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The in vitro analysis of migration and polarity
of blastema cells in the extracellular matrix
derived from bovine mesenteric in the presence
of fibronectin
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Abstract: Cell migration is an essential process in embryonic development, wound healing, and pathological conditions. Our
knowledge of cell migration is often based on the two dimentional evaluation of cell movement, which usually differs from
what occurred in vivo. In this study, we investigated cellular migration from blastema tissue toward bovine decellularized
mesentery tissue. In this regard, fibronectin (FN) was assessed to confirm cell migration. Therefore, we established a cell
migration model using blastema cells migration toward the extracellular matrix derived from bovine mesenteric tissue. A
physiochemical decellularization method was utilized based on freeze-thaw cycles and agitation in sodium dodecyl sulfate
and Triton X-100 to remove cells from the extracellular matrix (ECM) of bovine mesenteric tissue. These types of matrices
were assembled by the rings of blastema tissues originated from the of New Zealand rabbits pinna and cultured in a medium
containing FN in different days in vitro, and then they are histologically evaluated, and the expression of the Tenascin C
gene is analyzed. By means of tissue staining and after confirmation of the cell removal from mesenteric tissue, polarity, and
migration of blastema cells was observed in the interaction site with this matrix. Also, the expression of the Tenascin C gene
was assessed on days 15 and 21 following the cell culture process. The results showed that the three dimentional model of
cellular migration of blastema cells along with the ECM could be a suitable model for investigating cell behaviors, such as
polarity and cell migration in vitro.
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Introduction

Cell migration is a complex process in embryonic devel-
opment and homeostasis. In gastrulation, the migration of
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in the expansion stage of neurons during embryonic devel-
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the developmental step; rather, it can occur in adults both in
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physiological and pathological conditions [1, 2]. Most cells
in multicellular organisms can move during specific phases
of tissue formation, maintenance, repair, and immune re-
sponses. Cell movement is also essential in the development
of some diseases, such as neuroinflammation or various
types of cancer [3]. The force of cell movement is primarily
defined by the interaction between cells and the extracellular
matrix (ECM) or other cells. The molecular organization of
interactions and functions are comparative and vary among
cells and tissue types [1, 4, 5]. Most of our knowledge about
cell migration has been obtained from in vitro studies on
two-dimensional (2D) substrates, which has provided new
insights into numerous basic cell migration mechanisms,
interacting with substrates and changing the speed and di-
rection of movements on 2D surfaces. The biology of cells
surrounded by the ECM in the living native environment
of organisms differs from when they are cultured on a 2D
surface [6]. When cells are exposed to the 2D surface, they
develop dorsoventral polarity, which does not occur in in
vivo conditions [7]. Besides, the ability of cells to move in
a three-dimensional (3D) ECM depends on the viscosity
and hardness of the ECM [8]. Therefore, the analysis of cell
movement and migration in a 3D environment could further
mimick the cell environment in an in vivo condition [5]. The
established in vitro cell culture models allow direct analysis
of physicochemical parameters of cell migration, including
the role of the ECM dimension, stiffness, and functional
tissue barriers, as well as the subsequent single or collective
cell migration [1, 4]. In vivo models, such as embryonic cells
of drosophila, zebrafish, or mouse, help us to understand
the role of the ECM in cell migration under normal physi-
ological or even pathological states [3, 6, 9]. The ECM cre-
ates scaffolds as a support for cells in all tissues and organs,
comprising of glycoproteins, fibronectin (FN), laminin, pro-
teoglycans, and non-matrix proteins, such as growth factors
[10, 11]. The ECM-derived scaffolds are made by decellular-
ization of natural tissues, eliminating the impact of cellular
antigens and, at the same time, preserving the structural
and functional proteins of the ECM. The ECM-derived scaf-
folds provide a 3D environment for cell behaviors, including
growth, polarity, and differentiation [10]. Also, the evalua-
tion of cell migration and dynamic tissue culture could pave
the way to understand molecular and cellular mechanisms
underlying tissue repair in multicellular organisms. Blas-
tema tissue is one of the types of tissues created during the
repair process [12, 13]. It contains a group of undifferentiated
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cells possessing the ability to proliferate, differentiate, and
migrate [11-13]. Previous studies have shown that organisms
that develop blastema tissue could be attractive experimental
living models to investigate the process of differentiation,
development, and repair. New Zealand rabbit pinna, which
can form blastema tissue after making a hole in it, can be a
useful experimental model for tissue regeneration and repair
process [11, 12].

