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Chapter 1

Tumor-mimetic hydrogel stiffness regulates
cancer stemness properties in H-Ras-
transformed cancer model cells



1-1 Abstract

Cancer stem cells (CSCs) are a major cause of therapy resistance, recurrence, and
metastasis in cancer, necessitating the development of therapeutic strategies targeting
CSCs. However, understanding the mechanisms underlying CSC generation has been
challenging due to their limited number and elusive properties. Previous studies have
shown that human glioblastoma cell lines cultured on double-network (DN) hydrogels
rapidly acquire cancer stemness and enhance tumorigenicity in vivo. To further
investigate the molecular mechanisms driving CSC generation, we focused on the role

of the elastic modulus of hydrogels mimicking tumor tissue stiffness.

Using mouse NIH3T3 fibroblasts transformed with oncogenes H-Ras and Src as
cancer model cells, we cultured them on (2-acrylamido-2-methylpropanesulfonic acid)
(PAMPS) hydrogels with varying elastic moduli. Notably, H-Ras-transformed, but not
Src-transformed, NIH3T3 cells exhibited induction of CSC properties when cultured on
PAMPS gels with an elastic modulus of approximately 10 kPa, mimicking the stiffness
of general tumor tissues. The expression levels of stemness markers such as Sox2,
Nanog, and Oct4 were significantly upregulated in both parental and H-Ras-transformed

cells on these gels.

Biochemical analysis revealed extensive binding of plasma membrane proteins
from H-Ras-transformed cells to PAMPS gels with a stiffness of 9.3 kPa. Desmoplakin
was identified as a key gel-binding protein through LC-MS/MS analysis. Additionally,
mechanosensor Ca®" channels, particularly members of the TRPC and TRPV families,
were highly expressed on the soft gels, correlating with increased stemness marker
expression. These findings suggest that interactions between Ras-activated cancer cells
and tumor microenvironments with a stiffness of approximately 10 kPa promote CSC

induction by altering membrane structures and facilitating Ca®" influx.



These results provide critical insights into the biophysical mechanisms underlying
CSC generation and offer potential therapeutic targets for Ras-activated cancers by

modulating tumor microenvironment stiffness and associated signaling pathways.

1-2 Key words:

cancer stem cell
stemness marker
hydrogel
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elastic modulus
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1-3 INTRODUCTION
Epidemiology of Cancer

Cancer remains the leading cause of death worldwide, despite advances in various
treatment options over the years. In 2020, the number of cancer-related deaths globally
reached approximately 10 million, with 19.3 million new cancer cases diagnosed during
the same year (1, 2). In Japan, cancer accounted for approximately 420,000 deaths in
2020, further highlighting its critical impact on public health (2). Despite progress in
cancer therapies, the complexity and heterogeneity of tumors continue to pose

significant challenges for effective treatment.

Historically, tumor tissues were considered uniform populations of cells with
identical characteristics, based on a model suggesting that specific gene mutations are
naturally selected during tumor progression (3). However, next-generation sequencing
technologies have revealed extensive genetic and epigenetic diversity within tumors,
even among histologically similar cases. Different driver gene mutations and gene
amplifications have been identified not only in primary tumors but also in metastatic
sites within the same patient, highlighting the profound heterogeneity of tumor
evolution (4, 5). Such heterogeneity complicates therapeutic targeting, as tumors may

adaptively evolve under treatment pressures.
Cancer Stem Cells

Cancer stem cells (CSCs) play a pivotal role in tumor heterogeneity and
progression. CSCs possess self-renewal and pluripotency properties similar to normal
stem cells, enabling them to differentiate into various cancer cell types via progenitor
cells. CSCs were first identified in 1997 by Bonnet and Dick, who demonstrated that
CD34-positive and CD38-negative cells from acute myeloid leukemia could initiate
tumors when transplanted into immunodeficient mice (6). Since then, CSCs have been

confirmed in various cancers, including brain tumors (7) , colorectal cancer (8) and
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breast cancer (9). These cells are highly resistant to conventional therapies, including
chemotherapy and radiotherapy, due to their enhanced drug efflux capacity and efficient
DNA repair mechanisms (10). This resistance makes CSCs a critical target for

innovative therapeutic strategies aimed at preventing recurrence and metastasis.

Conventional CSC enrichment methods involve adding growth factors such as
epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF) to culture
media, as well as isolating CSCs using surface markers like CD44 and CD133.
Techniques based on ATP-binding cassette (ABC) transporters or aldehyde
dehydrogenase (ALDH) activity are also widely employed (11, 12). However, these
methods are costly, time-consuming, and yield limited numbers of CSCs, making the

development of more efficient approaches an urgent necessity.
Biomaterials in Cancer Research

In recent years, biomaterials have emerged as a promising tool for studying and
manipulating CSCs. Biomaterials are biocompatible materials designed to interact with
biological systems and support cellular growth. Hydrogels, in particular, have shown
significant potential in stem cell research. For example, hydrogels have been
successfully used to culture human embryonic stem cells (13) and maintain glioma stem
cells derived from rat brain tumor cell lines (14). Among hydrogels, the Double-
Network (DN) hydrogel, developed by Prof. Jian Ping Gong at Hokkaido University,
has garnered significant attention. Composed of poly(2-acrylamide-2-methylpropane
sulfonic acid) (PAMPS) and poly(N,N-dimethylacrylamide) (PDMAAm), the DN
hydrogel is highly biocompatible, contains 90% water, and is resistant to shear forces
(15). It has been shown to enhance stem cell migration, promote tissue regeneration,

and maintain stem-like properties through mechanical stimulation (16, 17).

In cancer research, DN hydrogels have been shown to rapidly reprogram cancer

cells into CSCs. This reprogramming occurs within 24 hours of culture and is
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maintained even after cells are removed from the hydrogel, suggesting that mechanical
stimuli induce stable genomic reprogramming (18). However, the specific mechanical
properties of DN hydrogels that are critical for CSC induction remain unclear. Changes
in the stiffness of the extracellular matrix (ECM) have been implicated in regulating
cellular behaviors such as stemness maintenance, differentiation, and oncogene
expression (19, 20). Investigating how hydrogel stiffness influences CSC behavior is

essential for understanding tumor biology and developing effective therapies.
Aim of Study

This study focuses on the PAMPS gel, a key component of DN hydrogels, to
explore the relationship between ECM stiftness and CSC induction. By modifying the
elastic modulus of PAMPS gels, we aim to elucidate the mechanisms by which the
mechanical properties of the tumor microenvironment influence stemness and cellular
behavior. This research will not only provide insights into CSC biology but also pave
the way for innovative therapeutic approaches targeting CSCs through modulation of

the tumor microenvironment.

1-4 MATERIALS AND METHODS

1-4-1 Synthesis of PAMPS hydrogels with different stiffness

The 2-acrylamido-2-methyl-1-propane sulfonic acid (AMPS) (Toagosei Co. Ltd.,
Japan) was polymerized by radical polymerization using N,N’-methylenebisacrylamide
(MBAA) (Wako Co., Ltd., Tokyo, Japan) as a cross-linker and 2-oxoglutaric acid (Wako
Pure Chemical Industries, Ltd, Osaka, Japan) as a polymerization initiator. The
concentrations of PAMPS monomer, the cross-linker, and the initiator were 2 mol/l, 1

mol%, and 0.1 mol%, respectively. A mixture of them was poured into a reaction cell
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made of two glass plates and irradiated by ultraviolet rays more than 8 hours for radical
polymerization. The size of the gel was 10 cm in length and width and 1 mm in
thickness. Based on this gel, the concentrations of the cross-linker were changed

ranging 0.1-2 mol% to produce the gels with seven different kinds of elastic modulus.

The polymerized gel was soaked in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES; Sigma-Aldrich, St. Louis, MO, USA) buffer solution [1.55x102M
NaHCOs3, 0.14M NaCl, 5x10°*M HEPES, pH 7.4] and changed every day for 1 week.
For cell culture, the gel discs were punched out from the sheet-shape gel with a hole
puncher with 3.5 cm or 6 cm diameter, and sterilized by autoclaving (120°C, 20 min),
and immersed in a culture medium overnight for equilibration. The thickness of the gel

was about 1.2 mm.

1-4-2 Measurement of initial elastic modulus, volume swelling degree, and

potential of PAMPS gels

The initial elastic modulus of the gel was measured by a compression test using a
testing machine "TENSILON" (ORIENTEC). Load cell is 250N. The gel sample was
cut into a disk shape with a diameter of 1 cm. The gel sample was compressed until it
ruptured completely. A graph was plotted based on the data obtained immediately after
rupture, and the initial elastic modulus of the gel was obtained by taking the initial 10
non-negative data points to generate the curve. The measurement result is expressed as

the average of three tests. The measurement was repeated more than three times.

The volume swelling degree (Q) of the gel is a numerical value calculated by Q =
(T1/ To) 3. T1 is the thickness of the gel after equilibration with HEPES buffer for one
week and autoclaving. The thickness of the gel was measured with a test piece thickener
(SDA-25 type) (ASKER). TO is the initial thickness of the gel after synthesis, which is 1

mm.
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The potential of the PAMPS hydrogel was measured using the Microelectrode
technique (Guo et al., Macromolecules,2016). It was measured by a microelectrode with

a diameter of 180-200 nm and an insertion speed of 395 nm/s. Calculated by ¢p= ¢ —
¢s=2.3RT/zF - log(Y'sCs/ Y¢Cy), ¢: Potential [V] ; F: Faraday constant [C/mol] ;R: Gas

constant [J/Kmol] ; T: Temperature [K] ; C: Charge density (Concentration) [M] ; z:
Charge valance ; Y': Activity coefficient ; g: Hydrogel ; s: Reference solution. The

activity coefficient ratio (yg/ys) is set to 1.

