Int. J. Biol. Sci. 2023, Vol. 19
g0 [VYSPRING

vgﬁ INTERNATIONAL PUBLISHER

2740

International Journal of Biological Sciences

2023; 19(9): 2740-2755. doi: 10.7150/ ijbs.83024
Research Paper

Upregulated desmin/integrin $1/MAPK axis promotes
elastic cartilage regeneration with increased ECM
mechanical strength

Wei Zhangt, Wei Lut, Qian Yu, Xia Liu™, Haiyue Jiang™

Plastic Surgery Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing 100144, PR China.

t These authors contributed equally to the manuscript.

P4 Corresponding authors: Xia Liu, Plastic Surgery Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing 100144, PR
China. E-mail: liuxia@psh.pumc.edu.cn. Haiyue Jiang, Plastic Surgery Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College,
Beijing 100144, PR China. E-mail: jianghaiyue@psh.pumc.edu.cn.

© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https:/ /creativecommons.org/licenses/by/4.0/).
See http:/ /ivyspring.com/terms for full terms and conditions.

Received: 2023.01.30; Accepted: 2023.05.11; Published: 2023.05.21

Abstract

Elastic cartilage tissue engineering is promising for providing available scaffolds for plastic reconstructive
surgery. The insufficient mechanical strength of regenerative tissue and scarce resources of reparative
cells are two obstacles for the preparation of tissue-engineered elastic cartilage scaffolds. Auricular
chondrocytes are important reparative cells for elastic cartilage tissue engineering, but resources are
scarce. ldentifying auricular chondrocytes with enhanced capability of elastic cartilage formation is
conducive to reducing the damage to donor sites by decreasing the demand on native tissue isolation.
Based on the biochemical and biomechanical differences in native auricular cartilage, we found that
auricular chondrocytes with upregulated desmin expressed more integrin 31, forming a stronger
interaction with the substrate. Meanwhile, activated MAPK pathway was found in auricular chondrocytes
highly expressing desmin. When desmin was knocked down, the chondrogenesis and mechanical
sensitivity of chondrocytes were both impaired, and the MAPK pathway was downregulated. Finally,
auricular chondrocytes highly expressing desmin regenerated more elastic cartilage with increased ECM
mechanical strength. Therefore, desmin/integrin 31/MAPK signaling can not only serve as a selection
standard but also a manipulation target of auricular chondrocytes to promote elastic cartilage
regeneration.
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Introduction

Elastic cartilage tissue engineering is promising
for providing scaffolds in multiple plastic surgeries by
avoiding harm to donor sites. The mechanical
properties of reconstructed tissue or organs are
essential to maintain their shape and improve
patients' experience. Suitable mechanical strength
sustains the scaffold shape and avoids damage to
native tissue [1, 2]. The final mechanical properties are
greatly impacted by regenerative tissue produced by
reparative cells. Auricular chondrocytes are important
reparative cells but their availability is greatly limited.
As the main generator of the ECM, the biological
activity of auricular chondrocytes is critical for the

regeneration and maturation of elastic cartilage,
which has not yet been investigated specifically. The
biological properties of chondrocytes can be
maintained within finite passages in vitro [3, 4].
Moreover, the specific ability of chondrogenesis can
be preserved by forming the corresponding cartilage
matrix in vitro similar to their origin [5]. Such
characteristics can be found not only in different types
of cartilage but also in different regions of certain
irregular  cartilage. For  example, articular
chondrocytes derived from different zones of articular
cartilage are reported to behave differently with
various chondrogenic abilities [6-9]. In addition,
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chondrocyte bioactivity can be influenced by
microstructural variations in the extracellular matrix
(ECM) [10]. Such heterogeneity has been applied in
osteochondral tissue engineering to mimic gradient
microstructure to induce osteochondral regeneration
[11]. The external ear has been distinguished by its
intricate  morphology and varied biomechanical
properties across the auricular cartilage [12-15]. The
composition and arrangement of the ECM have been
found to vary in different regions of auricular
cartilage and evolve with age [16-19]. Therefore,
investigating the heterogeneity of the auricular
cartilage microstructure and chondrocytes is of great
significance in reparative cell selection and scaffold
design to improve elastic cartilage regeneration.

The integrity and function of the construction
unit, which consists of the cell, ECM, and their
interaction, are vital factors that influence successful
tissue regeneration [20]. As the unit's center, cells can
sense and respond to mechanical signals by altering
their biological activities and synthesizing or
degrading the ECM, thus impacting tissue formation
and maturation [21, 22]. Many failed tissue or organ
developments have been linked to construction unit
dysfunction [23, 24]. The cytoskeleton-ECM coupled
with interactions is a critical axis through which
signals are transduced from the extracellular space to
the intracellular space [25]. Several cytoskeletons are
reported to be associated with biomechanical
transduction and corresponding cellular biochemical
signaling [26]. The expression and functions of
interactions between cells and ECM, such as integrin
and focal adhesion, are also impacted by
environmental mechanical changes. Since different
mechanical properties have been reported in native
auricular cartilage [12], we investigated the basic
construction unit relevant to such differences.

This study found that auricular cartilage close to
the skull has increased mechanics, coupled with
enhanced construction unit function. By comparing
the expression profile, auricular chondrocytes with
upregulated desmin-integrin B1-MAPK pathway
regenerate more elastic cartilage with increased ECM
mechanical strength, providing hints on cell selection
and manipulation of auricular chondrocytes in elastic
cartilage tissue engineering. Furthermore, decreased
construction unit function was also found in microtia
cartilage, indicating its importance for the mainten-
ance of elastic cartilage mechanical strength.

Methods and materials

Tissue and cell isolation

Microtia and normal ear cartilage tissue were
isolated from patients who underwent auricular

reconstruction surgeries at the Plastic Surgery
Hospital, Chinese Academy of Medical Sciences &
Peking Union Medical College. Patient consent was
obtained and the experiments were approved by the
Institutional Research Ethics Committee Review
Board. The animal experiments were approved by the
Institutional Animal Care and Experiment Committee
of Plastic Surgery Hospital, Chinese Academy of
Medical Sciences & Peking Union Medical College.
Ear cartilage was isolated from Bama miniature pigs
(male, 6-12 months old) under general anesthesia. The
skin and perichondrium were resected under aseptic
conditions, leaving cartilage for cell isolation. The
cartilage tissue was cut into pieces smaller than 1 mm
x 1 mm and digested with 0.2% type II collagenase
(Sigma) for 8 h at 37 °C in a shaker. The digested
tissue was filtered using a 75-pm membrane and the
collected cell suspension was centrifuged at 1000 rpm
for 5 min. The cells were cultured and expanded using
DMEM (10% FBS, 1% antibiotics) at 37 °C and 5%
COo. The experiments were conducted before passage
3.

Aortic force microscopy (AFM)

AFM measurements were performed using a
Dimension FastScan® AFM system (Bruker,
Germany). Auricular cartilage with isolated skin and
perichondrium was embedded in OCT compound,
cryosectioned to a thickness of 10 pm and attached to
a glass slide. The OCT was washed away with PBS
before the AFM measurement. Samples were imaged
in contact mode in air, and then indentation-type
AFM measurements were conducted in PBS. A probe
combining a silicon nitride cantilever with a
cylindrical tip was used. The actual cantilever spring
constant was measured using the thermo noise
method after PBS addition. Under the guidance of an
upright microscope, the intercellular ECM area was
scanned by the probe for force curve collection and
topography scanning. Topographical measurements
were recorded at a resolution of 512 x 512 pixels? with
a line rate of 1 Hz. To assess the arrangement of fibers,
the roughness and discrepancy were analyzed in a 1
pm? area to decrease the influence of surface
fluctuation. After topography scanning, PBS was
added to the sample for elastic modulus
measurement. To calculate the average stiffness, ten
force-indentation curves were collected for each 1 x 1
pm? area. Young's modulus was calculated with a
modified Hertz model for a pyramidal indenter:

F={@2xtan a x E)/[rn x (1-v2)]}x &2

where E is Young's modulus, v is Poisson's ratio set as
0.5 for cartilage [27], and « is the tip half-opening
angle. The data were analyzed using NanoScope
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Analysis 1.8 (Bruker, Germany).

