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Abstract: The present study aimed to establish novel canine osteosarcoma cell lines (COS3600,
COS3600B, COS4074) and characterize the recently described COS4288 cells. The established D-17
cell line served as a reference. Analyzed cell lines differed notably in their biological characteristics.
Calculated doubling times were between 22 h for COS3600B and 426 h for COS4074 cells. COS3600B
and COS4288 cells produced visible colonies after anchorage-independent growth in soft agar.
COS4288 cells were identified as cells with the highest migratory capacity. All cells displayed the
ability to invade through an artificial basement membrane matrix. Immunohistochemical analyses
revealed the mesenchymal origin of all COS cell lines as well as positive staining for the osteosarcoma-
relevant proteins alkaline phosphatase and karyopherin α2. Expression of p53 was confirmed in all
tested cell lines. Gene expression analyses of selected genes linked to cellular immune checkpoints
(CD270, CD274, CD276), kinase activity (MET, ERBB2), and metastatic potential (MMP-2, MMP-9)
as well as selected long non-coding RNA (MALAT1) and microRNAs (miR-9, miR-34a, miR-93) are
provided. All tested cell lines were able to grow as multicellular spheroids. In all spheroids except
COS4288, calcium deposition was detected by von Kossa staining. We believe that these new cell
lines serve as useful biological models for future studies.

Keywords: canine osteosarcoma; cell line; 3D model; in vitro studies

1. Introduction

Osteosarcoma, a malignant tumor of mesenchymal origin, is the most frequent primary
bone malignancy in dogs [1,2]. Despite improvements in survival rates, current treatment
modalities are still inefficient due to the relative rareness of this disease, insufficient un-
derstanding of the osteosarcoma biology and, above all, its metastatic behavior [2–6]. To
overcome this obstacle, the use of well-characterized models in osteosarcoma research is
essential.

Next to patient-derived xenografts and organoids, tumor-derived cell lines represent
an available, useful model for basic in vitro and in vivo research and preclinical studies
on osteosarcoma growth and biology [7–10]. Several osteosarcoma cell lines have been
successfully isolated from human and canine tumors [11–16]. These cells were used to detect
essential details of the metastatic properties of osteosarcomas, paving the way for a better
understanding of their biological properties and putative treatment modalities [5,14,15,17–19].

As osteosarcomas represent a very heterogeneous malignancy and the number of
available canine osteosarcoma cell lines is limited, their further de novo isolation and
characterization are necessary to span the variability of the naturally occurring tumor. In
addition, the biological characteristics of canine and human osteosarcomas are similar with;
canine osteosarcoma models ideally suited for translational research. Therefore, a deeper
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understanding about this tumor in humans can be obtained through canine osteosarcoma
research [20–22].

In the present study, we isolated novel canine osteosarcoma cell lines from chemotherapy-
naïve patients and compared them with the commercially available and well-characterized D-17
canine osteosarcoma cell line. Besides their basic phenotypic and biological characterization, cell
lines were analyzed immunohistochemically (for vimentin, cytokeratin, ALPL, p53, KPNA2)
and were checked for their ability to grow as multicellular tumor spheroids. We further
provide gene expression analysis of selected genes encoding for cellular immune checkpoints
(CD270, CD274, CD276), proteins with kinase activity (MET, ERBB2), and genes linked to
metastatic potential (MMP-2, MMP-9), as well as selected long non-coding RNA (MALAT1)
and microRNAs affecting cell migration and invasion (miR-9, miR-34a, miR93).

2. Materials and Method
2.1. Clinical Material, Cell Isolation and Cultivation

Tissue samples from primary canine osteosarcoma tumors (animals without previous
tumor treatment history) collected after standard therapeutic intervention were obtained
from the VetBioBank/VetCore Facility of the University of Veterinary Medicine, Vienna, in
accordance with all ethical rules and legal standards of the University of Veterinary Medicine,
Vienna [23]. All samples were classified according to the histological classification of the WHO
and graded according to the grading system of Loukopoulos and Robinson [24,25].

To isolate the cells, tumor samples were washed in sterile DPBS supplemented with 2%
antibiotic–antimycotic solution (all from Sigma-Aldrich, St. Louis, MO, USA), cut into small
pieces and transferred into wells of a 6-well plate (TC plate 6 well standard, F; Sarstedt,
Nümbrecht, Germany). After a short adhesion phase (5–10 min) to avoid floating of the
tumor pieces in the cultivation medium, DMEM high-glucose medium supplemented with
10% fetal calf serum (FCS), 1% antibiotic–antimycotic solution (all from Sigma-Aldrich),
and 1% L-glutamine (Biowest, Riverside, MO, USA) was added. Cells growing out from the
tumor pieces were harvested using 0.05% trypsin (Trypsin-EDTA, BioWest). The COS3600,
COS3600B, and COS4074 cell lines were established by performing serial passaging (split
ratio 1:3 or 1:4) whenever they reached 80–90% confluency. Cells were cultured for at least
20 passages before entering the characterization process, except for COS4074 cells, where
the characterization started at passage 17, representing 5–6 month of continuous COS4074
cell cultivation. The isolation of COS4288 cells was carried out in a similar manner, as
recently described in [26].

The D-17 cell line was obtained from ATCC (CCL-183TM; Manassas, VA, USA) and
cultured in MEM (PAN Biotech, Aidenbach, Germany) supplemented with 10% fetal calf
serum, 1% antibiotic–antimycotic solution (both from Sigma-Aldrich), and 1% L-glutamine
(Biowest, Riverside, MO, USA).

All culturing was carried out in an incubator under standard conditions at 37 ◦C in a
humidified atmosphere containing 5% CO2. At various passage numbers, cells were tested
for mycoplasma contamination using PCR as described by Vojdani [27].

2.2. Cell Line Authentication (STR Analysis)

The original tumors as well as their respective established cell lines were authenticated
by examining short tandem repeats (using STR analysis) in 22 loci. Microsatellite analysis
was performed by a commercial laboratory accredited according to DIN EN ISO 17025:2018
(Laboklin, Bratislava, Slovak Republic). Nomenclature is based on ISAG comparison test
2006 standards. Cell line integrity was calculated as described in Lin [28].

2.3. Growth Kinetic Analysis

Cells seeded in 6-well plates (Sarstedt) were trypsinized at regular time intervals and
the cell amount was determined by an automated cell counter (COUTNESS, Invitrogen,
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Carlsbad, CA, USA). Population doubling time (DT) was calculated using the following
formula:

doubling time = cultivation duration × log(2)/log(final cell count) − log(initial cell count)

(https://www.doubling-time.com/compute.php, accessed on 5 July 2021).

2.4. Soft Agar Colony Formation Assay

The soft agar colony formation assay was performed as described [26]. Colony forma-
tion was evaluated after 21 days for COS3600B, COS4288, and D-17 and after 56 days for
COS3600 and COS4074 cells. Pictures were taken using a light microscope (Zeiss Observer
Z1, Oberkochen, Germany).

2.5. Wound Closure Assay (Scratch Assay)

For measurement of cell migration into a wound region, the IncuCyte® 96-well scratch
wound cell migration and invasion system (Sartorius Austria GmbH, Vienna, Austria) was
used. Briefly, the following cell amounts were seeded per well of the IncuCyte® Imagelock
96-well Plate: COS3600—3 × 104; COS3600B—1.5 × 104; COS4074—4.5 × 104; COS4288—2
× 104; D-17—1 × 104. A wound (scratch) was created using the IncuCyte® WoundMaker
device according to the manufacturer’s recommendations. Wound closure was monitored
using a Nikon ECLIPSE Ti2-e microscope equipped with a Nikon DS-Qi2 Camera (Nikon
GmbH, Vienna, Austria). Brightfield pictures were taken at 10× magnification (pixel size
(x/y): 0.72 µm) using a 3 h time series interval. The acquisition pipeline was scripted
with the JOBS module of the NIS Elements acquisition software (Nikon GmbH). Based on
automated well recognition, 2 × 2 stitched images (10% blending) were acquired at the
well center for each time point. Images were analyzed using Fiji software [29]. Images were
processed with a Gaussian filter (s = 2), followed by a Top Hat filter (r = 25). Subsequently,
the wound area was measured based on threshold segmentation. Data represent the mean
from six replicates.

2.6. Cell Culture Insert Migration and Invasion Assay

The migration and invasion potential of osteosarcoma cells was measured using a
24-well plate and polycarbonate cell culture inserts with a pore size of 8 µm (ThermoFisher
Scientific, Waltham, MA, USA) as described in Justus, with minor modifications [30].

To assess the migration capacity, 1 × 105 cells/0.5 mL/cell culture insert was seeded
in a growth medium with the FCS concentration reduced to 1%. The respective well of
the plate was filled with 0.75 mL of the normal growth medium (10% FCS content) and
cultivated for 24 h.

To assess the invasion potential, cell culture inserts were coated with 100 µL of
Corning® Matrigel® basement membrane matrix (Sigma-Aldrich) diluted to the final
concentration of 250 µg/mL in coating buffer (0.01 M Tris pH8, 0.7% NaCl). After two
hours of incubation at 37 ◦C, excessive liquid was carefully removed from the insert and
1 × 105 cells/0.5 mL/insert was seeded in a growth medium with the FCS concentration
reduced to 1%. Again, the respective wells of the plate were filled with 0.75 mL of the
normal growth medium (10% FCS content) and cultivated for 24 h.

For both migration and invasion assays, non-migrating/non-invading cells were
removed from the upper side of the insert using a moistened cotton swab. The inserts con-
taining migrated/invaded cells were fixed in 70% ethanol for 10 min at room temperature.
Excessive ethanol was removed from the upper surface of the insert using a dry cotton
swab and inserts were air-dried. Staining was performed using 0.2% crystal violet solution
(in 2% ethanol) for 10 min at room temperature. After washing in distilled water, inserts
were air-dried, and pictures were taken using a light microscope (Zeiss Observer Z1). The

https://www.doubling-time.com/compute.php
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number of migrating/invading cells were counted in five independent microscopic fields.
The invasion index percentage was calculated using the following formula [31]:

invasion index % = (number of invading cells/number of migrating cells) × 100%

2.7. Spheroid Formation Assay

Spheroids were grown as described [26]. In short, 2 × 104 of D-17 cells or 4 × 104

of COS4288 cells were seeded per well of a 96-well low attachment plate (96 w Brand
plates U inert Grade clear, Brand GmbH, Wertheim, Germany) and cultivated for up to
21 days. For COS3600, COS3600B, and COS4074 cells, different cell amounts ranging from
1 × 104 to 8 × 104 cells per well were tested to find the optimal seeding density. Formation
of spheroids was monitored microscopically (Zeiss Observer Z1). Half of the respective
medium volume was changed every second day. On day 21, spheroids were harvested by
sedimentation, washed with DPBS and subjected to histochemical analysis as described
below.