1-4-3 Synthesis of PNaSS, PDMA, and PCDME hydrogels

The PNaSS, PDMA, and PCDME hydrogels were kindly provided by Soft & Wet
Matter Laboratory, Graduate School of Advanced Life Sciences, Hokkaido University.
PNaSS gel can be prepared by polymerizing sodium p-styrene sulfonate with a
crosslinking agent. PDMA gel is a gel composed of poly(N,N'-dimethylacrylamide).
PDMA gel is a copolymer gel synthesized by using dimethylacrylamide and
methylenebisacrylamide as monomers and using oxoglutaric acid as a polymerization
initiator. PCDME gel contains poly-N-(carboxymethyl)-N,N-dimethyl-2-

(methacryloyloxy) ethanaminium (PCDME).
1-4-4 Cell culture

The immortalized mouse fibroblasts cell line BALB/3T3 A31-1-1 (JCRB0601), H-
ras gene transfected BALB/3T3 A31-1-1 cell line Bhas 42 (JCRB0149), and src-
transformed BALB/3T3 A31-1-1 variant cell lines 1-1 src (JCRB1357) were purchased
from the Japanese Collection of Research Bioresources Cell Bank (Osaka, Japan). The
cells were cultured in Dulbecco’s Modified Eagle’s Medium supplemented with 10%
fetal bovine serum (FBS) at 37°C under 5% CO.. For analysis, the cells were seeded at a

cell density of 1 x 10° cells/ml on a Polystyrene (PS) dish, an Ultralow (UL) attachment
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dish (Corning, Lowell, MA) or a cut-out hydrogel on the bottom of a PS dish and

cultured for 3 days.
1-4-5 RNA extraction and Real-time PCR analysis

After three days of cell culture, the cells were gently scraped off from each type of
dish and hydrogels using a silicon rubber. Total RNA was extracted using the RNeasy
mini kit (Qiagen, Valencia, CA). cDNA was synthesized by using SuperScript™
VILO™ cDNA Synthesis Kit (Invitrogen, Carlsbad, CA). The real-time PCR was
performed on the StepOne real-time PCR system (Applied Biosystems, Foster City, CA)
using Power SYBR Green Master Mix (Qiagen). The cDNA was amplified according to
the following conditions: 95°C for 5 sec and 60°C for 30 sec with 40 amplification
cycles. The results were evaluated using the dAACt algorithm. The sequences of the
primers are listed in Table 1. The relative expression levels of the target genes were

normalized to that of glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

Table 1 List of Primers used for real-time PCR

Gene name Sequence

GAPDH  Forward 5-TGT GTC CGT CGT GGA TCT GA -3’
Reverse 5-TTGCTG TTG AAG TCG CAG GA -3

Nanog Forward  5-CAG AAAAACCAGTGG TTG AAGCTAG -3’
Reverse 5'- GCA ATG GAT GCT GGG ATACTC -3

Oct4 Forward 5-TCTTTC CAC CAG GCC CCCGGCTC -3
Reverse 5-TGC GGG CGG ACA TGG GGA GAT CC -3
Sox2 Forward  5- TAG AGC TAG ACT TCC GGG CGA TGA -3’

Reverse 5-TTG CCT TAA ACA AGA CCA CGA AA -3
TRPC1  Forward 5-GTCGCACCTGTTATT TTAGCT GC -3’
Reverse 5-TGG GCA AAG ACA CAT CCT GC -3
TRPC3  Forward 5-TCG AGA GGC CAC ACGACTA-3’
Reverse 5-CTG GAC AGC GAC AAG TAT GC -3
TRPC6  Forward 5-GAC CGT TCATGA AGT TTG TAG CAC -3’
Reverse 5- AGT AT CTT TGG GGC CTT GAG TCC -3'
TRPM4  Forward  5- CAC GAC GTT CAT AGT GGA CCT -3’
Reverse 5-CTC CGT GGT GTG CTC ATC AC -3
TRPM5  Forward  5'- ACC TGG CCA CTG AAG CTG AT -3’
Reverse 5-CCACCAGATCTT GGT CAGGAAT-3
-13 -



TRPM7  Forward 5-AGG ATG TCAGATTTGTCAGCAAC -3
Reverse 5'- CCT GGT TAAAGT GTT CACCCAA -3
TRPV1  Forward 5-CAAACTCCACCCCACACTGA-3’
Reverse 5- AGG CCA AGACCCCAATCTTC-3
TRPV2  Forward 5-GTT TGA CCG TGA CCG ACTCT -3’
Reverse 5'- GAG CCT TCT GTG TAT GCC GA -3'
TRPV5  Forward 5-CTT ACG GGT TGA ACACCACCA -3’
Reverse 5-TTG CAG AAC CACAGAGCCTCTA-3

1-4-6 Immunoblotting

Cells were lysed with lysis buffer containing 20 mM Tris-HCI (pH 7.5), 150 mM
NaCl, 1% Triton X-100, 0.5% NP-40, 0.1% SDS, 50 mM sodium fluoride, 1 mM
sodium orthovanadate, and a protease inhibitor cocktail. Immunoprecipitates were
separated by sodium dodecyl sulfate—polyacrylamide gel electrophoresis and
immunoblotted onto PVDF membrane. The membrane was blocked with 2% bovine
serum albumin, probed with appropriate antibodies, and the bound antibodies were
detected by using a peroxidase-conjugated secondary antibody and ECL reagents,

analyzed by LAS-1000 detection system.
1-4-7 Immunofluorescence of phospho-Histone H3 and Desmoplakin

After culturing the cells on a PAMPS gel and a collagen type [-C-coated glass-
based dish for 3 days, the cells were washed with warmed PBS and fixed with 3%
paraformaldehyde in PBS at room temperature for 15 minutes. After fixation, the cells
were permeabilized with 0.1% Triton X-100 at room temperature (RT) for 4 minutes
and blocked with 1% bovine serum albumin (BSA) in PBS at RT for 20 minutes. Then,
the cells were incubated with anti-phospho-Histone H3 (Ser 10) antibody (EMD
Millipore Corporation) or anti-Desmoplakin (Cosmo bio, Japan) at 4°C overnight,
followed by incubated with the Alexa Fluor™488-conjugated goat anti-rabbit IgG
(H+L) (Invitrogen) as secondary antibody at RT for 1 hour. Alexa Fluor™594-

conjugated phalloidin (Invitrogen) were used for actin staining. Images were observed
14 -



and acquired with an FV3000 confocal laser scanning microscope (Olympus, Tokyo,

Japan).
1-4-8 Cell proliferation assay

The cells were seeded on PS dish and the PAMPS gels with different initial elastic
modules at a number of 1 x 10° in 6 cm diameter, and cultured. The number of the cells

were counted at day 1, 3, and 5 using a calculator.
1-4-9 Pull-down assay using crushed gel

The cell membrane fractions were prepared by the following procedure. The cells
on the PS dish were washed with PBS once, peeled off with a scraper and suspended in
PBS, and collected in a microtube. After centrifuging at 500 < g for 3 minutes and
discarding the supernatant, the precipitated cells were weighed. 10 volumes of
hypotonic cell solubilizer for precipitation [10 mM NaCl, 20 mM Tris-HC1 (pH 7.5), 5
mM EDTA, 50 mM NaF, 1 mM sodium orthovanadate, complete protease-inhibitor
cocktail (Roche, Basel, Switzerland)] was added, and the cells were homogenized by
passing the suspension 20 times with a syringe equipped with a 27 G injection needle.
The lysate was clarified by centrifugation at 10,000 g for 10 minutes, and the
supernatant obtained was further ultracentrifuged at 125,000 =< g for 1 hour. The
obtained precipitate was well suspended in solubilization buffer [0.5% Tritonx-100, 20
mM Tris-HC1 (pH 7.5), 150 mm NaCl, 2 ml EDTA, 10% glycerol, 50 mM NaF, 1 mM
sodium orthovanadate, complete protease-inhibitor cocktail] and used as a cell

membrane fraction.

The pull-down assay was performed according to the following procedure. The
crushed PAMPS gel was prepared by passing the small gel pieces once through a
syringe with an 18G needle and twice through a syringe with a 21G needle. Twenty pL
of the crashed gel was added to cell membrane fraction of 100 pg in 100 i of

solubilization buffer, and gently mixed overnight at 4<C using a rotator. To remove
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unbound proteins, 1 mL of wash buffer [0.5% Triton X-100, 20 ml Tris-HCI (pH 7.5),
150 mM NaCl] was added to the mixture, mixed gently for 5 minutes, and then
centrifuged at 500 > g for 5 minutes. This washing step was repeated five times to
remove proteins that did not bind to the crashed PAMPS gel. The gel-bound proteins
were eluted by the addition of elution buffer [0.125M Tris-HCI (pH 6.8), 10% 2-
mercaptoethanol, 4% sodium dodecyl sulfate (SDS), 0.01% bromophenol blue (BPB),
and 20% glycerol] at the same volume as that of the particle gels, followed by heating at

95<€ for 5 minutes.
1-4-10 Coomassie Brilliant Blue (CBB) Staining

The staining solution by dissolving 0.1% (w/v) Coomassie Brilliant Blue R-250 in a
mixture of 40% (v/v) methanol and 10% (v/v) acetic acid. After electrophoresis of the
gel-bound proteins samples, the SDS-PAGE gel was immersed in the staining solution
for 90 minutes at RT. The gel was then transferred to a destaining solution containing
40% (v/v) methanol and 10% (v/v) acetic acid to remove excess dye. The gel was gently

stirred until the background became clear and the protein bands were clearly visible.

1-4-11 Digestion and recovery of peptide fragments from SDS-PAGE gels for LC-
MS/MS analysis

The peptide fragment digestion was performed using Pierce™ In-Gel Tryptic
Digestion Kit (Thermo Fisher Scientific, USA). Then, the LC-MS/MS analysis was
performed by Instrumental Analysis Division of the Global Facility Center, Creative

Research Institution, Hokkaido University, Sapporo, Japan.

1-4-12 Statistical analysis

Data are described as the mean and standard deviation values. Statistical analyses
were performed using analysis of variance (ANOVA) with Dunnett’s test. The

significance level was set at P <0.05.
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1-5 RESULTS

1-5-1 Induction of stemness markers in H-Ras-, not Src-, transformed NIH3T3

cells cultured on hydrogels

In this study, we investigated the induction of cancer stem cell (CSC) properties in
transformed NIH3T3 cells cultured on hydrogels, focusing on the effects of oncogenes
and the stiffness of the tumor microenvironment. Mouse fibroblast NIH3T3 cells were
transformed with representative oncogenes H-Ras and Src, and cultured on four types of
hydrogels: PAMPS, PNaSS, PDMAAm, and PCDME gels (Fig. 1). PAMPS and
PDMAAmMm are components of double-network (DN) gels (18), which have previously
been shown to induce CSC properties, while PNaSS and PCDME gels have
demonstrated high tumorigenicity and CSC induction capabilities in vivo . Polystyrene
(PS) dishes and ultra-low (UL) adherent dishes were used as negative and positive

controls, respectively.