Traction force microscopy

Primary chondrocytes were isolated and
manipulated for evaluation using traction force
microscopy (TFM). First, cells were seeded on
polyacrylamide gels containing red fluorescent beads.
Two different concentrations of gels with stiffnesses
of 10 kPa and 50 kPa were polymerized on confocal
dishes, and 0.01% 0.5-pm red fluorescent
carboxylate-modified beads were added to track
displacement changes. A total of 1 x 10* cells were
seeded on the surface for measurement. To confirm
the boundaries, phase-contrast images of cells were
taken, whereas fluorescence images of red beads were
captured prior to cell detachment to check for
displacement changes. Finally, the beads were aligned
using MATLAB to calculate the cellular interaction
force with the substrate.

Transmission electron microscopy

Auricular cartilage was cut into 1 mm x 1 mm
pieces and fixed with 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer and stored at 4°C for
transmission electron microscopy. The samples were
freeze-dried, embedded in resin and sectioned into
100 nm ultrathin slices. The slices were coated by an
ion sputtering instrument and observed using
transmission electron microscopy (Microptik BV,
Netherlands).

Total RNA extraction and qPCR

Total RNA was extracted using TRIzol reagent
(Thermo Fisher) following the manufacturer's
instructions. Superscript II reverse transcriptase
(Invitrogen) was used to generate cDNA from one
microgram of mRNA. Real-time qPCR was performed
using SYBR Green II mix on a LightCycle 480 Mix
(Roche). Genes with quantification cycles (35 < Ct <
40) were regarded as having no expression and were
discarded. The relative RNA expression was adjusted
by GAPDH expression. Three duplicates with the
same experimental conditions were obtained. The
primer sequences are listed in Supplemental Table 2.

RNA sequencing

Three adult Bama miniature pigs (6-12 months)
were used as input material for the RNA sample
preparations. Whole ear cartilage of three pigs was
isolated and classified into lateral, middle, and medial
areas. One piece of cartilage in each area was collected
for total RNA extraction. Each group included three
samples from three pigs. Briefly, mRNA was purified
from total RNA using poly-T oligo-attached magnetic
beads. After c¢cDNA synthesis, cDNA fragment
selection, and PCR amplification according to the

manufacturer's protocols, the library was constructed.
The obtained libraries were sequenced in 2 x 150 bp
paired-end mode on an Illumina NovaSeq 6000
(llumina, Inc., San Diego, CA, USA). After obtaining
clean data from the raw data through in-house Perl
scripts, the reference genome index was built using
HISAT2 (v2.0.5), and paired-end clean reads were
aligned to the reference genome using HISAT2.
Eventually, RNA abundance was estimated with
FeatureCounts (v1.5.0-p3). The gene fragments per
kilobase million (FPKM) in each sample were
calculated to identify differentially expressed genes
(DEGs) with a cutoff value of p < 0.05 and |log2-fold
change| > 1 via the DESeq2 R package [28]. The
biological functions of the DEGs were explored with
Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analyses [29,
30]. Networks were generated in the Cytoscape
software environment with the EnrichmentMap
plugin using an uncorrected p value threshold of
0.005, an FDR cutoff of 0.1, and an overlap coefficient
threshold of 0.1 [31, 32]. A protein-protein interaction
(PPI) network was conducted using the Search Tool
for Recurring Instances of Neighboring Genes
(STRING) with a minimum required confidence score
> 0.7 [33]. Gene set enrichment analysis (GSEA) was
performed using the clusterProfiler R package with
c2.all.v7.0.entrez.gmt set as background (https://
www.gsea-msigdb.org/gsea/msigdb). Reanalysis
was further performed using screened DEGs with
significantly increased expression from lateral and
middle to medial areas.

Biochemical analysis and histochemical
staining

Auricular cartilage and GelMA constructs were
prepared for ECM content assays. For the
quantification of DNA and glycosaminoglycan (GAG)
assays, samples were digested by proteinase K
(0.5 mg/ml in PBS) at 56 °C for 16 h. The solubilized
DNA and GAG were quantified using a PicoGreen
dsDNA assay kit (Invitrogen) and GAG Alcian blue
kit (GENMED) according to the manufacturer’s
instructions, respectively. The quantifications of
collagen and elastin were performed using a
hydroxyproline assay kit (Nan Jing Jiancheng
Bioengineering Institute) and Fastin Elastin Assay kit
(Biocolor), respectively.

For histochemical staining, auricular cartilage
and GelMA constructs were fixed with 10% neutral
buffered formalin overnight, dehydrated, and
embedded in paraffin. Sections of 5 pm thickness
were prepared for histochemical analysis. Following
deparaffination, the sections were stained with H&E,
Alcian Blue, and Verhoeff to visualize the general
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morphology and ECM components.

3D GelMA culture construct and migration
test

For the 3D GelMA culture construct, a solution
of 100 mg/mL GelMA (10% w/v) dissolved in DMEM
containing 10% v/v LAP was prepared at 37 °C.
Chondrocytes were mixed with GelMA solution at a
density of 5 x 109/mL at 37 °C. The photocross-
linkable hydrogel formulation was induced by
exposure to blue light (wavelength: 405 nm; LED
(Uvata Precision Optoelectronics Co., Ltd.); intensity:
20 mW/cm?) for 1 min at a distance of 10 cm. For the
migration test in the GeIMA construct, we selected the
frequently used GelMA (10% w/v) and GelMA (5%
w/v) as stiff and soft substrates, respectively. To
simulate the varied tendency detected in native
auricular cartilage, i.e., lateral < middle < medial, the
intermediate GelMA (7.5% w/v) was set as the
migration origin. GeIMA constructs of 50 mg/mL (5%
w/v) and 100 mg/mL (10% w/v) were prepared first
as described above. Then, two semicircle constructs
were placed in a round mold with a vacant center
space. A mixed solution containing GelMA (7.5%
w/v) and chondrocytes (1x 105/ mL) was added to the
vacant center space. Then the formulation of the
photocrosslinking recombinant constructs with
gradient concentrations was induced by exposure to
blue light (wavelength: 405 nm; LED (Uvata Precision
Optoelectronics Co., Ltd.); intensity: 20 mW/cm?) for
1 min at a distance of 10 cm. The constructs (0.5 x
2mmd3) containing primary chondrocytes were
cultured in DMEM supplemented with the addition of
10% FBS and 1% antibiotics. After 7 days of culture,
10% GelMA and 5% GelMA were isolated to analyze
cell migration and chondrogenic marker expression.