FN is one of the macromolecules involved in cell migra-
tion. FN is found in both soluble and insoluble forms that the
latter form is present in the ECM. The matrix of FN provides
migration pathways during development and facilitates the
migration and proliferation of fibroblasts during tissue heal-
ing (7, 14, 15]. Tenascin C (TNC) is a highly conserved glyco-
protein amongst vertebrates usually found in the ECM [16,
17]. TNC binds to different extracellular binding molecules,
such as FN, collagen, fibrillin-2, glypican, perlecan, and peri-
ostin [18]. TNC can also attach to different viral and bacte-
rial pathogens [18, 19]. TNC is synthesized in various sites
of developing embryonic tissues; however, it has restricted
distribution in adult stem cell niches, wound healing, or in
pathological conditions, including cancer and inflamma-
tion [18, 20-22]. In the present study, after creating a decel-
lularized bovine mesenteric tissue using a combination of
physical and chemical protocols, blastema tissue was created
from the rabbit pinna in the presence of FN. The interaction
and migration process of blastema cells with the ECM of the
bovine mesentery was also evaluated histologically, and the
expression of the TNC gene was assessed.

Materials and Methods

Preparation of ECM-derived mesenteric scaffold

The entire experimental procedures of the current re-
search were confirmed by the Ethics Committee of Ferdowsi
University of Mashhad (ethical code: IR:-UM.REC.1398.122).
In this experimental study, bovine mesenteric tissue was
harvested from the animals immediately after being sacri-
ficed. The mesenteric tissues were cut into cubic-like pieces
with a dimension of 5 mmx5 mm. Mesenteric tissues were
stored at —4°C before decellularization. Frozen samples were
then thawed at room temperature and washed with sterile
normal saline. Then, the specimens were treated with a 1%
sodium dodecyl sulfate (SDS) solution (Merck, Germany) for
24 hours and next placed in 1% Triton X-100 solution for 12
hours, at 37°C, accompanied with gentle agitation.
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After decellularization, the remaining SDS and Triton
X-100 were removed from the ECM-derived mesenteric scaf-
fold and sterilized. Afterward, the specimens were rinsed in
the sterile phosphate-buffered saline (PBS) buffer for 4 hours
in a shaker incubator. Then, the samples were washed with
70% ethanol for 2 hours. In hygienic conditions, the scaf-
folds were washed with sterile distilled water and then rinsed
again in sterile PBS solution for 1 hour. Finally, to prepare
the scaffolds for cell culture, they were incubated in Dul-
becco’s modified eagle’s medium (DMEM; Gibco, Brooklyn,
NY, USA) for 4 hours in a 5% CO, incubator.

Preparation of blastema tissue

In order to prepare blastema tissue, four New Zealand
white male rabbits were purchased from Razi Vaccine and
Serum Research Institute, Mashhad, Iran, with an age range
of 3-6 months and weight of 2-2.5 kg. The animals were
kept under laboratory conditions. First off, the hairs existing
around the rabbit pinna were removed with hair removal
cream and then locally anesthetized using a lidocaine solu-
tion. Then, three holes with a diameter of 4 mm were cre-
ated in the ear using a punching apparatus. Two days after
punching the ears, the blastema ring appeared in the periph-
ery of the primary hole in the pinna of the ears. The punched
area was isolated and placed in normal saline.

Assembly and culture of ECM-derived mesenteric

scaffold with blastema tissue

The blastema tissue ring was washed twice in PBS; then,
the ECM-derived from mesenteric tissue was placed into
the blastema tissue ring. These assemblies were immedi-
ately placed in a 24-well plate containing DMEM (Gibco)
supplemented with 10% fetal bovine serum (FBS; Gibco),
100 pl penicillin/streptomycin (Sigma-Aldrich, Taufkirchen,
Germany), and 100 pg/ml Fibronectin (human; Invitrogen,
Carlsbad, CA, USA). The assemblies were incubated at 37°C
in a 5% CO, atmosphere. All samples were subjected to his-
tological staining and RT-PCR on days 7, 10, 15, and 21 after
the cell culture process.

