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ABSTRACT

The extracellular matrix (ECM) of the tumor microenvironment undergoes constant remodeling that al-
ters its biochemical and mechano-physical properties. Non-enzymatic glycation can induce the forma-
tion of advanced glycation end-products (AGEs), which may cause abnormal ECM turnover with exces-
sively cross-linked collagen fibers. However, the subsequent effects of AGE-mediated matrix remodeling
on the characteristics of stromal cells in tumor microenvironments remain unclear. Here, we demon-
strate that AGEs accumulated in the ECM alter the fibroblast phenotype within a three-dimensional col-
lagen matrix. Both the AGE interaction with its receptor (RAGE) and integrin-mediated mechanotransduc-
tion signaling were up-regulated in glycated collagen matrix, leading to fibroblast activation to acquire a
cancer-associated fibroblast (CAF)-like phenotype. These effects were blocked with neutralizing antibod-
ies against RAGE or the inhibition of focal adhesion (FA) signaling. An AGE cross-link breaker, phenyl-4,5-
dimethylthiazolium bromide (ALT 711), also reduced the transformation of fibroblasts into the CAF-like
phenotype because of its dual inhibitory role in the AGE-modified matrix. Apart from targeting the AGE-
RAGE interaction directly, the decreased matrix stiffness attenuated fibroblast activation by inhibiting the
downstream cellular response to matrix stiffness. Our results suggest that indirect/direct targeting of ac-
cumulated AGEs in the ECM has potential for targeting the tumor stroma to improve cancer therapy.

Statement of significance

Advanced glycated end-products (AGEs)-modified extracellular matrix (ECM) is closely associated with
pathological states and is recognized as a critical factor that precedes tumorigenesis. While increased
matrix stiffness is known to induce fibroblast activation, less is known about how both biochemical and
mechano-physical changes in AGE-mediated matrix-remodeling cooperate to produce a myofibroblastic
cancer-associated fibroblast (CAF)-like phenotype. For the first time, we found that both the AGE interac-
tion with its receptor (RAGE) and integrin-mediated mechanotransduction were up-regulated in glycated
collagen matrix, leading to fibroblast activation. We further demonstrated that an AGE cross-link breaker,
ALT-711, reduced the CAF-like transformation because of its dual inhibitory role in the AGE-modified ma-
trix. Our findings offer promising extracellular-reversion strategies targeting the non-enzymatic ECM gly-
cation, to regulate fibroblast activation.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

remodeling enzymes [1]. One of the factors resulting in ECM
remodeling is non-enzymatic glycation, a spontaneous reaction

In the tumor microenvironment, abnormal extracellular ma-
trix (ECM) remodeling is accompanied by tumor malignancy and
metastatic progression due to the disrupted balance between ECM
synthesis and degradation and the altered expression of matrix-
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between reducing sugars and polypeptides that ultimately leads
to the accumulation of advanced glycation end products (AGEs)
within the matrix [2-6].

Hyperglycemia is recognized as a general risk factor for can-
cer development and is associated with cancer malignancy [7].
In hyperglycemic microenvironments, AGEs accumulate sponta-
neously within the ECM, which ultimately increases the stiff-
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ness of collagen fibrils and modifies their architecture [4,8,9].
Abnormally aligned, straight, thickened collagen fibers are char-
acteristic of desmoplastic tumor stroma [10-12], and these ma-
trix changes alter cell-matrix interactions and transform cellu-
lar phenotypes. Receptors of AGE (RAGE) interact with AGEs, and
such AGE-RAGE interactions are well-known to activate several
signaling pathways, such as nuclear factor kappa-light chain en-
hancer of activated B cells (NF-«B), extracellular signal regu-
lated kinase (ERK), or phosphoinositol-3-kinase (PI3K), inducing
several cellular responses, such as apoptosis, production of pro-
inflammatory cytokines, and reactive oxygen species (ROS) [9].
However, the pathogenic link underlying the AGE-mediated ma-
trix and the development of pro-tumorigenic stroma has not been
fully elucidated. Fibroblasts are common stromal cells in tissues
[13] and constitute up to 80% of a tumor [14]. In addition, fi-
broblasts are highly sensitive to extra- and intercellular signal-
ing, which allows these cells to actively remodel their ECM and
trigger surrounding normal fibroblasts to transform into cancer-
associated fibroblasts. While increased matrix stiffness is known
to induce fibroblast activation [15-19], less is known about how
both biochemical and mechano-physical changes in AGE-mediated
matrix-remodeling processes cooperate to produce a myofibroblas-
tic cancer-associated fibroblast (CAF)-like phenotype.