Fig. 1
PAMPS PDMAAmM PNaSS PCDME
/Ifn XIH rfn \ / 0
0" "NH P A
. SOH o 0”0 N\)J\O'

SO;Na
Fig.1 Chemical structure of PAMPS, PNaSS, PDMAAm, and PCDME
Across all hydrogels, cellular morphologies were divided into two groups: adherent
on PAMPS and PNaSS gels, and a mix of adherent and spheroid formation on
PDMAAm and PCDME gels (Fig. 2A). Predictably, cells adhered to PS dishes and
formed spheroids on UL dishes (Fig. 2A). Interestingly, H-Ras-transformed cells
adhered to PDMAAm gels, differing from the general pattern of sphere formation on

this substrate (Fig. 2A).
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Compared to PS dishes, the expression levels of stemness marker genes Sox2,
Nanog, and Oct4 increased in both parental and H-Ras-transformed NIH3T3 cells
cultured on all four hydrogels and UL dishes (Fig. 1C). However, Src-transformed cells
showed minimal induction of stemness markers on any substrate (Fig. 1C), suggesting

that Src-mediated intracellular signals inhibit reprogramming into CSCs.

Fig. 2
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Fig. 2 Induction of stem cell marker genes in oncogene-introduced cancer model
cells cultured on four different hydrogels

The parental, H-Ras-transformed (H-Ras T/F), and Src-transformed (Src T/F) NIH3T3
cells were cultured on the PAMPS, PNaSS, PDMAAm, and PCDME for 3 days. A
polystyrene (PS) dish and ultra-low (UL)-adherent dish were used as negative and
positive control, respectively. (A) The cellular morphologies on indicated culture
substrates are shown. Scale bars, 100 um. (B) The mRNA levels of the stemness marker
genes Sox2, Nanog, and Oct3/4 were examined by Real-time PCR analysis and graphed.
*P < 0.05, **P< 0.01, ***P < 0.005, *P < 0.001, ¥P < 0.0005, ¥¥P < 0.0001 vs. PS.

1-5-2 Construction of PAMPS gels with different elastic modules

Since we have previously shown that PAMPS gels with 112, 370, and 893 kPa
induce CSC to a similar extent (12), to approach to the stiffness of the in vivo tissue
environment, PAMPS gels with seven levels of elastic modulus were synthesized by

changing the concentration of cross-linker MBAA ranging 0.1 to 2 mol% (Table 2).

Table 2 Composition of PAMPS gels with seven different elastic moduli

Monomer Cross-linker Initiator

MBAA: 0.1, 0.2, 0.3,
AMPS: 2 mol/L Oxoglutaric acid: 0.1 mol%
0.5,1, 1.5, and 2 mol%

The physical properties of seven types of PAMPS gel synthesized were
investigated. Initial elastic modulus of the PAMPS gels were 5.6, 9.3, 11.2, 20.6, 47.6,
116.9, and 187.3 kPa when cross-linked with 0.1, 0.2, 0.3, 0.5, 1, 1.5, and 2 mol% of
MBAA, respectively (Fig. 3A). Among them, the stiffness of 9.3 kPa of the gel with 0.2
mol% MBAA is close to the stiffness of the tumor tissues in vivo. Volume swelling
degree was shown in Fig. 3B, exhibiting an increase in swelling degree at MBAA
concentration of 0.5 mol% or less, consisting with a decrease in electric charge (Fig. 3C

and 3D).
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Fig. 3
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Fig. 3 Physical characteristics of PAMPS gels with various cross-linker
concentrations

(A) Elastic modulus of the PAMPS gel with various cross-linker concentrations of
MBAA are shown. The initial elastic modulus of the gel was detected by a compression
test using a testing machine "TENSILON" (ORIENTEC). The average value from three
tests is shown. (B) Volumetric swelling of PAMPS gels with various cross-linker
concentrations of MBAA are shown. The volume swelling degree (Q) of the gel is a
numerical value calculated by Q = (T1/ To) °. Ty is the gel thickness equilibrated with
HEPES buffer for 1 week. The thickness of the gel was measured with a test piece
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thickener (SDA-25 type) (ASKER). Ty is the thickness of the silicone spacer, 1 mm.
(C) The typical potential depth profile of PAMPS-0.3% hydrogel measured by a
microelectrode with a diameter of 180-200 nm at an insertion speed of 395 nm/s. In the
solution, the potential was nearly constant. At the gel—solution interface, when the
microelectrode tip was crossing the interface from the solution side, the measured
potential showed a gradual decrease followed by an abrupt one. Deep inside the bulk of
gel, the potential exhibited a nearly constant value again. (D) Surface charge values of

the PAMPS gel with various cross-linker concentrations of MBAA are shown.

1-5-4 Induction of stemness markers in H-Ras-, not Src-, transformed NIH3T3
cells cultured on PAMPS gels with stiffness of 10 kPa or less

Next, the parental and H-ras- and Src-transformed NIH3T3 cells were cultured on
PS dishes and the PAMPS gels with seven kind of stiffness for 3 days. On a gel with a
low elastic modulus cross-linked with MBAA of 0.3 mol% or less, the adhesive ability
of cells became lower and the cells became rounded. At MBAA of 0.5 mol% or higher,
the cells adhered tightly on the hydrogels and exhibited similar morphology as those of
PS dish (Fig. 4A). In addition, the expression levels of stemness marker genes such as
Sox2, Nanog, and Oct4 were extremely higher at cross-linker concentrations of 0.2
mol% in the parental and H-Ras-transformed cells (Fig. 4B). On the other hand, no
induction of Sox2, Nanog, and Oct4 were found in the Src-transformed cells (Fig. 4B).
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Fig. 4 Induction of stemness markers in oncogene-introduced cancer model cells
cultured on PAMPS gels with different elastic moduli

The parental, H-Has T/F, and Src T/F NIH3T3 cells were cultured on the PAMPS gels
with various cross-linker concentration of MBAA for 3 days. PS dish was used as
control. (A) The cellular morphologies are shown. Scale bars, 50 um. (B) Expression

levels of the stemness marker genes Sox2, Nanog, and Oct4 are shown in graphs. *P <
0.05, *#P<0.01, ***P < 0.005, ¥*P < 0.001, *P < 0.0005, *¥P < 0.0001 vs. PS.

1-5-5 H-Ras-, unlike Src-, transformed cells have slow growth with reduced

phosphorylation of Histone H3 on soft PAMPS gels
Since stem cells have been shown to possess slow growth, the effect of the stiffness
of PAMPS gels on cell proliferation was examined. The proliferation rates of the

parental and H-Ras-, but not Src-, transformed cells was significantly reduced on the

PAMPS gels, especially with low elastic modulus (Fig. 5).
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Fig. 5 Cell proliferation in oncogene-introduced cancer model cells cultured on
PAMPS gel with different stiffness

In parental and H-Ras-transformed NIH3T3 cells on PAMPS gels, the
phosphorylation of histone H3 (pHH3), an indicator of cell cycle progression, was
significantly lower than that on the PS dish, and was completely lost at 0.2 mol% cross-
linker (Fig. 6A). The percentage of pHH3-positive cells decreased as the gel softened,
indicating reduced proliferation, consistent with a typical CSC feature. (Fig.6A,B).
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Fig. 6 Phospho-Histone H3 (pHH3) in oncogene-introduced cancer model cells
cultured on PAMPS gel with different stiffness

The parental, H-Ras T/F, and Src T/F NIH3T3 cells were cultured on the PAMPS gels
with various cross-linker concentration. PS dish was used as control. (A) The cell
numbers were counted on day 1, 3, and 5 after seeding and graphics. (B)
Immunofluorescence of pHH3 in parental- and H-Ras T/F-NIH3T3 cells. Green and red

colors indicate pHH3 and Actin, respectively. Scale bars, 20 um. (C) pHH3 positive
rates were counted and graphed.

1-5-6 Identification of PAMPS gel-associated membrane protein required for CSC
generation
The above results indicate that the H-Ras-transformed cells can be reprogrammed into

CSCs in the environment with elastic modulus of 10 kPa. To analyze the PAMPS gels-
bound membrane proteins required for CSC generation, pull-down assays were

Fig. 7
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Fig. 7 The protein bounding on PAMPS gel with different stiffness

The membrane protein fraction isolated from H-Ras-T/F NIH3T3 cells were submitted

to Pull-down assay with particle PAMPS gels. Unbound: unbound proteins, Bound:
PAMPS gel-bound proteins.
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performed using the fragmented PAMPS gels. Notably, PAMPS gels polymerized
with 0.2% cross-linker specifically bound a large number of proteins from H-Ras-
transformed cells (Fig. 7). On the other hand, in parental and Src-transformed cells, no
difference in the binding protein was observed depending on the concentration of cross-

linker (Fig. 7).

1-5-7 Desmoplakin in H-Ras-transformed cells binds to PAMPS gel with 10 kPa

To identify proteins bound to PAMPS gels with 0.2 mol% cross-linker, the gel-
bound proteins in H-Ras-transformed cells were stained with CBB solution (Fig. 8) and

analyzed by LC-MS/MS. Among the high-scoring

Fie. 8 9.3 (kPa)
. . ) 1g. PAMPS-
proteins, Desmoplakin, component of intercellular 8 0.2%

(0] f 1
. . . . c
junctions, had the highest mass score among nominated g B

: 2

E S 8

membrane proteins (Table 3). Desmosomes are cell

junction structures essential for strong cell-cell (kD) |

adhesion (21), which have shown to play a role in
regulating cell migration, growth, differentiation, and

programmed cell death (22). Desmoplakin is an obligatory

EREL

component of desmosomes. Indeed, Desmoplakin was

observed in the cells on PAMPS gels cross-linked with 0.2

H-Ras-T/F

mol%, but not on PS dishes (Fig. 9).