Histological analysis

All samples were fixed in Bouin’s solution. After fixation,
specimens were dehydrated by ascending gradient of ethanol
and then embedded in paraffin. The praffinized specimens
were sectioned at a thickness of 7 um using a microtome
(Leits, Vienna, Austria). Next, the paraffin-embedded sam-
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ples were deparaffinized by xylene, rehydrated, and stained
appropriately. In order to determine cellularity, hematoxylin
and eosin (H&E) staining was used. Masson’s trichrome
(Merck, Darmstadt, Germany) staining was performed to
identify the cellular and ECM structures. Also, 4, 6 diamidi-
no-2-phenylindole (DAPI; Sigma-Aldrich) staining was also
used to assess nuclear localization.

Cell number assay and statistical analysis

In order to determine the cell numbers migrated to target
tissue, we assayed this factor at four different time points,
including days 3, 10, 15, and 21. For this purpose, on each
desired day, the cell numbers from different zones of at least
four stained slides with H&E are counted and the mean
of cell numbers in each slide is calculated. The statistical
analysis was performed using GraphPad Prism (version 8)
software. The Kruskal-Wallis test and Dunn’s multiple com-
parison test are used to determine the statistically significant
difference between different time points. Significant differ-
ences between groups were considered at P<0.05.

RNA isolation and RT-PCR

The RNA content of samples, including the ECM-derived
mesenteric scaffold assembled with blastema tissue, were
extracted using a Total RNA purification Kit (Jena Biosci-
ence, Jena, Germany). Afterward, the extracted RNA was
transcribed into complementary DNA (cDNA) using ran-
dom hexamer primers using AccuPower RT PreMix (Bioneer,
Daejeon, Korea). Briefly, 250 ng of the total RNA samples
were added to each AccuPower CycleScript RT PreMix (dN6)
tube, then filled up to 20 ul with DEPC water. The lyophi-
lized pellet was dissolved by taping and spin down methods.
The obtained cDNA was amplified at 20°C for 30 seconds,
43°C for 4 minutes, and 55°C for 30 seconds, and this cycle
was repeated 12 times. The heat-inactivation of the RT en-
zyme was performed at 95°C for 5 minutes. The PCR ampli-
fication was carried out using Phusion High-Fidelity PCR Kit

Table 1. List of primers for amplification of TNC gene

. Temperature Salt Primer Length
Primer . %GC
§©) (mM)  (uM) (bp)
Forward
CAGCCAGTTAGTAAGAGA 56.6 50 200 444 18
Reverse
GGATTAAGAAGTTCAGGTTA 56 50 200 35 20
Product size 275

TNC, Tenascin C; GC, guanine-cytosine.
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(Thermo Scientific, Waltham, MA, USA) with the following
thermocycling conditions; 98°C for 30 seconds, followed by
33 cycles (98°C for 10 seconds, 60°C for 20 seconds, and 72°C
for 20 seconds/kb) and a final extension step of 7 minutes at
72°C. The PCR reaction was conducted at a final volume of
20 pl, including 2 pl cDNA, 1 pl forward and reverse primers
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(10 uM), 0.4 ul ANTPs (10 uM), 4 pl Phusion HF buffer (5X),
0.6 ul DMSO, 0.2 ul Phusion DNA Polymerase, and 14.8 pl
distilledwater (dH,O). PCR primers used in this study were
designed according to the consensus sequences of the TNC
genes obtained from the GenBank database of the National
Center for Biotechnology Information and using AlleleID

C

D

Fig. 1. Control and decellularized mesenteric samples after H&E and Masson's trichrome staining methods. (A, B) The construct of the

decellularized mesenteric is displayed in comparison with the native mesenteric tissue using H&E staining. (C, D) Masson’s trichrome staining

demonstrated that in decellularized mesenteric ECM, the components remained intact. Magnifications for A, B, C, and D are x200. ECM,

extracellular matrix.