2.8. Histochemical and Immunohistochemical Analyses

Spheroids were fixed in 4% neutral buffered formaldehyde (24 h at room temperature).
Formaldehyde was carefully removed from the sedimented pellet, overlaid with Histogel®

(Richard-Allan Scientific, Kalamazoo, MI, USA), and subsequently paraffin-embedded
by means of an automatic Tissue-Tek VIP embedding device (Sakura Finetek Europe
B.V., Umkirch, Germany). Sections of 3 µm thickness were cut and either stained with
hematoxylin and eosin (H&E) according to Romeis for morphological analyses or further
processed for histochemical analyses [32].

To detect extracellular calcium deposition, von Kossa staining was performed as
described in Mulisch [33]. In short, spheroid sections were incubated in 5% silver nitrate
solution (Carl Roth, Karlsruhe, Deutschland) for 20 min in direct sunlight, washed in
distilled water, and fixed for in 5% sodium thiosulphate solution (Carl Roth) for 2 min.
Finally, slides were washed with distilled water, counterstained with nuclear fast red
(aluminium solution (0.1%, Waldeck, Münster, Germany)), dehydrated, and mounted using
DPX medium (Fluka, Buchs, Switzerland). Evaluation of sections was performed using
light microscopy (BX53, Olympus, Shinjuku, Japan).

To detect acidic polysaccharides such as glycosaminoglycans of cartilage-like matrix,
Alcian blue staining and Safranin O staining were performed as described in Mulisch [33].
For Alcian blue staining, spheroid sections were incubated in 3% acetic acid for 3 min
followed by 30 min incubation in 1% Alcian blue 8GX solution (w/v in 3% acetic acid,
Sigma). Following a quick washing step in 3% acetic acid and distilled water, nuclear
counterstaining was performed with nuclear fast red solution (Waldeck GmbH, Münster,
Deutschland).

For Safranin O staining, spheroid sections were incubated in hematoxylin solution
according to Weigert (Fluka) for 1 min, washed in 80% ethanol and distilled water, and in-
cubated in 0.1% Light Green solution (Fluka, w/v in distilled water) for 2 min. Subsequently,
sections were washed in 1% acetic acid (Sigma) for 2 min and stained with a 0.1% Safranin
O solution (w/v in distilled water, Sigma). To finalize both stainings, slides were washed
with distilled water, dehydrated, and mounted with DPX medium (Fluka). Evaluation of
the sections was performed using light microscopy (BX53, Olympus).

Cells for immunohistochemical analyses were grown on 4-well glass chamber slides
(Lab-Tek II Chamber Slide System, ThermoFisher Scientific, Waltham, MA, USA). Im-
munofluorescent detection of cytokeratin and vimentin as well as immunodetection of alka-
line phosphatase (ALPL) and karyopherin α2 (KPNA2) was carried out as described [26].

For immunohistochemical detection of p53, cells were first fixed in 4% neutral buffered
formaldehyde (10 min at room temperature). This was followed by cell permeabilization
by incubation in 0.2% TritonX-100 (Merck) in PBS (15 min at 4 ◦C), blocking of endoge-
nous peroxidases (0.6% H2O2 in methanol; 15 min at room temperature), antigen retrieval



Cells 2023, 12, 1026 5 of 22

(30 min in Tris-EDTA pH 9, in a steamer), and protein blocking in 1.5% normal goat serum
in PBS (30 min, room temperature). Afterwards, samples were incubated with the mon-
oclonal mouse anti-p53 [clone PAb122] antibody (cat.# ADI-KAM-CC002-D, Enzo Life
Sciences, Lausen, Switzerland; dil. 1:1000) overnight at 4 ◦C. Signals were detected with
the BrightVision Poly-HRP-anti-mouse secondary system (Immunologic, Duiven, Nether-
lands) using DAB-solution (Quanto, ThermoFisher) as a substrate. Lastly, samples were
counterstained with hematoxylin (Epredia, Richard Allan Scientific, Microm International,
Walldorf, Germany), mounted using DPX medium (Fluka), and evaluated using light
microscopy (Olympus BX53).

2.9. Reverse Transcription Quantitative PCR Analysis

Osteosarcoma cells were lysed in TRI reagent (Zymo Research, Irvine, CA, USA)
and total RNA was extracted with the Direct-zol RNA Miniprep Kit (Zymo Research).
For mRNA quantification, 1 µg total RNA was used for cDNA synthesis with the High
Capacity cDNA Reverse Transcription Kit (Thermo Fisher, Waltham, MA, USA) according
to the manufacturer’s protocol. No-RT controls (without enzyme) were included with
each sample to monitor the detection of contaminating DNA. RT-qPCR primer details
are listed in Supplementary Table S1 [34–36]. Each RT-qPCR was performed in duplicate
using a 20 µL reaction volume containing 1x HOT FIREPol EvaGreen qPCR Mix Plus ROX
(Solis BioDyne, Tartu, Estonia), 200 nM of each primer, and 20 ng cDNA in an AriaMx
Real-time PCR System (Agilent, Santa Clara, CA, USA) with the following temperature
profile: 95 ◦C for 12 min, 40 cycles of 95 ◦C for 15 sec and 60 ◦C for 1 min, followed
by a melting curve analysis (60–95 ◦C). OAZ1, RPL8, RPL27, and RPL32 were included
as potential reference genes (RGs) and measured in all experimental samples. Based on
the results of the RefFinder analysis tool, the two most stably expressed genes, OAZ1
and RPL27, were selected for normalization [37]. Target gene expression values were
normalized to the geometric mean of both RGs and expression levels were calculated using
the ∆Ct method [38]. For quantification of miRNAs, 200 ng total RNA was used for miRNA
polyadenylation and reverse transcription with the MystiCq microRNA cDNA Synthesis
Mix (Sigma-Aldrich). Target miRNA sequences were obtained from miRBase database
release 22.1 and primers were designed with miRprimer software v2 (Supplementary
Table S1) [39,40]. RT-qPCR for miRNAs was carried out in 20 µL reactions which included
1x MystiCq microRNA SYBR Green qPCR Ready Mix Low ROX (Sigma-Aldrich), 200 nM
MystiCq Universal PCR Primer (Sigma-Aldrich), 200 nM assay-specific forward primer,
and 1 ng cDNA using the following temperature profile: 95 ◦C for 2 min, 40 cycles of
95 ◦C for 5 s and 60 ◦C for 30 s, and a melting curve step (60–95 ◦C). Two endogenous
control RNAs were included for normalization; U6 snRNA, a commonly used normalizer,
and cfa-miR-103, the canine ortholog of miR-103a-3p which was previously found to be a
suitable reference for miRNA expression studies in human osteosarcoma tumors [41]. The
RefFinder tool identified cfa-miR-103 as the more suitable reference, which was then used
for normalization. The calculation of RNA expression levels was performed as described
above.

2.10. Statistical Analysis

Statistical analyses (unpaired t-test with Welch’s correction) were performed with
GraphPad Prism 8.4.3 (GraphPad Software, San Diego, CA, USA). A p-value < 0.05 was
considered significant.

3. Results
3.1. Cell Isolation and Morphology

The material used for cell line establishment originated from primary bone tumors
in adult animals. The COS3600 and COS3600B cells were isolated from a 14 y old male
dog patient of mixed breed with a tumor located at the humerus that had been diagnosed
as osteoblastic osteosarcoma grade III. The COS4074 cells were isolated from a tumor



Cells 2023, 12, 1026 6 of 22

diagnosed as chondroblastic osteosarcoma grade II located at the humerus of a 13.5 y old
male bullmastiff. COS4288 cells originated from an osteoblastic osteosarcoma grade III
tumor located on the femur of a female Labrador retriever patient [26]. All animals were
chemotherapy naïve. Although basic characterization of the COS4288 cells was recently
published, we provide the COS4288 characteristics along with the characteristics of the
newly established COS3600, COS3600B, and COS4074 cell lines to maintain the study’s
coalescence [26].

In the early step of COS3600 cultivation (approx. 2 weeks after initiation), two different
cell sub-populations were identified: the original COS3600 cells (Figure 1), with spindle-
shaped morphology and only sporadic deltoid-shaped cells; and COS3600B cells (Figure 1),
with numerous cobblestone-like cells and spindle-shaped cells smaller than those observed
in COS3600. The COS3600 cells grew substantially slower compared with COS3600B cells.
With increased cultivation time, COS3600 cells became more resistant to trypsinization,
demanding longer incubation times for cell detachment compared with COS3600B. The
COS4074 cells (Figure 1) formed small deltoid and polygonal cells with rare spindle-shaped
cells and required prolonged trypsinization time as well. COS4288 cells (Figure 1) consisted
of a uniform, deltoid-shaped cell population [26].
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Before considering newly isolated cells a cell line, and before entering the charac-
terization process, cells had been cultured for at least 20 passages, except for COS4074
cells, whose characterization started at passage 17, representing 5–6 months of continuous
culture and having undergone freezing-thawing cycles in liquid nitrogen without affecting
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their growth potential. In the time span of 5–6 months, COS3600B and COS4288 reached
passage numbers of over 50, whereas COS3600 and COS4074 reached passage number 35
and 25, respectively. All cells tested negative for mycoplasma.

3.2. Authentication of the Cell Lines

To authenticate the established cell lines, we examined the STR status of 22 canine
microsatellites encompassed in the comparison test for animal DNA testing of the Interna-
tional Society for Animal Genetics (Table 1) and compared them with the STR profile of the
original tumors (Supplementary Table S2). Analysis revealed that the genetic background
of COS3600/COS3600B, COS4074, and COS4288 cell lines came from three different ani-
mals. The sex determination using amelogenin analysis was in accordance with the patient
history. Isolated cell lines showed a matching STR profile with the corresponding original
tumors, with evaluation values of 0.95 (COS3600), 0.84 (COS3600B), 0.95 (COS4074), and
0.87 (COS4288). Detailed STR analysis of COS3600 and COS3600B cells confirmed the
shared origin of both cell lines (35 identical alleles, 7 different alleles; evaluation value 0.83)
and excluded cross-contamination with other cell lines (evaluation value lower than 0.8).

Table 1. STR analysis of the newly isolated canine osteosarcoma cells.