Fig. 8 Membrane protein fraction isolated from H-Ras-transformed NIH3T3 cells

CBB staining of membrane protein fraction isolated from H-Ras-transformed NIH3T3
cells were gently mixed with particle PAMPS gels with 0.2, 1, and 2 mol% MBAA
overnight at 4°C. The bands marked by arrows was cut out for peptide digestion for LC-
MS/MS analysis.
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Table 3 List of PAMPS gel-bound candidate proteins nominated by LC-MS/MS

analysis
Accession Description Score

Q8JZQ9 Eukaryotic translation initiation factor 3 subunit B OS=Mus musculus 165.71
0OX=10090 GN=Eif3b PE=1 SV=1 - [EIF3B_MOUSE]

P25206 DNA replication licensing factor MCM3 OS=Mus musculus OX=10090 130.72
GN=Mcm3 PE=1 SV=2 - [MCM3_MOUSE]

P09405 Nucleolin 0S=Mus musculus OX=10090 GN=Ncl PE=1 SV=2 - 119.58
[NUCL_MOUSE]

E9Q557 Desmoplakin OS=Mus musculus OX=10090 GN=Dsp PE=1 SV=1 - 118.67
[DESP_MOUSE]

Q6P542 ATP-binding cassette sub-family F member 1 OS=Mus musculus 105.15
0OX=10090 GN=Abcfl PE=1 SV=1 - [ABCF1_MOUSE]

Q78PY7 Staphylococcal nuclease domain-containing protein 1 OS=Mus musculus 88.95
0X=10090 GN=Snd1 PE=1 SV=1 - [SND1_MOUSE]

Q922U2 Keratin, type Il cytoskeletal 5 0OS=Mus musculus OX=10090 GN=Krt5 75.54
PE=1 SV=1 - [K2C5_MOUSE]

Q8R1B4 Eukaryotic translation initiation factor 3 subunit C OS=Mus musculus 75.24
0X=10090 GN=Eif3c PE=1 SV=1 - [EIF3C_MOUSE]

Q8VEK3 Heterogeneous nuclear ribonucleoprotein U OS=Mus musculus 71.73
0X=10090 GN=Hnrmpu PE=1 SV=1 - [HNRPU_MOUSE]

Q60865 Caprin-1 OS=Mus musculus OX=10090 GN=Caprinl PE=1 SV=2 - 56.69
[CAPR1_MOUSE]

Fig. 9

PS 0.2%

H-Ras-T/F

/ Phalloidin

Fig. 9 Immunofluorescence of Desmoplakin in H-Ras T/F NIH3T3 cells.

Green and red colors indicate Desmoplakin and actin, respectively. Scale bars, 15 um.
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1-5-8 Calcium channel TRP family increased in cells cultured on the PAMPS gels
with 10 kPa

Ion channels of the transient receptor potential (TRP) superfamily mediate Ca**
flux and voltage changes across membranes, which are involved in a wide variety of
signaling processes. In cancer cells, Ca*>*-related signaling promotes proliferation and
invasion, and recently an involvement of Ca®" and its abnormality have been reported in
CSCs. The expression levels of endogenous TRP families were similar in the parental
and H-Ras-transformed NIH3T3 cells, but significantly lower in Src-transformed cells
(Fig. 10A). The parental and H-Ras-transformed cells increased the expression levels of
TRPC (TRPCI, TRPC3,and TRPC6) and TRPV (TRPV1, TRPV2, and TRPV5) families
on the PAMPS gels with 0.2 mol% cross-linker (Fig. 10B), whereas no obvious changes
were found in TRPM family (TRPM4, TRPMS5, and TRPM?7). Src-transformed cells
exhibited lower expression of TRP families, except for TRPMS, TRPM7, and TRPV 1
(Fig. 10B,C).
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Fig. 10 TRP family genes on PAMPS gel with different stiffness

(A and B)Expression levels of TRP family in parental, H-Ras T/F, and Src T/F NIH3T3
cells cultured on the PS dish (A) or PAMPS gels with different stiffness (B) were
examined by real-time PCR. The expression level of parental cells (A) and each cell on
the PS dish (B) was set as 1.0. TRP-C (upper), TRP-M (middle), and TRP-V (lower)
families. *P < 0.05, **P< 0.01, ***P < (0.005, ¥*P < 0.001, ¥P < 0.0005, *¥P < 0.0001,
(A) H-Ras T/F versus Src T/F, (B) PS versus others.(C) Expression levels of TRP family
in parental (WT), H-Ras T/F, and SrcT/F NIH3T3 cells cultured on the PS dish and
PAMPS gels with 0.2 mol% of cross-linker were examined by real-time PCR. TRP-C
(upper), TRP-M (middle), and TRP-V (lower) families. *P< 0.05, ***P< 0.005, ¥P<
0.001, ¥P< 0.0005, ¥¥P< 0.0001, H-Ras T/F vs SrcT/F.



1-6 Discussion

CSCs are a subpopulation of tumor cells with abilities of self-renewal and
multipotency and proposed to play critical roles in resistance to standard treatments and
in tumor recurrence. This study revealed that the parental and H-Ras-, but not Src-,
transformed NIH3T3 cells increased the expression levels of stemness markers such as
Sox2, Nanog, and Oct3/4 on the PAMPS gel with elastic modulus of approximately 10
kPa (Fig. 11). Compared with the conventional CSCs isolation methods, the generation
of CSCs using this technique is simple, effective, and powerful method with low-cost

without the addition of various growth factors.

Fig. 11
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Fig. 11 Summary image of CSC markers being induced to increase in H-Ras T/F
cells on a soft PAMPS gel

Biomechanical and biochemical signals within tissues are important for directing
cell fate during tissue development and maintaining tissue homeostasis. Loss of tension
homeostasis within tissues promotes cell malignancy and may also contribute to
tumorigenesis. Meanwhile, high mechanical stress in solid tumors may impede drug
delivery, promote tumor progression, and further facilitating metastasis through an
acquisition of a mesenchymal or stem-cell like properties. Furthermore, an intriguing
possibility emerges the elevated tissue mechanics within tumors may promote tumor

aggressiveness by reprogramming cancer cells into CSC-like cells (23).
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In this study, we found that multiple membrane proteins from H-Ras-transformed
cells bound to the PAMPS gel with an elastic modulus of 9.3 kPa (Fig. 7). Various
mechano-sensors, such as integrins, EphA2, Piezol Ca*" channels, CXCR2,
microtubules, actin filaments, and vimentin, function to sense stimuli from extracellular
environment (24). Among their dysregulation in cancer, Ca>" plays significant roles in
various aspects of cancer. Ca®" is a ubiquitous second messenger, and its fluctuations in
intracellular concentration are tightly controlled by channels, pumps, exchangers, and
Ca?" binding proteins, which support the generation of Ca®" signals with specific
spatiotemporal characteristics that define cellular responses. Recently, the Ca**
signaling actors promote the CSC state and are associated with therapeutic resistance,
which thus may represent promising targets for potential clinical applications (25).
Among a lot of Ca®" channels, pharmacological inhibition of the Cav3.2 in glioblastoma
decreased the protein expression of Sox2 and the neural stem cell marker Nestin (26). In
addition, TRP family channels regulate glioma stem cells through STAT3 and Notch
signaling pathways (27).

Mammalian TRP channel genes encode a family of at least 20 ion channel proteins
and composed of three families, TRPC, TRPM, and TRPV. TRP channels are widely
distributed in mammalian tissues and respond to temperature, touch, pain, osmotic
pressure, pheromones, taste, and other stimulus. The channel subunits have six
transmembrane domains and likely assemble into tetramers to form nonselective cation
channels. They mediate the Ca®" influx and voltage changes, leading to responses to
painful stimuli, repletion of intracellular calcium stores, receptor-mediated excitation,
and regulation of the cell cycle (28). We have previously shown that the TRP family is
involved in the induction of stem cell properties in glioblastoma cells cultured on DN
gels (18). In this study, we found that the expression levels of the TRPC and the TRPV
families increased significantly in H-Ras-transformed cells in a stiff environment of 10

kPa, as well as stemness markers, indicating that the stiffness of the extracellular
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environment is deeply involved in the induction of CSCs by Ca?* influx via the TRP
family and following ERK activation (Fig. 12). On the other hands, Src-transformed
cells showed reduced expression of TRP family (Fig.12), and instead many intracellular

signals, such as FAK, AKT, JAT/STAT, JUN/SAPK, were activated (Fig. 12).
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Fig. 12 Western blotting of oncogene-introduced cancer model cells cultured on
PAMPS gel with different stiffness
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The parental, H-Ras-transformed (H-Ras T/F), and Src-transformed (Src T/F) NIH3T3
cells were cultured on the polystyrene (PS) dish, ultra-low (UL)-adherent dish, and
PAMPS gel cross-linked with 0.2 or 1.0 mol% MBAA. The cells were cultured for 3
days and the cell lysate were subjected to Western blotting for p-EGFR, p-HER2/ErB2,
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p-MET, p-FAK, p-Src, p-AKT, p-JAKI, p-STAT1, p-NF-kB, p-ERK, p-Jun/SAPK, p-
p38 MAPK, and actin. Expression of actin appears to vary depending on the culture
substrates.

Src-transformed cells possess distinct lipid raft structures in the plasma membrane,
providing a platform for triggering multiple signal transductions that may contribute to
increased tumor aggressiveness including tumor proliferation and migration/invasion
(Fig. 13). We have shown that excessive activation of AKT suppresses CSC induction
(data not shown). Thus, stiffness-dependent induction of CSCs appears to be complexly
regulated by cellular factors such as Ca channels, mechanosensors, and the activation
status of intracellular signals, which will provide important information for identifying

target patients for this cancer treatment in the future.

Fig. 13

Src T/F

lipid rafts

[, Hydrogel ]

Fig. 13 Hypothesis of the influence of oncogenes such as H-Ras and Src in stemness
inductiondependent on the stiffness of the tumor microenvironment.

On hydrogels with a stiffness of approximately 10 kPa, H-Ras T/F cells induce Ca2+
influx via the TRP family, leading to stemness induction. On the other hand, Src-
transformed cells showed reduced expression of TRP family and instead many
intracellular signals, such as FAK, AKT, JAT/STAT, JUN/SAPK, were activated. Src-
transformed cells possess distinct lipid raft structures in the plasma membrane,
providing a platform for triggering multiple signal transductions that may contribute to
increased tumor malignancy including tumor proliferation and migration/invasion, but
these strong signals may act suppressively against stemness induction.
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Desmosomal proteins are widely expressed in many tissues (29), and a reduction in
desmosomes is associated with the invasive behavior of tumor cells (30). Decreased
expression of desmosomal proteins has been identified in several cancers including
breast, cervical, colorectal, and pancreatic cancers (31-33). The present study
demonstrated that Ras-transformed cells may induce reprogramming into CSCs by
increasing desmosomal proteins in stiffness microenvironment of 10 kPa, which may

affect the gating of Ca channels by altering the tension of cell membranes.

Integrins are considered to be important molecules for sensing the stiffness of the
extracellular environment. Recently, we reported that the PAMPS gel induced
chondrogenic differentiation of ATDCS cells through the binding to integrin 04 and
triggered mechanoreceptor-directed cellular signaling (34). Here, although it was
difficult to detect clear bindings of integrins to the PAMPS gel (data not shown), future
research will focus on integrins and the TRP family to elucidate the intracellular

signaling pathways.