ECM fibers
ECM fibers N
SDS
—_—
Cells \ Triton X-100
Mesenteric tissue
Rabbit’s ear /
\ After 2 days
—_—
Blastema ring
Primary punch Secondary punch

Assembly of ECM and blastema
ECM-derived from mesenteric tissue

Fig. 2. Schematic overview of the pre-
paration, assembly, and co-culture of the
mesenteric ECM and blastema tissue
ring. SDS and triton X-100 solutions
decellularize the mesenteric tissue. As
well as, to prepare blastema tissue, the

New Zealand rabbit’s cars were punched,
\ and two days after punching the cars,
the blastema ring derived from the
periphery of the primary hole. Next, the
blastema rings and the ECM scaffolds
Coculture of ECM and biastema | YV ET€ assembled and co-cultured in a
medium containing fibronectin. ECM,
extracellular matrix; SDS, sodium

dodecyl sulfate.
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software (version 7). The primers are listed in Table 1. Even-
tually, PCR products were subjected to electrophoresis with
1% agarose gel.

Results

Characterization of the decellularized mesenteric
tissue by histological analysis

Mesenteric tissue was decellularized using the physi-
cochemical technique. The effects of this method on the
obtained decellularized mesenteric tissue were evaluated
histologically. H&E staining of native and decellularized tis-
sue revealed complete decellularization of mesenteric tissue.
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Masson’s trichrome staining also indicated that collagen
distribution in the ECM. The results demonstrated a qualita-
tive decellularization process and appeared a decellularized
mesenteric ECM accompanied by the elimination of cells
and preservation of collagen fibers (Fig. 1).

Investigation of interactions between Blastema tissue
and decellularized mesenteric tissue

After sterilization, the decellularized mesenteric matrix
was assembled in blastema tissue rings derived from rabbit
pinna to investigate the interaction in the presence of FN fac-
tor. A schematic overview of all the stages to achieve the assem-
bled speciments of the ECM-scaffold is shown in Fig. 2. The
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Fig. 3. H&E staining. (A, B) Three days after the cell culture, only mesenteric decellularized tissue was observed (magnification: A, x100

and B, x200). (C, D) Cells on day 10 at the site of interaction between blastema tissue and mesenteric extracellular matrix (ECM) are observed

(magnification: C, x200 and D, x400). (E, F) The cell polarity is shown at the site of interaction between blastema tissue and the mesenteric

matrix on day 15 (magnification: E, x200 and F, x400). (G, H) Cell migration indicates blastemal cells, along with the mesenteric matrix and

proliferating cells at this site on day 21 (magnification: G, x200 and H, x400). Arrows show adherence and maintenance of blastema cells in the

ECM scaffold during culture after the 10th day.
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assembled specimens were subjected to histological staining
on different days.

H&E staining of sections obtained from the assembled
specimens showed that only mesenteric decellularized ma-
trix was evident, and the cells were not detectable at the re-
gion of the interaction three days after the cell culture (Fig.
3A, B); however, ten days after the cell culture process, blas-
tema cells were distributed in the margin of the mesenteric
decellularized matrix. On days 15 and 21, a merked number
of cells were visible in the outer regions of blastema tissue,
and the surrounding of the decellularized mesenteric matrix
was well detectable. Also, the polarity of the cells towards the
matrix, as well as relatively elongated cell morphology, was
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detected (Fig. 3).

The adhesion and polarity of blastema cells in the decel-
lularized mesenteric matrix were also analyzed after Mas-
son’s trichrome staining. In this staining, collagen is stained
in blue, nuclei are stained in dark purple, and cytoplasm is
stained in light purple colores. Three days following the cell
culture process, according to hematoxylin-eosin staining,
only decellularized mesenteric matrix was observed (Fig.
4A, B). After ten days of the cell culture, the cells were well
migrated onto the decellularized mesenteric matrix, while,
on days 15 and 21, cell penetration was evident in peripheral
areas and within the collagen fibers of the matrix (Fig. 4).
Specific quasi-vessel structures with spindle-specific polar-

-
-

© H

Fig. 4. Masson’s trichrome staining. (A, B) On day 3, only mesenteric decellularized tissue was evident (magnification: A, x100 and B, x200).

(C, D) Cell proliferation in blastema tissue, especially in the peripheral areas on day 10 of the cell culture (magnification: C, x100 and D, x200).