COS3600 COS3600B COS4074 COS4288

Amelogenin Y/X Y/X Y/X X/X

AHT 121 98/100 98/100 96/102 102/106

AHT 137 145/153 153/153 147/147 149/149

AHTH 130 129/129 129/129 119/127 123/129

AHTH 171 219/233 219/233 225/231 223/225

AHTH 260 238/244 238/238 246/246 246/254

AHTK 211 89/91 89/89 89/95 95/95

AHTK 253 288/292 288/292 286/286 284/284

CXX 279 116/124 124/124 126/126 124/124

FH 2054 160/172 160/172 152/156 164/164

FH 2848 232/240 232/232 238/238 238/244

INRA 21 91/101 91/91 95/97 95/95

INU 005 124/124 124/124 124/124 124/124

INU 030 144/150 144/150 144/144 144/144

INU 055 210/210 210/210 210/218 218/218

REN 105 L 03 231/241 241/241 231/233 235/235

REN 162 C 04 200/206 200/206 202/206 200/202

REN 169 D 01 216/218 216/218 216/216 212/216

REN 169 O 18 162/168 168/168 162/172 168/168

REN 247 M 23 272/272 272/272 268/268 268/268

REN 54 P 11 238/238 238/238 232/234 222/226

REN 64 E 19 139/147 139/147 149/149 147/147

3.3. Growth Kinetic Analysis

Growth rates were assessed based on cell counts measured over time. Calculated pop-
ulation doubling time (DT) differed substantially between the cell lines. D-17, COS3600B,
and COS4288 cells showed a DT of 19, 22, and 32 h respectively, whereas COS3600 and
COS4074 revealed extremely long DTs of 139 and 426 h, respectively. The difference in DT
was most notable between COS3600 and COS3600B cells, despite their shared tumor origin.
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3.4. Anchorage-Independent Growth in Soft Agar

Anchorage-independent growth as a hallmark of carcinogenesis was further investi-
gated in the respective cell lines using the soft agar colony formation assay. After 21 days of
cultivation, distinct colonies of different sizes and cell densities were formed by COS3600B,
COS4288, and D-17 cells (Figure 2) [26]. Colonies originating from COS3600B and D-17
cells were bigger compared with those from COS4288 (~1 mm vs. ~250 µm) and displayed
a diffuse border that was more pronounced in COS3600B cells. Neither colonies nor cell
clusters were found in COS3600 and COS4074 cells, despite a prolonged cultivation time of
56 days.
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3.5. Cell Migration and Invasion Analyses

The ability to migrate and/or invade through an artificial basement membrane was
analyzed as an indicator of the metastatic potential of the tumor cells.

First, migration capacity was measured over 60 h via a wound closure assay (Figure 3).
COS4288 cells revealed the highest migration ability, as the scratch was closed as early as
48 h post wounding. The migration capability of COS3600 and COS3600B cells was similar
with a small, but still visible, scratch after 60 h. The cell-free area after 60 h was biggest
in COS4074 cells, clearly indicating the lowest migration capacity in these cells (scratch
visible even after 72 h—data nor shown). D-17 cells fully closed the scratch within 60 h.
Detailed quantification of the cell-free area in all cell lines over the tested 60 h period is
summarized in Figure 4A.
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Figure 3. Exemplary pictures of the wound closure assay of isolated canine osteosarcoma cells and
reference D-17 cells at different time points. Only COS4288 and D-17 cells fully closed the scratch
after 60 h. Scale bar—400 µm.
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Figure 4. Graphical presentation of the wound closure assay (A) as well as of the cell culture insert-
based migration and invasion assays (B) of isolated canine osteosarcoma cells and reference D-17
cells. The data shown in (A) were obtained from three independent biological replicates, whereas
each biological replicate was done in a duplicate. The degree of variability between replicates for
each cell line was as follows: COS3600 1.6–6.4%, COS3600B 0.2–5.5%, COS4074 1.0–7.8%, COS4288
1.3–5.9%, D-17 0.8–5.0%. The indicated lines represent mean values. The data shown in (B) were
obtained in a single experiment.

To further support these observations, an alternative cell culture insert-based migration
assay was employed, where the number of cells migrating through a membrane with 8 µm
pores was estimated 24 h after cell inoculation. Despite identical seeding density, there
were differences in the number of cells crossing the membrane. Similar to that described
above, the migration potential of COS4288 was superior to that of COS3600B, COS3600 and
COS4074 cells, as documented by quantitative analysis (Figure 4B) and a representative
picture of stained inserts (Figure 5). Based on observations from both the wound closure
and the insert-based assay, the migration capacity of tested osteosarcoma cells decreases as
follows: COS4288 > D-17 > COS3600/COS3600B > COS4074.

To mimic invasion processes observed during the metastatic spread of tumors, cells
were analyzed for their capacity to cross a Matrigel® layer resembling a basement mem-
brane matrix on the cell culture insert (Figures 4B and 5). As invasive capability is a
complex process, high migration rate is not sufficient to ensure also high invasive potential
of the cells. Indeed, by comparing migration and invasion abilities, the invasion index was
calculated as follows: 71% (COS3600), 77% (COS3600B), 46% (COS4074), 61% (COS4288),
and finally 87% (D-17).

3.6. Immunohistochemical Analyses on Cell Monolayers

To further confirm the origin of the isolated cell lines, immunofluorescent staining for
the mesenchymal marker vimentin and epithelial marker cytokeratin was performed. All
cells stained positively for vimentin (Figure 6) and stained negatively for cytokeratin.

Alkaline phosphatase staining was found in all isolated COS cells as well as in D-17
cells (Figure 6), with variable staining intensity. In COS3600B and COS4288 cells, strong
ALPL expression was detected in all cells. In COS3600, COS4074, and D-17 cells, both low
and high ALPL expressing cells were detected.

The p53 protein was detected in the nuclei of all analyzed cell lines (Figure 6). Strong
nuclear positivity was seen in the majority of COS3600B cells, while COS4288 revealed a
mixed population consisting of strongly and moderately positive cells. COS3600, COS4074,
and D-17 cells expressed p53 only at low levels.

The KPNA2 protein was detected in the nuclei and in cytoplasm of all tested cell lines
(Figure 6). Strong expression was observed in COS3600B, COS4288, and D-17 cells. In
COS3600 and COS4074 cells, the expression levels were low and intermediate, respectively.
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Figure 6. Exemplary pictures of immunofluorescent staining (vimentin—green) and immunohis-
tochemical staining (ALPL, p53, and KPNA2—brown) of isolated canine osteosarcoma cells and
reference D-17 cells. Nuclei were counterstained with DAPI (vimentin) or hematoxylin (ALPL, p53,
and KPNA2). Scale bar—50 µm.

3.7. Reverse Transcription Quantitative PCR Analysis

Basal gene expression for matrix metalloproteinase 2 and 9 (MMP-2 and MMP-9), MET
receptor tyrosine kinase (MET), erb-b2 receptor tyrosine kinase (ERBB2), tumor necrosis
factor receptor superfamily member 14 (CD270, HVEM), programmed death-ligand 1
(CD274, PD-L1), and cluster of differentiation 276 (CD276, B7-H3) proteins, along with the
expression levels of metastasis-associated lung adenocarcinoma transcript 1 (MALAT1)
long non-coding RNA and microRNAs miR-9, miR-34a, miR-93 were measured in the new
cell lines and D-17 cells (Figure 7).
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Figure 7. Graphical presentation of RT-qPCR results of selected genes and miRNAs of isolated canine
osteosarcoma cells and reference D-17 cells. Bars depict the differences between the respective gene
and the reference genes (dCT value); whiskers represent standard deviation. An inverted y-axis was
chosen to illustrate higher RNA and miRNA levels with higher bars. Differences between cell lines
are significant (p < 0.05) if they do not feature the same letter. n.d.—not detected.

In general, genes were differentially expressed in the analyzed osteosarcoma cell
lines (Figure 7). CD270 expression was highest in COS3600 and COS4074 cells, whereas
COS3600B cells revealed the lowest CD274 levels. CD276 expression was significantly lower
in D-17 cells compared to all COS cells. ERBB2 and MALAT1 mRNA levels were highest
in COS3600 and COS4074 cells. MET expression was significantly higher in COS4074 and
D-17 cells. While MMP-2 expression was especially high in COS3600 and COS4288 cells,
MMP-9 mRNA was not detectable in COS3600 and COS4074 cells. MicroRNA analysis
revealed significantly lower miR-9 but higher miR-34a levels in COS3600 and COS4074
cells. Levels of miR-93 were similar in all tested cell lines.
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3.8. Spheroid Formation

The ability to form spheroids was confirmed for COS3600, COS3600B, and COS4074
cells. COS4288 spheroid formation has previously been partly described [26]. In COS3600
and COS3600B cells, distinct signs of 3D growth were observed after 24 h of cultivation:
a dark central part corresponding to the bulky spherical cell structure in the middle was
surrounded by a light-colored corona. On the contrary, COS4074 cells formed irregular
structures first, which became round and organized into a spheroid around day seven.

The optimal cell seeding density for production of spheroids cultivated for 21 days
differed between these cell lines. Seeding of 8 × 104 cells per well was found to be optimal
for forming COS3600 and COS4074 spheroids, as lower cell amounts produced substantially
smaller spheroids. For COS3600B cells, 2 × 104 cells per well was optimal as higher cell
numbers resulted in only slightly larger spheroids. In addition, these larger spheroids often
showed signs of disintegration with a release of cells or cell clumps from the spheroid.

Hematoxylin and eosin staining of spheroid sections revealed a concentric organiza-
tion comprised of two (all COS cells) or three (D-17) zones with different cell densities
and organization (Figure 8). In COS3600 and COS4074 spheroids, a central zone with
round cells was surrounded by an outer zone consisting of loosely arranged fibroblast-like
cells. Consisting of slowly growing cells, these spheroids were smaller (approx. 200 µm)
compared with other analyzed spheroids; furthermore, the central zone did not show signs
of necrosis and contained less extracellular matrix. In COS3600B spheroids, the cell shape
was homogenous throughout the whole spheroid and the zonal distribution was based on
cell density only, with a higher cell density in the central zone. Despite their size (approx.
400 µm) and cell density, the central zone did not show signs of necrosis. In COS4288
spheroids, a central zone with round cells of chondroid appearance in high amounts of
basophil matrix was surrounded by an outer layer of spindle-shaped and polygonal cells. In
D-17 spheroids, central, intermediate and outer zones (necrotic, quiescent, and proliferative)
were clearly defined as previously described [26,42].

