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Abstract: Osteosarcoma (OS) is the most frequent primary malignant tumor of bone in humans
and animals. Comparative oncology is a field of study that examines the cancer risk and tumor
progression across the species. The canine model is ideally suited for translational cancer research.
The biological and clinical characteristics of human and canine OS are common to hypothesize as that
several living and environmental common conditions shared between the two species can influence
some etiopathogenetic mechanisms, for which the canine species represents an important model of
comparison with the human species. In the canine and human species, osteosarcoma is the tumor of
bone with the highest frequency, with a value of about 80-85% (in respect to all other bone tumors),
a high degree of invasiveness, and a high rate of metastasis and malignancy. Humans and dogs have
many genetic and biomolecular similarities such as alterations in the expression of p53 and in some
types of microRNAs that our working group has already described previously in several separate
works. In this paper, we report and collect new comparative biomolecular features of osteosarcoma
in dogs and humans, which may represent an innovative update on the biomolecular profile of
this tumor.
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1. Introduction

MicroRNAs (miRNAs) are highly conserved non-coding RNAs of ~22 oligonucleotides
that exert a primary modulatory role on gene expression and can regulate more than 60%
of the genome post-transcriptionally. They have been characterized in 61 tissues [1] and
their presence has been discovered in 12 human body fluids [2]. The first descriptions of
the roles played by microRNAs date back to the 1980s when they were identified by Chalfie
in 1981, and, over the years, the numerous studies applied to oncology have shown how
their deregulation can play a significant role in the etiopathogenetic mechanisms of some
of the most common forms of cancers, both in humans and animals. The comparison of
the expression of microRNAs among neoplastic and normal cells has further established
their role in the oncogenesis of many tumors by means of interaction and promotion
mechanisms on target genes [3]. Moreover, the miRNAs alterations often correlate with a
more aggressive tumor biological behavior, making these molecules potential prognostic
and therapeutic targets [4].

Comparative oncology is a field of study that assesses the cancer risk and tumor
progression across species. The canine model is ideally suited for translational cancer
research. Some histological and clinical characteristics of numerous canine tumors are
strongly similar to those of the corresponding tumors in humans. The common dog’s
lifestyle practices, in an environment totally shared with the human species and where the
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development of spontaneous tumors can be just as common, places the dog in a unique
position that can allow for a better understanding of the development and progression of
cancer than traditional models of laboratory animals [5].

Canine sarcomas represent an excellent comparative model to those of the human
species for a series of reasons, including biological similarities between the two species
that arise spontaneously, and also that they have in common many external risk factors
and lifestyles.

2. Osteosarcoma

Osteosarcoma (OS) is a high-grade malignant tumor of bone composed of mesenchy-
mal cells (malignant osteoblasts) that is able to produce an immature woven bone and
osteoid matrix. Primary osteosarcoma of a bone arises in the mesenchymal tissue that
forms the cortical bone or is present in the medullary cavity of any bones. Conventional
OS is divided into different subtypes according to the characteristics of the tumor and the
predominant histological differentiation (osteoblastic, fibroblastic, chondroblastic, small
cell, high-grade telangiectatic, and extra skeletal surface).

