ma, X., Suzuki, A. and Suzuki, N. (2018) Search 
for Food Materials That Support Healthy Conditions, Based on The Human SOS Re-
sponse Theory. Chiba Medical Journal, 94, 15-22. 

[19] Dobin, A., Davis, C.A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., et al. (2012) 
STAR: Ultrafast Universal RNA-Seq Aligner. Bioinformatics, 29, 15-21.  
https://doi.org/10.1093/bioinformatics/bts635 

[20] Li, B. and Dewey, C.N. (2011) RSEM: Accurate Transcript Quantification from RNA-
Seq Data with or without a Reference Genome. BMC Bioinformatics, 12, Article No. 
323. https://doi.org/10.1186/1471-2105-12-323 

[21] Tripathi, S., Pohl, M.O., Zhou, Y., Rodriguez-Frandsen, A., Wang, G., Stein, D.A., et 
al. (2015) Meta- and Orthogonal Integration of Influenza “OMICs” Data Defines a 
Role for UBR4 in Virus Budding. Cell Host & Microbe, 18, 723-735.  
https://doi.org/10.1016/j.chom.2015.11.002 

[22] Shirahata, S., Kabayama, S., Nakano, M., Miura, T., Kusumoto, K., Gotoh, M., et al. 
(1997) Electrolyzed-Reduced Water Scavenges Active Oxygen Species and Protects 
DNA from Oxidative Damage. Biochemical and Biophysical Research Communica-
tions, 234, 269-274. https://doi.org/10.1006/bbrc.1997.6622 

[23] Lee, M.Y., Kim, Y.K., Ryoo, K.K., Lee, Y.B. and Park, E.J. (2006) Electrolyzed-Re-
duced Water Protects against Oxidative Damage to DNA, RNA, and Protein. Applied 
Biochemistry and Biotechnology, 135, 133-144.  
https://doi.org/10.1385/abab:135:2:133 

[24] Yan, H., Tian, H., Kinjo, T., Hamasaki, T., Tomimatsu, K., Nakamichi, N., et al. 
(2010) Extension of the Lifespan of Caenorhabditis elegans by the Use of Electrolyzed 
Reduced Water. Bioscience, Biotechnology, and Biochemistry, 74, 2011-2015.  
https://doi.org/10.1271/bbb.100250 

[25] Sablina, A.A., Budanov, A.V., Ilyinskaya, G.V., Agapova, L.S., Kravchenko, J.E. and 
Chumakov, P.M. (2005) The Antioxidant Function of the P53 Tumor Suppressor. 
Nature Medicine, 11, 1306-1313. https://doi.org/10.1038/nm1320 

[26] Bieging, K.T., Mello, S.S. and Attardi, L.D. (2014) Unravelling Mechanisms of P53-
Mediated Tumour Suppression. Nature Reviews Cancer, 14, 359-370.  
https://doi.org/10.1038/nrc3711 

[27] McCullough, A.K., Minko, I.G., Luzadder, M.M., Zuckerman, J.T., Vartanian, V.L., 
Jaruga, P., et al. (2025) Role of NEIL1 in Genome Maintenance. DNA Repair, 148, 
Article 103820. https://doi.org/10.1016/j.dnarep.2025.103820 

[28] Lee, H.A., Chu, K.B., Moon, E.K. and Quan, F.S. (2021) Histone Deacetylase Inhibi-
tor-Induced CDKN2B and CDKN2D Contribute to G2/M Cell Cycle Arrest Incurred 
by Oxidative Stress in Hepatocellular Carcinoma Cells via Forkhead Box M1 Sup-
pression. Journal of Cancer, 12, 5086-5098. https://doi.org/10.7150/jca.60027 

[29] Qing, F., Xue, J., Sui, L., Xiao, Q., Xie, T., Chen, Y., et al. (2023) Intestinal Epithelial 
SNAI1 Promotes the Occurrence of Colorectal Cancer by Enhancing EMT and 
Wnt/β-Catenin Signaling. Medical Oncology, 41, Article No. 34.  
https://doi.org/10.1007/s12032-023-02253-w 