3.9. Histochemical Analyses of 3D Spheroids

Induced by the 3D growth, cells formed mineralized nodules detectable with von
Kossa staining in all but COS4288 spheroids (Figure 8). However, their quantity and the
location within the spheroid were different. Calcium depositions were located in the outer
zone of COS3600 and COS4074 spheroids, and in the outer and intermediate zone of D-17
spheroids, whereas they were distributed within the whole COS3600B spheroids.

In the next step, we assessed the presence of extracellular matrix in the spheroids.
In COS4288 spheroids, distinct Alcian blue positive extracellular matrix was localized in
the central zone (Figure 8). Only weak Alcian blue staining was seen in COS3600B and
COS4074 spheroids and no Alcian blue positive areas were observed in COS3600 and D-17
spheroids. Safranin O staining was negative in all tested samples.
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Figure 8. Histological and histochemical staining of 3D spheroids of isolated canine osteosarcoma 
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Figure 8. Histological and histochemical staining of 3D spheroids of isolated canine osteosarcoma
cells and reference D-17 cells. Hematoxylin and eosin staining revealed a concentric organization
consisting of two (COS cells) or three (D-17) zones with different cell densities and organization. In
all cell lines except COS4288 cells, calcium deposition (black) was detected by von Kossa staining.
Alcian blue-stained glycosaminoglycans (blue) were absent in COS3600 and D-17 cells, scant in
COS3600B and COS4074 cells, and prominent in the center of COS4288 cells. No Safranin O staining
was detected in all cell lines. Scale bar—200 µm.

4. Discussion

Canine osteosarcoma is a highly heterogeneous, aggressive bone malignancy, affecting
mostly large breeds in middle-aged or older dogs [43–45]. Indeed, each of the four newly
generated and characterized cell lines demonstrated different biologic behavior indicating
the necessity of various (patient specific) tumor cell lines for in vitro testing.

COS3600B and COS4288 cells possessed a DT similar to those typical for other canine
osteosarcoma cell lines, e.g., D-17 and Abrams [46]. However, the estimated DT may
differ due to cultivation condition and methodology, as can be seen by comparing data
for Abrams cells obtained by Maeda [46] and Wilson-Robles [16]. The DT of COS3600
and COS4074 was extremely extended and, to our best knowledge, does not have analogy
among published osteosarcoma cell lines. Surprisingly, COS3600 and COS3600B cells, both
originating from the same tumor, revealed a marked DT difference that might be related to
the intra-tumoral heterogeneity. Despite known limitations in cancer cell line identification
by short tandem repeat profiling, we performed this analysis on all four cell lines and
confirmed shared origin of COS3600 and COS3600B cells while concurrently demonstrating
separate genetic background of COS4288 and COS4074 cells [47,48].

Proliferation of cells other than those of hematological origin without attachment
to a firm base (anchorage-independent cell growth) is considered as one of the signs of
malignant transformation [49]. This feature was previously described in several canine
and human osteosarcoma cell lines, including D-17 and COS4288 cells [14,26,50]. Our
experiments confirmed the ability for anchorage-independent cell growth of COS4288
and D-17 cells. Regarding the other COS cells, only COS3600B cells produced visible,



Cells 2023, 12, 1026 15 of 22

multicellular colonies in soft agar within 21 days. The colony formation was absent
in COS3600 and COS4074 cells even after prolonged cultivation time of 56 days. This
observation agrees with previously published data showing that not all tumor cells are
able to form colonies in the soft agar and the cells with increased stemness potential
have a higher capability to produce colonies [51–53]. We know yet nothing about the
stemness potential of isolated COS cells, so we cannot attribute the lack of colonies to the
absence of cancer stem cells in COS3600 and COS4074 cells. However, soft agar colonies
producing cells (COS3600B, COS4288, and D-17) revealed high migration and/or invasion
potential in our experiments. We also believe that the cell doubling time and requirement
of a certain “minimal seeding density” also strongly affects the capability to form these
colonies. Seeding the COS3600 and especially COS4074 cells at a low density (e.g., split
ratio more than 1:4) can dramatically decrease their growth potential (unpublished data).
In spite the absence of colonies formation in semisolid medium, both cell lines further
possess unchanged ability of adherent growth on plastic surface under standard cultivation
condition and therefore we are convinced, that they fulfill all requirements for being
designated as osteosarcoma cell lines.

Migration capacity of osteosarcoma cells was analyzed by a basic wound healing assay
and an alternative approach measuring the migration of cells through pores of a cell culture
insert, thus minimizing the effect of cell division. In both experiments, migration ability of
COS4288 and D-17 cells was superior those of other COS cells. This observation correlates
well with the RT-qPCR measured increase in miR-9 and decrease in miR-34a levels in
these cells, as overexpression of miR-9 promotes and overexpression of miR-34a inhibits
osteosarcoma cell migration [54,55]. We speculate that the slight differences in migration
capacities of other COS cells observed between scratch- and cell culture insert-based assay
can be attributed to differences in cell plasticity necessary to cross the pores in the insert
membrane.

Invasive growth and metastasis formation are the two main indications of cancer
progression. Our Matrigel®-based cell culture insert invasion assay has shown that all
newly isolated cell lines possess the capability to invade through an artificial basement
membrane and therefore we assume, that they possess features enabling metastasis for-
mation. As expected, D-17 cells, originating from a lung metastasis revealed the highest
invasion index, followed by COS3600B cells [56]. The highly migratory COS4288 cells
revealed only moderate invasion index despite the high absolute numbers of invaded cells.

To further characterize isolated cell lines, vimentin, cytokeratin, ALPL, p53, and
KPNA2 were analyzed immunohistochemically. As expected, all analyzed cells stained
positively for the mesenchymal intermediate filament marker vimentin and negatively for
epithelial intermediate marker cytokeratin. These data are congruent with those previously
reported regarding D-17 cells and other canine and human osteosarcoma cell lines [13,57,58].
As osteosarcoma are of a mesenchymal origin, the osteosarcoma origin of the isolated COS
cells was supported.

Bone is the only connective tissue producing ALPL in dogs and it can therefore be
used to differentiate the canine osteosarcoma from other vimentin-positive tumors [59]. All
tested cell lines demonstrated positive ALPL staining, which is in accordance with previous
observations in osteosarcoma cell lines [12,13,16]. Thus, presence of vimentin combined
with ALPL confirmed osteosarcoma origin of the isolated COS cells.

p53 protein, commonly known as the “guardian of the genome” is an extraordinary
multifunctional protein involved in cellular DNA integrity protection and regulation in
normal and tumor cells [60]. Loss of p53 function or altered functionality through the mu-
tation in the p53 gene is a common feature in cancer cells and has been described in canine
osteosarcoma as well [61,62]. Heterogeneity in immunostaining intensity and subcellular
localization of p53 in canine osteosarcomas was recently reported by Russel et al. [63].
They found that the majority of tumors showed strong staining intensity, as well as both,
cytoplasmatic and nuclear staining pattern. Surprisingly, all our isolated cell lines revealed
only nuclear staining pattern with intense immunoreactivity in COS3600B cells, mixed
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(intense and moderate) immunoreactivity in COS4288 cells and weak immunoreactivity
in COS3600, COS4074, and D-17 cells. Differences in observed expression pattern of p53
protein between the current manuscript and data previously published by Russel and
coworkers can be attributed to several factors. The choice of antibodies used in these stud-
ies might play a role, and without the standardized guidelines accepted between different
research teams the uniformity of results cannot be guaranteed. Furthermore, the origin of
the analyzed material also plays a substantial role. Whereas in the case of COS cells a cell
line (selected cell population derived from an osteosarcoma, cultivated in vitro) was ana-
lyzed, original tumor tissue sections were subjected to the analysis by Russel. Considering
the short half-life of the wild type (wt) p53 rendering its immunohistochemical detection
problematic together with the known wt p53 status in D-17 cells, we can speculate that
weak immunoreactivity in COS3600 and COS4074 cells is due to wt p53 status and strong
immunoreactivity in COS3600B cells is coupled with its mutated form [64–66]. However,
detailed DNA sequencing analysis or a p53 functional assay must be performed before
indicating the p53 status in these cell lines [67,68].

KPNA2 protein, which is involved in the nucleocytoplasmic transport, is overex-
pressed in various cancers and associated with poor prognosis [69]. A recent study has
shown its applicability for differential diagnosis between osteosarcoma and other malig-
nant bone tumors, with strong expression in various types of osteosarcomas [70]. KPNA2
was detected in all our cells. Strongest immunoreactivity in COS4288 and COS3600B cells,
which also showed high migratory and invasive potential, supports the potential of KPNA2
as a marker of poor prognosis.

Due to the successful implementation of immune checkpoint inhibitors into the clinical
practice in the recent years, immunotherapy for osteosarcoma has attracted attention as a
potential treatment modality for this lethal disease [71–73]. Immune checkpoint analysis
of CD270 (HVEM), CD274 (PD-L1), and CD276 (B7H3) showed higher expression levels
in metastases compared to the parental osteosarcomas, with CD274 as well as CD276 also
being associated with poorer patient survival [74,75]. Surprisingly, CD276 expression in
D-17 cells originating from an OS metastasis was inferior to those observed in COS cells,
which were isolated from parental osteosarcomas. Our analysis only revealed a correlation
between CD270 and CD274 expression (high expression in COS3600 and COS4074) but
not with CD276, despite the strong correlation between all three markers observed by
Cascio [74].

Several studies have confirmed the expression of ERBB2 and MET in human and
canine osteosarcoma [76–78]. In humans, overexpression of ERBB2 was mostly associated
with poor outcome, however some authors dispute this [79,80]. Increased levels of ERBB2
were found in canine osteosarcoma cell lines and tissue samples compared with normal
bone [77]. Detected ERBB2 expression in all COS cells together with the expression of
immune checkpoint markers make COS cells eligible for immunotherapy-oriented studies.
While MET expression did not correlate with overall survival time or disease-free survival
time in canine osteosarcoma patients, a significant association with a lymphogenic route
of metastasis was observed [81]. In osteosarcoma cell lines, including D-17, siRNA or
drug-induced MET inhibition resulted in decreased motility and invasiveness [82]. With
the exception of D-17 cells, we found no correlation between MET expression and the
migratory or invasive potential of COS cells. However, as D-17 cells harbor mutations in
several putative cancer driver genes, including a frameshift mutation in MET, one cannot
exclude that the observed overexpression of MET is only one part of a concerted action
leading to the high migration and invasion behavior of these cells [66].

