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Abstract

Mesothelioma is a highly aggressive tumor affecting an increasing number of patients
worldwide. Owing to the poor clinical outcomes associated with current therapies, the
development of novel therapies that target cancer stem cells (CSCs) is desirable. Here,
we examined the applicability of our previously established hydrogel-based rapid CSC
generation method to human mesothelioma cell lines and further analyzed the
characteristics of the induced mesothelioma stem-like cells (MesoSCs). Human
mesothelioma cell lines cultured on hydrogels presented increased expression of
panstem cell markers and acquired spheroid formation and early tumorigenicity,
suggesting that MesoSCs are highly malignant. Microarray analysis demonstrated that
the expression of SLC13A435, a citrate transporter involved in TCA cycle, was
significantly induced in the resulting MesoSCs. The overexpression of SLC13A5
resulted in a metabolic shift toward oxidative phosphorylation, increased
phosphorylation of ERK and YAP, and increased SOX2 expression, leading to increased
cisplatin resistance. sScCRNA-seq database analysis revealed that clinical mesothelioma
samples contained a small number of SLC13AS5-expressing cells. Our findings suggest
that the hydrogel-based CSC generation method is also effective for human
mesothelioma cells and that SLC13A5 may contribute to MesoSC survival. The new
properties of MesoSCs revealed in this study may provide clues for establishing future

treatments.



Introduction

Mesothelioma is a highly aggressive tumor associated with risk factors such as
asbestos and BAP1 gene mutations and it develops after a latency period of several
decades after initial exposure [1-3]. Although the number of patients worldwide has
increased every year since 1990, its prevalence has already peaked in Europe and in the
United States, and it is predicted that all mesothelioma cases will be spontaneous rather
than asbestos-induced by 2040 [4, 5]. Surgical resection is the first choice of treatment,
but due to the complex anatomy, up to 75% of patients experience local recurrence [6].
Recurrent or unresectable cases can be treated with chemotherapy [7, 8], radiotherapy
[9], and immunotherapy [10—12], but all of these treatments are associated with poor
clinical outcomes.

Cancers are composed of heterogeneous cell populations and are often difficult to
cure because of the presence of cancer stem cells (CSCs), which are involved in
metastasis and drug resistance [13—15]. To eradicate CSCs, it is essential to isolate CSCs
from cancer tissues, analyze their characteristics, and develop CSC-targeted therapies.
In mesothelioma, mesothelioma stem cells (MesoSCs) are selected by sorting cells with
high expression of SOX2 and Oct4 via lentivirus [16] or by sorting side population cells
that show superior responses to dye exclusion or the Aldefluor assay [17, 18]. These
methods revealed that in MesoSCs, SOX2, Nanog, and Oct4 are involved in
multipotency [19]; CD9, CD24, and CD26 are involved in tumorigenesis and invasion
[18,20]; and CD44 and ALDH are involved in drug resistance [21, 22]. However, these
conventional methods inevitably lead to nonphysiological conditions due to the addition
of viruses or reagents to cells, and the high reagent costs, complicated procedures, and

low isolation efficiency are barriers to the development of MesoSC-targeted therapies.



To address this issue, we recently established a novel method to rapidly
reprogram cancer cells into CSCs via a hydrogel, termed the hydrogel-activated
reprogramming (HARP) phenomenon [23]. Hydrogels have the advantage that their
high water content allows cancer cells to be cultured in a microenvironment similar to
that in vivo, without the need for expensive reagents and equipment. Indeed, we have
succeeded in rapidly reprogramming brain tumor cell lines into glioma stem cells via a
double network (DN) hydrogel composed of poly(2-acrylamido-2-methyl-1-
propanesulfonic acid) (PAMPS) and poly(N,N -dimethylacrylamide) (PDMAAm) [23—
25]. Recently, we reported that poly(N-(carboxylmethyl)-N,N’-dimethyl-2-
(methacryloyloxy)ethanaminium, inner salt) (PCDME) gel [26, 27] and poly(sodium p-
styrene sulfonate) (PNaSS) gel [28] are also able to upregulate pan-stem cell markers in
various malignant tumor cell lines (unpublished data).

Mesothelial cells are generated by epithelialization of the lateral mesoderm and
provide a special intermediate context between mesenchymal and epithelial cells [29,
30]. Mesotheliomas develop in a membranous fashion and rarely form masses,
suggesting that they may be a distinct cell type from other malignancies
embryologically, anatomically, and histologically. Activation of the Hippo pathway and
osteopontin production in mesothelioma cells have been reported to contribute to
stemness and drug resistance [31-33], and it is expected that these cells will be sensitive
to extracellular mechanical stimuli, suggesting that hydrogels may be able to induce
MesoSCs similar to other malignancies. In this study, we investigated the applicability
of human mesothelioma cell lines for hydrogel-based CSC induction. Furthermore, we
noted the increased expression of SLACI3A45, a gene encoding a citrate transporter, in

the obtained MesoSCs and analyzed its contribution to MesoSC survival. We hope that



the properties of MesoSCs that we uncovered could provide a foothold for novel

therapeutic approaches.

2. Materials and Methods

2.1 Cell lines

Human mesothelioma cell line ACC-MESO-4 [34] and human embryonic kidney cell
line HEK293T were provided by the RIKEN BioResearch Center (Tukuba, Japan).
Other four human mesothelioma cell lines MSTO-211H, NCI-H2052, NCI-H2452 and
NCI-H28 were purchased from the American Type Culture Collection (ATCC,

Manassas, VA, USA).