We investigated the effects of AGE-mediated matrix remodel-
ing on fibroblast phenotype by studying cells cultured within pre-
glycated collagen matrices, and found that targeting AGEs could at-
tenuate the CAF-like transformation of fibroblasts, which is a po-
tential therapeutic application to modulate the tumor microenvi-
ronment.

2. Materials and methods section
2.1. Development of pre-glycated 3D matrix

To pre-glycate collagen, collagen (Corning) was mixed with D-
ribose (Sigma) in 0.1% acetic acid (Sigma) to achieve final con-
centrations of 0- and 500-mM ribose and incubated at 4 °C for 1
month. Then, the ribose-reacted collagen solution was neutralized
with 10X DPBS (Welgene) and 1 M NaOH (Sigma) to form 4 mg/ml
gels. The neutralized collagen solution was incubated at 37 °C for
1 hour to allow collagen to crosslink and form fibrils.

2.2. Human fibroblast cell culture

Human immortalized fibroblast cell line (hTERT NOF) was pro-
vided by Prof. Jae Ho Kim from Busan National University. Cells
were cultured and maintained with DMEM/F12 (3:1 mixture, Wel-
gene, Korea), supplemented by 1% penicillin/streptomycin (P/S,
Welgene) and 10% fetal bovine serum (FBS, Welgene), in a humid-
ified incubator at 37 °C and 5% CO,. Culture medium was replaced
every 2~3 days and subcultured with 0.25% trypsin/EDTA (Wel-
gene). For 3D cell culture in collagen and glycated collagen ma-
trices, collagen solution was neutralized with 10X DPBS and 1 N
NaOH and carefully mixed with fibroblast cells (5 x 10° cells per
ml). Cell embedded collagen solution was polymerized at 37 °C for
1 hour, which was then maintained for the duration of the experi-
ment.

2.3. Construction of RAGE-depleted fibroblasts

RAGE shRNA (Santa Cruz, sc-36374-sh) were used to gener-
ate RAGE-depleted hTERT NOF cells by following the manufac-
turer’s protocol. Briefly, 1 pg of shRNA and 5 pl of shRNA Plasmid
Transfection Reagent (Santa Cruz, sc-108061) were diluted in Plas-
mid Transfection Medium (Santa Cruz, sc-108062). shRNA mixtures
were gently added into cell cultured well and incubated for 12 h
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at 37 °C. Following incubation, the medium was replaced, and the
cells were incubated for an additional 24-48 h. To select RAGE-
depleted cells, 5 pg/ml of puromycin dihydrochloride (Invivogen,
ant-pr-1) were used.

2.4. AGE-BSA solution treatment

AGE-BSA was prepared by incubating BSA (0.5% bovine serum
albumin, Sigma) and p-ribose (250 mM, Sigma) in DPBS (Lonza)
at 4 °C for over one month. BSA solution without ribose was
used as a control. AGE-BSA and BSA solutions were mixed at a
1:10 ratio with culture media and used to culture fibroblasts in
a non-glycated collagen matrix for 7 days, and AGE-BSA and BSA-
containing-culture media were changed every 2~3 days.

2.5. Analysis of mechanical properties

Glycated and non-glycated matrix samples were mechanically
characterized by determining the storage (G’) and loss (G”) moduli
with a Rheometer (MCR92, Anton Paar). Samples were loaded be-
tween a parallel plate measuring detector with a diameter of 8 mm
and measured with the frequency sweep mode at constant strain
(1%). The storage modulus was calculated at 1 Hz.

2.6. Mass spectroscopy

Trypsin Digestion: Glycated and non-glycated collagen matrix
with 0- and 500 mM D-ribose were prepared to analyze AGE or
its derivative by using mass spectrometry. The proteins in collagen
matrix were reduced with DTT (Sigma) at 60 °C for 60 min and
then alkylated with IAA (Sigma) for 45 min in the dark. Then, the
alkylation was quenched with DTT. The proteins in collagen ma-
trix were digested with trypsin (1:20 of enzyme to protein ratio)
in 50 mM NH4HCO;3 (Sigma) at 37 °C for 16 h. Tryptic peptides
were desalted using solid phase extraction (SPE) on a Bravo plat-
form (Agilent, USA) and then dried under vacuum.