Matrix metalloproteinases (MMPs) are proteolytic enzymes with multiple functions in
health and diseases [83]. Their role in cancer is closely linked, but not limited, to tumor
spread [84,85]. High levels of zymogen precursors of MMP-2 and MMP-9 as well as
active MMP-2 were found in most canine tumors, including osteosarcoma [86]. In the
current study, MMP-2 mRNA was detected in all cell lines whereas MMP-9 was observed in
COS3600B, COS4288, and D-17 cells only. We found no correlation between MMP levels and
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the invasion capacity of the COS cells, probably due to the missing proteolytic activation of
the zymogen form indicated by its mRNA levels [87].

The role of long non-coding RNA MALAT1 in the regulation of multiple signaling
pathways in osteosarcoma cells was recently reviewed by Farzaneh [88]. In osteosarcomas,
MALAT1 is involved in proliferation and metastasis, vasculogenic mimicry, development
and regulation of osteosarcoma stem cells, and drug resistance [17,89–93]. High expression
levels observed in COS3600 and COS4074 cells correlated with low proliferation capacity
(long doubling time) and negatively correlated with miR-9 expression in these cells. Further-
more, MALAT1 levels correlated with high miR-34a expression in the tested osteosarcoma
cells, which was previously also reported for melanoma cells [94]. Despite the variable
proliferation capacity of the tested cells, no differences were observed in miR-93 levels as
had been expected based on previous data obtained on human osteosarcoma cells [95,96].

The formation of multicellular 3D spheroids represents an important attribute of
cancer cell lines, as data obtained from spheroid models are more relevant compared
to conventional monolayer (2D) cultures [97,98]. This is particularly important for drug
discovery using high throughput screening of new substances, since the data show drug
resistance as being significantly different between 2D and 3D cultures [99–101] indicting
2D propagation as a significant contributor to its low in vivo effectiveness. Several authors
described spheroid formation in canine and human osteosarcoma cells, including D-17 and
COS4288 cells, which was confirmed in the present study, and additionally demonstrated
for the other COS cells [13,15,26,42,102].

As for the inner spheroid organization, a zonal structure has been proposed based on
nutrients, oxygen, and waste transport [103]. For D-17 spheroids, central, intermediate, and
outer zones were described, whereas a central and outer zone was described in COS4288
spheroids [26,42]. In the present study, zonal organization could be shown for all analyzed
spheroids and confirmed for D-17 and COS4288 cells. The presence of round cells with
chondrocyte-like appearance, the high amount of the Alcian-blue-positive extracellular
matrix in the central zone, and the absence of calcium deposits in COS4288 spheroids
was surprising, as the tumor from which COS4288 cells were isolated was classified as an
osteoblastic osteosarcoma. In contrast, although originating from a chondroblastic osteosar-
coma, chondroid features were sparse in COS4074 spheroids, but calcium depositions were
detectable. However, osteosarcomas feature a high intratumor heterogeneity with many
osteosarcomas containing both osteoid and chondroid matrix in various proportions [104].
Most probably, COS4288 cells were isolated from a predominantly chondroblastic area of
the tumor, whereas the piece for the histopathological classification originated from an
osteoblastic part.

In conclusion, four newly isolated canine osteosarcoma cell lines with different biolog-
ical characteristics were described. They differ in their growth kinetics, migration/invasion
capacities, expression of selected genes and microRNAs related to cell migration, invasion,
and cellular checkpoint control, but also possess common attributes of OS cells such as mes-
enchymal origin, ALPL, p53, and KPNA2 protein expression, and multicellular spheroid
formation. We are convinced that these cell lines, reflecting the variation of osteosarcomas,
can be a useful model for future in vitro studies to broaden the knowledge of osteosar-
coma biology and lead to the development of novel, more effective treatment strategies for
osteosarcoma patients.
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6. Wilk, S.; Zabielska-Koczywąs, K. Molecular mechanisms of canine osteosarcoma metastasis. Int. J. Mol. Sci. 2021, 22, 3639.
[CrossRef] [PubMed]

7. Beck, J.; Ren, L.; Huang, S.; Berger, E.; Bardales, K.; Mannheimer, J.; Mazcko, C.; LeBlanc, A. Canine and murine models of
osteosarcoma. Veter-Pathol. 2022, 59, 399–414. [CrossRef]

8. Higuchi, T.; Igarashi, K.; Yamamoto, N.; Hayashi, K.; Kimura, H.; Miwa, S.; Bouvet, M.; Tsuchiya, H.; Hoffman, R.M. Osteosarcoma
patient-derived orthotopic xenograft (PDOX) models used to identify novel and effective therapeutics: A review. Anticancer Res.
2021, 41, 5865–5871. [CrossRef]

9. Landuzzi, L.; Manara, M.; Lollini, P.-L.; Scotlandi, K. Patient derived xenografts for genome-driven therapy of osteosarcoma.
Cells 2021, 10, 416. [CrossRef]

10. Brulin, B.; Nolan, J.C.; Marangon, T.; Kovacevic, M.; Chatelais, M.; Meheust, P.; Abadie, J.; Le Nail, L.-R.; Rosset, P.; Brennan, M.;
et al. Evaluation of the chemotherapy drug response using organotypic cultures of osteosarcoma tumours from mice models and
canine patients. Cancers 2021, 13, 4890. [CrossRef]

11. Ren, L.; Mendoza, A.; Zhu, J.; Briggs, J.W.; Halsey, C.; Hong, E.S.; Burkett, S.S.; Morrow, J.J.; Lizardo, M.M.; Osborne, T.; et al.
Characterization of the metastatic phenotype of a panel of established osteosarcoma cells. Oncotarget 2015, 6, 29469–29481.
[CrossRef]

12. Laschi, M.; Bernardini, G.; Geminiani, M.; Ghezzi, L.; Amato, L.; Braconi, D.; Millucci, L.; Frediani, B.; Spreafico, A.; Franchi, A.;
et al. Establishment of four new human primary cell cultures from chemo-naïve Italian osteosarcoma patients. J. Cell. Physiol.
2015, 230, 2718–2727. [CrossRef]

13. Meyer, F.R.L.; Walter, I. Establishment and characterization of new canine and feline osteosarcoma primary cell lines. Veter-Sci.
2016, 3, 9. [CrossRef]

14. Palmini, G.; Zonefrati, R.; Romagnoli, C.; Aldinucci, A.; Mavilia, C.; Leoncini, G.; Franchi, A.; Capanna, R.; Brandi, M.L.
Establishment and characterization of a human small cell osteosarcoma cancer stem cell line: A new possiblein vitromodel for
discovering small cell osteosarcoma biology. Stem Cells Int. 2016, 2016, 3042198. [CrossRef] [PubMed]

15. Massimini, M.; DE Maria, R.; Malatesta, D.; Romanucci, M.; D’Anselmo, A.; Della Salda, L.; Marcella, M. Establishment of
three-dimensional canine osteosarcoma cell lines showing vasculogenic mimicry and evaluation of biological properties after
treatment with 17-AAG. Veter-Comp. Oncol. 2019, 17, 376–384. [CrossRef] [PubMed]

16. Wilson-Robles, H.; Franks, K.; Pool, R.; Miller, T. Characterization of five newly derived canine osteosarcoma cell lines. BMC
Veter-Res. 2019, 15, 357. [CrossRef]

17. Ren, K.; Ni, Y.; Li, X.; Wang, C.; Chang, Q.; Li, Y.; Gao, Z.; Wu, S.; Shi, X.; Song, J.; et al. Expression profiling of long noncoding
RNAs associated with vasculogenic mimicry in osteosarcoma. J. Cell. Biochem. 2019, 120, 12473–12488. [CrossRef]

18. Fan, Z.; Huang, G.; Zhao, J.; Li, W.; Lin, T.; Su, Q.; Yin, J.; Shen, J. Establishment and characterization of a highly metastatic human
osteosarcoma cell line from osteosarcoma lung metastases. J. Bone Oncol. 2021, 29, 100378. [CrossRef]

19. Tao, Y.; Ou, Y.; Yin, H.; Chen, Y.; Zhong, S.; Gao, Y.; Zhao, Z.; He, B.; Huang, Q.; Deng, Q. Establishment and characterization of
human osteosarcoma cells resistant to pyropheophorbide-α methyl ester-mediated photodynamic therapy. Int. J. Oncol. 2017, 51,
1427–1438. [CrossRef]

http://doi.org/10.1016/S0195-5616(85)50061-3
http://doi.org/10.1007/s11259-014-9623-0
http://doi.org/10.1111/jvim.12313
http://www.ncbi.nlm.nih.gov/pubmed/24512451
http://doi.org/10.3389/fonc.2020.00013
http://www.ncbi.nlm.nih.gov/pubmed/32082995
http://doi.org/10.3390/ijms22073639
http://www.ncbi.nlm.nih.gov/pubmed/33807419
http://doi.org/10.1177/03009858221083038
http://doi.org/10.21873/anticanres.15406
http://doi.org/10.3390/cells10020416
http://doi.org/10.3390/cancers13194890
http://doi.org/10.18632/oncotarget.5177
http://doi.org/10.1002/jcp.24996
http://doi.org/10.3390/vetsci3020009
http://doi.org/10.1155/2016/3042198
http://www.ncbi.nlm.nih.gov/pubmed/27651797
http://doi.org/10.1111/vco.12482
http://www.ncbi.nlm.nih.gov/pubmed/31006970
http://doi.org/10.1186/s12917-019-2099-y
http://doi.org/10.1002/jcb.28514
http://doi.org/10.1016/j.jbo.2021.100378
http://doi.org/10.3892/ijo.2017.4136


Cells 2023, 12, 1026 19 of 22

20. Fenger, J.M.; London, C.A.; Kisseberth, W.C. Canine osteosarcoma: A naturally occurring disease to inform pediatric oncology.
ILAR J. 2014, 55, 69–85. [CrossRef] [PubMed]

21. Simpson, S.; Dunning, M.D.; de Brot, S.; Grau-Roma, L.; Mongan, N.P.; Rutland, C.S. Comparative review of human and canine
osteosarcoma: Morphology, epidemiology, prognosis, treatment and genetics. Acta Vet. Scand. 2017, 59, 71. [CrossRef] [PubMed]

22. Leonardi, L.; Scotlandi, K.; Pettinari, I.; Benassi, M.; Porcellato, I.; Pazzaglia, L. MiRNAs in canine and human osteosarcoma: A
highlight review on comparative biomolecular aspects. Cells 2021, 10, 428. [CrossRef] [PubMed]

23. Walter, I.; Burger, S.; Stargardt, M.; Kummer, S.; Wieser, M. VetBiobank, vetmeduni Vienna: A bioresource for clinical animal
biospecimens. Open J. Bioresour. 2020, 7, 9. [CrossRef]

24. Slayter, M.V.; Boosinger, T.R.; Pool, R.R.; Dammrich, K.; Misdorp, W.; Larsen, S. Histological Classification of Bone and Joint Tumors
of Domestic Animals; Armed Forces Institute of Pathology, American Registry of Pathology and World Health Organization
Collaborating Center for Worldwide Reference on Comparative Oncology: Washington, DC, USA, 1994.