(E, F) On day 15, the polar structures of cells are detectable at the point of the interaction between blastema tissue and the mesenteric matrix

(magnification: E, x200 and F, x400). (G, H) Blastema cells are observed along with the mesenteric matrix with vascular-like structures on day

21 (magnification: G, X200 and H, x400). Arrows blastema cells” attachment and penetration in the marginal zone of the extracellular matrix

scaffold since the 10th day after culture.
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ity, as well as cell division at the margin of the mesenteric
decellularized matrix, are shown in Fig. 4G. Moreover, the
number of cells that migrate into the ECM scatfolds was as-
sayed on days 3, 10, 15, and 21. The results of counting the
penetrating cells at different time points clearly revealed that
the highest cell number was achieved on day-15 after culture,
which was significant compared to day-3 (P<0.01) (Fig. 5).
The native and decellularized mesenteric tissues and
the assembled specimens on day 15 of the cell culture were
examined by DAPI staining and evaluated under a fluores-
cence microscope. Native bovine mesenteric tissue that was
depicted with bright nuclei indicates the presence of intact
cells in mesenteric tissue. There were no signs of cells in the
decellularized tissue that proved the efficiency of the decel-
lularization procedure. On day 15 of the cell culture process,
blastema cells were detected as bright spots migrating toward
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Fig. 5. Number of blastema cells occupied into ECM scaffold on 3rd,
10th, 15th, and 21st days after co-culture. The statistically significant
P-values between Day-3 and Day-15 was obtained (£<0.01). ECM,
extracellular matrix.
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the ECM derived from mesenteric tissue (Fig. 6).

TNC can be involved in some biological processes, in-
cluding cell migration. In order to analyze whether TNC
is expressed in assembled specimens, the TNC expression
was assessed using RT-PCR. The results showed that TNC
expression was markedly enhanced when blastema cells had
the most penetration and migration into decellularized mes-
enteric tissue on days 15 and 21 of the cell culture (Fig. 7).

Discussion

The use of empirical reality-based models in cell migra-
tion studies can be significant and valuable. Generally, our
ability to understand cellular interactions with the ECM is

Fig. 7. The expression level of TNC in assembled specimens at
different days. The expression of TNC was restricted on days 15 and
21 of the cell culture. TNC, Tenascin C; M, marker.

Fig. 6. Staining with DAPI before and after decellularization. Native bovine mesenteric tissue shown in bright nuclei represents the presence of
intact cells in native tissue (A). The elimination of cell nuclei in obtained decellularized mesenteric compared with native mesenteric tissue (B).
On day 15, blastema cells were depicted as bright spots in the interaction site with the decellularized mesenteric tissue (C). Magnifications for A, B,
and C are x200. DAPI, 4,6 diamidino-2-phenylindole.

https://doi.org/10.5115/acb.21.233



236 Anat Cell Biol 2022;55:229-238

derived from two-dimensional cell culture or the analysis of
animal models. On the other hand, animal models, which
are often used in final tests, do not have enough ability to
reproduce different aspects of the cell migration process,
tumor metastasis, drug response, autoimmune diseases, and
stem cell differentiation [23, 24]. Therefore, the 3D cell cul-
ture in vitro can provide a similar cell culture environment
to animal models [25, 26]. After punching the rabbit pinna,
the growth of the epithelial tissue is converged on repairing
the hole in vivo [13, 27]. In this study, a decellularized mes-
enteric matrix in the presence of FN was used to evaluate the
interaction with blastema tissue. First, to prepare the ECM
with the characteristics of an environment with fibrous mol-
ecules, lack of antigenic effect, and cell adhesion, the natural
decellularized bovine mesenteric tissue was established us-
ing the physicochemical method. Various decellularization
methods have been developed for several animal tissues such
as blood vessels [28], heart valves [29], submucosal layer of
small intestine [30], skin [31], tendons and ligaments [32],
urinary bladder [10], bone [33], and cartilage [34]. Previ-
ous studies showed that snap freeze-thaw cycles followed by
treatment with effective detergents, such as SDS and Triton
X-100, can lead to the removal of cellular components from
the tissues, without any effect on collagen content and other
ECM components. H&E staining demonstrated the removal
of cells after the decellularization process in bovine mesen-
teric tissue (Fig. 1). Also, DAPI staining confirmed the com-
plete elimination of DNA from the decellularized mesenteric
tissue (Fig. 6A, B).