Western blot

Chondrocytes were washed twice using ice-cold
PBS and lysed with RIPA buffer (Thermo Fisher)
supplemented with proteinase inhibitor (Beyotime)
for 15 min on ice. Protein concentration was assayed
using a BCA protein assay kit (Beyotime) following
the manufacturer's instructions. A total of 30
micrograms of protein was used for SDS-PAGE
electrophoresis and transferred onto a polyvinylidene
fluoride membrane. The membrane was blocked with
5% milk in PBS with 0.05% Tween 20 (PBST) for 1 h at
room temperature and then incubated with primary
antibody overnight at 4°C. After washing three times
with PBST, the membrane was incubated with
HRP-conjugated secondary antibody for 1 h at room
temperature. Bands were detected using a chemi-
luminescence ImageQuantTM LAS 4000 (GE), and the
intensity of target bands was calculated using Image].

Flow cytometry

Passage 1 primary chondrocytes were digested
using 0.25% trypsin and washed three times with PBS.
The cell suspension was adjusted to 1 x 109/mL and
blocked using 5% BSA with 0.1% Triton X-100 for 1 h
at room temperature. Next, the cells were incubated
with the primary antibody for 1 h at 37 °C. After
washing three times with PBS, the cells were
incubated with fluorescence-labeled secondary anti-
body in darkness for 1 h at room temperature. Finally,
the cells were washed twice with PBS and analyzed
using a flow cytometer (BD Bioscience).

Cartilage pellet culture

Auricular chondrocytes at passage 2 isolated
from different ear regions were used for three-
dimensional pellet culture. A cell suspension contain-
ing 5 x 105 chondrocytes in a 15 mL polypropylene
conical tube was centrifuged at 500 x g for 5 min. The
supernatant was removed, and 2 mL DMEM
containing 10% FBS was gently added to the tube
without disturbing the cell sediment. Cells were
maintained at 37 °C and 5% CO,. The cell pellet
formed 72 h later and the medium was changed every
48 h thereafter.

Immunofluorescence

Cells seeded on glass slides or cultured in
GelMA constructs were fixed with 4% paraformal-
dehyde for 15 min and permeabilized with 0.1%
Triton X-100 in PBS for 15 min. The samples were
blocked with 5% BSA in PBS for 1 h at room
temperature and then incubated with primary
antibody overnight at 4°C. After washing three times
with PBS, the samples were incubated with
fluorescence-labeled secondary antibodies in dark-
ness for 1 h at room temperature. Nuclei were stained
using 4’, 6’-diamidino-2-phenylindole (Beyotime) for
10 min. The stained cells on the glass slides were
sealed using Prolong diamond antifade Mountant
(Invitrogen). GelMA constructs were placed in the
confocal dishes for observation. Samples were
observed using confocal laser microscopy (Leica DM
IRB). Images were processed and analyzed using
Image].

Immunohistochemistry

Deparaffinized sections were treated with EDTA
pH 9.0 in boiled water for 2 min and blocked with
goat serum for 1 h at room temperature. After
washing with PBS 3 times, the samples were
incubated with primary desmin antibody (Protein-
tech, 16520-1-AP, 1:1000) overnight at 4°C. Then the
sample was incubated with the corresponding
secondary antibody at room temperature for 1 h. The
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DAB/AEC chromogen solution (Solarbio) covered the
samples and was observed with a light microscope to
identify the colored precipitate. The sample was
washed with deionized H2O to terminate the reaction
when obvious color precipitate appeared. Then the
nuclei were counterstained with hematoxylin. Finally,
the samples were dehydrated and sealed with neutral
resin.

Statistical analysis

The quantitative data are presented as the mean
+ SEM for statistical analysis. Independent
comparisons were made using an unpaired t test or
Mann-Whitney test. Significance was defined as
"p<0.05, “p<0.01, *p<0.001, *"p<0.0001. All statistical
analyses were performed with GraphPad Prism
version 8.

Results

Auricular cartilage was characterized by
varied ECM mechanical strength and
structural assemblies

Various macromechanical strengths have been
reported in different areas of native auricular cartilage
[34], and we measured ECM mechanics to explore the
micromechanics that impact cellular biology. Based
on previous studies showing that the area close to the
skull has higher mechanical strength [12, 34], we
chose the longest axis vertical to the skull as a
reference for ECM mechanical analysis. Force curves
were collected at sites with 0.75 cm intervals along the
axis for stiffness analysis (Fig. 1A). The results
showed that Young's modulus decreased gradually
from the proximal to distal areas vertical to the skull
(Fig. 1B). We classified the auricular cartilage into
lateral, middle, and medial areas, and a significantly
increased tendency was confirmed from the lateral to
the medial areas (Fig. 1C). The topography of ECM
fibers related to mechanics was scanned using AFM
[35]. More arranged ECM fibers were found in the
middle and medial areas than in the lateral area (Fig.
1D, Fig. S1A). Statistical analysis showed that the
roughness of the medial area was remarkably lower
than that of the lateral area, reflecting more arranged
ECM fibers (Fig. 1E, Fig. S1B). Meanwhile, the lateral
area had more disoriented elastic fibers than the
middle and medial areas (Fig. 1F), coupled with
significantly higher fractal dimension (Fig. 1G). Given
that the fractal dimension was influenced not only by
the arrangement but also by the amount of ECM
fibers, we measured the main components of the ECM
in different areas. The results showed that the
contents of GAG, collagen, and elastin were not
significantly different across the areas in native

auricular cartilage (Fig. SIC-E). Thus, the disarranged
fibers might contribute to a higher fractal dimension
in the lateral area. Moreover, we found that the cell
density in the lateral area was significantly higher
than that in the middle and medial areas (Fig. 1H, Fig.
S1F). Since chondrocytes are the engine generating
ECM, we investigated the average ECM production
by chondrocytes across the different areas. The
amounts of GAG, collagen, and elastin produced per
cell were all the lowest in the lateral area (Fig. 1I-K).
Collectively, auricular cartilage showed decreased
ECM mechanics and irregular fiber arrangement in
native auricular cartilage from the medial and middle
to lateral areas, coupled with decreased average ECM
production.

Auricular cartilage with superior ECM
mechanical properties has enhanced
construction unit function

We performed RNA sequencing (RNA-seq) on
native auricular cartilage to investigate the
underlying molecular mechanism related to ECM
mechanics. The heatmap showed that the expression
patterns in different areas were obviously separated
(Fig. 2A). The number of DEGs between the lateral
and medial areas was the largest (Fig. 2B, Fig. S2A),
and these DEGs were selected for further analyses.
GO analysis showed that DEGs were mainly enriched
in ECM component structure and organization and
cellular metabolic activities (Fig. 2C). In addition,
KEGG analysis revealed that the activities of the ECM
receptor, ECM synthesis, and Wnt pathways were
significantly different between the lateral and medial
areas (Fig. 2D). Moreover, GSEA indicated that genes
related to the cytoskeleton, ECM production and
organization were remarkably upregulated in the
medial area (Fig. 2E, Fig. S2B). Therefore, different
intensities of construction unit function were
discovered in native auricular cartilage with varied
ECM mechanics. Furthermore, we summed the
number of DEGs related to the cytoskeleton, cell-ECM
interactions, and chondrogenesis to assess the
variance in construction unit function across areas.
Consistent with the varied tendency in the whole
transcriptome, the number of DEGs related to the
construction unit was the highest between the lateral
and medial areas, which had the largest mechanical
difference (Fig. 2F).