2.2 Cell culture

All mesothelioma cell lines were maintained in Roswell Park Memorial Institute
(RPMI) 1640 medium (Nissui Pharmaceutical, Tokyo, Japan) with 10% fetal bovine
serum (FBS, Sigma-Aldrich, St. Louis, MO, USA), penicillin-streptomycin (100 U/mL
penicillin and 0.1 mg/mL streptomycin, Sigma-Aldrich, St. Louis, MO, USA), and L-
glutamine (2 mM, Sigma-Aldrich, St. Louis, MO, USA). HEK293T cells were
maintained in Dulbecco's Modified Eagle Medium (DMEM) with 10% FBS, penicillin-
streptomycin, and L-glutamine. All cell lines were cultured on hydrogels or polystyrene

(PS) dish at 37°C in a humid incubator with 5% CO..

2.3 Establishment of ACC-MESO-4 and MSTO-211H cells stably expressing
tdTOMATO-Luc2

pCSII-CMV-tdTOMATO-Luc2 was transfected into ACC-MESO-4 and MSTO-211H



cells using FuGENE® HD transfection reagent (Promega, Madison, WI, USA), and the
transfected cells were selected in the presence of 200 ng/mL Zeocin (Thermo Fisher
Scientific, Waltham, MA, USA). Stable expression of tdTOMATO fluorescent protein
was observed under a fluorescence microscope (IX73, Olympus, Co., Tokyo, Japan). In
the established cells, increased expression of pan-stem cell markers on DN, PCDME,
and PNaSS gels was confirmed to be equivalent to those of the parental cells,

demonstrating no adverse effects of fluorescent protein.

2.4 Establishment of cell lines transiently overexpressing SLC13A45

SLCI3AS5 expression vector (pRP[Exp]-EGFP/Puro-EF1A>3xFLAG/hSLCI3A5

[NM 177550.5]) and its empty control vector (EGFP control vector pRP[Exp]-
EGFP/Puro-CAG> ORF _stuffer) were purchased from Vector Builder Inc. (Chicago, IL,
USA). ACC-MESO-4 cells were seeded at 1.0x103 cells/mL, MSTO-211H cells and
HEK293T cells at 2.5x10° cells/mL on a PS dish, and 2000 ug of SLC13A5 expression
vector or empty control vector were transfected using FUGENE® HD. After 48 hours of
transfection, the transfection efficiency was evaluated by the expression of green

fluorescent protein under an IX73 inverted microscope.

2.5 Synthesis of hydrogels

Hydrogel regents

As monomers for hydrogels, we purchased 2-acrylamido-2-methyl-1-propanesulfonic
acid (AMPS, Toagosei Co., Ltd., Tokyo, Japan), N,N'-dimethylacrylamide (DMAAm,
FUJIFILM Wako Pure Chemical Co., Osaka, Japan), N-(Carboxylmethyl)-N,N’-

dimethyl-2-(methacryloyloxy)ethanaminium, inner salt (CDME, Osaka Organic



Chemical Co., Ltd., Osaka, Japan) and p-styrenesulfonic acid sodium salt (FUJIFILM
Wako Pure Chemical Co.). N, N’-methylenebisacrylamide (MBAA, FUJIFILM Wako
Pure Chemical Co.) was used as a cross-linking agent and 2-oxoglutaric acid
(FUJIFILM Wako Pure Chemical Co.) was used for polymerization initiator. All agents
except DMAAm were used without further purification. DMAAm was used after

vacuum distillation.

DN gel synthesis

The PAMPS/PDMAAm DN gel was synthesized with APMS, DMAAm, MBAA, and 2-
oxoglutaric acid following a previously reported 2-step sequential polymerization
method [24]. The structural formulas for PAMPS and PDMAAm are shown in Figure
1A. First, to make a first network of PAMPS hydrogel, we prepared a precursor
solution, which contains 1 mol/L AMPS, 4 mol% MBAA and 0.1 mol% 2-oxoglutaric
acid. This precursor solution was injected into a cell consisting of a pair of glass plates
separated by silicone rubber. When the cell is irradiated with ultraviolet (UV) lamp (365
nm wavelength) in argon gas for about 8 hours, PAMPS gel is synthesized by radical
polymerization. Next, the PAMPS hydrogel was immersed in a 2 mol/L DMAAm
solution containing 0.1 mol% MBAA and 0.1 mol% 2-oxoglutaric acid for 1 day until
achieving the equilibrium. The hydrogel was then put between two glass plates and
irradiated with a UV lamp (365 nm wavelength) in argon gas for about 8 hours. This
resulted in polymerization of the second network (PDMAAm) in the presence of the

first network gel (PAMPS) to obtain DN gel [24].

PCDME gel synthesis



PCDME gel was obtained by radical polymerization using precursor solution containing
1 mol/L N-(Carboxylmethyl)-N,N’-dimethyl-2-(methacryloyloxy)ethanaminium, inner
salt, 4 mol% MBAA, and 0.1 mol% 2-oxoglutaric acid. The solution was injected into a
cell consisting of a pair of glass plates separated by silicone rubber. The cell was

irradiated with a UV lamp (365 nm wavelength) in argon gas for about 8 hours [26].

PNaSS gel synthesis

PNaSS gel was obtained by radical polymerization using precursor solution containing
1 mol/L p-styrenesulfonic acid sodium salt, 4 mol% MBAA, and 0.1 mol% 2-
oxoglutaric acid. The solution was injected into a cell consisting of a pair of glass plates
separated by silicone rubber. The cell was irradiated with a UV lamp (365 nm

wavelength) in argon gas for about 9 hours [28].