Liquid chromatography-mass spectrometry: Dried samples were
reconstituted in 50ul of 0.1% formic acid (Sigma) in DW and ana-
lyzed using a LC-MS/MS system consisting of an EASY-nanoLC Sys-
tem (Thermo Scientific, USA) and an Orbitrap Fusion Lumos mass
spectrometer (Thermo Scientific, USA) equipped with an EASY-
Spray™ source. The peptides were loaded into Acclaim PepMap™
100 (75um x 2 cm, nanoViper) for 4 min at a flow rate of 4
uL/min. Then, the peptides were separated on a PepMap™ RSLC
column (Cqg particle size 2 um, 100A, 75 wm x 50 cm). The mobile
phases, A and B, were composed of 0 and 80% acetonitrile (B&]),
respectively, and each contained 0.1% formic acid. The LC gradient
began with 2% B and was ramped to 5% B over 1 min, to 10% B over
16 min, to 50% B over 74 min, to 100% B over 1 min, and remained
at 100% B over 8 min and 2% B for another 5 min. The column was
re-equilibrated with 2% B for 15 min before the next run. The volt-
age applied to produce an electrospray was 1.9 kV. The scan range
for MS spectrum was m/z 400-1600 with a resolution of 120,000.
The maximum ion accumulation time was 50 ms. The AGC target
was set to 400,000. The fragmentation by higher energy collisional
dissociation (HCD) were acquired on a data-dependent using Top
Speed mode with 3 s cycle time at a resolution 30,000. The inten-
sity threshold was set to 5000. The maximum ion accumulation
time was 54 ms. The AGC target was set to 50,000. The isolation
window was 1.2 m/z. The normalized collision energy (NCE) was
27%. Dynamic exclusion was enabled for a duration of 12 s.

Data analysis: The LC-MS/MS date were analyzed by using SE-
QUEST HT in Proteome Discoverer software (Thermo Fisher Sci-
entific, version 2.2) with UniProt human. Precursor and fragment
mass tolerance were 10 ppm and 0.02 Da, respectively. Trypsin
was selected as the specific proteolytic enzyme. Up to 2 missed
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cleavage per peptide allowed for the search. Caramidomethyla-
tion of cysteine was set as a fixed modification. N-acetylation
(protein N-terminal), oxidation (methionine), amadori-modified ly-
sine/arginine, carboxymethyl lysine/arginine and carboxyethyl ly-
sine/arginine, Argpyrimidine (arginine) and Methylglyoxal-derived
hydroimidazolone (arginine) were set as variable modifications.
Peptide and protein identifications were filtered at a false discov-
ery rate (FDR) of 1%. All glycated peptide spectrum matches were
examined manually.

2.7. Analysis of fibril structure

Confocal Microscopy: Col-F Collagen Binding Reagent (Immuno-
Chemistry Technologies) was used to stain the fibril structure of
collagen. Col-F was mixed at a 200:1 ratio (Collagen solution: Col-
F) when the collagen solution was generated. After gelation, Col-
F-conjugated collagen matrices were washed with DPBS (Welgene)
three times and were imaged using a confocal microscope (Nikon).

Scanning electron microscopy (SEM): The fibrillar structure of
collagen was imaged through Field Emission Scanning Electron Mi-
croscopy (Magellan400, FEI, USA). Glycated and non-glycated col-
lagen matrices were stored in DPBS and dehydrated by gradually
increasing the ethanol concentration in the storing buffer from 50
to 100% ethanol, for 5 min each. Samples were then air-dried in
a fume hood for 1 day. Dehydrated samples were mounted with
double-sided carbon tape and sputter coated with platinum (Pt)
before SEM imaging.

2.8. Gene ontology (GO) analysis

The online-accessible Gene Expression Omnibus (GEO) database
(GSE22862, 15 primary non-small cell lung carcinoma (NSCLC)
fibroblasts (CAF) and 15 matched normal lung fibroblasts (NF))
were used to analyze enriched GO terms. Genes were ranked
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by fold changes (FC), and up-regulated 444 genes (FC[CAF/NF]>0,
p<0.05) were used to analyze GO term enrichment. Gene Ontol-
ogy (GO) term enrichment to classify Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway by using EnrichR program (http:
//amp.pharm.mssm.edu/Enrichr/) ranked by p-value.

2.9. Antibodies and inhibitors

Integrin B1, FAK, pFAKY397, AGE antibodies were purchased
from Abcam. Antibodies against RAGE, YAP, GAPDH, Lamin A/C, R-
tubulin were purchased from Santa Cruz. FAP (Bioss), ®-SMA (eBio-
science), fibronectin (Santa Cruz), and vimentin (Cell signaling) an-
tibodies were used to analyze CAF-like transition. TRITC-Phalloidin
and 4,6-diamidino-2-phenylindole (DAPI) were purchased from
Sigma-Aldrich to stain F-actin and the nucleus, respectively. FPS-
ZM1 (Abcam), Y15 (Sigma), and ALT-711 (KareBay Chem) were pre-
pared following the manufacturer’s manual and stored at —20 °C.