[30] Haoran, E., Zhang, L., Yang, Z., Xu, L., Wang, T., Guo, J., et al. (2024) SNAI1 Pro-

https://doi.org/10.4236/jbm.2026.146009
https://doi.org/10.4236/jbm.2025.134009
https://doi.org/10.1016/j.cbi.2022.110257
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1016/j.chom.2015.11.002
https://doi.org/10.1006/bbrc.1997.6622
https://doi.org/10.1385/abab:135:2:133
https://doi.org/10.1271/bbb.100250
https://doi.org/10.1038/nm1320
https://doi.org/10.1038/nrc3711
https://doi.org/10.1016/j.dnarep.2025.103820
https://doi.org/10.7150/jca.60027
https://doi.org/10.1007/s12032-023-02253-w


K. Kita et al. 
 

 

DOI: 10.4236/jbm.2026.146009 143 Journal of Biosciences and Medicines 
 

motes Epithelial-Mesenchymal Transition and Maintains Cancer Stem Cell-Like 
Properties in Thymic Epithelial Tumors through the PIK3R2/p-Epha2 Axis. Journal 
of Experimental & Clinical Cancer Research, 43, Article No. 324.  
https://doi.org/10.1186/s13046-024-03243-0 

[31] Wen, J.F., Jiang, Y.Q., Li, C., Dai, X.K., Wu, T. and Yin, W.Z. (2020) LncRNA‐XIST 
Promotes the Oxidative Stress‐Induced Migration, Invasion, and Epithelial‐to‐Mes-
enchymal Transition of Osteosarcoma Cancer Cells through miR‐153‐SNAI1 Axis. 
Cell Biology International, 44, 1991-2001. https://doi.org/10.1002/cbin.11405 

[32] Ye, C. (2024) Exploring the Role of Aggrephagy-Related Signatures in Immune Mi-
croenvironment, Prognosis, and Therapeutic Strategies of Breast Cancer. Medicine, 
103, e39999. https://doi.org/10.1097/md.0000000000039999 

[33] Kopito, R.R. (2000) Aggresomes, Inclusion Bodies and Protein Aggregation. Trends 
in Cell Biology, 10, 524-530. https://doi.org/10.1016/s0962-8924(00)01852-3 

[34] Low, G.K.M., Ting, A.P.L., Fok, E.D.Z., Gopalakrishnan, K., Zeegers, D., Khaw, A.K., 
et al. (2022) Role of Xeroderma Pigmentosum D (XPD) Protein in Genome Mainte-
nance in Human Cells under Oxidative Stress. Mutation Research/Genetic Toxicol-
ogy and Environmental Mutagenesis, 876, Article 503444.  
https://doi.org/10.1016/j.mrgentox.2022.503444 

[35] Liu, J., Jia, J., Wang, S., Zhang, J., Xian, S., Zheng, Z., et al. (2022) Prognostic Ability 
of Enhancer RNAs in Metastasis of Non-Small Cell Lung Cancer. Molecules, 27, Ar-
ticle 4108. https://doi.org/10.3390/molecules27134108 

[36] Hosoya, N. and Miyagawa, K. (2021) Synaptonemal Complex Proteins Modulate the 
Level of Genome Integrity in Cancers. Cancer Science, 112, 989-996.  
https://doi.org/10.1111/cas.14791 

[37] Luo, J., Wang, D., Zhang, S., Hu, K., Wu, H., Li, J., et al. (2019) Bola Family Member 
2 Enhances Cell Proliferation and Predicts a Poor Prognosis in Hepatocellular Carci-
noma with Tumor Hemorrhage. Journal of Cancer, 10, 4293-4304.  
https://doi.org/10.7150/jca.31829 

[38] Choi, E.S., Lee, H., Lee, C.H, and Goh, S.H. (2016) Overexpression of KLHL23 Pro-
tein from Read‐Through Transcription of PHOSPHO2‐KLHL23 in Gastric Cancer 
Increases Cell Proliferation. FEBS Open Bio, 6, 1155-1164.  
https://doi.org/10.1002/2211-5463.12136 

[39] Wang, X., Liu, Y., Zhao, Q., Wang, X., Chen, X., Hou, L., et al. (2024) PILRB Poten-
tiates the PI3K/AKT Signaling Pathway and Reprograms Cholesterol Metabolism to 
Drive Gastric Tumorigenesis and Metastasis. Cell Death & Disease, 15, Article No. 
642. https://doi.org/10.1038/s41419-024-07026-5 

[40] Ding, L., Wang, R., Zheng, Q., Shen, D., Wang, H., Lu, Z., et al. (2022) CircPDE5A 
Regulates Prostate Cancer Metastasis via Controlling WTAP-Dependent N6-Methyl-
adenisine Methylation of EIF3C mRNA. Journal of Experimental & Clinical Cancer 
Research, 41, Article No. 187. https://doi.org/10.1186/s13046-022-02391-5 