Some of the comparative age-related biological characteristics of OS between humans
and animals, especially in dogs, are interesting. In humans, two peaks of occurrence
are described. The largest peak occurs in young patients between 10 and 20 years old.
The second group consists of osteosarcoma arising in Northern Europeans secondarily to
predisposing diseases such as Paget’s disease of bone, or Li-Fraumeni syndrome. In dogs,
the age range for diagnosis of osteosarcoma in epidemiological studies is reported to
be from 3 months to very old large-breed dogs, with most of the diagnoses regarding
adult animals. In humans, osteosarcoma occurs much more frequently in very young and
adolescent subjects, with variable secondary frequency peaks in adults over 65 years of
age. In humans, the tumor is mainly localized to the long bones such as the distal femur,
the proximal tibia, and the humerus [6]. In the canine species, the different forms of OS
predominantly affect large-breed dogs, with localization of the tumor in the appendicular
skeleton. The etiology of this tumor is still unknown, although several etiopathogenetic
hypotheses have been formulated, including the deletion of TP53 and Rb, which can
cause osteosarcomatous transformation of osteoblasts [7]. No comparable predisposing
genetic factors have currently been recognized as tumor-promoting factors in dogs or
other domestic animals. In veterinary medicine, osteosarcomas are essentially classified in
three categories on the basis of the primary localization of the tumor: central, parosteal,
and periosteal, where diagnostic features are characterized by production of osteoid and
tumor bone and embedded malignant osteogenic cells. In canine and feline osteosarcomas,
central osteosarcomas have the highest degree of malignancy with a frequent and fast
metastasizing process to the lungs. The genetic susceptibility in human OS is associated
with heritable cancer syndromes. The most frequent cases of diseased or predisposed bone
are represented in veterinary medicine by trauma, orthopedic implants (foreign bodies),
specific genetic abnormalities, chemotherapy, and radiotherapy. There are still very few
data available on the etiopathogenesis and the biomolecular and genetic characteristics,
such as predisposing and causal factors determining canine osteosarcoma.

The frequency of chromotripsis (a mutational process by which up to thousands of
chromosomal rearrangements occur grouped into a single event in localized genomic
regions confined to one or a few chromosomes) in OS is high, with a frequency value
of approximately 77% [8]. This anomaly in OS generates amplification of genes such as
CDK4, MDM2, COPS3, RICTOR, and TERT gains, or disruption of driver oncogenes (TP53,
NF) [8].

Treatment of OS in both humans and dogs requires a multidisciplinary approach in-
volving the combined action of surgery with preoperative and postoperative chemotherapy
using cytotoxic factors (cisplatin, doxorubicin, high-dose methotrexate/ifosfamide) [9].
Therapeutic advances with neoadjuvant and adjuvant chemotherapy have led to improved
overall survival rates in OS patients with non-metastatic disease at diagnosis by up to
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70%, but for metastatic patients at diagnosis and with relapse survival rates, they are only
20% [9].

This working group has been working on biomolecular investigations to try to identify
in a comparative way some of these intimate aspects characterizing the pathogenesis of
osteosarcomatous diseases in humans and dogs. We have already demonstrated some hu-
man and canine OS similarities both in original studies and in unpublished investigations.
In this review, we will summarize and focus on the analyses of the variations in expression
of some miRNAs we tested and that are still under study.

3. MiRNA in Canine and Human Osteosarcoma: Comparative Features

Several studies have investigated the role of microRNAs in human OS by means of
miRNA expression profiles. Altered miRNA expression and a unique miRNA signature
have been identified and associated with the risk of metastasis and a specific response to
chemotherapy [10-14]. Since the discovery of miRNAs, few studies have dealt with the as-
sociation between deregulation of miRNAs and canine OS [15]. Nevertheless, these studies
and our own previous studies evaluating miRNA deregulation in naturally occurring ca-
nine cancer (such as spontaneous OS), demonstrate that, similarly to its human counterpart,
aberrant miRINA expression likely contributes to tumor biology and progression [16-19].

Thayanithy et al. postulate that multiple microRNAs present at the 14932 locus in
human OS, compared with normal bone tissue, result in downregulation, and that the
epigenetics modifications of this locus may contribute to the related alterations. The combi-
natorial treatment with DNA and chromatin-modifying drugs (such as 5-AzadC) may also
activate different miRNAs at the 14g32 locus and significantly modify the lower expression
of cell-cycle genes in treated Saos2 OS cell cultures [20]. Sarver A. et al. confirm—on a series
of human OS tissue and canine OS tissue and cell lines— 14g32 miRNA downregulation,
using miR-382 as a representative of 14q32 miRNAs in human OS and miR-134 and miR-
544 in canine OS. In particular, they show for both species an evident association between
14g32 miRNAs decreased expression level and poor outcome in OS patients. Those data
suggest that the dysregulation of the 14q32 miRNA cluster may represent a conserved
mechanism responsible also for the aggressive and invasive biological behavior of OS in
both humans and dogs [21].