Alterations of biomechanical forces through changes in the physical and genetic
landscape may contribute to CSC generation by promoting the expansion of specific
stem/progenitor cell populations, inducing epithelial-to-mesenchymal transition (EMT),
and causing dedifferentiation of more differentiated transformed cells (23). Here, we
demonstrate that a synthetic model of the stem cell niches using the PAMPS gel allows
precise control and manipulation of the biophysical and biochemical properties of the
stem cell microenvironment, which is valuable for understanding how the mode and
magnitude of mechanical signals, such as matrix stiffness and applied forces, control
stem cell maintenance, differentiation, and function. Fundamental insights into stem cell
mechanobiology also inform the design of artificial niches to support stem cells for

cancer therapies.
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Chapter 2

Analysis of stiffness of tumor
microenvironment on cancer stemness
generation using hydrogels
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2-1 Abstract

This study explores the role of tumor microenvironment (TME) stiffness in
regulating cancer stem cell (CSC) properties, utilizing PAMPS hydrogels with varying
elastic moduli to mimic the biomechanical diversity of tumor tissues. The results reveal
that TME stiffness significantly influences CSC marker expression, with different
cancer cell types exhibiting distinct preferences for either soft (~10 kPa) or stiff (~200
kPa) environments. For instance, cells such as KMG4 and UM-UC-3 showed enhanced
expression of CSC markers, including Sox2, Nanog, and Oct4, in stiffer environments,
whereas others, like MIA PaCa-2, favored softer conditions. These findings highlight
the heterogeneity in cellular responses to biomechanical cues and the critical role of

TME stiffness in CSC induction and maintenance.

A key discovery of this study is the identification of the leptin receptor (LEPR) as a
pivotal molecule linking extracellular stiffness to intracellular signaling pathways that
promote CSC phenotypes. LEPR expression was upregulated in cancer cells cultured on
stiff hydrogels, and its knockdown through siRNA or pharmacological inhibition using
the antagonist Allo-aca significantly reduced the expression of CSC markers.
Mechanistically, LEPR was shown to activate the downstream ERK-RSK-YBI1
signaling pathway, which plays a crucial role in translating mechanical signals into
changes in CSC properties. Further investigation revealed that YB1 acts as a
downstream effector of this pathway, mediating the final regulation of CSC marker

expression in response to stiffness.

These findings provide valuable insights into the mechanobiology of cancer,
demonstrating how TME stiffness drives CSC induction through LEPR-dependent
signaling. The study underscores the therapeutic potential of targeting LEPR and its
downstream pathways to disrupt stiffness-induced CSC maintenance and tumor

progression. By integrating biomaterials science and cancer biology, this research offers
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a foundation for developing innovative strategies to combat cancer by targeting the

mechanosensitive pathways that underlie CSC regulation.

2-2 Key words:

cancer stem cell
stemness marker
PAMPS

elastic modulus
LEPR

YB-1

ERK 1/2

RSK

tumor microenvironment
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2-3 INTRODUCTION

Challenges in Cancer Treatment

Cancer remains one of the most challenging diseases to treat, primarily due to its
heterogeneous and adaptable nature. Among the diverse cell populations within tumors,
cancer stem cells (CSCs) have been identified as a critical subpopulation responsible for
tumor initiation, progression, metastasis, and recurrence. The unique ability of CSCs to
self-renew, differentiate, and resist conventional therapies makes them a key target for
achieving a complete cure for cancer [1]. Previous studies have highlighted the role of
CSCs in driving therapeutic resistance and tumor relapse, making them a focal point for
cancer research [2, 3]. Thus, developing therapeutic strategies aimed at CSCs has
garnered significant attention in recent years.

Tumor Microenvironment and CSC

The tumor microenvironment (TME) plays a pivotal role in regulating CSC
behavior. The TME is a dynamic milieu composed of extracellular matrix (ECM)
components, soluble factors, and various cellular entities, all of which interact with
cancer cells to influence their phenotype and behavior [4, 5]. Among the various
elements of the TME, mechanical properties such as matrix stiffness have emerged as
critical regulators of cellular functions, including adhesion, migration, differentiation,
and the acquisition of stem-like traits [6]. Stiffness of the ECM has been shown to
correlate with tumor progression and aggressiveness, with higher stiffness often
associated with poorer clinical outcomes [7, 8].

Mechanotransduction, the process by which cells sense and respond to mechanical
cues, is mediated by cell surface receptors such as integrins and cadherins, as well as
intracellular cytoskeletal components [9]. These mechanical signals are transduced into
biochemical signals that regulate gene expression and cellular functions. Studies have
demonstrated that ECM stiffness can promote stemness in cancer cells by activating

signaling pathways such as Hippo-YAP/TAZ and PI3K-AKT [5, 9]. Moreover, the
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mechanical properties of the TME can influence the localization and activity of
mechanosensitive transcription factors, further contributing to the regulation of CSC
traits [7].Despite significant progress in understanding the role of stiffness in cancer
biology, the specific mechanisms by which stiffness regulates CSC properties remain
incompletely understood. For instance, the interplay between stiffness, receptor
activation, and downstream signaling pathways specific to CSCs is an area of active
investigation. Elucidating these mechanisms is critical for designing targeted therapies
that exploit the mechanical vulnerabilities of CSCs.
Unveiling Stiffness-Dependent CSC Mechanisms

Previous research has shown that human glioblastoma cell lines cultured on double-
network (DN) hydrogels rapidly acquire cancer stemness and enhance tumorigenicity in
vivo[10]. Using H-Ras-transformed NIH3T3 fibroblasts as cancer model cells, CSC
properties were observed to be significantly induced on PAMPS gels with a stiffness
mimicking general tumor tissue (~10 kPa). This induction was associated with
upregulated expression of stemness markers such as Sox2, Nanog, and Oct4, along with
the involvement of Ca?* channels and desmoplakin-mediated membrane interactions.
These findings highlight the role of tumor-mimetic hydrogel stiffness in promoting CSC
generation and provide critical insights into biophysical mechanisms [11]. Based on this
prior research, we cultured cancer cells on PAMPS (2-acrylamide-2-methylpropane
sulfonic acid) hydrogels with elastic moduli of 10, 50, and 200 kPa, representing soft,
medium, and stiff stages, as experimental groups to evaluate cancer cells' responses to
environmental stiffness. Our findings revealed that CSC induction is not uniform across
cell types but rather depends on specific stiffness preferences. To uncover the molecular
underpinnings of this phenomenon, we performed a microarray analysis, which
identified leptin receptor (LEPR) as a key molecule associated with CSCs favoring stiff
TME. Previous research has shown that human glioblastoma cell lines cultured on
double-network (DN) hydrogels rapidly acquire cancer stemness and enhance

tumorigenicity in vivo. Using H-Ras-transformed NIH3T3 fibroblasts as cancer model
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cells, CSC properties were observed to be significantly induced on PAMPS gels with a
stiffness mimicking general tumor tissue (~10 kPa). This induction was associated with
upregulated expression of stemness markers such as Sox2, Nanog, and Oct4, along with
the involvement of Ca?* channels and desmoplakin-mediated membrane interactions.
These findings highlight the role of tumor-mimetic hydrogel stiffness in promoting CSC
generation and provide critical insights into biophysical mechanisms [11]. Based on this
prior research, our study also utilized PAMPS hydrogels with elastic moduli of 10, 50,
and 200 kPa, representing soft, medium, and stiff stages, as experimental groups to
evaluate cancer cells' responses to environmental stiffness. Our findings revealed that
CSC induction is not uniform across cell types but rather depends on specific stiffness
preferences. To uncover the molecular underpinnings of this phenomenon, we
performed a microarray analysis, which identified the leptin receptor (LEPR) as a key
molecule associated with CSCs favoring stiff TME.
Insights into LEPR and CSC

Leptin receptor (LEPR) is a member of the cytokine receptor family and is
traditionally known for its role in energy homeostasis and metabolism through the
regulation of leptin signaling. In the context of cancer, LEPR has been implicated in
various processes such as tumor progression, metastasis, and the maintenance of
stemness in CSCs. Recent studies have shown that LEPR expression correlates with
poor prognosis in several cancer types, suggesting its potential as a biomarker and
therapeutic target [12]. Moreover, LEPR has been found to interact with
mechanosensitive pathways, linking extracellular stiffness to intracellular signaling
cascades that promote CSC-like phenotypes [9]. These findings underscore the
importance of LEPR in the mechanobiology of cancer and its potential exploitation for
therapeutic purposes. Functional validation experiments confirmed the importance of
LEPR in regulating CSC properties under stiff conditions. Furthermore, we investigated
the mechanoreceptors and downstream signaling pathways that lead to LEPR activation,

providing new insights into the mechanobiology of CSCs.
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Aim of Study

In this paper, we discuss the implications of our findings for understanding the role
of biophysical cues in CSC biology and propose LEPR as a novel therapeutic target for
eradicating CSCs. By integrating biomaterials science with cancer biology, our study

aims to contribute to the development of innovative strategies for cancer therapy.

2-4 MATERIALS AND METHODS

2-4-1 Synthesis of PAMPS hydrogels with different stiffness

The 2-acrylamido-2-methyl-1-propane sulfonic acid (AMPS) (Toagosei Co. Ltd.,
Japan) was polymerized by radical polymerization using N,N’-methylenebisacrylamide
(MBAA) (Wako Co., Ltd., Tokyo, Japan) as a cross-linker and 2-oxoglutaric acid (Wako
Pure Chemical Industries, Ltd, Osaka, Japan) as a polymerization initiator. The
concentrations of PAMPS monomer, the cross-linker, and the initiator were 2 mol/l, 1
mol%, and 0.1 mol%, respectively. A mixture of them was poured into a reaction cell
made of two glass plates and irradiated by ultraviolet rays more than 8 hours for radical
polymerization. The size of the gel was 10 cm in length and width and 1 mm in
thickness. Based on this gel, the concentrations of the cross-linker were changed to

range 0.2, 1, and 2 mol% to produce the gels with 3 different kinds of elastic modulus.