[41] Sun, C., Ding, H., Zhang, L., Wang, J. and Su, M. (2024) Co‐Regulatory Mechanisms 
and Potential Markers of Oxidative Stress‐Related Genes in Vitiligo and Alopecia Ar-
eata. Skin Research and Technology, 30, e70001. https://doi.org/10.1111/srt.70001 

[42] Chen, J., Ding, J., Wang, Z., Zhu, J., Wang, X. and Du, J. (2017) Identification of 
Downstream Metastasis-Associated Target Genes Regulated by LSD1 in Colon Can-
cer Cells. Oncotarget, 8, 19609-19630. https://doi.org/10.18632/oncotarget.14778 

[43] Chen, H.Y., Hu, J.Y., Chen, T.H., Lin, Y.C., Liu, X., Lin, M.Y., et al. (2015) KLHL39 
Suppresses Colon Cancer Metastasis by Blocking KLHL20-Mediated PML and DAPK 

https://doi.org/10.4236/jbm.2026.146009
https://doi.org/10.1186/s13046-024-03243-0
https://doi.org/10.1002/cbin.11405
https://doi.org/10.1097/md.0000000000039999
https://doi.org/10.1016/s0962-8924(00)01852-3
https://doi.org/10.1016/j.mrgentox.2022.503444
https://doi.org/10.3390/molecules27134108
https://doi.org/10.1111/cas.14791
https://doi.org/10.7150/jca.31829
https://doi.org/10.1002/2211-5463.12136
https://doi.org/10.1038/s41419-024-07026-5
https://doi.org/10.1186/s13046-022-02391-5
https://doi.org/10.1111/srt.70001
https://doi.org/10.18632/oncotarget.14778


K. Kita et al. 
 

 

DOI: 10.4236/jbm.2026.146009 144 Journal of Biosciences and Medicines 
 

Ubiquitination. Oncogene, 34, 5141-5151. https://doi.org/10.1038/onc.2014.435 

[44] Han, Y., Huang, C., Sun, X., Xiang, B., Wang, M., Yeh, E.T.H., et al. (2010) Senp3-
mediated De-Conjugation of SUMO2/3 from Promyelocytic Leukemia Is Correlated 
with Accelerated Cell Proliferation under Mild Oxidative Stress. Journal of Biological 
Chemistry, 285, 12906-12915. https://doi.org/10.1074/jbc.m109.071431 

[45] Wang, L., Ye, X., Cai, X., Su, J., Ma, R., Yin, X., et al. (2015) Curcumin Suppresses 
Cell Growth and Invasion and Induces Apoptosis by Down-Regulation of Skp2 Path-
way in Glioma Cells. Oncotarget, 6, 18027-18037.  
https://doi.org/10.18632/oncotarget.4090 

[46] Zhu, H., Zhou, W., Wan, Y., Lu, J., Ge, K. and Jia, C. (2022) CD44V3, an Alternatively 
Spliced Form of CD44, Promotes Pancreatic Cancer Progression. International Jour-
nal of Molecular Sciences, 23, Article 12061. https://doi.org/10.3390/ijms232012061 

[47] Lv, L., Zhao, Y., Wei, Q., Zhao, Y. and Yi, Q. (2020) Downexpression of HSD17B6 
Correlates with Clinical Prognosis and Tumor Immune Infiltrates in Hepatocellular 
Carcinoma. Cancer Cell International, 20, Article No. 210.  
https://doi.org/10.1186/s12935-020-01298-5 

[48] Ramírez-Moya, J., Wert-Lamas, L., Acuña-Ruíz, A., Fletcher, A., Wert-Carvajal, C., 
McCabe, C.J., et al. (2022) Identification of an Interactome Network between 
LncRNAs and MiRNAs in Thyroid Cancer Reveals SPTY2D1-AS1 as a New Tumor 
Suppressor. Scientific Reports, 12, Article No. 7706.  
https://doi.org/10.1038/s41598-022-11725-4 

 
 
 

Supplementary Material 

 
Figure S1. The effects of LCM culture on cancer cell proliferation. Following preculture in 
ContM or LCM for 5 days, the rates of SW480 and MIA PaCa-2 cell proliferation were 
estimated using WST-8 assay over a 4-day time course. Data are presented as mean ± stand-
ard deviation (SD) of three wells, n = 3. 
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