2.10. WST-8 assay

To analyze fibroblast survival and proliferation in each condi-
tion, WST-8 assays (Quanti-MAX™ WST-8 Cell Viability Assay Kit,
BIOMAX) were performed according to the manufacturer’s man-
ual. Absorbance was measured by SpectraMax iD3 Multimode Mi-
croplate Reader (Molecular Devices) at 450 nm after reaction.

2.11. Analysis of reactive oxygen species (ROS)

Reactive oxygen species (ROS) were detected by using
DCFDA/H2DCFDA-cellular reactive oxygen species detection as-
say kit (Abcam) according to the manufacturer’s manual. 2/,7'-
Dichlorofluorescein (DCF), which is the reaction product of ROS
and DCFDA, was observed by using confocal microscopy (Carl Zeiss
LSM700, ex./em. at 485 nm/535 nm).
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Fig. 1. Characterization of the glycated collagen matrix. (a) Immunostaining images of glycated collagen shows that AGEs observed in 500 mM glycated matrix. Green:
collagen fiber stained by Col-F, red: AGE. Scale bar = 50 um (b) Autofluorescence intensity of AGEs (Ex370/Em440). ****;p<0.0001 (c) SEM images were obtained from
non-glycated and glycated collagen with 0, 500 mM ribose concentration to confirm the collagen fibril structure. Scale bar = 1 um (d) The storage modulus of non-glycated
and glycated collagen was measured by rheological study (n = 8). ***; p<0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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2.12. Immunofluorescent staining

Fibroblasts in collagen matrices were fixed with 4%
paraformaldehyde (Biosesang, Korea), permeabilized with 0.15%
Triton X-100 (Sigma), and blocked with 1 wt% BSA (Sigma).
Samples were incubated with primary antibodies overnight at 4
°C. Subsequently, samples were incubated with FITC or TRITC-
conjugated secondary antibodies (1:1000; Sigma). F-actin was
stained with TRITC-phalloidin. All immunostaining images were
counterstained with DAPI for the nucleus. Fluorescence images
were captured with confocal microscopy (Nikon).

2.13. Gene expression analysis

For analysis of mRNA expression, total RNA of fibroblasts within
the glycated matrix was extracted by using the phenol/chloroform
method. Fibroblasts from glycated matrices were crushed and ho-
mogenized by a disposable hand-held homogenizer with Trizol
reagent (Ambion). After homogenization, the aqueous RNA phase
was separated by adding chloroform, collected, and precipitated
by isopropyl alcohol and glycogen. Precipitated RNA pellets were
washed by 70% ethanol in diethyl pyrocarbonate (DEPC) water. Af-
ter dehydration of RNA pellets, RNA samples were dissolved in
DEPC water (Biosesang). The quantity and purity of the extracted
total RNA were measured using spectrophotometry (DeNovix), and
reverse-transcribed to cDNA by using the iScript ¢cDNA synthesis
kit (BioRad). RT-qPCR was performed in a thermal cycler (BioRad)
using a SYBR Green Real-time PCR Master Mix (Toyobo, Osaka,
Japan). Analyses of relative mRNA expressions were normalized by
GAPDH, a house-keeping gene. All primer sequences are summa-
rized in Supplementary Table S2. Gene expression data from RT-
PCR were visualized by heatmap analysis based on the z-score. z-
score were calculated for every row by formula; z-score = (relative
mRNA expression values - mean)/standard deviation. And each z-
scores were visualized by heatmap of Prism ver 8 (GraphPad) soft-
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ware. Red and blue indicates over- and under-expression of genes,
respectively.

2.14. Protein expression analysis

Proteins in fibroblasts from collagen matrices were extracted
using RIPA buffer (1X, Sigma-Aldrich) supplemented with Halt™
Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific).
Cytoplasm and nuclear proteins were extracted separately using
NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Sci-
entific) following the manufacturer’s protocol. The concentrations
of extracted proteins were measured by Bradford assays (BioRad).
20 pg of protein were loaded onto each well of SDS-PAGE gels,
then transferred to nitrocellulose membrane (Amersham) for blot-
ting. Primary antibodies and HRP-conjugated secondary antibodies
were added to label target proteins. Protein expression was de-
tected by using Pierce ECL western blotting substrate (Thermo Sci-
entific), and membranes were imaged using a membrane imaging
system (ImageQuant LAS 4000 mini, GE Healthcare).

2.15. Statistical analysis

All experiments were held in triplicate, at a minimum, and in-
dividual experiments were normalized to control values and ex-
pressed as mean + standard deviation. Two-tailed Student’s t-tests
were utilized to determine statistical significance. p-values are rep-
resented as asterisks (*) on graphs; *; p<0.05, **; p<0.01, and ***;
p<0.001.