After polymerization, DN gel, PCDME gel and PNaSS gel were immersed in 0.9 wt%
NaCl solution to remove unreacted material, and then further immersed in 4-(2-
HydroxyEthyl)-1-Piperazine Ethane Sulfonic acid (HEPES, Sigma-Aldrich, St. Louis,
MO, USA) buffer [1.55x10"2 mol/L NaHCO3, 0.14 mol/L NaCl, 5x10- mol/L HEPES,
pH 7.4]. The HEPES buffer was replaced daily for 1 week, and these hydrogels reaching

equilibrium were used for cell culture.

2.6 Preparation of hydrogels for cell culture
Sheet-formed DN gel, PCDME gel, and PNaSS gel were punched into disks (35 mm in
diameter and 1.2 mm thick) and autoclaved in HEPES buffer. The disk was transferred

to a 35 mm polystyrene dish, and 2 mL of culture medium was added to each dish and



immersed overnight in a humid incubator at 37°C, 5% COz. The next day, remaining
medium in the dishes was removed, and fresh medium containing cells was seeded on

the gels.

2.7 Real-time polymerase chain reaction (PCR) analysis

Total RNA from cultured mesothelioma cells was extracted using the RNeasy Mini kit
(Qiagen, Valencia, CA). The cDNA was synthesized using Superscript VILO (Thermo
Fisher Scientific). Real-time PCR was performed by a step-one real-time PCR system

(Applied Biosystems, Foster City, CA) using SYBR Green PCR Master Mix (Qiagen).
Primer sequences are shown in Supplementary Table 1. Relative expression levels of
genes of interest were normalized by the delta delta Ct method with glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) as the endogenous control.

2.8 Xenograft models and bioluminescense imaging

7-week-old female Balb/cA Jcl nu/nu nude mice (CLEA Japan, Inc.) were used.
tdTomato-Luc2-transfected ACC-MESO-4 cells and MSTO-211H cells (1.0x10°
cells/mL) were seeded on PS dish and PNaSS gel and cultured for 3 days. Thereafter,
5.0x10* ACC-MESO-4 and 1.0x10° MSTO-211H cells were suspended in 50 uL of
medium and injected to the abdominal wall of mice (n=4/group). Mice were
anesthetized with 1.75% isoflurane (60 mg/kg) inhalation. The abdominal midline of the
mice was incised and the cell suspension was injected in a dome shape between the
parietal peritoneum and muscle layer, and then the peritoneum and skin were carefully
sutured. Bioluminescence imaging using the IVIS Spectrum imaging system (Summit

Pharmaceuticals International Co., Tokyo, Japan) was performed after injection of



VivoGlo Luciferin, In Vivo Grade (Promega Co., Wisconsin, USA) into the abdominal
cavity of the mice. All animal experiments were conducted in compliance with the
guidelines of Hokkaido University Manual for Implementing Animal Experimentation
with the approval of Institutional Animal Care and Use Committee at Hokkaido

University Faculty of Medicine, Sapporo, Japan (Number 17-0061, 22-0089).

2.9 Microarray analysis and enrichment analysis

ACC-MESO-4 cells were cultured on DN gel, PS dish and ultra-low attachment (ULA)
dish for 3 days. Total RNA of these cells was extracted using the RNeasy Mini kit
(Qiagen). Microarray analysis was performed using SurePrint G3 Human Gene
Expression 8x 60K v3.0 (Agilent Array). Data were standardized and analyzed using
processes established in the Minimum Information About a Microarray Experiment
(MIAME) guidelines. Gene expression levels were analyzed by comparing expression
on DN gels with those on PS dishes and ULA dishes. 101 up-regulated genes with a
Log2FC (fold change) greater than 0.6 were performed enrichment analysis using
Enrichr, a comprehensive resource for curated gene sets (URL:

https://maayanlab.cloud/Enrichr/). Microarray data set was uploaded to NCBI Gene

Expression Omnibus (GEO) as accession number GSE286050.

2.10 Western blotting

ACC-MESO-4 cells were cultured on PS dish, DN gel, PCDME gel, and PNaSS gel for
3 days to prepare lysate samples. Lysate samples were also prepared from HEK293T
cells transiently overexpressing SLC13A5 and its empty control. As lysis buffer, RIPA

buffer prepared in our laboratory was used. The samples were resolved on SDS-
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polyacrylamide gels (7-12%) and transferred to PVDF membranes by electrophoresis.
The membranes were then incubated with primary antibody and horseradish peroxidase
(HRP)-conjugated secondary antibody and developed using Cytiva Amersham™
ECL™ Western Blotting Detection Reagents (Leicestershire, England). Lumino image
analyzers (ImageQuant LAS 4000mini system; GE Healthcare Japan, Co., Japan) were
used for visual detection and analysis. Primary antibodies are anti-SOX2 antibody
(#3579), anti-YAP/TAZ antibody (#8418), anti-phospho-YAP antibody (S127)
(#13008), anti-ERK1/2 antibody (#9102), anti-phospho-ERK1/2 antibody (T202/Y204)
(#9101), anti-mTOR antibody (#2983), anti-phospho-mTOR antibody (S2481) (#2974),
anti-p53 antibody (#2524), anti-AMPK-alpha antibody (#5831), anti-phospho-AMPK-
alpha antibody (T172) (#2535) (Cell Signaling Technology, Beverly, MA, USA), anti-
Actin antibody (MAB1501, Millipore), anti-SLC13AS antibody (sc-293277, Santa Cruz
Biotechnology, Texas, USA), anti-TMEM151B antibody (MBS9204525,
myBioSource), anti-HCRTR2 antibody (AOR-002, Alomone Labs Ltd., Jerusalem,
Israel), and anti-FLAG M2 antibody-peroxidase (HRP)-conjugated antibody (A8592)

(Sigma-Aldrich).