Auricular chondrocytes highly expressing
desmin showed superior ECM production

We screened DEGs with an increased expression
tendency from the medial and middle to lateral areas
for analysis. GO analysis indicated that these DEGs
were enriched in ECM synthesis and cell-ECM
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interactions (Fig. 2G). including multiple DEGs
related to chondrogenesis (Fig. 2H). In addition, one
critical intermediate cytoskeleton desmin was found
to be significantly upregulated in the middle and
medial areas (Fig. 2I, ]J). The shortage of desmin has
been proven to be a critical pathogen in cardiac and
skeletal diseases [36-38]. All these diseases are
characterized by cellular dysfunction in mechanical
regulation or responses. In addition, the lack of
desmin could also lead to dysfunction of nuclear
activity via the connection to the lamina [39]. We
reanalyzed the RNA sequencing results and found

Lateral

that MAPK signaling was significantly different
across auricular cartilage, which was also reported in
normal and microtia cartilage [40]. Additionally, the
MAPK signaling pathway is known to be mechani-
cally sensitive via integrins [41-43]. Considering the
mechanical difference existing in the auricular
cartilage, we measured the activity of MAPK
signaling in auricular chondrocytes driving from
different areas. The phosphorylation of MAPK was
increased along with upregulated desmin expression
(Fig. 2K), suggesting a correlation between desmin
and MAPK signaling activation.
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Figure 1. Auricular cartilage was characterized by varied ECM mechanical strength and structural assemblies. A. Native porcine auricular cartilage was divided
into three parts: along the longest axis vertical to the skull, the outer /4 area was lateral, the middle /2 area was middle, and the inner '/4 area was medial. Representative force
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curves scanned by AFM in three areas. Representative force curves for 16 positions with an interval of 0.75 cm for the AFM measurements. B. Statistical analysis of Young's
modulus measured in 16 positions with an interval of 0.75 cm. C. Statistical analysis of the collective Young's modulus of positions located in three areas. (lateral vs. middle,
**p<0.0001; middle vs. medial, **p<0.0001; lateral vs. medial, **p<0.0001). D. Topography scanning of ECM fibers in three areas of native auricular cartilage. The scan area was
setas 5 x5 pm2and | x | pm2. E. Statistical analysis of roughness Rq calculated based on a scanning area of | x | pm?2 (lateral vs. medial, *¥p<0.01). F. Representative fluorescence
images of elastic fibers in three areas of native auricular cartilage. G. Statistical analysis of fractal dimension calculated based on the intercellular elastic fibers in fluorescence
images (lateral vs. middle, *p<0.05; middle vs. medial, **p<0.001; lateral vs. medial, ***p<0.0001). H. DNA content per volume in three areas of native auricular cartilage (lateral
vs. middle, *p<0.05; lateral vs. medial, *p<0.01). Average I. GAG (lateral vs. middle, *p<0.01; middle vs. medial, “p<0.05; lateral vs. medial, *p<0.01) }. collagen (lateral vs. middle,
*p<0.05; middle vs. medial, “p<0.05), and K. elastin (lateral vs. medial, p<0.05) content produced per cell in three areas of native auricular cartilage.
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Figure 2. Auricular cartilage with superior ECM mechanical properties has enhanced construction unit function. A. Heatmap of gene expression in three areas
of native auricular cartilage. B. Venn diagram of the differentially expressed genes (DEGs) among comparable groups of lateral vs. middle, middle vs. medial, and lateral vs. medial.
C. GO analysis of DEGs between the lateral and medial areas. D. KEGG analysis of DEGs between the lateral and medial areas. E. GSEA analysis of DEGs between the lateral
and medial areas. F. The number of DEGs in terms of cytoskeleton, cell-ECM interaction, and chondrogenesis among comparable groups of lateral vs. middle, middle vs. medial,
and lateral vs. medial. G. DEGs related to cartilage ECM components with increased expression tendency from the lateral, middle, to medial areas. H. GO analysis of DEGs with
increased expression tendency from the lateral to middle and medial areas. I. Relative mRNA levels of DES measured by qPCR (lateral vs middle, *p<0.01; middle vs. medial,
*p<0.05; lateral vs. medial, ***p<0.0001). J. Immunohistochemistry analysis of desmin in the lateral, middle, and medial areas. (Red arrows indicate desmin) K. Western blot of
desmin, ERK1/2, and pERK expression in chondrocytes isolated from three areas of native auricular cartilage.
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Figure 3. Auricular chondrocytes highly expressing desmin formed stronger interactions with the ECM by increasing integrin B1 expression. A. Flow
cytometry of desmin expression in auricular chondrocytes isolated from three areas of native auricular tissue. B. Statistical analysis of the average traction force between
chondrocytes with different desmin expression levels and substrates (50 kPa substrate: low vs intermediate, **p<0.0001, low vs high, ***p<0.0001; 10 kPa substrate: low vs.
intermediate, *p<0.05, low vs. high, “p<0.05). C. Statistical analysis of average traction force between chondrocytes and substrates with different stiffnesses (low: 10 kPa vs. 50
kPa, ***p<0.0001; high: 10 kPa vs. 50 kPa, ***p<0.0001). D. Representative TEM images of cells with different desmin expression levels in auricular cartilage (red arrows, cell-ECM
connections; yellow arrows, nuclear chromatin). E. Representative immunofluorescence images of integrin 1 in chondrocytes with different desmin expression levels.

Auricular chondrocytes highly expressing
desmin formed stronger interactions with the
ECM by increasing integrin 1 expression

RNA-seq indicated that apart from the enhanced
ECM organization and cytoskeleton, the interaction
between ECM and chondrocytes was also stronger in
the medial area, which is one of the essential
contributors to tissue mechanics [44, 45]. Auricular
chondrocytes isolated from different areas were
identified as having high, intermediate, and low
desmin expression by flow cytometry (Fig. 3A). The
interaction between the substrate and auricular
chondrocytes with different desmin expression levels
was measured using TFM. Chondrocytes with high
desmin expression formed a stronger interaction force
with stiff substrate (50 kPa) as well as soft substrate
(10 kPa, Fig. 3B). Moreover, when chondrocytes with
the same desmin expression were seeded on the soft
and stiff substrates, the interaction force with stiff
substrate was significantly larger than that with soft
substrate (Fig. 3C). Interestingly, chondrocytes with

higher desmin expression showed a larger increase in
interaction force, indicating that desmin might be a
mechanically sensitive marker. According to the SEM
images, the protrusions of chondrocytes with low
desmin expression into the ECM were the least, which
indicated  fewer  connections  between  the
chondrocytes and ECM (Fig. 3D). The integrin family
has been reported to be sensitive to mechanical
changes and to be able to mediate mechanical signal
transduction, especially integrin B1, which was also
downregulated in microtia cartilage [46-49]. Immuno-
fluorescence analysis showed that integrin 1 expres-
sion was significantly decreased in chondrocytes with
low desmin expression (Fig. 3E). Integrin a4 is known
to cooperate with integrin 1 as a complex to regulate
cell-ECM interactions [50], so we also analyzed
integrin a4 expression, but no significant difference
was found (Fig. S2C). Therefore, integrin 1 was
downregulated coupled with decreased chondrocyte-
ECM interaction.

To further explore the mechanical sensitivity of
desmin, we seeded chondrocytes with intermediate
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desmin expression in GeIMA 7.5% (w/v), which was
connected with GelMA 5% and GelMA 10% on the
two sides by photocrosslinking (Fig. 4A). More cells
migrated to stiff GeIMA than to soft GelMA after
seven days of culture (Fig. 4B, C). Meanwhile,
chondrocytes migrating to stiff GelMA (10%)
expressed more desmin than those migrating to soft
GelMA (5%) (Fig. 4D), accompanied by upregulated
gene expression of SOX9, ELN, COMP, CHM,
COL1A1, and COL2A1 (Fig. 4E-]).