3. Results and discussion
3.1. Confirmation of an AGE-modified collagen matrix

We constructed a glycated collagen matrix that simulates the in
vivo glycation of matrix characterized by biochemically generated
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Fig. 2. Change of AGE-RAGE and mechanotransduction signaling by collagen glycation. (a) Volcano plot showing statistical significance (p-value) versus fold change (FC) of
CAFs and NFs (GSE22862, 15 primary non-small cell lung carcinoma (NSCLC) fibroblast and 15 matched normal lung fibroblasts). 444 up-regulated genes (orange points)
were used to analyze GO term enrichment. (b) Gene ontology (GO) analysis of significantly up-regulated 444 genes in CAF (p<0.05, FC(CAF/NF)>1). (c) The relative mRNA
expression of AGER, ITGB1, PTK2, RHOA, and ROCK1/2 in non-glycated and glycated matrix *;p<0.05, **;p<0.01, and ***;p<0.001 (d) Total RAGE, integrin 81, pFAKY*%7, FAK

protein expression in non-glycated and glycated matrix. Loading control is GAPDH.
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AGE formation, or glycation, and increased stiffness with dysregu-
lated ECM structure. A collagen solution was pre-glycated with D-
ribose dissolved in 0.1% acetic acid at 4 °C; ribose was selected due
to its faster kinetics compared to other reducing sugars [20]. Ri-
bose reacts with lysine and arginine sites in collagen chains and is
transformed into argpyrimidine or carboxymethyl (CM), which are
the main AGE molecules [21]. The Maillard reaction induces col-
lagen crosslinking via AGE generation [22,23]. Using tandem mass
spectroscopy, we confirmed AGE formation in glycated collagen by
analyzing the amount of CM in lysine and arginine (Supplementary
Figure S1, Table S1), which are common sites for AGE formation
[24]. The CM levels at specific sites of the collagen alpha-I chain
increased under glycated conditions (ribose 500 mM), compared
to the non-glycated condition. In addition, we observed thick, lin-
earized collagen fibers in glycated matrix (collagen, green; AGE,
red; Fig. 1a) through immunofluorescence microscopy. We mea-
sured the autofluorescence of AGEs (excitation, 370 nm; emission,
440 nm) and observed a ~3.5-fold increase in the glycated matrix
compared to the non-glycated matrix (Fig. 1a, b).

Next, we examined the changes in the mechanical and struc-
tural properties of the glycated matrix. Due to the excessive
crosslinking of collagen fibers, the bulk storage modulus of the
glycated collagen was significantly elevated compared to the non-
glycated matrix, even at the same collagen concentration of
4 mg/mL (Fig. 1d). Scanning electron microscopy images revealed
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a thick fibrous structure due to abnormal collagen crosslinking
in the glycated matrix (Fig. 1c). Therefore, we confirmed that a
non-enzymatic glycated collagen matrix had been fabricated suc-
cessfully, with linearized, stiffened, and highly crosslinked collagen
fibers observed in the tumor microenvironment [6].

3.2. The glycated matrix induces both RAGE expression and
mechanotransduction signaling

Given that AGEs exert effects both directly through the forma-
tion of collagen cross-links that alter the mechanical properties of
ECM [25] and by interacting with specific cell surface receptors,
we examined the mechanisms through which AGEs contribute to
cellular signaling pathways: (1) the most prominent AGE-mediated
signaling cascades via the AGE receptor (RAGE; receptor of ad-
vanced glycation end-products) interactions on the cell surface and
(2) mechanotransduction via ECM-integrin interactions. As biome-
chanical sensors, integrins mediate cell adhesion and transmit me-
chanical cues to the cells [26].

To examine the mechanism based on RAGE ligand-mediated
fibroblast activation, we first identified gene sets that were sig-
nificantly enriched in CAFs compared to normal fibroblasts (NFs)
using the online-accessible Gene Expression Omnibus database
(GSE22862, 15 primary non-small cell lung carcinoma (NSCLC)
fibroblasts and 15 matched normal lung fibroblasts) (Fig. 2a).
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Fig. 3. Analysis of fibroblast activation in glycated matrix.
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50 um (e) Total ®-SMA and FAP protein expression in non-glycated and glycated matrix. Band intensity normalized by GAPDH. (f) Expression of fibronectin (green) network
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We found that 444 genes were significantly up-regulated in CAF tween pre-glycated matrix (as a crosslinked form, 500 mM of D-
(FC[CAF/NF]>1, p<0.05), and those genes were strongly associated ribose in 10 mg/ml collagen solution) and AGE-BSA solution (as a
with the AGE-RAGE signaling pathway (KEGG: hsa04933) (Fig. 2b). soluble form, 250 mM of p-ribose in 5 mg/ml BSA solution), AGE-