2.11 Immunostaining of SLC13A45 using cell block

ACC-MESO-4 cells cultured on PS dish, DN gel, PCDME gel, and PNaSS gel were
detached with 0.25% trypsin-EDTA solution (Sigma-Aldrich), and centrifuged at 1,500
rpm for 3 minutes, and the resulting pellet was embedded in paraffin blocks.
Immunostaining was performed using anti-SLC13AS antibody (sc-293277, Santa Cruz
Biotechnology). The staining process was performed according to the Envision FLEX

visualization system (Dako; Agilent Technologies, Inc., California, USA).
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2.12 Immunofluorescence

MSTO-211H cells and HEK293T cells transiently overexpressing SLC13A5 were
cultured on a glass-based dish and immunofluorescence was performed using anti-Flag
M2 antibody (F-3165, Sigma-Aldrich) as the primary antibody and Alexa Fluor 594-
conjugated anti-mouse IgG antibody (A11032, Thermo Fisher Scientific) as the
secondary antibody. The cells were observed using a confocal laser scanning

microscope (FV3000; Olympus Co., Tokyo, Japan).

2.13 Metabolic analysis

HEK293T cells with SLC13AS5 transient overexpression and its control cells were
suspended in XF assay medium supplemented with 10 mM glucose, 1 mM pyruvate,
and 2 mM glutamine. The cells (1x10* cells/well) were seeded into culture plates coated
with Cell-Tak (Thermo Fisher Scientific). Plates were centrifuged and equilibrated in
37°C incubator for 45 min before transfer to Seahorse XFp extracellular flux analyzer
(Agilent Technologies, Inc.). Oxygen consumption rate (OCR) was measured by the
Mito Stress Test. First, basal respiration was measured in XF assay medium (I mM
sodium pyruvate, 10 mM glucose, 2 mM glutamine). Next, oligomycin (1 pM) was
injected and respiration associated with ATP production was measured. In addition, the
binding inhibitor carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP, 1 uM)
was added and maximal respiration was measured. Finally, rotenone and antimycin A
(0.5 uM each) were added in combination, and non-mitochondrial respiration was

measured.
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2.14 CCK-8 assay

To examine the sensitivity to antitumor drug, the cell viability was evaluated by CCK-8
assay kit (FUJIFILM Wako Pure Chemical Co.). MSTO-211 H cells transiently
overexpressing SLC13A5 and the control cells were seeded in 96 well plate at 1x10*
cells/well. After 24 hours of incubation, cisplatin was administered at 0, 0.1, 1, 10, 50,
and 100 pM. After additional 24 hours, CCK-8 assay was performed and absorbance at
450 nm was measured. The average viability was calculated using Excel by subtracting
the blank value from the absorbance obtained [((control —sample)/control) x100]. Data
were plotted on a graph with the logarithm-transformed drug dose on the x-axis and the
average viability on the y-axis. [C50 values were estimated using a fitted line [linear

regression: Y =a x X + b, IC50 = (0.5 - b)/a].

2.15 Statistical Analysis

ImagelJ-software (URL: https://imagej.net/software/fiji/) was used to measure spheroid
morphology and to calculate the immunostaining positive area of cells. Graphical data
were presented as means and standard deviations. Student's t-test was used for
comparisons, and a P-value less than 0.05 was considered significant. The F-test was

used to examine whether the samples were in equal or not equal variances.

2.16 Survival analysis using clinical database

Survival analyses were performed using two public datasets: the TCGA database from
87 patients using the online tool GEPIA [35] and the Bueno cohort from 211 patients
[36]. pyEGA3 was used to download the raw files stored in the EGA database

(EGADO00001001915), and after removing the adapters using Trim Galore v0.6.3, the
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Fastq files were used with Salmon v1.10.1[37] to direct quantification (reference
genome: GRCh38). Raw counts data were imported into the R environment (R 4.3) for
subsequent analyses, data filtering and normalization were performed using the R
package ‘DESeq2’ [38], and survival analyses were performed based on the R package

‘Survival’.

2.17 scRNA-seq data analysis of mesothelioma dataset

The public mesothelioma scRNA-seq dataset (GSE201925) were downloaded from
Gene Expression Omnibus database [39]. The expression matrix (reference genome:
GRCh38) was calculated using Cellranger 7.1.0 (10xGenomics). Subsequent analysis
was performed mainly based on the R package 'Seurat v4' [40]. Cells were first
undergoing quality control and only cells meeting the criteria were retained: genes (min:
300-max: 10000), mitochondrial gene percent (<20%), unique molecular identifiers
count (<80,000). Genes expressed in no more than 3 cells were also removed. The R
package 'Tricycle'[41] was used to infer the cell cycle situation to avoid the impact of
cell cycle on the subsequent analysis. Afterwards, different samples were integrated
using the CCA algorithm to remove batch effects.

The FindVariableFeatures() function was used to screen 3000 highly variable
genes for PCA dimensionality reduction and clustering operations (PCs=1:40,
Resolution=0.5), and all cells were divided into 15 clusters then used uniform manifold
approximation and projection (UMP) algorithm for visualization. Then, the marker
genes in each cluster were calculated by the FindAlIMarkers() function and the cell

types were manually annotated.
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3. Results
3.1 Induction of mesothelioma stem cells by the DN hydrogel

On the basis of the novel technique we established, the hydrogel-activated
reprogramming (HARP) phenomenon [23], five human mesothelioma cell lines
(MSTO-211H, ACC-MESO-4, NCI-H2052, NCI-H2452, and NCI-H28) were cultured
on PS dishes and DN gels for 24 hours. These cell lines adhered in a monolayer on the
PS dishes, whereas they floated and formed spheroids on the DN gels (Figure 1B).
MSTO-211H cells were tightly aggregated to form spheres, and other four cell lines
formed loose aggregates with recognizable cell boundaries (Figure 1B). Although the
size of spheroids appears to vary depending on the cells, the average short diameter of
the top 10 spheroids ranged 80 to120 um, with no significant differences (Figure 1C).
The expression levels of pan-stem cell markers SOX2, Nanog, and Oct3/4 were
significantly greater in MSTO-211H, ACC-MESO-4 and NCI-H2452 cells cultured on
DN gels than in those cultured on PS dishes, and this tendency was also observed in
NCI-H2052 cells (Figure 1D). These results indicate that these four human
mesothelioma cell lines respond favorably to DN gels, increasing their expression of

stem cell markers.