25. Loukopoulos, P.; Robinson, W. Clinicopathological relevance of tumour grading in canine osteosarcoma. J. Comp. Pathol. 2007,
136, 65–73. [CrossRef]

26. Leitner, N.; Hlavatý, J.; Ertl, R.; Gabner, S.; Fuchs-Baumgartinger, A.; Walter, I. Lipid droplets and perilipins in canine osteosarcoma.
Investigations on tumor tissue, 2D and 3D cell culture models. Veter-Res. Commun. 2022, 46, 1175–1193. [CrossRef]

27. Vojdani, A.; Choppa, P.; Tagle, C.; Andrin, R.; Samimi, B.; Lapp, C. Detection of mycoplasmagenus and mycoplasma fermentansby
PCR in patients with chronic fatigue syndrome. FEMS Immunol. Med. Microbiol. 1998, 22, 355–365. [CrossRef]

28. Lin, L.-C.; Elkashty, O.; Ramamoorthi, M.; Trinh, N.; Liu, Y.; Sunavala-Dossabhoy, G.; Pranzatelli, T.; Michael, D.G.; Chivasso, C.;
Perret, J.; et al. Cross-contamination of the human salivary gland HSG cell line with HeLa cells: A STR analysis study. Oral Dis.
2018, 24, 1477–1483. [CrossRef]

29. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef]

30. Justus, C.R.; Leffler, N.; Ruiz-Echevarria, M.; Yang, L.V. In vitro cell migration and invasion assays. J. Vis. Exp. 2014, 88, e51046.
[CrossRef]

31. Islam, S.; Flaherty, P. Corning Assay Methods. Protocol Cell Invasion Assay. Available online: https://www.corning.com/
catalog/cls/documents/protocols/protocol_DL_031_Cell_Invasion_Assay.pdf.2012--2018CorningIncorporated6/18CLS-DL-
CC-031REV (accessed on 27 July 2022).

32. Romeis, B. Mikroskopische Technik. 17. Aufl; Böck, P., Ed.; Urban and Schwarzenberg: Munich, Germany, 1989.
33. Mulisch, M.; Welsch, U. (Eds.) Romeis-Mikroskopische Technik, 18th ed.; Springer Spektrum; Springer: Berlin/Heidelberg, Germany,

2010.
34. Gabriel, C.; Becher-Deichsel, A.; Hlavaty, J.; Mair, G.; Walter, I. The physiological expression of scavenger receptor SR-B1 in canine

endometrial and placental epithelial cells and its potential involvement in pathogenesis of pyometra. Theriogenology 2016, 85,
1599–1609.e2. [CrossRef]

35. Leitner, N.; Hlavaty, J.; Heider, S.; Ertl, R.; Gabriel, C.; Walter, I. Lipid droplet dynamics in healthy and pyometra-affected canine
endometrium. BMC Veter-Res. 2022, 18, 221. [CrossRef]

36. Saxena, S.; Shrivastava, S.; Arora, R.; Jena, S.C.; Vasu, R.K.; Srivastava, S.; Hussain, S.; Kumar, M.; Sharma, P.; Kumar, N.; et al.
Development of real-time pcr assays for detecting matrix metalloproteinases-2 & 9 over-expression in canine mammary tumours.
Adv. Anim. Veter-Sci. 2016, 4, 342–345. [CrossRef]

37. Xie, F.; Xiao, P.; Chen, D.; Xu, L.; Zhang, B. miRDeepFinder: A miRNA analysis tool for deep sequencing of plant small RNAs.
Plant Mol. Biol. 2012, 80, 75–84. [CrossRef]

38. Silver, N.; Best, S.; Jiang, J.; Thein, S.L. Selection of housekeeping genes for gene expression studies in human reticulocytes using
real-time PCR. BMC Mol. Biol. 2006, 7, 33. [CrossRef]

39. Kozomara, A.; Birgaoanu, M.; Griffiths-Jones, S. miRBase: From microRNA sequences to function. Nucleic Acids Res. 2019, 47,
D155–D162. [CrossRef] [PubMed]

40. Busk, P.K. A tool for design of primers for microRNA-specific quantitative RT-qPCR. BMC Bioinform. 2014, 15, 29. [CrossRef]
[PubMed]

41. Riester, S.M.; Torres-Mora, J.; Dudakovic, A.; Camilleri, E.T.; Wang, W.; Xu, F.; Thaler, R.R.; Evans, J.M.; Zwartbol, R.; Bruijn,
I.H.B.-D.; et al. Hypoxia-related microRNA-210 is a diagnostic marker for discriminating osteoblastoma and osteosarcoma. J.
Orthop. Res. 2016, 35, 1137–1146. [CrossRef] [PubMed]

42. Gebhard, C.; Gabriel, C.; Walter, I. Morphological and immunohistochemical characterization of canine osteosarcoma spheroid
cell cultures. Anat. Histol. Embryol. 2015, 45, 219–230. [CrossRef]

43. Rickel, K.; Fang, F.; Tao, J. Molecular genetics of osteosarcoma. Bone 2017, 102, 69–79. [CrossRef]
44. Tuohy, J.L.; Shaevitz, M.H.; Garrett, L.D.; Ruple, A.; Selmic, L.E. Demographic characteristics, site and phylogenetic distribution

of dogs with appendicular osteosarcoma: 744 dogs (2000–2015). PLoS ONE 2019, 14, e0223243. [CrossRef]
45. Ayers, J.; Milner, R.J.; Cortés-Hinojosa, G.; Riva, A.; Bechtel, S.; Sahay, B.; Cascio, M.; Lejeune, A.; Shiomitsu, K.; Souza, C.;

et al. Novel application of single-cell next-generation sequencing for determination of intratumoral heterogeneity of canine
osteosarcoma cell lines. J. Veter-Diagn. Investig. 2021, 33, 261–278. [CrossRef]

46. Maeda, J.; Yurkon, C.R.; Fujisawa, H.; Kaneko, M.; Genet, S.C.; Roybal, E.J.; Rota, G.W.; Saffer, E.R.; Rose, B.J.; Hanneman, W.H.;
et al. Genomic instability and telomere fusion of canine osteosarcoma cells. PLoS ONE 2012, 7, e43355. [CrossRef] [PubMed]

http://doi.org/10.1093/ilar/ilu009
http://www.ncbi.nlm.nih.gov/pubmed/24936031
http://doi.org/10.1186/s13028-017-0341-9
http://www.ncbi.nlm.nih.gov/pubmed/29065898
http://doi.org/10.3390/cells10020428
http://www.ncbi.nlm.nih.gov/pubmed/33670554
http://doi.org/10.5334/ojb.60
http://doi.org/10.1016/j.jcpa.2006.11.005
http://doi.org/10.1007/s11259-022-09975-8
http://doi.org/10.1111/j.1574-695X.1998.tb01226.x
http://doi.org/10.1111/odi.12920
http://doi.org/10.1038/nmeth.2019
http://doi.org/10.3791/51046
https://www.corning.com/catalog/cls/documents/protocols/protocol_DL_031_Cell_Invasion_Assay.pdf.2012--2018CorningIncorporated6/18CLS-DL-CC-031REV
https://www.corning.com/catalog/cls/documents/protocols/protocol_DL_031_Cell_Invasion_Assay.pdf.2012--2018CorningIncorporated6/18CLS-DL-CC-031REV
https://www.corning.com/catalog/cls/documents/protocols/protocol_DL_031_Cell_Invasion_Assay.pdf.2012--2018CorningIncorporated6/18CLS-DL-CC-031REV
http://doi.org/10.1016/j.theriogenology.2016.01.021
http://doi.org/10.1186/s12917-022-03321-5
http://doi.org/10.14737/journal.aavs/2016/4.7.342.345
http://doi.org/10.1007/s11103-012-9885-2
http://doi.org/10.1186/1471-2199-7-33
http://doi.org/10.1093/nar/gky1141
http://www.ncbi.nlm.nih.gov/pubmed/30423142
http://doi.org/10.1186/1471-2105-15-29
http://www.ncbi.nlm.nih.gov/pubmed/24472427
http://doi.org/10.1002/jor.23344
http://www.ncbi.nlm.nih.gov/pubmed/27324965
http://doi.org/10.1111/ahe.12190
http://doi.org/10.1016/j.bone.2016.10.017
http://doi.org/10.1371/journal.pone.0223243
http://doi.org/10.1177/1040638720985242
http://doi.org/10.1371/journal.pone.0043355
http://www.ncbi.nlm.nih.gov/pubmed/22916246


Cells 2023, 12, 1026 20 of 22

47. Masters, J.R.; Thomson, J.A.; Daly-Burns, B.; Reid, Y.A.; Dirks, W.G.; Packer, P.; Toji, L.H.; Ohno, T.; Tanabe, H.; Arlett, C.F.; et al.
Short tandem repeat profiling provides an international reference standard for human cell lines. Proc. Natl. Acad. Sci. USA 2001,
98, 8012–8017. [CrossRef]

48. Parson, W.; Kirchebner, R.; Mühlmann, R.; Renner, K.; Kofler, A.; Schmidt, S.; Kofler, R. Cancer cell line identification by short
tandem repeat profiling: Power and limitations. FASEB J. 2004, 19, 1–18. [CrossRef] [PubMed]

49. Hamburger, A.W.; Salmon, S.E.; Kim, M.B.; Trent, J.M.; Soehnlen, B.J.; Alberts, D.S.; Schmidt, H.J. Direct cloning of human ovarian
carcinoma cells in agar. Cancer Res. 1978, 38, 3438–3444.

50. Legare, M.E.; Bush, J.; Ashley, A.K.; Kato, T.; Hanneman, W.H. Cellular and phenotypic characterization of canine osteosarcoma
cell lines. J. Cancer 2011, 2, 262–270. [CrossRef]

51. Aapro, M.S.; Eliason, J.F.; Krauer, F.; Alberto, P. Colony formation in vitro as a prognostic indicator for primary breast cancer. J.
Clin. Oncol. 1987, 5, 890–896. [CrossRef]

52. Page, R.H.; Tilchen, E.J.; Davis, H.L. Effects of tumor cell viability and inoculation density on growth parameters in the human
tumor, soft-agar clonogenic assay. Cancer Res. 1988, 48, 3944–3948.