The Gene Ontology results indicate that AGE-RAGE signaling leads BSA solution was sufficient enough to confirm the standalone ef-
to CAF activation in the tumor microenvironment. fect of AGE. The addition of AGE-BSA solution up-regulated RAGE
In addition to the contribution of RAGE-dependent signaling, and YAP expression in the non-glycated collagen matrix, but there

we postulated that integrins are activated by mechanical stimuli was no change in integrin B1 protein expression (Supplementary
from within the AGE-modified ECM. The formation of AGEs on Fig. S2a). We observed nuclear YAP in the AGE-treated condition

ECM molecules alters the structure of the matrix and increases (Supplementary Fig. S2b, c). Furthermore, cell proliferation signif-
stiffness. Once integrin-based adhesions form, activated integrins icantly increased by treating AGE (Supplementary Fig. S2d). Based
can facilitate the focal adhesion (FA)-mediated signaling pathway; on these results, we found that the standalone effect of AGE may
Rho A and ROCK1/2 then generate myosin-mediated contractile regulate RAGE and YAP expression, independent of the mechan-
force and promote YAP nuclear translocation as transcriptional reg- otransduction signaling pathway.

ulators [27].

We selected Si)f genes relat‘ed to either the AGE‘RAGE inter- 3.3. Matrix glycation induces CAF-like phenotypic changes in cultured
action (AGER) or integrin-mediated mechanotransduction (ITGB1, fibroblasts

PTK2, RHOA, and ROCK1/2) to assess protein and mRNA expression
in response to matrix glycation (Fig. 2¢, d). In the glycated matrix,
RAGE mRNA and protein expression were up-regulated (Fig. 2¢,  tjon, we first performed cell proliferation analyses using the WST-8
d). The five mechano.-re_sponswe genes (ITGBI.- PTK2, RHOA, and assay to quantify one of the main features of fibroblast activation:
ROCK1/2) were also significantly up-regulated in the glycated ma-  epnanced proliferation [28]. The proliferation rates of fibroblasts on
trix (Fig. 2c). Slmlla.rly, the prptem expression levgls o_f Integrin S1 days 4 and 7 were significantly increased in the glycated matrix
and pFAKY397 were increased in the glycated matrix (Fig. 2d). These compared to those of the non-glycated matrix (Fig. 3a). Further,
results indicate that AGE-mediated matrix remodeling stimulates the fibroblasts in the non-glycated matrix were spindle-shaped,
both the activation of RAGE and integrin-mediated mechanotrans-  \yhereas the fibroblasts in the glycated matrix were stellate with
duction signaling. curved actin cytoskeletons (Fig. 3b).

Furthermore, to clarify the standalone effect of AGE on YAP ex- Next, we analyzed the mRNA and protein expression of fibrob-
pression, we introduced the AGE-BSA solution to the non-glycated |35t activation markers, including alpha-smooth muscle actin (o~

To elucidate the effects of matrix glycation on fibroblast activa-

matrix. Although the AGEs treatment conditions were different be- SMA), fibroblast activation protein (FAP), vimentin, and fibronectin
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Fig. 4. Effect of RAGE inhibition on CAF-like phenotype through mechanotransduction signaling. (a) Schematics of RAGE- and FA-dependent signaling pathways in the
glycated matrix. FPS-ZM1 (specific RAGE inhibitor) and Y15 (inhibitor of FAK phosphorylation) were used to inhibit RAGE and FA signaling. (b) Timeline of drugs treatment.
(c) RAGE, Integrin B1, pFAK, FAK, and YAP protein expression depending on drug treatment conditions in non-glycated and glycated matrix. Loading control is GAPDH.
(d) Heatmap represented RAGE, ITGB1, PTK2, and YAP1 mRNA expression depending on drug treatment conditions in non-glycated and glycated matrix. Relative mRNA
expression was normalized by GAPDH, and represented by z-score. (e) Immunofluorescence staining of YAP (red) depending on drug treatment conditions in glycated matrix.
Nucleus were counterstained by DAPI (blue). Scale bar = 50 um (f) Effect of drugs on fibroblast viability in non-glycated and glycated collagen matrix depending on drug
treatment conditions. Significance; ****; p<0.0001, n.s.: no significance. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
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[15,28-30]. The expression of o-SMA (ACTA2), FAP (FAP), and vi-
mentin (VIM) mRNA was significantly upregulated in fibroblasts
cultured in the glycated matrix compared with those cultured in
the non-glycated condition (Fig. 3c). The «-SMA and FAP protein
levels were also strikingly increased in the glycated matrix (Fig. 3d,
e). Notably, the glycated matrix-stimulated fibroblasts secreted sig-
nificantly more fibronectin than those in the non-glycated matrix
(Fig. 3f).