3.2 HCRTR2, SLC13A5, and TMEM151B are upregulated and glycogenesis is promoted
in DN gel-induced MesoSC-like cells

Since the effects of DN gel-induced stemness were more pronounced in ACC-
MESO-4 cells (Figure 1D), we comprehensively investigated gene expression in ACC-
MESO-4 cells cultured on the DN gel via microarray analysis. To identify novel

mesothelioma stem cell markers that could serve as therapeutic targets, gene expression
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on the DN gel was compared with that on control PS dishes as well as ultralow
attachment (ULA) dishes, a classical method for enriching stem cells. Microarray
analysis identified 23 genes as stem cell marker candidates whose expression was
increased by more than 20-fold on the DN gel compared with that on the PS and ULA
dishes, and 8 of these genes encoded membrane proteins that could be potential
therapeutic targets (Figure 2A). Real-time PCR analysis revealed a common tendency
toward increased expression of HCRTR2, SLC13A45, and TMEM151B in MSTO-211H,
ACC-MESO-4 and NCI-H2452 cells cultured on DN gels (Figure 2B). Meanwhile, the
other five genes were excluded from further investigation because four genes (PLB,
RXFPI1, SEMA4G and SLC6A11) did not show increased expression in ACC-MES-4
cells on the DN gel (Supplementary Figure 1A), and PTGFR was not sufficiently
expressed in other mesothelioma cell lines (Supplementary Figure 1B). Enrichment
analysis via the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database
of 101 genes whose Log2FC was greater than 0.6 on DN gels compared with those on
PS and ULA dishes revealed the upregulation of glycogenic amino acids such as
histidine, tyrosine, and alanine, suggesting the promotion of the TCA cycle and
gluconeogenesis (Figure 2C). Furthermore, the Molecular Signatures Database
(MSigDB) pathway analysis revealed increased epithelial-mesenchymal transition
(EMT) (Supplementary Figure 2A). Real-time PCR verified significantly increased
expression of several EMT-related genes, such as slug, fibronectin, twist, and N-
cadherin, in ACC-MESO-4 cells cultured on the DN gel compared with those cultured

on the PS dish (Supplementary Figure 2B).
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3.3 SLC13A5-, HCRTR2-, and TMEM151B-expressing cell clusters were identified in
mesothelioma datasets

To examine the expression of SLC1345, TMEM151B, and HCRTR?2 in human
clinical mesothelioma samples, clustering was performed via the scRNA-seq gene
expression dataset from Knelson et al [39]. By UMAP clustering, the tumor cells were
broadly divided into two clusters (Figure 2D). Tumor Cluster 1 was separate from
tumor Cluster 2, and Cluster 1 had higher expression of genes, including CLDN15, CA9,
HP, MSTI, and RYR?2 (marked with * in Figure 2E). Notably, tumor cells expressing
SLCI3A45, TMEM151B, HCRTR?2, and the stemness markers SOX2 and Oct3/4
(POUSFI) belonged to Cluster 1 (marked with ** in Figure 2E). The expression levels
of these genes were quite low but specific for tumor Cluster 1. These results are
consistent with reports that mesothelioma contains a lower percentage of MesoSCs

(0.27-1.32% of whole tumor cells) [42].

3.4 PNaSS gel-induced MesoSCs along with the induction of SLC1345, HCRTR?2, and
TMEMI151B

The HARP phenomenon can be observed not only in DN gels but also in certain
types of single-network (SN) hydrogels, such as PCDME (poly(N-(carboxylmethyl)-
N,N’-dimethyl-2-(methacryloyloxy)ethanaminium, inner salt) and PNaSS (sodium p-
styrene sulfonate) gels (Figure 3A), which exhibit different properties from DN gels
(Supplementary Table 2) [26-28]. Unlike on the DN gel, the ACC-MESO-4 cells did
not form spheroids on the PCDME and PNaSS gels, and showed various morphologies
such as elongated and polygonal shape (Figure 3B). Real-time PCR analysis revealed

that for nine genes (SOX2, Nanog, Oct4, CD44, ALDHI1A2, ALDHIA3, CD9, CD24,
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and CD206) previously reported to be associated with MesoSCs [18-21], the expression
of six genes (SOX2, Nanog, Oct4, CD44, ALDHIA3, and CD9) was significantly
increased on all three hydrogels (Figure 3C). The expression levels of MesoSC marker
candidate molecules, such as HCRTR2, SLC13A5, and TMEM151B, were also increased
(Figure 3C). The analysis of the TCGA database revealed that although there was no
significant difference in the Kaplan-Meier curve, patients with high expression of
HCRTR2, SLC13A45, and TMEM151B genes tended to have a worse prognosis than

those with low expression (Supplementary Figure 3).

3.5 Increased expression of SLC13A45 in hydrogel-induced MesoSC-like cells and
enhanced tumorigenicity in vivo

To analyze the role of SLC13AS5, Western blotting was performed, and we found
that the expression level of SLC13AS5 was increased in cells grown on the three types of
hydrogels, being 4.7-, 4.6-, and 7.4-fold greater on DN, PCDME, and PNaSS gels,
respectively, than in cells grown on PS dish (Figure 3D). Notably, examining the
protein levels of TMEM151B and HCRTR2 was difficult because of the low specificity
of the antibodies (data not shown). Immunostaining of the cell block samples revealed
that the cells on the hydrogel highly expressed SLC13AS5 not only on the cell membrane
but also in the cytoplasm (Figure 3E), with the highest expression levels when grown
on the PNaSS gels (Figure 3F).