The decellularized mesenteric tissue is a suitable can-
didate for the interaction of cells with the ECM, as well as
polarity and cell migration, during cell culture due to the
maintenance of microstructures of the matrix and suitable
interconnected structures. The decellularized mesenteric
placed into the blastema tissue, which was derived from rab-
bit pinna, was used to assess the interaction among these
structures at different days in an environment containing
EN. FN has been used as a coating for scaffold materials to
support host biocompatibility. So, it is an attractive and more
cell-friendly substrate than collagen or laminin protein for
in vitro cell culture. FN has a tripeptide Arg-Gly-Asp (RGD)
motif that is essential for cell adhesion through the integ-
rin. In previous studies, it has also been shown that FN-rich
pathways guide and increase the migration of many types of
cells during wound healing and embryonic development [35,
36]. The study on the third day after the cell culture showed
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that no cell penetration into the decellularized mesenteric
matrix. However, on day 10 of the cell culture, the presence
of cells at the boundary between blastema tissue and decel-
lularized mesenteric matrix was evident. At longer culture
periods, on days 15 and 21, the penetration of blastema cells
into the decellularized mesenteric matrix was detectable
(Figs. 3, 4). These observations were confirmed by count-
ing the penetrating cells into the decellularized mesenteric
matrix, which showed the highest number of migrated cells
belonged to days 15 and 21 after culture (Fig. 5).

Blastema tissue is typically found during the development
of the embryo and tissue regeneration [12, 13]. This tissue
contains a mass of undifferentiated cells that could grow,
migrate, and differentiate into various tissues and organs [11,
13]. TNC has been reported to be associated with migrat-
ing cells into embryo tissues, wound healing, or metastasis
of cancer cells [17, 18]. We evaluated the TNC expression in
the assembled specimens on different days and found that
the expression of this gene was observed only on days 15 and
21 of the cell culture when the cells entirely migrated into
the matrix (Fig. 7). In the present research, the functional
interplay between the TNC gene and FN was analyzed in an
experimental model of interaction between blastema cells
and the ECM derived from bovine mesenteric tissue. Since
TNC is a distinguished migration-associated matrix compo-
nent with the anti-adhesive activity, it may control blastema
cell migration into the matrix [37]. Also, we used a medium
containing FN that might be involved in the polarity and ad-
hesion of blastema cells to the matrix.

These findings show that the ECM-derived mesenteric
tissue prepared by the physicochemical decellularization
method can support cells polarity and adhesion. This model
can serve as a 3D microenvironment for biological processes
due to the tendency and migration of blastema cells to the
ECM-derived mesenteric tissue.

ORCID

Kamelia Kohannezhad:
https://orcid.org/0000-0001-6915-8840

Soroush Norouzi: https://orcid.org/0000-0001-6942-3376
Maryam Tafazoli: https://orcid.org/0000-0001-5054-4637
Safoura Soleymani:
https://orcid.org/0000-0002-3474-1785

Nasser Mahdavi Shahri:
https://orcid.org/0000-0002-8854-3506



Cell migration to the decellularized mesentery

Amin Tavassoli: https://orcid.org/0000-0001-7300-4369

Author Contributions

Conceptualization: NMS, AT. Data acquisition: KK, SN,
MT. Data analysis or interpretation: SS, NMS, AT. Drafting
of the manuscript: SS, AT. Critical revision of the manu-
script: SS, AT.

Conflicts of Interest

No potential conflict of interest relevant to this article was
reported.

Acknowledgements

This study was financially supported by the Ferdowsi
University of Mashhad and a research grant provided by Fer-
dowsi University of Mashhad and Kavian Institute of Higher
Education.

References

1. Charras G, Sahai E. Physical influences of the extracellular en-
vironment on cell migration. Nat Rev Mol Cell Biol 2014;15:813-
24.

2. Minuth WW, Denk L. When morphogenetic proteins encoun-
ter special extracellular matrix and cell-cell connections at the
interface of the renal stem/progenitor cell niche. Anat Cell Biol
2015;48:1-9.

3. Paul CD, Mistriotis P, Konstantopoulos K. Cancer cell motil-
ity: lessons from migration in confined spaces. Nat Rev Cancer
2017;17:131-40.

4. Gardel ML, Schneider IC, Aratyn-Schaus Y, Waterman CM.
Mechanical integration of actin and adhesion dynamics in cell
migration. Annu Rev Cell Dev Biol 2010;26:315-33.