In addition to examining well-known fibroblast activation mark-
ers, we examined Yes-associated proteins (YAP) expression. YAP is
pre-dominantly observed in the cytoplasm in normal fibroblasts,
but it is localized in the nucleus in CAFs in response to a stiff ma-
trix [31]. Through immunostaining, we observed noticeably higher
amounts of nuclear YAP in fibroblasts in the glycated matrix, while
mostly cytoplasmic YAP was observed in the non-glycated matrix
(Fig. 3g). Higher nuclear YAP localization in glycated matrices was
confirmed through western blotting (Fig. 3h), indicating that YAP
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activation also occurs in response to mechanotransduction result-
ing from increased stiffness of the AGE-modified matrix.

Our results confirmed that glycated matrices alter fibroblasts
to a CAF-like phenotype, suggesting that fibroblast activation in
the AGE-modified matrix could be inhibited by modulating either
RAGE or mechanotransduction signaling pathways.

3.4. Targeting RAGE and mechanotransduction signaling to inhibit
CAF-like phenotypic changes

To determine whether the inhibition of mechanotransduction
signaling synergizes with RAGE inhibition in AGE-modified matrix-
stimulated fibroblasts, we treated the cells with inhibitors of the
major signaling transduction pathways. RAGE function was inhib-
ited with FPS-ZM1, a high-affinity RAGE-specific inhibitor/blocker
(Ki = 25 nM) [32,33], and the effect of FAs on mechanotransduc-
tion was blocked with Y15, a small molecule inhibitor of phos-
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Fig. 5. AGE-targeting matrix modulation to inhibit CAF-like transition. (a) AGE-autofluorescence intensity by treating ALT-711 (AGE-crosslinking breaker) for 3 days in non-
glycated and glycated collagen matrix. ****;p<0.0001 (b) Immunostaining images of glycated collagen shows that AGE observed by treating ALT-711 compared to non-treated
condition. Green: collagen fiber stained by Col-F, red: AGEs. Scale bar = 50 um (c) The storage modulus after ALT-711 treatment for 3 days in non-glycated and glycated
collagen matrix. ***;p<0.001 (d) Overall timeline of ALT-711 treatment during fibroblast culture. (e) Heatmap represented the relative mRNA expression of RAGE, ITGB1, PTK2
and YAP1 in non-glycated and glycated matrix. Gene expression normalized by GAPDH. Expression represented by z-score. (f) RAGE, Integrin 81, pFAK, FAK and YAP protein
expression with ALT-711 in non-glycated and glycated matrix. Loading control is GAPDH. (g) Immunofluorescence staining of YAP (red) with ALT-711 in non-glycated and
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phorylation at the Y397 site of FAK (PTK2) [34] (Fig. 4a). Af-
ter 5 days of culture in glycated and non-glycated matrices, cells
were treated with drugs for 2 days in four experimental groups:
no drug treatment (-), FPS-ZM1 treatment (F, 1 uM), Y15 treat-
ment (Y, 5 pM), and combined treatment of FPS-ZM1 and Y15
(F + Y) (Fig. 4b). The FPS-ZM1-only treatment significantly sup-
pressed RAGE expression at the AGER mRNA and protein levels,
but there was no change in PTK2 mRNA or pFAK protein expres-
sion. In contrast, the Y15-only treatment inhibited FAK phosphory-
lation, but not RAGE expression (Fig. 4c). This indicated that each
inhibitor blocked its respective pathway separately without inter-
fering with the other. Co-treatment (F + Y) inhibited both RAGE
and pFAK expression of AGER and PTK2 mRNA and protein (Fig. 4c,
d). The effects of co-treatment were more pronounced in the gly-
cated matrix, where the cells over-expressed RAGE and pFAK. Note
that nuclear YAP returns to the cytoplasm in the glycated matrix in
the Y-only and F + Y co-treatment (Fig. 4e). This indicated that FA
inhibition strictly affected YAP activation in fibroblasts. In the non-
glycated matrix, cytoplasmic YAP was observed regardless of the
treatment (Supplementary Figure S3a). Furthermore, cell prolifera-
tion was significantly suppressed in the glycated matrix with co-
treatment when compared to standalone drug treatments (Fig. 4f).
The mRNA expressions of ACTA2, FAP, VIM, and FN mRNA also de-
creased substantially by ~1.4, 2.4, 1.3, and 1.7-fold, respectively, in
the glycated matrix with the dual treatment (F + Y), but not in
the non-glycated matrix (Supplementary Figure S3b). The expres-
sions of «-SMA and FAP also strikingly decreased with the three
drug treatments (Supplementary Figure S3c). However, we found
no significant difference among the drug treatment conditions in
terms of the expression of fibroblast markers.