We next examined tumorigenicity in vivo to investigate the stem cell properties of
the cells cultured on the hydrogel. The PNaSS gel was selected because it induced the
highest expression of SLC13AS5 protein (Figure 3D, 3F). MSTO-211H cells with

tdTomato-Luc2 expression were cultured on PS dishes and PNaSS gels and transplanted
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into the mesothelial stroma just below the peritoneum of nude mice (n = 4/group). In
2/4 mice (50%, mice #1 and #2) in the PNaSS gel, enhanced luminescence was
observed at 7 weeks compared with those in the PS group (0/4 mice, 0%) (P =
0.044037, Figure 3G, 3H). In the case of ACC-MESO-4 cells, two (50%) and three
(75%) mice in the PS dish and PNaSS gel groups, respectively, presented increased
luminescence at 5 weeks (P = 0.626937, Supplementary Figure 4). These results
suggest that the properties of the cells changed, and the cells acquired stemness through
hydrogel culture. SLC13AS5 may play an important role in reprogramming into

MesoSC-like cells.

3.6 SLC13A45 overexpression induces metabolic shifts to oxidative phosphorylation
(OXPHOS) and cisplatin resistance

To investigate the functional signature of SLC13AS in living cells, SLC13AS5 was
transiently overexpressed in several cell lines. ACC-MESO-4 and MSTO-211H cells
presented low transfection efficiencies of less than 5% and 30-40%, respectively
(Supplementary Figure 5). HEK293T cells were also used because of their high
transfection efficiency and lack of endogenous expression of SLC13AS5 (Figure 4A).
FLAG-tagged SLC13AS5 was localized on the plasma membrane of MSTO-211H and
HEK293T cells (Figure 4B, red color).

Since SLC13AS5 is involved in the TCA cycle as a citrate transporter [43, 44], we
first focused on cellular energy metabolism. Using a mitochondrial stress test to
measure the oxygen consumption rate (OCR), we found that basal and maximal
respiratory activities were significantly increased in SLC13AS5-overexpressing cells,

which indicates that energy production was shifted to oxidative phosphorylation
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(OXPHOS) (Figure 4C). Western blotting revealed that in stemness-related signaling
pathways, the phosphorylation levels of YAP and ERK1/2 were increased in SLC13A5-
overexpressing cells, as was the expression of SOX2 (Figure 4D), which is consistent
with the acquisition of stemness.

Furthermore, a CCK-8 assay was performed using SLC13A5-overexpressing
MSTO-211H cells to examine the role of SLC13AS5 in resistance to cisplatin. Compared
with control cells, cells overexpressing exogenous SLC13AS5 presented higher IC50
values and resistance to cisplatin (IC50 values = 24.0 uM and 14.0 uM for SLC13AS-
overexpressing and control cells, respectively). In the presence of 1 uM cisplatin, the
viability of SLC13A5-overexpressing cells was significantly increased (P = 0.031283,
Figure 4E). These results suggest that SLC13AS5 contributes to efficient energy
metabolism and drug resistance in MesoSCs, suggesting its usefulness as a potential

therapeutic target and diagnostic marker.

Discussion

The purpose of this study was to clarify whether our previously developed
hydrogel-based CSC induction method, termed the hydrogel-activated reprogramming
(HARP) phenomenon, can be applied to human mesothelioma cell lines. We analyzed
the characteristics of the resulting mesothelioma stem cells (MesoSCs) and identified
molecules essential for the development of novel MesoSC-targeting therapies.
According to reports using conventional MesoSC extraction methods, MesoSCs are
identified as cells that fulfill two or more of the following characteristics: spheroid

formation, Matrigel invasion, migration, tumorigenesis, angiogenesis, EMT, and high
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expression of pan-stem cell markers [16-21, 31]. Notably, in the case of mesothelial
cells, the EMT phenomenon is called MMT (mesothelial-mesenchymal transition). In
this study, we demonstrated that ACC-MESO-4, MSTO-211H, and NCI-H2452 cells
cultured on DN gels exhibited spheroid formation and increased expression of pan-stem
cell markers (SOX2, Nanog, and Oct3/4) (Figure 1B, 1D). ACC-MESO-4 cells also
exhibited increased EMT/MMT (Supplementary Figure 2A, 2B) and increased
expression of pan-stem cell markers and MesoSC-associated genes on PCDME and
PNaSS gels (Figure 2F). Furthermore, MSTO-211H cells cultured on PNaSS gel had an
advantage in terms of tumorigenicity (Figure 3G, 3H). These results confirmed that the
characteristics of the human mesothelioma cell lines acquired via the hydrogel culture
method were quite similar to those of MesoSCs.

Although elucidating the molecular mechanisms of MesoSC induction on the three
types of hydrogels remains a challenge, we speculate that differences in the charge and
elasticity of the gel mimics different tumor microenvironments, potentially
reprogramming mesothelioma into MesoSCs [45]. This method has clear advantages
over conventional methods in terms of simplicity because of the short culture period and
the lack of expensive reagents and equipment. Furthermore, the identification of
SLCI3AS5 as a novel MesoSC marker in this study suggests that the use of hydrogel
may be valuable for characterizing MesoSCs and identifying therapeutic targets.