53. Devarajan, E.; Song, Y.-H.; Krishnappa, S.; Alt, E. Epithelial-mesenchymal transition in breast cancer lines is mediated through
PDGF-D released by tissue-resident stem cells. Int. J. Cancer 2011, 131, 1023–1031. [CrossRef] [PubMed]

54. Fenger, J.M.; Roberts, R.D.; Iwenofu, O.H.; Bear, M.D.; Zhang, X.; Couto, J.I.; Modiano, J.F.; Kisseberth, W.C.; London, C.A. MiR-9
is overexpressed in spontaneous canine osteosarcoma and promotes a metastatic phenotype including invasion and migration in
osteoblasts and osteosarcoma cell lines. BMC Cancer 2016, 16, 784. [CrossRef] [PubMed]

55. Lopez, C.M.; Yu, P.Y.; Zhang, X.; Yilmaz, A.S.; London, C.A.; Fenger, J.M. MiR-34a regulates the invasive capacity of canine
osteosarcoma cell lines. PLoS ONE 2018, 13, e0190086. [CrossRef] [PubMed]

56. Riggs, J.L.; McAllister, R.M.; Lennette, E.H. Immunofluorescent Studies of RD-114 Virus Replication in Cell Culture. J. Gen. Virol.
1974, 25, 21–29. [CrossRef] [PubMed]

57. Modesto, P.; Fernandez, J.; Martini, I.; Zoccola, R.; Pugliano, M.; Ciucis, C.; Goria, M.; Ferrari, A.; Razzuoli, E. Characterization of
D-17 canine osteosarcoma cell line and evaluation of its ability to response to infective stressor used as alternative anticancer
therapy. Animals 2020, 10, 1981. [CrossRef]

58. Liu, Y.; Feng, X.; Zhang, Y.; Jiang, H.; Cai, X.; Yan, X.; Huang, Z.; Mo, F.; Yang, W.; Yang, C.; et al. Establishment and
characterization of a novel osteosarcoma cell line: CHOS. J. Orthop. Res. 2016, 34, 2116–2125. [CrossRef]

59. Barger, A.; Graca, R.; Bailey, K.; Messick, J.; de Lorimier, L.-P.; Fan, T.; Hoffmann, W. Use of alkaline phosphatase staining to
differentiate canine osteosarcoma from other vimentin-positive tumors. Veter-Pathol. 2005, 42, 161–165. [CrossRef]

60. Borrero, L.J.H.; El-Deiry, W.S. Tumor suppressor p53: Biology, signaling pathways, and therapeutic targeting. Biochim. Biophys.
Acta (BBA)-Rev. Cancer 2021, 1876, 188556. [CrossRef]

61. Muller, P.A.J.; Vousden, K.H. p53 mutations in cancer. Nat. Cell Biol. 2013, 15, 2–8. [CrossRef] [PubMed]
62. Kirpensteijn, J.; Kik, M.; Teske, E.; Rutteman, G.R. TP53 gene mutations in canine osteosarcoma. Veter-Surg. 2008, 37, 454–460.

[CrossRef] [PubMed]
63. Russell, D.S.; Jaworski, L.; Kisseberth, W.C. Immunohistochemical detection of p53, PTEN, Rb, and p16 in canine osteosarcoma

using tissue microarray. J. Veter-Diagn. Investig. 2018, 30, 504–509. [CrossRef]
64. Maltzman, W.; Czyzyk, L. UV irradiation stimulates levels of p53 cellular tumor antigen in nontransformed mouse cells. Mol.

Cell. Biol. 1984, 4, 1689–1694. [CrossRef]
65. Maki, C.G.; Howley, P.M. Ubiquitination of p53 and p21 is differentially affected by ionizing and UV radiation. Mol. Cell. Biol.

1997, 17, 355–363. [CrossRef]
66. Gola, C.; Giannuzzi, D.; Rinaldi, A.; Iussich, S.; Modesto, P.; Morello, E.; Buracco, P.; Aresu, L.; De Maria, R. Genomic and

transcriptomic characterization of canine osteosarcoma cell lines: A valuable resource in translational medicine. Front. Veter-Sci.
2021, 8, 666838. [CrossRef] [PubMed]

67. Piaskowski, S.; Zawlik, I.; Szybka, M.; Kulczycka-Wojdala, D.; Stoczynska-Fidelus, E.; Bienkowski, M.; Robak, T.; Kusinska, R.;
Jesionek-Kupnicka, D.; Kordek, R.; et al. Detection of P53 mutations in different cancer types is improved by cDNA sequencing.
Oncol. Lett. 2010, 1, 717–721. [CrossRef] [PubMed]

68. Camplejohn, R.; Rutherford, J. p53 functional assays: Detecting p53 mutations in both the germline and in sporadic tumours. Cell
Prolif. 2001, 34, 1–14. [CrossRef] [PubMed]

69. Han, Y.; Wang, X. The emerging roles of KPNA2 in cancer. Life Sci. 2020, 241, 117140. [CrossRef]
70. Jiang, L.; Liu, J.; Wei, Q.; Wang, Y. KPNA2 expression is a potential marker for differential diagnosis between osteosarcomas and

other malignant bone tumor mimics. Diagn. Pathol. 2020, 15, 135. [CrossRef]
71. Thanindratarn, P.; Dean, D.C.; Nelson, S.D.; Hornicek, F.J.; Duan, Z. Advances in immune checkpoint inhibitors for bone sarcoma

therapy. J. Bone Oncol. 2019, 15, 100221. [CrossRef]
72. Chen, C.; Xie, L.; Ren, T.; Huang, Y.; Xu, J.; Guo, W. Immunotherapy for osteosarcoma: Fundamental mechanism, rationale, and

recent breakthroughs. Cancer Lett. 2020, 500, 1–10. [CrossRef]
73. Lu, Y.; Zhang, J.; Chen, Y.; Kang, Y.; Liao, Z.; He, Y.; Zhang, C. Novel immunotherapies for osteosarcoma. Front. Oncol. 2022, 12,

830546. [CrossRef]

http://doi.org/10.1073/pnas.121616198
http://doi.org/10.1096/fj.04-3062fje
http://www.ncbi.nlm.nih.gov/pubmed/15637111
http://doi.org/10.7150/jca.2.262
http://doi.org/10.1200/JCO.1987.5.6.890
http://doi.org/10.1002/ijc.26493
http://www.ncbi.nlm.nih.gov/pubmed/22038895
http://doi.org/10.1186/s12885-016-2837-5
http://www.ncbi.nlm.nih.gov/pubmed/27724924
http://doi.org/10.1371/journal.pone.0190086
http://www.ncbi.nlm.nih.gov/pubmed/29293555
http://doi.org/10.1099/0022-1317-25-1-21
http://www.ncbi.nlm.nih.gov/pubmed/4372315
http://doi.org/10.3390/ani10111981
http://doi.org/10.1002/jor.23245
http://doi.org/10.1354/vp.42-2-161
http://doi.org/10.1016/j.bbcan.2021.188556
http://doi.org/10.1038/ncb2641
http://www.ncbi.nlm.nih.gov/pubmed/23263379
http://doi.org/10.1111/j.1532-950X.2008.00407.x
http://www.ncbi.nlm.nih.gov/pubmed/18986312
http://doi.org/10.1177/1040638718770239
http://doi.org/10.1128/mcb.4.9.1689-1694.1984
http://doi.org/10.1128/MCB.17.1.355
http://doi.org/10.3389/fvets.2021.666838
http://www.ncbi.nlm.nih.gov/pubmed/34079834
http://doi.org/10.3892/ol_00000125
http://www.ncbi.nlm.nih.gov/pubmed/22966368
http://doi.org/10.1046/j.1365-2184.2001.00193.x
http://www.ncbi.nlm.nih.gov/pubmed/11284915
http://doi.org/10.1016/j.lfs.2019.117140
http://doi.org/10.1186/s13000-020-01051-6
http://doi.org/10.1016/j.jbo.2019.100221
http://doi.org/10.1016/j.canlet.2020.12.024
http://doi.org/10.3389/fonc.2022.830546


Cells 2023, 12, 1026 21 of 22

74. Cascio, M.J.; Whitley, E.M.; Sahay, B.; Cortes-Hinojosa, G.; Chang, L.-J.; Cowart, J.; Salute, M.; Sayour, E.; Dark, M.; Sandoval, Z.;
et al. Canine osteosarcoma checkpoint expression correlates with metastasis and T-cell infiltrate. Vet. Immunol. Immunopathol.
2021, 232, 110169. [CrossRef]

75. McEachron, T.A.; Triche, T.J.; Sorenson, L.; Parham, D.M.; Carpten, J.D. Profiling targetable immune checkpoints in osteosarcoma.
Oncoimmunology 2018, 7, e1475873. [CrossRef] [PubMed]

76. MacEwen, E.G.; Kutzke, J.; Carew, J.; Pastor, J.; Schmidt, J.A.; Tsan, R.; Thamm, D.H.; Radinsky, R. C-Met tyrosine kinase receptor
expression and function in human and canine osteosarcoma cells. Clin. Exp. Metastasis 2003, 20, 421–430. [CrossRef] [PubMed]

77. Flint, A.F.; U’Ren, L.; Legare, M.E.; Withrow, S.J.; Dernell, W.; Hanneman, W.H. Overexpression of the erbB-2 Proto-oncogene in
Canine Osteosarcoma Cell Lines and Tumors. Veter-Pathol. 2004, 41, 291–296. [CrossRef] [PubMed]

78. Hassan, S.E.; Ba, M.B.; Kim, M.Y.; Lin, J.; Bs, S.P.; Gorlick, R.; Geller, D.S. Cell surface receptor expression patterns in osteosarcoma.
Cancer 2011, 118, 740–749. [CrossRef] [PubMed]

79. Gorlick, S.; Barkauskas, D.A.; Krailo, M.; Piperdi, S.; Sowers, R.; Gill, J.; Geller, D.; Randall, R.L.; Janeway, K.; Schwartz, C.; et al.
HER-2 expression is not prognostic in osteosarcoma; a children’s oncology group prospective biology study. Pediatr. Blood Cancer
2014, 61, 1558–1564. [CrossRef]