The polymerized gel was soaked in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES; Sigma-Aldrich, St. Louis, MO, USA) buffer solution [1.55x10>M
NaHCOs, 0.14M NaCl, 5x10*M HEPES, pH 7.4] and changed every day for 1 week.
For cell culture, the gel discs were punched out from the sheet-shape gel with a hole
puncher with 3.5 cm or 6 cm diameter, and sterilized by autoclaving (120°C, 20 min),
and immersed in a culture medium overnight for equilibration. The thickness of the gel

was about 1.2 mm.
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2-4-2 Measurement of initial elastic modulus of PAMPS gels

The initial elastic modulus of the gel was measured by a compression test using a
testing machine "TENSILON" (ORIENTEC). Load cell is 250N. The gel sample was
cut into a disk shape with a diameter of 1 cm. The gel sample was compressed to
complete rupture, a curve graph was created from the data immediately after rupture,
and the slope of the curve is the initial elastic modulus value of the gel. The

measurement was represented as the average value of three tests.
2-4-3 Cell culture

The cancer cell line was derived from the Department of Cancer Pathology,
Hokkaido University, Japan. . The cells were cultured in Dulbecco’s Modified Eagle’s
Medium or Roswell Park Memorial Institute medium or McCoy's 5A Medium
supplemented with 10% fetal bovine serum (FBS) at 37°C under 5% CO,. For analysis,
the cells were seeded at a cell density of 1 x 10° cells/ml on a Polystyrene (PS) dish, and

a cut-out hydrogel on the bottom of a PS dish and cultured for 3 days.
2-4-4 RNA extraction and Real-time PCR analysis

After three days of cell culture, the cells were gently scraped off from each type of
dish and hydrogels using a silicon rubber. Total RNA was extracted using the RNeasy
mini kit (Qiagen, Valencia, CA). cDNA was synthesized by using SuperScript™
VILO™ cDNA Synthesis Kit (Invitrogen, Carlsbad, CA). The real-time PCR was
performed on the StepOne real-time PCR system (Applied Biosystems, Foster City, CA)
using Power SYBR Green Master Mix (Qiagen). The cDNA was amplified according to
the following conditions: 95°C for 5 sec and 60°C for 30 sec with 40 amplification
cycles. The results were evaluated using the dAACt algorithm. The sequences of the
primers are listed in Table 1. The relative expression levels of the target genes were

normalized to that of glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
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Table 1 List of Primers used for real-time PCR

Gene name Sequence

GAPDH  Forward 5-TGT GTC CGT CGT GGA TCT GA -3’
Reverse S-TTGCTG TTG AAG TCG CAG GA -3

Nanog Forward  5-CAG AAAAAC CAGTGG TTG AAG CTAG -3’
Reverse 5'- GCA ATG GAT GCT GGG ATACTC -3

Oct4 Forward 5-TCTTTC CACCAG GCC CCCGGCTC -3
Reverse 5'-TGC GGG CGG ACA TGG GGA GAT CC -3'

Sox2 Forward  5- TAG AGC TAG ACT TCC GGG CGA TGA -3’
Reverse 5-TTG CCT TAA ACA AGA CCACGA AA -3

LEPR Forward  5-GCA GTC TAT GCT GTT CAG GTG C -3’
Reverse 5-CCA AAATTC AGG TCC TCT CAT AGG -3

Leptin Forward  5-GCT GTG CCC ATC CAA AAAGTCC-3’
Reverse 5'- CCC AGG AAT GAAGTC CAA ACCG-3

YB-1 Forward  5- GCA GGA GAA CAA GGT AGACCAG -3

Reverse 5-CTT CAT TGC CGT CCT CTCTAG G -3

2-4-5 Immunoblotting

Cells were lysed with lysis buffer containing 20 mM Tris-HCI (pH 7.5), 150 mM
NaCl, 1% Triton X-100, 0.5% NP-40, 0.1% SDS, 50 mM sodium fluoride, ] mM
sodium orthovanadate, and a protease inhibitor cocktail. Immunoprecipitates were
separated by sodium dodecyl sulfate—polyacrylamide gel electrophoresis and
immunoblotted onto PVDF membrane. The membrane was blocked with 2% bovine
serum albumin, probed with appropriate antibodies, and the bound antibodies were
detected by using a peroxidase-conjugated secondary antibody and ECL reagents,

analyzed by LAS-1000 detection system.
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2-4-6 Microarray assay raw data preparation and Statistic analysis

The Microarray analysis was performed by MACROGEN JAPAN(16F Time24
Building, 2-4-32 Aomi, Koto-ku,Tokyo, Japan). Raw data were extracted using the
software provided by Agilent Feature Extraction Software(v11.0.1.1). The information
of the samples are listed in Table 2.The raw data for the same gene was then
summarized automatically in Agilent feature extraction protocol to generate raw data
text file, providing expression data for each gene probed on the array. Array probes that
have Flag A in samples were filtered out. Selected gProcessedSignal value was
transformed by logarithm and normalized by quantile method. Statistical significance of
the expression data was determined using fold change. For DEG set, Hierarchical
cluster analysis was performed using complete linkage and Euclidean distance as a
measure of similarity. Gene-Enrichment and Functional Annotation analysis for
significant probe list was performed using Gene Ontology (http://geneontology.org) and
KEGG(http://kegg.jp). All data analysis and visualization of differentially expressed

genes was conducted using R 3.3.2 (www.r-project.org).

Table 2 List of Sample Information used for Microarray analysis

Sample.ID Sample.Group Chip.Position Chip.Barcode
Mia-paca2-soft Mia-paca2-soft 1-1 257236349319
Mia-paca2-hard Mia-paca2-hard 1-2 257236349319
Saos2-soft Saos2-soft 1-3 257236349319
Saos2-hard Saos2-hard 1-4 257236349319
KMG4-soft KMG4-soft 2-1 257236349319
KMG4-hard KMG4-hard 2-2 257236349319
Umuc3-soft Umuc3-soft 2-3 257236349319
Umuc3-hard Umuc3-hard 2-4 257236349319
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2-4-7 siRNA-Mediated LEPR Knockdown

KMG4 and UM-UC-3 Cells were maintained in DMEM supplemented with 10%
fetal bovine serum (FBS), 1% penicillin/streptomycin at 37 <C with 5% CO2. siRNA
sequences targeting LEPR were designed using ON-TARGETplus Human LEPR (3953)
siRNA (SMARTYpool, 5 nmol) and synthesized by Dharmacon™ (USA). A non-targeting
siRNA sequence was used as a negative control. Cells were seeded in 6-well plates at a
density of 1 <1075 cells per well 24 hours prior to transfection. Transfections were
performed using Lipofectamine RNAIMAX Transfection Reagent (Invitrogen, USA)
according to the manufacturer’s protocol. siRNA was diluted in Opti-MEM to a final
concentration of 10 nM and 20 nM, and complexes were formed by incubating with the

transfection reagent for 20 minutes at room temperature.
2-4-8 Statistical analysis

Data are described as the mean and standard deviation values. Statistical analyses
were performed using analysis of variance (ANOVA) with Dunnett’s test. The

significance level was set at P < 0.05.
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2-5 RESULTS

2-5-1 Cancer cells induce CSCs markers with different extracellular stiffness

In this study, we investigated the properties of cancer stem cell (CSC)-like
induction in various cancer cells cultured on gels, focusing on the influence of
oncogenes and the stiffness of the tumor microenvironment. In this study, we first
discussed 17 cell lines including brain tumor, bladder cancer, pancreatic cancer, cervical
cancer, synovial sarcoma and osteosarcoma (Table 3), and cultured them on three types
of PAMPS gels with different stiffness (Fig. 1A, 1B). PAMPS is the first network
component of double network (DN) gels, and it has been previously shown that they can
induce CSC properties. In studies with model cells with cancer gene introduction, it was
confirmed that PAMPS with different hardnesses can affect the ability to induce CSC
properties [11]. Polystyrene (PS) petri dishes were used as negative controls.

Fig. 1
A. B.

PAMPS Initial elastic modulus

200
/(/Ifn
07 “NH
%\/S%H

Fig. 1 Structure and hardness adjustment of PAMPS gel
(A) Chemical structure of PAMPS was shown. (B) Elastic modulus of the PAMPS gel
with various cross-linker concentrations of MBAA are shown. The initial elastic

modulus of the gel was detected by a compression test using a testing machine
"TENSILON" (ORIENTEC). The average value from three tests is shown.
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Table 3 List of different types of cancer cells

Cell

Type

Hela

Cervical carcinoma

A549

Lung cancer

Mia-paca-2

Aspc-1

Canpn-2

PANC-1

Pancreas carcinoma

T24

UM-UC-3

5637

J82

Urinary bladder cancer

KMG4

U138

U343

U373

Glioblastoma

SYO-1

Fuji

Synovial sarcoma

SaoS-2

Osteosarcoma

As expected, the cells adhered to the PS dish (Fig. 2). In contrast, in hydrogels of
different stiffness, cell morphology changed from a spherical shape in the soft
environment (approximately 10 kPa) to an adherent shape similar to PS as the stiffness
of the environment increased (Fig. 2). Interestingly, not all cells in the hard gel
(approximately 200 kPa) showed a morphology similar to PS (Fig. 2), which may be

related to the type and malignancy of the cells and needs further discussion.
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Fig. 2

50 kPa 10 kPa PS

200 kPa

50 kPa 10 kPa PS

200 kPa




U373 SYO-1 SaoS-2

50 kPa 10 kPa PS

200 kPa

Fig. 2 Cellular morphologies on different stiffness PAMPS hydrogel

The part of different cancer cells was cultured on the different stiffness PAMPS for 3
days. A polystyrene (PS) dish was used as negative and positive control, respectively.
The cellular morphologies on indicated culture substrates are shown. Scale bars, 100
pum.

Compared with the PS culture dish, we discussed the expression of stem cell
marker genes in 12 of these cells on three different hardness hydrogels. The expression
levels of stem cell marker genes Sox2, Nanog and Oct4 showed results that varied
according to the cell and its preference for different environmental hardness (Fig. 3).
For example, MIA PaCa-2, HeLa, and T24 cells were significantly more likely to be
induced to express stem cell marker genes in a soft environment (approximately 10
kPa). Conversely, KMG4, 5637, and UMUC-3 cells were more likely to be induced to
express stem cell marker genes in a hard environment (approximately 200 kPa) (Fig. 3).

Interestingly, despite cancer cells of the same type, the preference for the environment
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in which stem cell marker genes are induced also varies. For example, the same bladder
cancer cells T24, 5637 and UMUC-3 (Fig. 3). This may be due to the variable hardness
of bladder tissue when storing urine and not storing urine. In addition, stem cell marker

genes were not induced in U343 and U373 cells (Fig. 3).
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Fig. 3 Induction of stem cell marker genes in different cancer cell lines cultured
on different stiffness PAMPS hydrogel

The part of different cancer cells was cultured on the different stiffness PAMPS for 3
days. A polystyrene (PS) dish was used as negative and positive control, respectively.
The mRNA levels of the stemness marker genes Sox2, Nanog, and Oct3/4 were
examined by Real-time PCR analysis and graphed. *P < 0.05, **P<0.01, ***P <0.001,
kP <0.0001 vs. PS.