MiR-196 is located in the regions of homeobox (HOX) clusters and could be involved
in the regulation of those genes (HOXCS8, HOXB8, HOXDS, and HOXA?7) by playing an
important role in cellular development [22]. Its overexpression was assessed in several
human cancers, in particular glioblastomas [23], hepatocellular carcinoma [24], and colon
cancer [25]. Yang et al. show a downregulation of miR-196 in OS cell lines and postulate that
this miR inhibits HOXA9 to promote proliferation and migration of human OS cells [26].
Pazzaglia et al. confirm a downregulation of miR-196a in OS of both species, describing
an increase of its target, Annexin 1, in tissues and cell lines. The effects of miR-196a
overexpression on tumor cell response may be strictly related to species and cell type.
The ectopic expression of miRNA-196a in cell lines seems to influence the significant
decrease in cell proliferation and also the increase in apoptotic phenomena, especially in
the human cell line 143B of OS. From our study, we identified a transient decrease in some
cell motility factors in the human OS 143B cell line and canine OS cell line (DAN), and a
more sustained decrease in the other human OS cell line (MG63) [27].

Fenger JM et al.in a series of canine OS cell lines and tissues, identified the miRNA
expression using the nanoString system of analysis observing 26 overexpressed miRNAs
in canine OS tumor samples compared with normal canine osteoblast cells, and about 44
others miRNAs that insetad were downregulated.

MiR-1, miR-9, miR-10b, miR-29a, miR-122, miR-126, miR-199b, miR-200c, and miR-451,
all mature miRNAs that share 100% sequence homology between dogs and humans, were
afterwards validated. These miR-9 expression levels were found to be significantly higher
in primary canine tumor samples when compared with normal canine osteoblasts [28].
Different studies assessed that miR-9 is downregulated in several human and canine
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cancers (esophageal, ovarian, colon, renal, gastric, etc.) [29-32], whereas other investigators
observed an overexpression of this miRNA in other forms of cancer such as biliary tract
cancer, breast cancer, brain tumor, and lung cancer [33-36].

Gao et al. show that inhibition of miR-9 decreases the OS cell proliferation by targeting
pl6; meanwhile, Zhu et al. evidence this role as oncogene-promoting proliferation by
targeting Grap2 and cyclin D interacting protein [37,38]

Over the last several years, the role of miR-9-5p in breast cancer, osteosarcoma, and
hepatocellular carcinoma has been evaluated, and its overexpression of miR-9-5p has shown
correlations with advanced tumor stages and poor prognosis [39,40]. A study about a large
series of OS specimens and corresponding non-cancerous bone tissues revealed a miR-9
expression increase, and this high expression is associated with the worst outcome [41].

Our group has previously shown that the overexpression of miR-9 in canine OS is
not secondary to non-neoplastic cells infiltrating the tumor microenvironment, but was
indeed produced by malignant osteoblasts. The importance of miR-9 in tumors seems to
be conformed also in canine mast cell tumors, where Fenger’s group has shown that miR-9
overexpression is associated with an aggressive, metastatic behavior in primary canine
mast cell tumors. These data suggest that the expression of miR-9 in malignant mast cells
may enhance their invasive capacity by inducing the expression of genes that promote
cellular invasion [28]. However, these data about canine OS indicate that, while enforced
miR-9 expression in normal canine osteoblasts and the OSA16 cell line enhanced cellular
invasion and migration, miR-9 had no impact on cellular proliferation or viability.

In our previous retrospective study on several human and canine OS specimens,
we demonstrate low levels of miR-1 and miR-133 b in OS samples when compared with
normal bone. These findings were also associated with positive immunostaining for MET
protein, characterized by strong nuclear expression in more than 50% of OS cells and with
the protein expression of MCL1 in 72% of examined tumors. These results, in association
with the higher expression of the target MET and MCL1 genes, suggest a similar pathway
involvement in osteosarcoma development in both human and canine species [42].