Knockdown of desmin decreased the cell-ECM
interactions, chondrogenesis, and mechanical
sensitivity of auricular chondrocytes

To confirm whether desmin interacts with ECM
through integrin B1 and is related to the activation of
the MAPK pathway, we knocked down desmin
expression in chondrocytes, which was confirmed by
mRNA and protein level measurements (Fig. 5A).

Desmin knockdown significantly reduced the
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interaction force between chondrocytes and substrate
(Fig. 5B). Additionally, integrin 1 expression was
significantly reduced according to immunofluores-
cence (Fig. 5C). Western blot analysis also revealed
that MAPK phosphorylation was suppressed after
desmin knockdown as well as decreased integrin 1
expression (Fig. 5D). When the chondrogenesis ability
was assessed, the mRNA levels of chondrogenesis-
related genes, including SOX9, ELN, COL2A1, and
COMP, significantly decreased following desmin
knockdown (Fig. 5E-H). When seeded in GeIMA with
intermediate stiffness (7.5%), cells migrating to stiff
and soft hydrogels showed no difference (Fig. 51, J),
indicating that mechanical sensitivity was impaired
after desmin knockdown. Overall, auricular
chondrocytes with high desmin expression showed a
stronger interaction with ECM via integrin f1 and
enhanced chondrogenesis capability with the
activated MAPK signaling pathway.
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Figure 4. Chondrocytes with high desmin expression demonstrated mechanical sensitivity and increased ECM production capability. A. Schematic graph of
chondrocyte migration to GelMAs with different stiffnesses. B. Representative immunofluorescence desmin staining of chondrocytes migrating into GelMAs with different
stiffnesses. C. Statistical analysis of chondrocytes migrating into GelMAs with different stiffnesses (*p<0.05). Relative mRNA levels of D. DES (*p<0.05), E. SOX9 (**p<0.001), F.
ELN (“p<0.05), G. COMP (*p<0.05), H. CHM (**p<0.001), I. COLIAI (**p<0.0001), J. COL2AI (*p<0.05) in chondrocytes migrating into GelMAs with different stiffnesses.
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Figure 5. Knockdown of Desmin decreased the mechanical sensitivity, cell-ECM interactions, and chondrogenesis of chondrocytes. A. Identification of
reduced DES mRNA levels after DES knockdown (**p<0.001). B. Average traction force between chondrocytes with DES knockdown and substrate (**p<0.0001). C.
Representative immunofluorescence image of integrin B1 after DES knockdown. D. Western blot of integrin 1, integrin a4, ERK1/2, and pERK after DES knockdown. Relative
mRNA levels of E. SOX9 (*p<0.01), F. ELN (**p<0.001), G. COL2AI (*p<0.01), and H. COMP (**p<0.0001) after DES knockdown. . Immunofluorescence of F-actin in
chondrocytes with DES knockdown in the GelMA migration test. . Statistical analysis of chondrocytes with DES knockdown migrating to GelMAs with different stiffnesses.

Decreased ECM mechanics and impaired
construction unit function were also found in
microtia cartilage.

Microtia is a deformation of the external
auricular cartilage that fails to form a normal external
ear shape. We compared the characteristics of normal
and microtia cartilage tissue from the same patient.
According to immunohistochemical staining, chon-
drocytes in normal cartilage expressed more desmin
than those in microtia cartilage (Fig. 6A, Fig. S3A).
Fewer protrusions of chondrocytes into the ECM in
the microtia cartilage suggested reduced cell-ECM
interactions than in normal cartilage (Fig. 6B). Based
on the transcriptomes of microtia and normal

cartilage in the study by Chen et al., MAPK signaling
was  downregulated in  microtia  cartilage.
Furthermore, we reanalyzed the proteomics data of
microtia and normal cartilage [40]. Proteins related to
ECM structure and cell-lECM interactions were
differentially expressed between normal and microtia
cartilage (Fig. 6C). Moreover, GSEA confirmed that
cell-ECM interactions, especially those involving
integrins, were downregulated in microtia cartilage
(Fig. 6D). Force curves of ECM stiffness showed that
the mean Young's modulus of microtia cartilage ECM
was significantly lower than that of normal ear
cartilage ECM (Fig. 6E, F). Considering the mecha-
nical changes in cartilage with age [19], we compared
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the ECM stiffness of normal and microtia cartilage
isolated from younger microtia patients. A similar
ECM mechanical reduction was identified in microtia
cartilage (Fig. S3B). The basic information about the
patients is listed in Table S1. Topographic images
showed less arranged and visible ECM fibers in
microtia cartilage, coupled with higher roughness
(Fig. 6G, H; Fig. S3C, D). Furthermore, more
compacted pericellular and interwoven intercellular
fibers were observed in normal cartilage than in

microtia cartilage. Consistently, the fractal dimension
index of intercellular elastic fibers was calculated to
be larger in normal cartilage than in microtia cartilage,
indicating more interwoven elastic fibers in normal
cartilage (Fig. S3E). Collectively, the construction unit
function and mechanical strength of microtia cartilage
were impaired, indicating the correlation of
construction unit function with elastic cartilage
formation.

A B
. / .
'8
— [ —-— extracellular matrix organization
© ©
£ 3k £ extracellular structure organization Count
= ) - @®
2 ®4 ' 2 . cell-substrate adhesion [ ] ® s
A
N ‘r50p1n regulation of supramolecular fiber organization o . 0
< R regulation of actin cytoskeleton organization [ ] pvalue
collagen fibril organization [ ] 0.0015
; 0.0010
© «© regulation of cell-substrate adhesion &
46 - 0.0005
hd E cartilage development (&)
= =
s = cell-substrate junction organization{®
50|ﬂ 0.03 0.06
GeneRatio
D E l
Elastic fibre formation L AFM
o Count
Collagen chain trimerization ® 20
Laminin interactions : 22 ECM
Collagen biosynthesis and modifying enzymes [ ] . 80
ECM proteoglycans [5) palue 9.0 Normal —Microtia
Collagen formation L4 0.00016 =170
=
Non-integrin membrane-ECM interactions [ ] 0.00015 ‘:'; 5.0
230
Integrin cell surface interactions [ ] 0.00014 E’ .
Extracellular matrix organizalionr 1.0
0 200 400 600 800 1,000
035 ogjeng;aiio 050 0355 Seperation (nm)
F G S5um 1um H
ok t ; *
<15 = 60, :
o EX E
= of £ o
=
21.0 4 T 40
5 4
=4
H 2
= 0.5 Q
. c
e ) 20
2 ° € o<
0 &@ ,-e’b
s £ ©
¥