5. van Helvert S, Storm C, Friedl P. Mechanoreciprocity in cell
migration. Nat Cell Biol 2018;20:8-20.

6. Friedl P, Alexander S. Cancer invasion and the microenviron-
ment: plasticity and reciprocity. Cell 2011;147:992-1009.

7. Klein CE, Dressel D, Steinmayer T, Mauch C, Eckes B, Krieg
T, Bankert RB, Weber L. Integrin alpha 2 beta 1 is upregulated
in fibroblasts and highly aggressive melanoma cells in three-
dimensional collagen lattices and mediates the reorganization
of collagen I fibrils. ] Cell Biol 1991;115:1427-36.

8. Munevar S, Wang YL, Dembo M. Distinct roles of frontal and
rear cell-substrate adhesions in fibroblast migration. Mol Biol
Cell 2001;12:3947-54.

9. de Almeida PG, Pinheiro GG, Nunes AM, Gongalves AB,
Thorsteinsdottir S. Fibronectin assembly during early embryo

10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Anat Cell Biol 2022;55:229-238 237

development: a versatile communication system between cells
and tissues. Dev Dyn 2016;245:520-35.

Gilbert TW, Sellaro TL, Badylak SF. Decellularization of tissues
and organs. Biomaterials 2006;27:3675-83.

Tsonis PA. Regeneration in vertebrates. Dev Biol 2000;221:273-
84.

. Goss RJ, Grimes LN. Epidermal downgrowths in regenerating

rabbit ear holes. ] Morphol 1975;146:533-42.

Hashemzadeh MR, Mahdavi-Shahri N, Bahrami AR, Khei-
rabadi M, Naseri F, Atighi M. Use of an in vitro model in tis-
sue engineering to study wound repair and differentiation of
blastema tissue from rabbit pinna. In Vitro Cell Dev Biol Anim
2015;51:680-9.

Underwood S, Afoke A, Brown RA, MacLeod AJ, Shamlou
PA, Dunnill P. Wet extrusion of fibronectin-fibrinogen cables
for application in tissue engineering. Biotechnol Bioeng
2001;73:295-305.

Wicha P, Das S, Mahakkanukrauh P. Blood-brain barrier dys-
function in ischemic stroke and diabetes: the underlying link,
mechanisms and future possible therapeutic targets. Anat Cell
Biol 2021;54:165-77.

Chiquet-Ehrismann R, Chiquet M. Tenascins: regulation
and putative functions during pathological stress. J Pathol
2003;200:488-99.

Giblin SP, Midwood KS. Tenascin-C: form versus function.
Cell Adh Migr 2015;9:48-82.

Midwood KS, Chiquet M, Tucker RP, Orend G. Tenascin-C at a
glance. J Cell Sci 2016;129:4321-7.

Fouda GG, Jaeger FH, Amos JD, Ho C, Kunz EL, Anasti K,
Stamper LW, Liebl BE, Barbas KH, Ohashi T, Moseley MA,
Liao HX, Erickson HP, Alam SM, Permar SR. Tenascin-C is an
innate broad-spectrum, HIV-1-neutralizing protein in breast
milk. Proc Natl Acad Sci U S A 2013;110:18220-5.
Chiquet-Ehrismann R, Mackie EJ, Pearson CA, Sakakura T.
Tenascin: an extracellular matrix protein involved in tissue
interactions during fetal development and oncogenesis. Cell
1986;47:131-9.

Chiquet-Ehrismann R, Orend G, Chiquet M, Tucker RP, Mid-
wood KS. Tenascins in stem cell niches. Matrix Biol 2014;37:112-
23.

Lowy CM, Oskarsson T. Tenascin C in metastasis: a view from
the invasive front. Cell Adh Migr 2015;9:112-24.

Howard CM, Baudino TA. Dynamic cell-cell and cell-ECM
interactions in the heart. ] Mol Cell Cardiol 2014;70:19-26.
Rosso F, Giordano A, Barbarisi M, Barbarisi A. From cell-ECM
interactions to tissue engineering. J Cell Physiol 2004;199:174-
80.

Yamada KM, Cukierman E. Modeling tissue morphogenesis
and cancer in 3D. Cell 2007;130:601-10.