Here, we demonstrated that SLC13AS5 expression was increased at both the gene and
protein levels in hydrogel-induced MesoSC-like cells (Figure 2B, 3A). SLC13AS5 has
been reported to encode a transmembrane protein, the sodium-dependent citrate
transporter (NaCT) [43, 44]. On the other hand, immunostaining revealed that

SLC13A5/NaCT in the MesoSC-like cells was localized not only on the plasma
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membrane but also in the cytoplasm (Figure 3E). It is possible that NaCT is
internalized into the cytoplasm or may be transported followed by rapid turnover. At
present, little is known about the mechanism of the translational regulation of NaCT,
and further analysis is needed [46]. According to the Western blotting (Figure 3D) and
the databases of The Human Protein Atlas (URL: https://www.proteinatlas.org/) and
DISCO (URL: https://www.immunesinglecell.org/), endogenous expression of
SLC13A5 was not detected or was negligible in existing mesothelial cells and
mesothelioma cell lines. This means that the increased expression in MesoSC-like cells
may play an important role even at a low level; therefore, we performed an
overexpression analysis to analyze the function of SLC13A5/NaCT in MesoSC-like
cells.

Mito stress tests demonstrated that high SLC13AS5 expression significantly
increased basal and maximal respiratory activity and shifted cellular metabolism toward
OXPHOS (Figure 4C). Recently, several types of CSCs were reported to use
OXPHOS-dependent energy metabolism[47, 48], which suggests that SLC13A5
increases the energy production capacity of cancer cells, increasing their energy
metabolism closer to that of CSCs. Furthermore, SLC13AS5-overexpressing cells
presented increased SOX2 expression and increased phosphorylation of ERK1/2 and
YAP (Figure 4D). In gastric cancer and lung cancer, activation of ERK-SOX2 signaling
has been reported to promote stemness and metastasis [49, 50]. ERK activation has also
been reported to lead to YAP activation and cell proliferation in breast cancer [51].
Therefore, ERK-SOX2 and ERK-YAP signaling may be activated in MesoSCs. The
AKT pathway contributes to mesothelioma progression and cell migration [52—-54]. In

liver cancer, knockdown of SLC13AS5 to reduce citrate influx has been reported to
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relieve AMPK inhibition and decrease cell proliferation via mTOR signaling [55], but
there was no change in the phosphorylation levels of AMPK or mTOR (Figure 4D).
These findings suggest that SLC13A5 may activate ERK1/2 through an unknown
interaction, which requires further analysis in the future.

Analysis of cytotoxicity via a CCK-8 assay revealed that high SLC13A5
expression led to the acquisition of cisplatin resistance (Figure 4E). Citrate is a
component of the TCA cycle and plays important roles in energy production by
inhibiting the rate-limiting enzymes of glycolysis and promoting lipid synthesis and
gluconeogenesis [56, 57]. NaCT-mediated citrate uptake has also been reported to be
metabolically important under nutrient-limited conditions and may promote resistance
to metal toxicity [58]. Our enrichment analysis revealed increased glycogen amino acid
metabolism (Figure 2C), suggesting that MesoSC-like cells have increased
gluconeogenesis and are in a state close to undernutrition. Thus, the present study
demonstrated that SLC13A5/NaCT might metabolically contribute to the survival of
MesoSCs. The application of ion channels has been reported in breast cancer stem cells
with features of drug-tolerant persisters [59].

Although we evaluated the mRNA expression of SLC/3A45 and stem cell markers
that characterize MesoSC-like cells in clinical samples via scRNA-seq database analysis
(Figure 2D), there is currently only one report that used an open access database; thus,
it is desirable to accumulate more cases in the future. In addition, knockdown or
knockout experiments would be ideal to identify the function/mechanism of SLC13AS.
However, this was difficult to perform because endogenous expression of SLC13AS5 in
mesothelioma cells was almost non-existent, and it was also not enough for knockdown

in hydrogel-induced MesoSC-like cells. Even with these limitations, this study is
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valuable because it is the first to identify SLC13AS5 as a key molecule contributing to

MesoSC survival via the hydrogel-activated reprogramming phenomenon.

Conclusion

Our hydrogel-based culture method involving the HARP phenomenon successfully
induced MesoSCs from several human mesothelioma cell lines. We also identified
SLC1345, TMEM151B, and HCRTR? as novel genes that are specifically expressed in
MesoSCs. Among them, SLC13AS shifts cellular energy metabolism to OXPHOS and
contributes to the acquisition of drug resistance. Taken together, these findings suggest
that SLC13AS5 might be useful as a novel MesoSC marker and therapeutic target for

eradicating mesothelioma.
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Figure legends

Figure 1. Induction of mesothelioma stem cell-like cells by DN gel

(A) Chemical structures of the components of the DN gel. The PAMPS as the first
network gel (left) and PDMAAm as the second network gel (right) are shown. (B)
Microscopy images of five mesothelioma cell lines, MSTO-211H (211H), ACC-MESO-
4 (MESO-4), NCI-H2052 (H2052), NCI-H2452 (H2452), and NCI-H28 (H28), cultured
on PS dishes (left) and on the DN gels (right). These cells adhered in a monolayer on
the PS dishes, whereas they floated and formed spheroids on the DN gels. Scale bars: 50
um. (C) Box-and-whisker plots show the short diameter of the top 10 spheroids formed
on the DN gel derived from five mesothelioma cell lines (211H, MESO-4, H2052,
H2452, and H28 cells), which were measured using Image J-software. The largest top
10 short diameters for each cell lines ranged 80 to 120 um. The circle only in the box
plot of 211H cells indicates an outlier, indicating that particularly large spheroid was
formed. There were no such outliers in the other four cell lines. The x and bar in the box
indicate the average and median, respectively. (D) Relative mRNA expression levels of
pan-stem cell marker genes (SOX2, Nanog, and Oct3/4) in mesothelioma cell lines
cultured on DN gels, showing significantly higher in 211H, MESO-4, and H2452 cells
on the DN gel. *: P <0.05, **: P<0.01, ***: P <0.005, and ******: P <(.0001.