Among the various miRNAs considered in the etiopathogenetic and biological mecha-
nisms of progression of many tumors, the miR-34 family (miR34a, miR-34b, and miR-34c)
has been investigated for a long time, obtaining important results that suggest that mem-
bers of this family play an important role as tumor suppressors in a wide variety of human
spontaneous tumors [43]. It has now been established that these miRNAs can interfere
with the mRNA of various cellular proliferative and anti-apoptotic regulatory factors
by negatively controlling their expression, which can thus lead to cell cycle arrest, cell
senescence, and apoptosis [44]. It is now also clear that p53 trans activates the microRNAs
(miRNAs) of the 34 families. Several studies have shown a decrease in miR-34 expression
in human OS associated with an increase in several target genes known to be involved
in the mechanisms of tumorigenesis, such as MET, SIRT1, and CDK®6 [45,46]. Lopez et al.
demonstrated that miR-34a expression is significantly reduced in primary canine OSA
tissues and cell lines compared with normal canine osteoblasts. Stable overexpression of
miR-34a in canine OS cell lines also reduced the expression of angiogenic factors such as
VEGFA (Vascular Endothelial Growth Factor) with a concomitant consequent decrease in
cell invasion and migration [47]. Furthermore, lower expression of mi-34a in tumor and
plasma has also been associated with poor prognosis and chemo resistance, and, recently,
a new bioengineered tRNA /miR-34a prodrug demonstrated important antitumor activity
in a canine model of OS [4].

Some of our previous data show increased expression of miR-106b and miR.93-5p
in human OS, although OS p53wt cells responded to ectopic overexpression of miR-93-
5p more significantly, resulting in increased proliferation and tissue invasion compared
with cells lacking functional p53. Analysis of the miR-106b cluster (miR-106b, miR-93-
5p, and miR-25) in human and canine OS shows variable expression of these molecules.
No significant difference with corresponding normal bone was observed in miR-106b and
miR-25 expression, while miR-93-5p expression was increased in all OS samples, with
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higher expression levels in the canine subgroup compared with the human subgroup [48,49]
(Figure 1). Zhang et al. show that miR-93-5p, via p21, increases cell proliferation in some
forms of nasopharyngeal carcinoma, while inhibiting apoptosis in human hepatocellular
carcinoma [50]. In our study, after the downregulation of miR-93-5p in both subgroups,
p21 expression was increased at both the mRINA and protein levels and, in particular, the
introduction of the inhibitor miR-93-5p caused a cellular response in cultures of human OS
143B and canine OS DAN, which differed in the most intense functional impact in DAN.

DOG MAN

miR-1 ‘ ‘ Proliferation- Invasion
miR-133b ‘ ‘ Proliferation-Invasion
miR-196a ‘ ‘ Proliferation-Invasion
miR-34 ‘ ‘ Proliferation
(mi,_slf, ?n?,f_;;:;? ‘ ‘ Proliferation- Apoptosis

miR-134, miR-382)
miR-9 : m Invasion
miR-106b cluster ' E Proliferation

Figure 1. Different levels of expression of tested microRNAs in biological behavior of canine and
human osteosarcomas.

4. Circulating MiRNAs

Accumulating evidence indicates that circulating tumor non-coding RNAs are also
promising biomarkers for early diagnosis and prognosis in cancer. The miRNAs that are
secreted or that leak from cancer cells are either present in vesicles formed by the lipid
bilayer (extracellular vesicles) or form a complex with proteins and lipids and remain
present in the blood without being degraded by RNase.

In human OS, several circulating miRNA global profiling studies were performed, and
a deregulation in many of them was identified. The presence of OS was in fact associated
with increased levels of circulating miRNAs, including 14q32 miRNAs, miR-95-3p, miR-300,
miR-101, miR-542-3p, miR-196a, miR-196b, and miR-491, and with decreased levels of
miR-17, miR-497, miR-106a-5p, miR-16-5p, miR-20a-5p, miR-425-5p, miR-451a, miR-25-3p,
and miR-139-5p [51].