Figure 6. Decreased ECM mechanics and impaired construction unit function were also found in microtia cartilage. A. Representative immunohistochemical
staining of desmin in normal and microtia cartilage isolated from the same patient (scale, 50 um). B. Representative TEM images of normal and microtia auricular cartilage. C. GO
analysis of differentially expressed proteins between normal and microtia cartilage. D. GSEA based on the Reactome database of differentially expressed proteins between normal
and microtia cartilage (proteomics data from Chen et al.). E. Schematic graph: AFM measurement of intercellular ECM stiffness. Representative force curves scanned by AFM. F.
Statistical analysis of the Young's modulus of normal and microtia auricular cartilage ECM (*p<0.01). G. Topography scanning of ECM fibers in normal and microtia auricular
cartilage. The scan area was setas 5 X 5 um2 and | x | pm2. H. Statistical analysis of roughness Rq calculated based on a scanning area of 1 x | pm2 (*p<0.05).
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Figure 7. Auricular chondrocytes highly expressing desmin regenerated more elastic cartilage with increased mechanical strength. A. Histochemical staining
of elastic cartilage pellets cultured by chondrocytes with different desmin expression levels. B. Schematic graph of 3D GelMA culture system establishment. Representative force
curves of GelMA constructs seeded with chondrocytes with different desmin expression after one month of culture. C. Statistical analysis of Young's modulus of GelMA
constructs (low vs. intermediate, p<0.05, low vs. high, **p<0.0001). Assay of D. GAG, E. collagen (low vs. intermediate, *p<0.01; low vs. high, “p<0.01), and F. elastin (low vs.
intermediate, *p<0.05; low vs. high, *p<0.01) production in GelMA constructs seeded with chondrocytes with different desmin expression after one month of culture. Relative
mRNA levels of G. ELN (low vs. intermediate, "p<0.05; low vs. high, “p<0.05), H. COL2AI (low vs. high, *p<0.05) I. COLIAI (low vs. high, *p<0.01), J. COMP (low vs. high,
*p<0.01), and K. CHM (low vs. intermediate, p<0.05; low vs. high, *p<0.05) in GelMA constructs seeded with chondrocytes with different desmin expression after one month

of culture.

Auricular chondrocytes highly expressing
desmin regenerated more elastic cartilage
with increased mechanical strength.

We cultured elastic cartilage pellets using
auricular chondrocytes with different desmin
expression levels to assess chondrogenesis. The size of
pellets formed by auricular chondrocytes highly
expressing desmin was the largest. Additionally, the
amount of cartilage matrix in these pellets was also
largest according to histochemical staining (Fig. 7A).
We also cultured chondrocytes with different desmin
expression levels in a GelMA three-dimensional

culture to evaluate the regenerated ECM mechanics
(Fig. 7B). After one month of culture, GelMA seeded
with chondrocytes highly expressing desmin showed
the highest Young's modulus (Fig. 7C), containing the
most GAG, collagen and elastin production (Fig.
7D-F). Additionally, the cell number remaining in the
culture system showed no significant difference
among the three groups (Fig. S3F). Moreover, the
RNA levels of chondrogenesis-related genes, such as
ELN, COL1A1, COL2A1, COMP, and CHM were also
highest in GelMA seeded with chondrocytes highly
expressing desmin (Fig. 7G-K).
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Figure 8. The schematic graph demonstrates that chondrocytes with high desmin expression showed a stronger interaction with ECM through integrin 81 and enhanced

chondrogenesis capability with the activated MAPK signaling pathway.

Discussion

Auricular chondrocytes are important reparative
cells in elastic tissue engineering, but the resources are
limited. The origin of reparative cells is the
determinant of cellular behaviors [51, 52]. Auricular
cartilage showed heterogeneous biomechanical and
biochemical properties. Auricular chondrocytes
derived from medial and middle areas of native
auricular cartilage showed upregulation of desmin/
integrin B1/MAPK axis, coupled with superior
chondrogenesis and enhanced mechanics of regene-
rated ECM (Fig. 8). Moreover, similar downregulation
of signaling and impaired ECM mechanics were
found in microtia cartilage with impairment,
indicating the role of construction unit function in
elastic cartilage formation. This evidence provides
insight into the selection and manipulation targets of
reparative cells to promote elastic cartilage
regeneration.

The construction unit is the elementary block
critical for the integrity and mechanical strength
maintenance of tissue and organs [21, 53, 54].
According to biomechanical and bioinformatic analy-
ses, a reduction in construction unit function was
observed in native auricular cartilage from the medial

to the lateral areas. Moreover, we found that the
downregulated desmin-integrin f1-MAPK axis was
related to decreased mechanics across native auricular
cartilage (ECM mechanics: medial > middle > lateral,
“p<0.0001). The activated MAPK signaling pathway
and chondrogenesis can be induced by increased
integrin B1 expression during cartilage formation [41,
42]. In the present study, auricular chondrocytes with
high desmin expression formed a stronger interaction
with ECM by upregulating integrin $1, accompanied
by activated MAPK pathway and enhanced
chondrogenesis. Auricular chondrocytes also show a
preference for stiff substrates with upregulated
desmin expression, forming a positive feedback loop
to promote elastic cartilage formation with enhanced
mechanical eventually. Therefore, the desmin-integrin
B1-MAPK axis can be regarded as a manipulated
target for auricular cartilage regeneration. We
confirmed that auricular chondrocytes in the areas
close to skull express more desmin (medial > middle >
lateral) and have superior chondrogenic capability.
Therefore, isolation of reparative cells from specific
parts can decrease injury to the donor site without
impairing tissue regeneration.

The correlation between desmin and mechanics
has also been reported in vessels. For example, the
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carotid artery lacking desmin showed less stiffness
and connection with ECM, becoming more easily
tortured under high blood pressure [55]. Thus,
chondrocytes with high desmin expression may be
selected to promote elastic cartilage regeneration and
increase mechanical strength. Moreover, genetic
manipulation is increasingly used in tissue engi-
neering to improve tissue regeneration. The safety of
somatic genetic manipulation has been widely
proven. In this regard, genetically overexpressed
desmin may be one strategy for promoting cartilage
regeneration in ear tissue engineering.

Interactions between the ECM and cells are
critical to maintain the integrity and improve the
mechanical strength of tissue and organs. Graceddo et
al. reported that mechanical transduction could
upregulate integrin [56]. According to our study,
chondrocytes with high desmin expression present a
stronger interaction with ECM and more integrin 1
expression, resulting in higher mechanics and more
cartilage cavity formation in 3D GelMA culture.
Therefore, increased integrin B1 can facilitate the
interaction force between the cell and ECM, which
may eventually improve chondrocyte retention and
mechanical strength. The surface modification of
tissue-engineered scaffolds has been extensively
studied. Since integrin B1 is a critical interactive
molecule in auricular cartilage, surface modification
using integrin 1 may also be an approach for scaffold
optimization.

Scaffolds, serving as the main habitants of cells,
should not only possess mechanical strength for
shape maintenance but also provide a suitable
environment for the proliferation and migration of
cells. The microenvironment can influence cellular
bioactivities and tissue regeneration. We found that
auricular chondrocytes tend to migrate to spaces with
higher stiffness, demonstrating a better performance
of ECM production. Therefore, manipulating
microenvironment mechanics could provide a
suitable growing environment for cells, eventually
realizing mechanical matching. One limitation of this
study is that only the GelMA hydrogel system is
utilized in this study, of which Young’s modulus is
lower than native cartilage tissue. However, as a
biocompatible and easy-to-use component for scaffold
complex preparation, the hydrogel is promising to be
combined with other materials with high Young's
modulus to establish scaffolds with controllable
micromechanics, promoting chondrogenesis and
integration into native tissue. Further experiments
evaluating scaffold mechanical manipulation to
promote cell migration and chondrogenesis in vivo
can provide more insight into elastic cartilage tissue
engineering.

Conclusions

In summary, auricular chondrocytes with an
upregulated desmin-integrin B1-MAPK axis are
associated with superior chondrogenesis and
enhanced ECM mechanical strength. This evidence
provides insights into cell selection and manipulation
targets in elastic cartilage tissue engineering.

Abbreviations

ECM: extracellular matrix; AFM: atomic force
microscopy; TEM: traction force microscopy; GAG:
glycosaminoglycan; DEG: differentially expressed
gene; GSEA: gene set enrichment analysis; GO: gene
oncology; KEGG: Kyoto Encyclopedia of Genes and
Genomes.