Figure 2. Upregulated genes in hydrogel-induced mesothelioma stem cell
(MesoSC)-like cells and their clinical relevance.

(A) Microarray analysis of ACC-MESO-4 cells cultured on PS dish, ultra-low
attachment (ULA) dish, and DN gel. Among the 23 genes whose expression increased
more than 20-fold on the DN gel compared with the PS and ULA dishes, 8 genes
encoding membrane proteins are shown in the table on the right. (B) Relative mRNA
expression levels of HCRTR2, SLC13A5, and TMEMI151B in five mesothelioma cell
lines cultured on DN gel, showing significantly greater in MSTO-211H, ACC-MESO-4
and NCI-H2452 cells. Culture on PS dish was used as a control. *: P <0.05, ***: P <
0.005, and ****: P <0.001. (C) KEGG pathway enrichment analysis of upregulated
genes in ACC-MESO-4 cells on the DN gel. The metabolism of glycogenic amino acids
through the TCA cycle is increased. (D) Expression of candidate molecules that act as
MesoSC markers (HCRTR2, SLC13A5, and TMEM151B) in clinical mesothelioma
samples. Uniform manifold approximation and projection (UMAP) of cells in the
mesothelioma scRNA-seq dataset (GSE 201925), color-coded with cell type annotation.
(E) Marker genes expressed in each cluster. SLC13A5, TMEM 151B, HCRTR2, SOX2,

and POUFI1 (Oct 4) are expressed in tumor Cluster 1 of mesothelioma cells.
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Figure 3. Protein expression analysis of SLC13AS and evaluation of in vivo
tumorigenicity in hydrogel-induced mesothelioma stem cell (MesoSC)-like cells.
(A) Chemical structures of the PCDME and PNaSS gel. (B) Microscopy images of
ACC-MESO-4 cells cultured on PS dish, DN gel, PCDME gel, and PNaSS gel. They
adhered firmly on PS dish, PCDME gel and PNaSS gel and floated spheroidal on DN
gel. The scale bar is 100 um. (C) Relative mRNA expression levels of candidate genes
HCRTR2, SLC13A45, and TMEM151B, pan-stem cell marker genes such as SOX2,
Oct3/4, and Nanog; and MesoSC-related genes such as CD44, ALDHI1A2, ALDHIA3,
CDY9, CD24, and CD26 in ACC-MESO-4 cells cultured on DN gel, PCDME gel, and
PNaSS gel. HCRTR2, SLC1345, TMEM151B, SOX2, Nanog, Oct4, CD44, ALDHI1A3,
and CDY were significantly increased on all three hydrogels. Culture on PS dishes was
used as a control. *: P <0.05, **: P <0.01, ***: P <0.005, ****. P<(0.00]1, *****. p
< 0.0005, and ******: P <(.0001. (D) Western blotting of SLC13AS5 protein in ACC-
MESO-4 cells cultured on PS dish, DN gel, PCDME gel, and PNaSS gel. SLC13AS5
was 4.7-, 4.6-, and 7.4-fold greater on DN, PCDME, and PNaSS gels than on PS dish,
respectively. Actin was used as a loading control. (E) Immunocytochemistry of
SLCI3AS5 in ACC-MESO-4 cells cultured on PS dish, DN gel, PCDME gel, and PNaSS
gel. H&E staining (upper panels) and SLC13AS staining (lower panels) are shown.
SLCI3AS5 was positive in the plasma membrane and cytoplasm. Scale bars: 25 um. (F)
In immunocytochemistry (E), the positive area of SLC13AS5 staining in ACC-MESO-4
cells was significantly increased on PNaSS gel. *: P < 0.05, *****; P<(.0005. (G)
Images of tumors formed in the peritoneal cavity of mice visualized by the IVIS
imaging system. The color scale for total photon counts ranges from 2000 (blue) to
5000 (red). (H) Evaluation of the in vivo tumorigenicity of MSTO-211H cells
precultured on PS dish and PNaSS gel. The total photon counts of tumor cells were

significantly evaluated 7 weeks after cell implantation. *: P < 0.05.

Figure 4. Effects of SLC13A5 on metabolism, cellular signaling, and drug
resistance.

(A) The expression level of FLAG-tagged SLC13AS5 transiently overexpressed in
HEK293T cells was examined by Western blotting. Actin was used as a loading control.
(B) Immunofluorescence of MSTO-211H (left) and HEK293T (right) cells transiently
overexpressing FLAG-SLC13AS5. FLAG-SLC13AS5 and actin are visualized in green
and red, respectively. FLAG-SLC13AS5 was positive in the plasma membrane. The scale
bars indicate 20 pm. (C) Mito stress test using HEK293T cells transiently
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overexpressing SLC13AS5 and control cells. The basal respiration rate (left), maximal
respiration rate (middle), and basal OCR/ECAR ratio (right) were significantly
increased in the overexpressing strain. *: P < 0.05. (D) The expression and
phosphorylation levels of the indicated proteins in HEK293T cells transiently
overexpressing SLC13AS5 and control cells were examined by Western blotting. Actin
was used as a loading control. SOX2 was clearly upregulated, and the phosphorylation
levels of YAP and ERK1/2 were also increased as shown graphically (right). (E) MSTO-
211H cells with or without exogenous SLC13AS5 expression were treated with 1 pM
cisplatin for 24 hours. The cell viability of overexpressing strain was significantly

increased. *: P <0.05.
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