Xu R, Zhou X, Wang S, Trinkle C. Tumor organoid models in
precision medicine and investigating cancer-stromal interac-
tions. Pharmacol Ther 2021;218:107668.

Tavassoli A, Shahabipour F, Mahdavi SN, Moghadam MM, Fe-
reidoni M. In vitro experimental study of interactions between

https://doi.org/10.5115/acb.21.233


https://www.researchgate.net/publication/347272810_In_vitro_experimental_study_of_interactions_between_blastema_tissue_and_three-dimensional_matrix_derived_from_bovine_cancellous_bone_and_articular_cartilage
https://www.researchgate.net/publication/347272810_In_vitro_experimental_study_of_interactions_between_blastema_tissue_and_three-dimensional_matrix_derived_from_bovine_cancellous_bone_and_articular_cartilage

238 Anat Cell Biol 2022;55:229-238

28.

29.

30.

31.

32.

33.

blastema tissue and three-dimensional matrix derived from
bovine cancellous bone and articular cartilage. J Cell Tissue
201051:53-62.

Schmidt CE, Baier JM. Acellular vascular tissues: natural bio-
materials for tissue repair and tissue engineering. Biomaterials
2000;21:2215-31.

Schenke-Layland K, Vasilevski O, Opitz F, Kénig K, Riemann
I, Halbhuber KJ, Wahlers T, Stock UA. Impact of decellulariza-
tion of xenogeneic tissue on extracellular matrix integrity for
tissue engineering of heart valves. J Struct Biol 2003;143:201-8.
Kropp BP, Eppley BL, Prevel CD, Rippy MK, Harruff RC, Ba-
dylak SF, Adams MC, Rink RC, Keating MA. Experimental
assessment of small intestinal submucosa as a bladder wall sub-
stitute. Urology 1995;46:396-400.

Chen RN, Ho HO, Tsai YT, Sheu MT. Process development of
an acellular dermal matrix (ADM) for biomedical applications.
Biomaterials 2004;25:2679-86.

Woods T, Gratzer PF. Effectiveness of three extraction tech-
niques in the development of a decellularized bone-anterior
cruciate ligament-bone graft. Biomaterials 2005;26:7339-49.
Shahabipour F, Mahdavi-Shahri N, Matin MM, Tavassoli A,

34.

35

36.

37.

Kamelia Kohannezhad, et al

Zebarjad SM. Scaffolds derived from cancellous bovine bone
support mesenchymal stem cells’ maintenance and growth. In
Vitro Cell Dev Biol Anim 2013;49:440-8.

Tavassoli A, Matin MM, Niaki MA, Mahdavi-Shahri N, Sha-
habipour F. Mesenchymal stem cells can survive on the extra-
cellular matrix-derived decellularized bovine articular carti-
lage scaffold. Iran ] Basic Med Sci 2015;18:1221-7.

. Maurer LM, Annis DS, Mosher DF. IGD motifs, which are

required for migration stimulatory activity of fibronectin type
I modules, do not mediate binding in matrix assembly. PLoS
One 2012;7:¢30615.

Arredondo R, Poggioli F, Martinez-Diaz S, Piera-Trilla M, Tor-
res-Claramunt R, Tio L, Monllau JC. Fibronectin-coating en-
hances attachment and proliferation of mesenchymal stem cells
on a polyurethane meniscal scaffold. Regen Ther 2021;18:480-
6.

Van Obberghen-Schilling E, Tucker RP, Saupe F, Gasser I, Cseh
B, Orend G. Fibronectin and tenascin-C: accomplices in vascu-
lar morphogenesis during development and tumor growth. Int
J Dev Biol 2011;55:511-25.

Anatomy & Cell Biology


https://www.researchgate.net/publication/347272810_In_vitro_experimental_study_of_interactions_between_blastema_tissue_and_three-dimensional_matrix_derived_from_bovine_cancellous_bone_and_articular_cartilage
https://www.researchgate.net/publication/347272810_In_vitro_experimental_study_of_interactions_between_blastema_tissue_and_three-dimensional_matrix_derived_from_bovine_cancellous_bone_and_articular_cartilage
https://www.researchgate.net/publication/347272810_In_vitro_experimental_study_of_interactions_between_blastema_tissue_and_three-dimensional_matrix_derived_from_bovine_cancellous_bone_and_articular_cartilage