Supplementary Material

Supplementary figures and tables 1-3, tables 4-6
legends. https://www.ijbs.com/v19p2740s1.pdf
Supplementary table 4.

https:/ /www.ijbs.com/v19p2740s2.x]sx

Supplementary table 5.
https:/ /www.ijbs.com/v19p2740s3.xIsx

Supplementary table 6.
https:/ /www.ijbs.com/v19p2740s4.xIsx

Acknowledgments

We thank the Tissue Engineering Research
Center, Plastic Surgery Hospital, Peking Union
Medical College for technical support.

Funding

This research was funded by the Chinese
Academy of Medical Sciences Innovation Fund for
Medical Sciences, grant numbers: 2017-12M-1-007;
2021-12M-1-052.

Author contributions

Wei Zhang, Conceptualization, Methodology,
Validation, Investigation, Formal analysis, Data
Curation, Writing - Original Draft; Wei Lu,
Methodology, Software, Validation, Data Curation,
Writing - Original Draft; Qian Yu, Investigation,
Validation, Resources; Xia Liu, Methodology,
Resources, Writing - Review & Editing, Supervision,
Project administration; Haiyue Jiang, Funding
acquisition, Project administration, Supervision,
Conceptualization, Writing - Review & Editing.

Awvailability of data and materials

The datasets supporting the conclusions of this
article are included within the article and its
additional files.

https://www.ijbs.com



Int. J. Biol. Sci. 2023, Vol. 19

2754

Competing Interests

The authors have declared that no competing

interest exists.

References

1.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Chung JHY, Kade JC, Jeiranikhameneh A, Ruberu K, Mukherjee P, Yue Z, et al.
3D hybrid printing platform for auricular cartilage reconstruction. Biomed
Phys Eng Express. 2020; 6: 035003.

Zhong J, Chen S, Zhao Y, Yin J, Wang Y, Gong H, et al. Shape Optimization of
Costal Cartilage Framework Fabrication Based on Finite Element Analysis for
Reducing Incidence of Auricular Reconstruction Complications. Front Bioeng
Biotechnol. 2021; 9: 766599.

Kilic P, Gurcan C, Gurman G, Yilmazer A. Understanding factors affecting
human chondrocyte culturing: an experimental study. Cell Tissue Bank. 2020;
21: 585-96.

Akaraphutiporn E, Sunaga T, Bwalya EC, Echigo R, Okumura M. Alterations
in characteristics of canine articular chondrocytes in non-passaged long-term
monolayer culture: Matter of differentiation, dedifferentiation and
redifferentiation. ] Vet Med Sci. 2020; 82: 793-803.

He A, Xia H, Xiao K, Wang T, Liu Y, Xue J, et al. Cell yield, chondrogenic
potential, and regenerated cartilage type of chondrocytes derived from ear,
nasoseptal, and costal cartilage. ] Tissue Eng Regen Med. 2018; 12: 1123-32.

Li J, Sasaki N, Itaka K, Terpstra M, Levato R, Matsusaki M. Regulation of
Chondrocyte Differentiation by Changing Intercellular Distances Using Type
II Collagen Microfibers. ACS Biomater Sci Eng. 2020; 6: 5711-9.

Goldring MB. Chondrogenesis, chondrocyte differentiation, and articular
cartilage metabolism in health and osteoarthritis. Ther Adv Musculoskelet
Dis. 2012; 4: 269-85.

Sophia Fox AJ, Bedi A, Rodeo SA. The basic science of articular cartilage:
structure, composition, and function. Sports Health. 2009; 1: 461-8.

Antons ], Marascio MGM, Nohava ], Martin R, Applegate LA, Bourban PE, et
al. Zone-dependent mechanical properties of human articular cartilage
obtained by indentation measurements. ] Mater Sci Mater Med. 2018; 29: 57.
Paggi CA, Hendriks J, Karperien M, Le Gac S. Emulating the chondrocyte
microenvironment using multi-directional mechanical stimulation in a
cartilage-on-chip. Lab Chip. 2022.

Qiao Z, Lian M, Han Y, Sun B, Zhang X, Jiang W, et al. Bioinspired stratified
electrowritten  fiber-reinforced hydrogel constructs with layer-specific
induction capacity for functional osteochondral regeneration. Biomaterials.
2021; 266: 120385.

Griffin MF, Premakumar Y, Seifalian AM, Szarko M, Butler PE. Biomechanical
Characterisation of the Human Auricular Cartilages; Implications for Tissue
Engineering. Ann Biomed Eng. 2016; 44: 3460-7.

Zopf DA, Flanagan CL, Nasser HB, Mitsak AG, Huq FS, Rajendran V, et al.
Biomechanical evaluation of human and porcine auricular cartilage.
Laryngoscope. 2015; 125: E262-8.

Wang H, Wang Z, Liu H, Liu J, Li R, Zhu X, et al. Three-Dimensional Printing
Strategies for Irregularly Shaped Cartilage Tissue Engineering: Current State
and Challenges. Front Bioeng Biotechnol. 2021; 9: 777039.

Dong X, Premaratne ID, Bernstein JL, Samadi A, Lin AJ, Toyoda Y, et al.
Three-Dimensional-Printed External Scaffolds Mitigate Loss of Volume and
Topography in Engineered Elastic Cartilage Constructs. Cartilage. 2021; 13:
1780S-9S.

Nimeskern L, van Osch GJ, Muller R, Stok KS. Quantitative evaluation of
mechanical properties in tissue-engineered auricular cartilage. Tissue Eng Part
B Rev. 2014; 20: 17-27.

Novoselov VP, Savchenko SV, Pyatkova EV, Nadeev AP, Ageeva TA,
Chikinev YV, et al. Morphological Characteristics of the Cartilaginous Tissue
of Human Auricle in Different Age Periods. Bull Exp Biol Med. 2016; 160:
840-3.

Nurnberger S, Schneider C, van Osch GVM, Keibl C, Rieder B, Monforte X, et
al. Repopulation of an auricular cartilage scaffold, AuriScaff, perforated with
an enzyme combination. Acta Biomater. 2019; 86: 207-22.

Chen L, Li C, He A, Tong H, Lu X, Yang R, et al. Changes of Age-related
Auricular Cartilage Plasticity and Biomechanical Property in a Rabbit Model.
Laryngoscope. 2022.

Cai Y, Chang SY, Gan SW, Ma S, Lu WF, Yen CC. Nanocomposite bioinks for
3D bioprinting. Acta Biomater. 2022.

Hadjisavva R, Anastasiou O, Ioannou PS, Zheltkova M, Skourides PA.
Adherens junctions stimulate and spatially guide integrin activation and
extracellular matrix deposition. Cell Rep. 2022; 40: 111091.

Colasurdo M, Nieves EB, Fernandez-Yague MA, Franck C, Garcia AJ.
Adhesive peptide and polymer density modulate 3D cell traction forces within
synthetic hydrogels. Biomaterials. 2022: 121710.

Kiseleva E, Serbina O, Karpukhina A, Mouly V, Vassetzky YS. Interaction
between mesenchymal stem cells and myoblasts in the context of
facioscapulohumeral muscular dystrophy contributes to the disease
phenotype. ] Cell Physiol. 2022; 237: 3328-37.

Kadin ME, Sako D, Berliner N, Franklin W, Woda B, Borowitz M, et al.
Childhood Ki-1 lymphoma presenting with skin lesions and peripheral
lymphadenopathy. Blood. 1986; 68: 1042-9.

25.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Miyoshi H, Adachi T. Topography design concept of a tissue engineering
scaffold for controlling cell function and fate through actin cytoskeletal
modulation. Tissue Eng Part B Rev. 2014; 20: 609-27.