Several reports show an association between miR-214 and miR-126 with the patho-
genesis of human OS by increasing the tumor cell’s proliferation, survival, metastasis, and
chemo resistance [52]. An increase in these molecules was also seen in human and canine
OS [53]. In particular, the authors demonstrate higher levels of circulating miR-214 in
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dogs affected by OS when compared with other dogs affected by non-epithelial tumors.
Additionally, an in vivo study suggests an association between miR-214 and tumorigenesis
in OS. Moreover, the same group showed that levels of circulating miR-214 and miR-126
before treatment could predict time to metastasis after amputation and chemotherapy in
dogs with appendicular OS [54]

5. Discussion and Conclusions

MiRNAs are highly conserved non-coding RNAs of ~22-25 oligonucleotides that
exert a primary modulatory role on gene expression, regulating more than 60% of the
genome post-transcriptionally. Over the years, biomolecular studies on the expression
of some biomarkers, such as microRNAs, have allowed us to identify forms of altered
regulation of the same type in different forms of spontaneous tumors; in these studies, it
has been established how these can play the role of tumor suppressor or tumor promoter
in the co-involvement of specific targeting genes, resistance to apoptotic phenomena of cell
death, the control of angiogenesis, etc. The correlation between these altered expressions of
microRNAs has also allowed us to understand how these can play a fundamental role in
the identification and application of new therapeutic models.

Moreover, miRNA alterations correlate with a more aggressive behavior of cancer,
making these molecules potential prognostic and therapeutic targets.

In the last 20 years, comparative oncology has quickly expanded and the study of
spontaneous cancers in the domestic dog has provided a suitable and interesting model for
understanding several etiopathological mechanisms and, above all, new diagnostic tools
and therapeutic paths for cancer in humans.

We are confident that continuing on this template in the exploration and study of
new markers will allow us to identify innovative and hitherto unknown aspects that will
allow us to establish new genetic and biomolecular investigation methods for an increas-
ingly early diagnosis of osteosarcoma, as well as to establish new methodologies for an
increasingly targeted and decisive therapeutic approach. We are also firmly convinced that
the comparative study of these parameters allows for an approach to these issues with
a broader view and consideration of fundamental comparative factors between species,
which recognizes the canine study model as an important reference factor for also un-
derstanding the oncological and osteosarcomatous dynamics of the human species. We
know well how the new therapeutical approaches respect conventional treatments, and are
clearly required, especially when involving biomolecular and personal pharmacogenomics
therapies, using specific biomarkers and biomolecular targets, and the use of animals for
comparative therapeutic considerations; these approaches can also represent a valid system
of comparison and reference for the understanding of the etiopathogenetic mechanisms
and progression paths of deep cell tumor transformation. Further studies are required
to establish and improve treatments in both humans and dogs. Additionally, it is still
necessary to investigate specific genetic modifications in canine and human OS to try to
detect new genetic loci modifications. Anyway, we would like to underline the high poten-
tial of miRNAs as prognostic biomarkers for canine and human osteosarcoma; therefore,
further studies comparing overall survival and disease-free interval after treatment are
necessary. Circulating miRNAs have recently been suggested to be an important diagnostic
and prognostic biomarker in several human cancers, including OS. The different variations
on increased levels of different miRNAs permit us to also identify in dogs the high diag-
nostic accuracies and partially detect in different types of sarcomas and epithelial tumors.
Our studies confirm and demonstrate an increase in the levels of miRNAs investigated,
suggesting a good diagnostic accuracy that was not well detected in comparative studies
before. Future studies will be necessary to develop new strategies to improve the diagnostic
and prognostic potential of these miRNAs in canine and human OS.

Our working group already boasts long-standing collaborations that have allowed us
to obtain interesting results on the comparative expression of different isoforms of miRNAs
in human and canine OS, such as the miR-196a, miR-1, miR-133b, and miR-106B-25 cluster,
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confirming the biomolecular similitude between canine and human OS and suggesting a
potential role of miRNAs as new biomarkers for OS early diagnosis and treatment.