2-5-2 Leptin receptor (LEPR) was upregulated in CSCs cultured on hydrogel with
hard stiffness

This is because we have found that different cells have different preferences for
environmental hardness. Therefore, to find out which molecules are responsible for
sensing cell softness, we used microarray analysis to search for target factors. Among
the above cells, we selected KMG4 and UMUC-3 cells, which induce CSC properties in
a hard environment, and MIA PaCa-2 and Saos-2 cells, which induce CSC properties in
a soft environment, for comparison. The cells of each cell line cultured in 10 kPa and
200 kPa hydrogels

were used as Fig. 4
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(Figure 4A). Then,
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we presented the
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common up-regulated and down-regulated genes of each group in the form of a Venn

diagram (Figure 4B).

B.
Down-regulated Up-regulated
KMG4 KMG4
236 17 160 175 10 357
UM-UC-3 UM-UC-3
|fc|>=2.0 |fe|>=2.0
Down-regulated Up-regulated
MIA PaCa-2
MIA PaCa-2
93 1 535 86 3 177
Saos-2 Saos-2
|fc|>=2.0 [fc|>=2.0

Fig. 4 Analysis of microarrays of cells cultured in hydrogels of different stiffness.
(A) Heatmap showing hierarchical clustering of gene expression levels in KMG4,
UMUC3,MIA PaCa-2 and Saos-2 cells cultured on soft and stiff hydrogels,
respectively. Genes with similar expression profiles are grouped, and the color intensity
indicates the normalized expression level. (B) Venn diagram showing the overlap of
commonly upregulated (right) and downregulated (left) genes in each cell type under
soft (10 kPa) and hard (200 kPa) hydrogel culture conditions, hard (control group) vs
soft (experimental group), |fc| > 2.0.

First, among the results of MIA PaCa-2 and Saos-2 cells, which induce CSC
properties in a soft environment, we did not find any meaningful genes among their
commonly up-regulated and down-regulated genes. Then, we turned our attention to
KMG4 and UMUC-3 cells, which induce CSC properties in a hard environment. In this
group of results, we did not find any effective genes in the commonly upregulated

genes, but in the commonly downregulated genes, we found that LEPR, one of the top-
- 56 -



scoring genes, is a receptor protein localized to the cell membrane (Table 4), which is

likely to be consistent with our search goal. Therefore, our subsequent research will

focus on the role of LEPR in cells that induce CSC properties in a hard environment.

Table 4. List of commonly downregulated genes in KMG4 and UMUC-3 cells cultured

in a hard hydrogel

Gene_Symbol Gene_ID RefSegAccession GeneName
TXNIP 10628 NM_006472 thioredoxin interacting protein
Inc-HNMT-2 Inc-HNMT-2:1
zinc finger CCCH-type
ZC3H6 376940 NM_198581
containing 6
LEPR 3953 NM_001003679 leptin receptor
IFNL2 282616 NM_172138 interferon lambda 2
MAP3K14-AS1 100133991 NR_024435 MAP3K14 antisense RNA 1
XLOC_I2_013056
Inc-TRAK1-1 Inc-TRAK1-1:1
Inc-C190rf26-1 Inc-C190rf26-1:2
POT1 25913 NM_015450 protection of telomeres 1
ZNF518A 9849 NM_001330733 zinc finger protein 518A
Inc-Clorf195-2 Inc-Clorf195-2:1
CCDC18-AS1 100131564 NR_034089 CCDC18 antisense RNA 1
zinc finger CCCH-type
ZC3H6 376940 NM_198581
containing 6
nuclear paraspeckle assembly
NEAT1 283131 NR_028272
transcript 1
LOC401557 401557 NR_046107 uncharacterized LOC401557
ZNF862 643641 NM_001099220 zinc finger protein 862
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2-5-3 The expression of LEPR and leptin in KMG4 and UM-UC-3 cells cultured on
hard gels was higher than that in soft gels

Next, we examined the expression of the LEPR gene in KMG4 and UM-UC-3 cells
cultured on hydrogels of two different stiffnesses, 10 kPa and 200 kPa, by RT-PCR.
Unsurprisingly, the expression of LEPR was higher in the hard environment than in the
soft environment (Figure 5A). Next, we also measured the expression of Leptin, the
ligand of LEPR. As with LEPR, the expression of Leptin was higher in cells cultured in
a hard environment than in cells cultured in a soft environment (Figure5B). This
indicates that the upregulation of CSC markers in both cell types in a hard environment
is indeed related to LEPR. We decided to further explore the downstream signaling

pathway of LEPR to investigate its function in regulating CSCs.

Fig. 5
A. B.
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Fig. 5 The LEPR and Leptin genes expression in hydrogels of different stiffness.
(A and B) The mRNA levels of the LEPR (A) and Leptin (B) genes in 10 kPa and 200
kPa gels were examined by Real-time PCR analysis and graphed. *P < 0.05, **P< 0.01,
***P < 0.001, ****P < 0.0001 vs. PS.
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2-5-4 The ERK-RSK pathway may be an important downstream signaling
pathway for LEPR to regulate CSC expression.

LEPR is traditionally known for its role in energy homeostasis and metabolism
through the regulation of leptin signaling. Recent studies have shown that LEPR
expression is associated with poor prognosis in various cancers, suggesting its potential
as a biomarker and therapeutic target [12]. We wanted to figure out what signaling
pathway it uses to induce the expression of CSC markers in hard environments.

Based on previous studies on the relationship between LEPR and cancer [13],
we selected several downstream signaling pathways of LEPR and analyzed whether
these pathways were activated under hard conditions using Western Blotting. First, we
analyzed the Stat5 and Stat3 pathways. However, Stat5 was not activated in any of the
hard environments (Figure 6A). Interestingly, we found that Stat3 was instead activated
in the soft environment (Figure 6A). This may be another pathway induced by
environmental hardness, but it is not the object of our discussion.

Fig. 6

A. KMG4 UM-UC-3

Ps 10 50 200 PsS 10 50 200 kPa

p-Stat5 w90 kDa

== 125 kDa

P

Actin -.. . 7 . 42 kDa

- 59 -




Next, we analyzed the expression of Jak2, but unfortunately, Jak2 was not
activated in any environment (Figure 6A). Finally, we analyzed the expression of ERK,
and finally, we found that ERK 1/2 was activated in and only in a hard environment
(Figure 6B), which indicates that LEPR is very likely to regulate the CSC marker by
regulating the ERK 1/2 signaling pathway. We then analyzed the downstream pathway
of ERK 1/2 and found that the expression of RSK was activated only in a hard
environment, just like ERK 1/2 (Figure 6C). From the above results, we can see that
LEPR activates the downstream ERK-RSK in a hard environment, which is likely to be

an important signal pathway that regulates the increase in cell CSC markers.
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Fig. 6 Activation of the LEPR's downstream signaling pathway

(A) The KMG4, UM-UC-3 cells were cultured on the polystyrene (PS) dish and
PAMPS gel with different stiffness. The cells were cultured for 3 days, and the cell
lysate were subjected to Western blotting for p-Stat5, Stat5, p-Stat3, Stat3, p-Jak2, Jak2,
and actin. Expression of actin appears to vary depending on the culture substrates.(B)
Western blotting for p-ERK 1/2, ERK 1/2, and actin. Expression of actin appears to
vary depending on the culture substrates.(C) Western blotting for p-RSK, RSK, and
actin. Expression of actin appears to vary depending on the culture substrates.

2-5-5 The activation of downstream pathways and the expression of CSC markers
are inhibited by knockdown LEPR

To discuss the importance of LEPR and its downstream pathway ERK-RSK for the
elevation of CSC markers in a hard environment, we knocked down LEPR in KMG4

and UM-UC-3 cells cultured on PS by using siRNA. As shown in Figure 7A, the gene
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expression of LEPR was inhibited at both 10 uM and 20 uM siRNA concentrations.
Furthermore, the results of the protein-staining method showed that the protein
expression of LEPR at a sSIRNA concentration of 10 uM was also significantly inhibited
in a hard environment of approximately 200 kPa (Figure 7B). We can also see that the
protein expression of LEPR in a hard environment (approximately 200 kPa) is
significantly higher than that in a soft environment (approximately 10 kPa). These
results indicate that LEPR in the cells was effectively knocked out using a SiRNA
concentration of 10 uM.

Fig. 7
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Fig. 7 LEPR knockdown in KMG4 and UM-UC-3 cell

(A) The mRNA levels of the LEPR after using 10 and 20 uM siRNA on PS dish were
examined by Real-time PCR analysis and graphed. *P < 0.05, **P< 0.01, ***P < 0.001,
****P < 0.0001 vs. PS. (B) Western blotting for LEPR of LEPR KD KMG4 and UM-
UC-3 cells culture on different stiffness PAMPS gel.

We then used LEPR knockdown versus non-knockdown KMG4 and UM-UC-3
cells and cultured them in PS and hard hydrogel environments for 3 days to observe
changes in their respective CSC markers. We found that the CSC marker levels of
LEPR knockdown cells were suppressed (Figure 8), even lower than the results of non-

knockdown cells cultured on PS.
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Fig. 8
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Fig. 8 LEPR knockdown inhibits CSC marker gene expression

The mRNA levels of the stemness marker genes Sox2, Nanog, and Oct3/4 of LEPR KD
and non-KD KMG4 (left) and UM-UC-3 (right) cells culture on different stiffness
PAMPS gel and PS dish were examined by Real-time PCR analysis and graphed. *P <
0.05, **P< 0.01, ***P < 0.001, ****P < 0.0001 vs. PS, respectively.

Immediately following this, we analyzed the activation of the signaling pathway
downstream of LEPR. In the hard environment, both phosphorylated ERK and RSK
were significantly inhibited in the LEPR knockdown group (Figure 9), which reinforces
the fact that in the hard environment, the cells elevate the expression of CSC markers
through LEPR with its downstream ERK-RSK pathway.
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Fig. 9 LEPR knockdown inhibits downstream pathways expression

The LEPR KD and non-KD KMG4 (left), UM-UC-3 (right) cells were cultured on the
polystyrene (PS) dish and PAMPS gel with different stiffness. The cell lysate was
subjected to Western blotting for p-ERK 1/2, ERK 1/2, p-RSK, RSK and actin.
Expression of actin appears to vary depending on the culture substrates.

Notably, the CSC marker gene with phosphorylated ERK-RSK was also decreased
in the soft environment in the LEPR knockdown experiments (Figure 5B-E). This may
represent that LEPR is also an important molecule in regulating CSC marker expression
in the soft environment, but there may be other pathways that co-regulate CSC marker

expression with LEPR in the soft environment compared to the hard environment.