To clarify the role of RAGE on YAP expression, we constructed
shRNA-mediated RAGE-depleted hTERT NOF cells. The shRAGE sup-
pressed RAGE and YAP expression, but there was no change in in-
tegrinf1 protein expression (Supplemented Fig. S4a). Also, nuclear
YAP was observed in the glycated matrix in wild type, but not in
RAGE-depleted cells (Supplemented Fig. S4b, c). Furthermore, cell
proliferation was significantly suppressed in RAGE-depleted cells
(Supplemented Fig. S4d). Based on these results, we found that
RAGE regulate YAP expression, independent to mechanotransduc-
tion signaling pathway.

Based on these results, we suggest that intracellular tar-
geting via the inhibition of either the RAGE-dependent or
mechanotransduction-dependent signaling pathway could neutral-
ize the effects of accumulated AGEs within the matrix and lead to
decreased fibroblast activation.

3.5. Effect of AGE-breaker on the CAF-like transition

In addition to intracellular targeting, we examined whether
the removal of irreversibly bound AGEs within the matrix regu-
lated fibroblast activation directly by eliminating both the AGE-
RAGE interaction and mechanotransduction. To do this, we used
the AGE-breaker ALT-711 (4,5-dimethyl-3-phenacylthiazolium chlo-
ride or alagebrium) [35,36]. First, we examined whether there were
any physical differences in collagen matrices upon addition of ALT-
711. After a 3-day treatment, AGE autofluorescence was decreased
1.6-fold in the glycated matrix, but not in the non-glycated ma-
trix (Fig. 5a). After ALT 711 treatment, the thick, linearized colla-
gen fibers in the glycated matrix appeared fragmented and AGE
fluorescence decreased (collagen, green; AGE, red; Fig. 5b). Con-
sequently, bulk storage modulus was decreased ~1.64-fold in the
glycated matrix due to AGE disintegration (p<0.001, Fig. 5c).

To analyze the effects of breaking AGE on fibroblast activa-
tion, fibroblasts in glycated and non-glycated matrices were treated
with ALT-711 for 3 days after a 5-day normal culture period
(Fig. 5d). The ALT-711 treatment significantly attenuated mechan-
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otransduction signaling, including integrin 81, FAK mRNA expres-
sion, and RAGE expression (Fig. 5e). Adding ALT-711 to the glycated
matrix noticeably decreased pFAK (Fig. 5f). Furthermore, the total
YAP mRNA and protein expression in glycated matrix were signifi-
cantly reduced with the ALT-711 treatment (Fig. 5e, f). Interestingly,
nuclear YAP expression was significantly decreased in the glycated
matrix, and it was relocated to the cytoplasm with ALT-711 treat-
ment (Fig. 5g, h). We also confirmed that ALT-711 treatment re-
duced the expression of «-SMA (ACTA2), FAP (FAP), fibronectin
(FN), and vimentin (VIM) mRNA and protein in the glycated matrix
(Fig. 5i-k). Furthermore, cell viability was significantly suppressed
in glycated matrix with ALT-711 treatment (Supplementary Fig S5).
Also, decreased both AGE-RAGE and mechanotransduction signal-
ing by treating ALT-711 regulated ROS production (Supplementary
Fig. S6). These results suggest that the direct breakup of accumu-
lated AGE within the matrix has dual targets for CAF-like pheno-
type transition in response to glycated matrix.

4. Conclusion

In summary, we demonstrated that AGE-mediated matrix re-
modeling activates fibroblasts via biochemical and biomechanical
changes in the ECM. Matrix glycation is crucial for inducing the ac-
tivation of quiescent fibroblasts in the hyperglycemic tumorigenic
stroma. Accumulated AGE within the matrix induces a CAF-like
phenotype transition of fibroblasts via the AGE-RAGE interaction
and integrin-mediated mechanotransduction. In response to the
stiffened matrix, fibroblasts overexpress mechano-sensitive genes,
promoting YAP nuclear location. We found that targeting either
the AGE-RAGE or integrin-mediated mechanotransduction path-
ways attenuates fibroblast activation. Moreover, we suggest that
extracellular targeting using an AGE-breaker can attenuate CAF-like
transitions, which may have clinical potential in numerous diseases
that accompany glycation-mediated, extracellular matrix remodel-
ing.
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