From what can be extrapolated from the data in the literature, there is still no further
information relating to the expression of factors altering the activity of miR-9 and other
miRNAs, and this is all we have been able to obtain up to now from our investigations and
recognitions in the related data banks. This lack of data, however, will quickly represent
a further stimulus to continue on the path of comparative biomolecular evaluation on
these and other factors, which to date still remain unexplored, as well as those of several
exosomes, premetastatic niches, and other factors that we have set out to investigate
together in future comparative works on human and canine osteosarcoma. Future studies of
these factors and those of other biomolecular and genetic aspects—aimed at an increasingly
sophisticated characterization of osteosarcomas—are still so devastating and lethal for
many of their biological aspects and will certainly guarantee to be able to identify new
innovative diagnostic and therapeutic paths, in order to guarantee the identification of new
access “keys” for ever more early and precise diagnoses and for ever more targeted and
decisive therapies. The animal model, also from a “One Health” perspective, will be able
to ensure for a long time a study model on which to build new comparative safeguards for
the fight against many diseases, including those of a more difficult approach, such as those
of oncological type.

Funding: The research leading to these results has received funding from the AIRC under IG 2019—
ID. 22805 project—P.I. Scotlandi Katia and from Fondazione Cassa di Risparmio di Perugia —ID
2016.0182.021—P.I. Leonardi Leonardo (Orcid iD: http://orcid.org/0000-0003-1382-9275).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors wish to thank Cristina Ghinelli and to Alberto Leonardi for graphic
work and to Sara Leto, Valeria Migni, Giampaolo Ceccarani, and Luca Stefanelli for their technical
scientific support.

Conflicts of Interest: The authors declare that the researches were conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References

1.  Ludwig, N.; Leidinger, P.; Becker, K.; Backes, C.; Fehlmann, T.; Pallasch, C.; Rheinheimer, S.; Meder, B.; Stahler, C.; Meese, E.; et al.
Distribution of miRNA expression across human tissues. Nucleic Acids Res. 2016, 44, 3865-3877. [CrossRef]

2. Weber, ]J.A.; Baxter, D.H.; Zhang, S.; Huang, D.Y.; Huang, K.H.; Lee, M.].; Galas, D.]J.; Wang, K. The microRNA spectrum in 12
body fluids. Clin. Chem. 2010, 56, 1733-1741. [CrossRef] [PubMed]

3. Peng, Y; Croce, C.M. The role of MicroRNAs in human cancer. Signal Transduct. Target Ther. 2016, 1, 15004. [CrossRef] [PubMed]

4. Alegre, F; Ormonde, A. A genetically engineered microRNA-34a prodrug demonstrates anti-tumor activity in a canine model of
osteosarcoma. PLoS ONE 2018, 13, €0209941. [CrossRef]

5. Schiffman, ].D.; Breen, M. Comparative oncology: What dogs and other species can teach us about humans with cancer.
Philos. Trans. R Soc. Lond. B Biol. Sci. 2015, 370, 20140231. [CrossRef]

6.  Picci, P. “Osteosarcomas”, in Diagnosis of Musculoskeletal Tumors and Tumor-Like Conditions, 2nd ed.; Picci, P., Manfrini, M., Donati,
D.M., Gambarotti, M., Righi, A., Vanel, D., Dei Tos, A.P,, Eds.; Springer: Cham, Switzerland, 2020; pp. 185-212.