80. Liu, Y.; Ma, Y.-H.; Sun, Z.-Z.; Rui, Y.-J.; Yin, Q.-D.; Song, S.; Wei, X.-M.; Liu, J.; Liu, X.-G.; Hu, K.-J. Effect of c-erbB2 overexpression
on prognosis in osteosarcoma: Evidence from eight studies. Tumor Biol. 2014, 35, 8939–8943. [CrossRef]

81. Fieten, H.; Spee, B.; Ijzer, J.; Kik, M.J.; Penning, L.C.; Kirpensteijn, J. Expression of hepatocyte growth factor and the proto-
oncogenic receptor c-met in canine osteosarcoma. Veter-Pathol. 2009, 46, 869–877. [CrossRef]

82. De Maria, R.; Miretti, S.; Iussich, S.; Olivero, M.; Morello, E.; Bertotti, A.; Christensen, J.G.; Biolatti, B.; Levine, R.A.; Buracco, P.;
et al. Metoncogene activation qualifies spontaneous canine osteosarcoma as a suitable pre-clinical model of human osteosarcoma.
J. Pathol. 2009, 218, 399–408. [CrossRef]

83. de Almeida, L.G.; Thode, H.; Eslambolchi, Y.; Chopra, S.; Young, D.; Gill, S.; Devel, L.; Dufour, A. Matrix metalloproteinases:
From molecular mechanisms to physiology, pathophysiology, and pharmacology. Pharmacol. Rev. 2022, 74, 714–770. [CrossRef]

84. Siddhartha, R.; Garg, M. Molecular and clinical insights of matrix metalloproteinases into cancer spread and potential therapeutic
interventions. Tox Appl. Pharm. 2021, 426, 115593. [CrossRef]

85. Niland, S.; Riscanevo, A.X.; Eble, J.A. matrix metalloproteinases shape the tumor microenvironment in cancer progression. Int. J.
Mol. Sci. 2021, 23, 146. [CrossRef]

86. Loukopoulos, P.; Mungall, B.; Straw, R.C.; Thornton, J.R.; Robinson, W.F. Matrix metalloproteinase-2 and -9 Involvement in
Canine Tumors. Veter-Pathol. 2003, 40, 382–394. [CrossRef]

87. Cui, N.; Hu, M.; Khalil, R.A. Biochemical and biological attributes of matrix metalloproteinases. Prog. Mol. Biol. Transl. Sci. 2017,
147, 1–73. [CrossRef] [PubMed]

88. Farzaneh, M.; Najafi, S.; Anbiyaee, O.; Azizidoost, S.; Khoshnam, S.E. LncRNA MALAT1-related signaling pathways in
osteosarcoma. Clin. Transl. Oncol. 2022, 25, 21–32. [CrossRef] [PubMed]

89. Sun, Z.; Zhang, T.; Chen, B. Long non-coding RNA metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) promotes
proliferation and metastasis of osteosarcoma cells by targeting c-Met and SOX4 via miR-34a/c-5p and miR-449a/b. Med. Sci.
Monit. Int. Med. J. Exp. Clin. Res. 2019, 25, 1410–1422. [CrossRef]

90. Zhang, J.; Piao, C.-D.; Ding, J.; Li, Z.-W. LncRNA MALAT1 facilitates lung metastasis of osteosarcomas through miR-202 sponging.
Sci. Rep. 2020, 10, 12757. [CrossRef]

91. Liu, J.; Shang, G. The roles of noncoding RNAs in the development of osteosarcoma stem cells and potential therapeutic targets.
Front. Cell Dev. Biol. 2022, 10, 773038. [CrossRef]

92. Song, X.J.; Bi, M.C.; Zhu, Q.S.; Liu, X.L. The emerging role of lncRNAs in the regulation of osteosarcoma stem cells. Eur. Rev. Med.
Pharmacol. Sci. 2022, 26, 966–974. [CrossRef]

93. Liu, C.; Han, X.; Li, B.; Huang, S.; Zhou, Z.; Wang, Z.; Wang, W. MALAT-1 is associated with the doxorubicin resistance in U-2OS
osteosarcoma cells. Cancer Manag. Res. 2021, 13, 6879–6889. [CrossRef]

94. Li, F.; Li, X.; Qiao, L.; Liu, W.; Xu, C.; Wang, X. MALAT1 regulates miR-34a expression in melanoma cells. Cell Death Dis. 2019, 10,
389. [CrossRef] [PubMed]

95. Kawano, M.; Tanaka, K.; Itonaga, I.; Ikeda, S.; Iwasaki, T.; Tsumura, H. microRNA-93 promotes cell proliferation via targeting of
PTEN in Osteosarcoma cells. J. Exp. Clin. Cancer Res. 2015, 34, 76. [CrossRef]

96. Zhang, H.; Zhang, J.; Meng, F.; Zhu, H.; Yan, H.; Guo, Y.; Zhang, S. MicroRNA-93 promotes the tumorigenesis of osteosarcoma by
targeting TIMP2. Biosci. Rep. 2019, 39, BSR20191237. [CrossRef] [PubMed]

97. Pinto, B.; Henriques, A.C.; Silva, P.M.A.; Bousbaa, H. Three-dimensional spheroids as in vitro preclinical models for cancer
research. Pharmaceutics 2020, 12, 1186. [CrossRef]

98. El Atat, O.; Farzaneh, Z.; Pourhamzeh, M.; Taki, F.; Abi-Habib, R.; Vosough, M.; El-Sibai, M. 3D modeling in cancer studies. Hum.
Cell 2022, 35, 23–36. [CrossRef] [PubMed]

99. Langhans, S.A. Three-dimensional in vitro cell culture models in drug discovery and drug repositioning. Front. Pharmacol. 2018,
9, 6. [CrossRef] [PubMed]

100. Nunes, A.S.; Barros, A.S.; Costa, E.C.; Moreira, A.F.; Correia, I.J. 3D tumor spheroids as in vitro models to mimic in vivo human
solid tumors resistance to therapeutic drugs. Biotechnol. Bioeng. 2018, 116, 206–226. [CrossRef]

http://doi.org/10.1016/j.vetimm.2020.110169
http://doi.org/10.1080/2162402X.2018.1475873
http://www.ncbi.nlm.nih.gov/pubmed/30524885
http://doi.org/10.1023/A:1025404603315
http://www.ncbi.nlm.nih.gov/pubmed/14524531
http://doi.org/10.1354/vp.41-3-291
http://www.ncbi.nlm.nih.gov/pubmed/15133183
http://doi.org/10.1002/cncr.26339
http://www.ncbi.nlm.nih.gov/pubmed/21751203
http://doi.org/10.1002/pbc.25074
http://doi.org/10.1007/s13277-014-2165-9
http://doi.org/10.1354/vp.08-VP-0155-F-FL
http://doi.org/10.1002/path.2549
http://doi.org/10.1124/pharmrev.121.000349
http://doi.org/10.1016/j.taap.2021.115593
http://doi.org/10.3390/ijms23010146
http://doi.org/10.1354/vp.40-4-382
http://doi.org/10.1016/bs.pmbts.2017.02.005
http://www.ncbi.nlm.nih.gov/pubmed/28413025
http://doi.org/10.1007/s12094-022-02876-x
http://www.ncbi.nlm.nih.gov/pubmed/35790599
http://doi.org/10.12659/MSM.912703
http://doi.org/10.1038/s41598-020-69574-y
http://doi.org/10.3389/fcell.2022.773038
http://doi.org/10.26355/eurrev_202202_28006
http://doi.org/10.2147/CMAR.S304922
http://doi.org/10.1038/s41419-019-1620-3
http://www.ncbi.nlm.nih.gov/pubmed/31101802
http://doi.org/10.1186/s13046-015-0192-z
http://doi.org/10.1042/BSR20191237
http://www.ncbi.nlm.nih.gov/pubmed/31383784
http://doi.org/10.3390/pharmaceutics12121186
http://doi.org/10.1007/s13577-021-00642-9
http://www.ncbi.nlm.nih.gov/pubmed/34761350
http://doi.org/10.3389/fphar.2018.00006
http://www.ncbi.nlm.nih.gov/pubmed/29410625
http://doi.org/10.1002/bit.26845


Cells 2023, 12, 1026 22 of 22

101. Wang, H.; Brown, P.C.; Chow, E.C.; Ewart, L.; Ferguson, S.S.; Fitzpatrick, S.; Freedman, B.S.; Guo, G.L.; Hedrich, W.; Heyward, S.;
et al. 3D cell culture models: Drug pharmacokinetics, safety assessment, and regulatory consideration. Clin. Transl. Sci. 2021, 14,
1659–1680. [CrossRef]

102. Thanindratarn, P.; Li, X.; Dean, D.C.; Nelson, S.D.; Hornicek, F.J.; Duan, Z. Establishment and Characterization of a Recurrent
Osteosarcoma Cell Line: OSA 1777. J. Orthop. Res. 2019, 38, 902–910. [CrossRef]

103. Lin, R.-Z.; Chang, H.-Y. Recent advances in three-dimensional multicellular spheroid culture for biomedical research. Biotechnol. J.
2008, 3, 1172–1184. [CrossRef]

104. Thompson, K.G.; Dittmer, K.E. Tumors of Bone. In Tumors in Domestic Animals, 5th ed.; Meuten, D.J., Ed.; Wiley: New York, NY,
USA, 2017; p. 6.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1111/cts.13066
http://doi.org/10.1002/jor.24528
http://doi.org/10.1002/biot.200700228

	Isolation and Characterization of Novel Canine OsteosarcomaCell Lines from Chemotherapy-Naïve Patients
	Abstract
	Introduction 
	Materials and Method 
	Clinical Material, Cell Isolation and Cultivation 
	Cell Line Authentication (STR Analysis) 
	Growth Kinetic Analysis 
	Soft Agar Colony Formation Assay 
	Wound Closure Assay (Scratch Assay) 
	Cell Culture Insert Migration and Invasion Assay 
	Spheroid Formation Assay 
	Histochemical and Immunohistochemical Analyses 
	Reverse Transcription Quantitative PCR Analysis 
	Statistical Analysis 

	Results 
	Cell Isolation and Morphology 
	Authentication of the Cell Lines 
	Growth Kinetic Analysis 
	Anchorage-Independent Growth in Soft Agar 
	Cell Migration and Invasion Analyses 
	Immunohistochemical Analyses on Cell Monolayers 
	Reverse Transcription Quantitative PCR Analysis 
	Spheroid Formation 
	Histochemical Analyses of 3D Spheroids 

	Discussion 
	Supplementary Materials
	Author Contributions
	Funding
	Informed Consent Statement
	Data Availability Statement
	Acknowledgments
	Conflicts of Int
	References