Williantarra I, Leung S, Choi YS, Chhana A, McGlashan SR.
Chondrocyte-specific response to stiffness-mediated primary cilia formation
and centriole positioning. Am J Physiol Cell Physiol. 2022; 323: C236-C47.
Prein C, Warmbold N, Farkas Z, Schieker M, Aszodi A, Clausen-Schaumann
H. Structural and mechanical properties of the proliferative zone of the
developing murine growth plate cartilage assessed by atomic force
microscopy. Matrix Biol. 2016; 50: 1-15.

Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014; 15: 550.
Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene
ontology: tool for the unification of biology. The Gene Ontology Consortium.
Nat Genet. 2000; 25: 25-9.

Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes.
Nucleic Acids Res. 2000; 28: 27-30.

Merico D, Isserlin R, Stueker O, Emili A, Bader GD. Enrichment map: a
network-based method for gene-set enrichment visualization and
interpretation. PloS one. 2010; 5: €13984.

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al.
Cytoscape: a software environment for integrated models of biomolecular
interaction networks. Genome Res. 2003; 13: 2498-504.

Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S, et al. The
STRING database in 2021: customizable protein-protein networks, and
functional characterization of user-uploaded gene/measurement sets. Nucleic
Acids Res. 2021; 49: D605-d12.

Nimeskern L, Pleumeekers MM, Pawson DJ, Koevoet WL, Lehtoviita I, Soyka
MB, et al. Mechanical and biochemical mapping of human auricular cartilage
for reliable assessment of tissue-engineered constructs. ] Biomech. 2015; 48:
1721-9.

Pukaluk A, Wolinski H, Viertler C, Regitnig P, Holzapfel GA, Sommer G.
Changes in the microstructure of the human aortic medial layer under biaxial
loading investigated by multi-photon microscopy. Acta Biomater. 2022.
Belova SP, Kalashnikova EP, Tyganov SA, Kostrominova TY, Shenkman BS,
Nemirovskaya TL. Effect of enhanced muscle tone on the expression of
atrogenes and cytoskeletal proteins during postural muscle unloading. Arch
Biochem Biophys. 2022; 725: 109291.

Nikouli S, Tsikitis M, Raftopoulou C, Gagos S, Psarras S, Capetanaki Y.
Desmin deficiency affects the microenvironment of the cardiac side
population and Scal(+) stem cell population of the adult heart and impairs
their cardiomyogenic commitment. Cell Tissue Res. 2022; 389: 309-26.
Dawood AF, Alzamil NM, Hewett PW, Momenah MA, Dallak M, Kamar SS, et
al. Metformin Protects against Diabetic Cardiomyopathy: An Association
between Desmin-Sarcomere Injury and the iNOS/mTOR/TIMP-1 Fibrosis
Axis. Biomedicines. 2022; 10.

Heffler J, Shah PP, Robison P, Phyo S, Veliz K, Uchida K, et al. A Balance
Between Intermediate Filaments and Microtubules Maintains Nuclear
Architecture in the Cardiomyocyte. Circ Res. 2020; 126: e10-e26.

Chen X, Xu Y, Li C, Lu X, Fu Y, Huang Q, et al. Key Genes Identified in
Nonsyndromic Microtia by the Analysis of Transcriptomics and Proteomics.
ACS Omega. 2022; 7: 16917-27.

Liang W, Ren K, Liu F, Cui W, Wang Q, Chen Z, et al. Periodic mechanical
stress stimulates the FAK mitogenic signal in rat chondrocytes through
ERK1/2 activity. Cell Physiol Biochem. 2013; 32: 915-30.

Roca-Cusachs P, Iskratsch T, Sheetz MP. Finding the weakest link: exploring
integrin-mediated mechanical molecular pathways. J Cell Sci. 2012; 125:
3025-38.

Perera PM, Wypasek E, Madhavan S, Rath-Deschner B, Liu J, Nam ], et al.
Mechanical signals control SOX-9, VEGF, and c-Myc expression and cell
proliferation during inflammation via integrin-linked kinase, B-Raf, and
ERK1/2-dependent signaling in articular chondrocytes. Arthritis Res Ther.
2010; 12: R106.

Nunes Vicente F, Chen T, Rossier O, Giannone G. Novel imaging methods and
force probes for molecular mechanobiology of cytoskeleton and adhesion.
Trends Cell Biol. 2022.

Malcor JD, Mallein-Gerin F. Biomaterial functionalization with triple-helical
peptides for tissue engineering. Acta Biomater. 2022; 148: 1-21.

Gershlak JR, Black LD, 3rd. Beta 1 integrin binding plays a role in the constant
traction force generation in response to varying stiffness for cells grown on
mature cardiac extracellular matrix. Exp Cell Res. 2015; 330: 311-24.
Balasubramanian L, Lo CM, Sham JS, Yip KP. Remanent cell traction force in
renal vascular smooth muscle cells induced by integrin-mediated
mechanotransduction. Am J Physiol Cell Physiol. 2013; 304: C382-91.
Felsenfeld DP, Schwartzberg PL, Venegas A, Tse R, Sheetz MP. Selective
regulation of integrin--cytoskeleton interactions by the tyrosine kinase Src. Nat
Cell Biol. 1999; 1: 200-6.

Dong W, Jiang H, He L, Pan B, Lin L, Song Y, et al. Protein profile of ear auricle
cartilage and the important role of ITGB1/PTK2 in microtia. Int ] Pediatr
Otorhinolaryngol. 2020; 137: 110235.

Jo MH, Li J, Jaumouille V, Hao Y, Coppola J, Yan ], et al. Single-molecule
characterization of subtype-specific betal integrin mechanics. Nat Commun.
2022; 13: 7471.

https://www.ijbs.com



Int. J. Biol. Sci. 2023, Vol. 19

2755

51.

52.

53.

54,

55.

56.

Chung C, Erickson IE, Mauck RL, Burdick JA. Differential behavior of
auricular and articular chondrocytes in hyaluronic acid hydrogels. Tissue Eng
Part A. 2008; 14: 1121-31.

Linus A, Ebrahimi M, Turunen MJ, Saarakkala S, Joukainen A, Kroger H, et al.
High-resolution infrared microspectroscopic characterization of cartilage cell
microenvironment. Acta Biomater. 2021; 134: 252-60.

Chakravarti S, Enzo E, Rocha Monteiro de Barros M, Maffezzoni MBR,
Pellegrini G. Genetic Disorders of the Extracellular Matrix: From Cell and
Gene Therapy to Future Applications in Regenerative Medicine. Annu Rev
Genomics Hum Genet. 2022; 23: 193-222.

Yan L, Zhou T, Ni R, Jia Z, Jiang Y, Guo T, et al. Adhesive Gelatin-Catechol
Complex Reinforced Poly(Acrylic Acid) Hydrogel with Enhanced Toughness
and Cell Affinity for Cartilage Regeneration. ACS Appl Bio Mater. 2022.
Lacolley P, Challande P, Boumaza S, Cohuet G, Laurent S, Boutouyrie P, et al.
Mechanical properties and structure of carotid arteries in mice lacking desmin.
Cardiovasc Res. 2001; 51: 178-87.

Carracedo S, Lu N, Popova SN, Jonsson R, Eckes B, Gullberg D. The fibroblast
integrin alphallbetal is induced in a mechanosensitive manner involving
activin A and regulates myofibroblast differentiation. J Biol Chem. 2010; 285:
10434-45.

https://www.ijbs.com