2-5-6The antagonist Allo-aca blocks the downstream signaling pathway of LEPR

Allo-aca is a selective antagonist of the leptin receptor (LepR) that plays a pivotal
role in modulating leptin signaling pathways. However, dysregulation of leptin
signaling, often observed in obesity, metabolic disorders, and cancer, can lead to leptin
resistance and downstream pathophysiological consequences [14]. Allo-aca effectively
inhibits the binding of leptin to its receptor, thereby modulating aberrant leptin signaling
and showing therapeutic potential in conditions such as obesity, inflammation, and
certain cancers [15,16].

In this study, to more confirm the downstream signaling pathway of LEPR, we also
used Allo-aca to block the binding between Leptin and LEPR. First, we treated the cells
with different concentrations of Leptin. We used KMG4 cells, which were cultured
overnight in a PS dish, then Leptin was added and the culture continued for 48 hours,
and finally the cells were collected to count the cell number. We found that the addition
of Leptin had no effect on the morphology of the cells (Figure 10A). The cell number
was significantly higher than that of the control group (no Leptin added) at Leptin

concentrations of 20, 40, and 60 nM, and reached a maximum at 40 nM (Figure 10B).
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Fig. 10 Leptin promotes cell growth rate

(A)The morphology of KMG4 cells on a PS dish after treatment with different leptin
concentrations are shown. Scale bars, 100 um. (B) Add Leptin of different
concentrations and treat. Observe the change in cell number of KMG4 cells after 48
hours of incubation on PS.

Next, we cultured KMG4 cells pretreated with 1 uM Allo-Aca overnight in a PS
dish, then added Leptin and continued culturing for 48 hours, and finally collected the
cells to count the cell number. The results showed that the number of Allo-Aca-treated
KMG4 cells returned to the same level as the control group (no Leptin added) (Figure
11A), indicating that Allo-Aca can effectively block the binding of Leptin to LEPR.

Then, we extracted the proteins from Allo-aca-treated KMG4 cells cultured on PS
and hard hydrogel for 48 hours and performed Western blotting. The results were the
same as those obtained using siRNA to knock down LEPR. The expression of
phosphorylated ERK and RSK was inhibited in cells on hard hydrogel (Figure 11B).
This further indicates that LEPR activates the downstream ERK-RSK pathway.
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Fig. 11 Allo-aca inhibits downstream pathways of LEPR

(A) The number of KMG4 cells treated with Allo-aca and then incubated with leptin for
48 hours was consistent with that of the untreated control group. (B)The KMG#4 cells
treated with Allo-aca and incubated for 48 hours. The cell lysate were subjected to
Western blotting for p-ERK 1/2, ERK 1/2, p-RSK, RSK and actin. Expression of actin
appears to vary depending on the culture substrates.

2-5-7 YB-1 may be an important molecule in the final intracellular regulation of
changes in CSC markers.

So far, we have found that in the hard-loving cells KMG4 and UM-UC-3,
LEPR, as an important membrane protein, is closely related to the elevated expression
of the final CSC marker. Furthermore, the activation of the downstream signaling
pathway ERK-RSK leads to the elevated expression of the CSC marker in the cell.

However, since RSK is not a molecule that can directly induce changes in CSC
markers, it only acts in the cytoplasm and does not enter the nucleus [17]. We consider
that there may be a molecule associated with RSK that is directly involved in the

regulation of intracellular CSC markers.
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YB1 (Y-box binding protein 1) is a key regulator of cancer stemness, acting
downstream of RSK (Ribosomal S6 Kinase). RSK phosphorylates YBL1 at Ser102, a
critical modification that enhances YB1's nuclear translocation and transcriptional
activity. In the nucleus, YB1 promotes the expression of cancer stem cell (CSC)
markers, such as CD44, ALDH1, Nanog, and SOX2, which drive tumor cell self-
renewal, invasion, and survival. Additionally, YBL1 is closely involved in epithelial-
mesenchymal transition (EMT), a process linked to cancer stemness, as well as therapy
resistance and tumor progression. The RSK-YB1 axis represents a critical regulatory
pathway in maintaining CSC phenotypes, making it a promising target for cancer
therapies. Inhibiting either RSK or YB1 has been shown to suppress CSC marker
expression and reduce tumor aggressiveness in various cancers [18, 19].

We first investigated the expression of the

Fig. 12
YB-1 gene in KMG4 cells cultured on PS dishes 5 L, YB'7**
and soft (approximately 10 kPa) and hard % |
(approximately 200 kPa) hydrogels, respectively. ;g 7
As expected, the expression of the YB-1 gene % R
was increased on the hard hydrogel, but not on § 0-7
the soft hydrogel (Figure 12). E 0.0-
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Next, we performed Western blotting on )
Fig. 12 YB-1 gene is highly

KMG4 cells treated with leptin, KMG4 cells expressed on hard hydrogels

cells pretreated with allo-aca and then treated KMG4 cells culture on different
stiffness PAMPS gel and PS dish

(approximately 200 kPa), respectively. The analysis and graphed. *P < 0.05,

**P< 0.01, ***P < 0.001, ****P
results showed that compared with PS, the YB- < 0001.

1 in untreated cells and cells treated with Leptin
was significantly higher on a hard hydrogel, indicating that the hard environment

enhanced the expression of LEPR, which in turn regulated the expression of YB-1
- 66 -



(Figure 13). Secondly, the
expression of YB-1 was
suppressed in LEPR
knockout cells and cells
pretreated with Allo-aca
(Figure 7B), which
further demonstrates the
importance of YB-1 for
LEPR.

Summarizing the
above results, we can
conclude that in cells that
prefer a hard environment
(KMG4 and UM-UC-2

cells in this paper), the

Fig. 13
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Fig. 13 YB-1 is a downstream factor regulated by LEPR

The KMG4 cells culture on PS dish and hard hydrogel
(approximately 200 kPa) treated with Leptin (+Ligand
group), siRNA (si-LEPR group)and Allo-aca before treated
with Leptin (+Ligand & antagonism group). The cell lysate
were subjected to Western blotting for p-YB-1, YB-1 and
actin. Expression of actin appears to vary depending on the
culture substrates. PS, PS dish; Gel, approximately 200 kPa
PAMPS gel.

hardness of the environment stimulates the expression of LEPR, which ultimately

activates YB-1 by activating the downstream ERK-RSK pathway, thereby acting on the

regulation of the final CSC marker.
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2-6 Discussion

The findings of this study elucidate the intricate relationship between tumor
microenvironment (TME) stiffness and cancer stem cell (CSC) induction, shedding light
on the mechanobiological underpinnings of cancer progression. By using PAMPS
hydrogels with varying elastic moduli, we successfully mimicked the diverse stiffness
conditions of tumor tissues, demonstrating that specific stiffness preferences play a
pivotal role in CSC induction across different cancer cell lines [20, 21]. This
underscores the heterogeneity in cellular responses to biomechanical cues and the
critical role of the TME in shaping CSC properties.

Our results confirm that the expression of CSC markers such as Sox2, Nanog, and
Oct4 is modulated by the stiffness of the extracellular matrix (ECM). Notably, cancer
cells such as KMG4 and UM-UC-3 demonstrated enhanced CSC marker expression in
stiffer environments, while others, like MIA PaCa-2, exhibited a preference for softer
substrates. This divergence highlights the importance of cellular origin and tumor type
in determining mechanosensitive behaviors [22]. The identification of LEPR as a key
molecule associated with CSC induction in stiffer conditions provides a significant
advance in understanding the mechanotransduction mechanisms at play. LEPR's role in
linking extracellular stiffness to intracellular signaling cascades, particularly the
activation of the ERK-RSK-YB1 axis, establishes a functional pathway by which
mechanical signals translate into CSC phenotypic changes. Although LEPR was found
to be essential for the induction of CSC markers, it has not been previously reported as a
mechanoreceptor. This raises important questions about how cells sense changes in
extracellular stiffness. We propose that one or more mechanoreceptors must be involved
in this process, mediating the cellular response to mechanical cues in the TME. Further
studies are needed to identify these mechanoreceptors and elucidate their interactions

with LEPR in regulating CSC marker expression [23].
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The discovery that LEPR is upregulated in cells cultured on stiffer hydrogels and
that its knockdown significantly reduces CSC marker expression has profound
therapeutic implications. Targeting LEPR and its downstream signaling pathways could
provide a novel strategy to disrupt the mechanosensitive induction of CSCs. The
successful use of sSiRNA-mediated LEPR knockdown and the LEPR antagonist Allo-aca
to inhibit CSC marker expression further validates this approach. Moreover, the
involvement of YB1 in regulating CSC markers through the ERK-RSK pathway
positions it as a downstream effector and potential therapeutic target (Fig. 14). By
targeting these key nodes, it may be possible to mitigate the stiffness-induced

maintenance of CSC populations and, consequently, tumor progression and metastasis.
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Fig. 14 YB-1 is an important molecule in the final regulation of the CSC marker by

LEPR.
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Our findings align with and extend previous studies that have linked ECM stiffness
to tumor aggressiveness and poor clinical outcomes. The demonstration of
mechanotransduction pathways specific to CSC regulation highlights the multifaceted
role of biomechanical forces in cancer biology. The differential response of CSC
markers to stiffness across cell lines also raises important questions about the variability
of mechanosensitive pathways in cancer cells, which may be influenced by genetic,
epigenetic, and environmental factors. Understanding these variations will be critical for
developing precision medicine approaches that consider the biomechanical
characteristics of individual tumors [24].

While our study provides substantial insights, there are limitations that warrant
further investigation. The reliance on in vitro hydrogel models, though highly
controlled, does not fully replicate the complexity of in vivo tumor environments, which
include dynamic stiffness changes and interactions with immune and stromal cells.
Future studies should aim to validate these findings in animal models and explore the
impact of dynamic stiffness on CSC induction [20]. Additionally, identifying other
potential mechanoreceptors and pathways involved in stiffness-driven CSC regulation
could provide a more comprehensive understanding of the process.

This research has profoundly shaped my understanding of the dynamic interplay
between cellular mechanics and cancer biology. The process of designing and
conducting experiments to elucidate the role of TME stiffness in CSC regulation has
strengthened my critical thinking and problem-solving skills. It has also deepened my
appreciation for interdisciplinary approaches, as integrating concepts from
biomechanics, molecular biology, and cancer research proved pivotal to this study’s
success. Furthermore, this experience has inspired me to continue exploring innovative
strategies for addressing the complexities of cancer, solidifying my aspiration to
contribute to advancing therapeutic approaches in the field.

In conclusion, our study highlights the pivotal role of TME stiffness in regulating

CSC properties and identifies LEPR and its downstream ERK-RSK-YB1 axis as key
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mediators of this effect. These findings provide a foundation for developing innovative
strategies targeting mechanosensitive pathways to disrupt CSC maintenance and

improve therapeutic outcomes in cancer treatment.
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