7. Chen, X,; Bahrami, A.; Pappo, A.; Easton, J.; Dalton, J.; Hedlund, E.; Ellison, D.; Shurtleff, S.; Wu, G.; Wei, L.; et al. Recurrent
somatic structural variations contribute to tumorigenesis in pediatric osteosarcoma. Cell Rep. 2014, 7, 104-112. [CrossRef]
[PubMed]

8.  (Ciriano, I.C.; Lee, J.J; Xi, R; Jain, D.; Jung, Y.L.; Yang, L.; Gordeni, D.; Klimcizak, L.J.; Zhang, C.Z.; Pellman, D.S.; et al.
Comprehensive analysis of chromothripsis in 2,658 human cancers using whole-genome sequencing. Nat. Genet. 2020, 52,
331-341. [CrossRef]

9. Casali, P.G,; Bielack, S.; Abecassis, N.; Aro, H.T.; Bauer, S.; Biagini, R.; Bonavolt, S.; Boukovinas, I.; Bovee, ]. VM.G.; Brennan, B.;
et al. Bone sarcomas: ESMO-PaedCan-EURACAN clinical practice guidelines for diagnosis, treatment and follow-up. Ann. Oncol.
2018, 29 (Suppl. 4), iv79-iv95. [CrossRef]

10. Gougelet, A,; Pissaloux, D.; Besse, A ; Perez, J.; Duc, A.; Dutour, A.; Blay, J.V.; Alberti, L. Micro-RNA profiles in osteosarcoma as a

predictive tool for ifosfamide response. Int. J. Cancer 2011, 129, 680-690. [CrossRef] [PubMed]


http://orcid.org/0000-0003-1382-9275
http://doi.org/10.1093/nar/gkw116
http://doi.org/10.1373/clinchem.2010.147405
http://www.ncbi.nlm.nih.gov/pubmed/20847327
http://doi.org/10.1038/sigtrans.2015.4
http://www.ncbi.nlm.nih.gov/pubmed/29263891
http://doi.org/10.1371/journal.pone.0209941
http://doi.org/10.1098/rstb.2014.0231
http://doi.org/10.1016/j.celrep.2014.03.003
http://www.ncbi.nlm.nih.gov/pubmed/24703847
http://doi.org/10.1038/s41588-019-0576-7
http://doi.org/10.1093/annonc/mdy310
http://doi.org/10.1002/ijc.25715
http://www.ncbi.nlm.nih.gov/pubmed/20949564

Cells 2021, 10, 428 80of9

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Jones, K.B.; Salah, Z.; Del Mare, S.; Galasso, M.; Gaudio, E.; Nuovo, G.J.; Lovat, F,; LeBlanc, K.; Palatini, J.; Randal, R.L.; et al.
miRNA signatures associate with pathogenesis and progression of osteosarcoma. Cancer Res. 2012, 72, 1865-1877. [CrossRef]
Kobayashi, E.; Satow, R.; Ono, M.; Masuda, M.; Honda, K.; Sakuma, T.; Toyama, Y.; Yamada, T. MicroRNA expression and
functional profiles of osteosarcoma. Oncology 2014, 86, 94-103. [CrossRef] [PubMed]

Miao, J.; Wu, S.; Peng, Z.; Tania, M.; Zhang, C. MicroRNAs in osteosarcoma: Diagnostic and therapeutic aspects. Tumour. Biol.
2013, 34, 2093-2098. [CrossRef]

Lozano Calderdn, S.A.; Garbutt, C.; Kim, J.; Lietz, C.E.; Chen, Y.L.; Bernstein, K.; Chebib, I.; Nielsen, G.P.; Dehspande, V.;
Rubio, R;; et al. Clinical and Molecular Analysis of Pathologic Fracture-associated Osteosarcoma: MicroRNA profile Is Different
and Correlates with Prognosis. Clin. Orthop. Relat. Res. 2019, 477,2114-2126. [CrossRef]

Heishima, K.; Meuten, T.; Yoshida, K.; Mori, T.; Thamm, D.H. Prognostic significance of circulating microRNA-214 and -126 in
dogs with appendicular osteosarcoma receiving amputation and chemotherapy. BMC Vet Res. 2019, 15, 39. [CrossRef]

Jeong, S.J.; Lee, K.H.; Nam, A.R.; Cho, ].Y. Genome-Wide Methylation Profiling in Canine Mammary Tumor Reveals miRNA
Candidates Associated with Human Breast Cancer. Cancers 2019, 11, 1466. [CrossRef]

Kent, M.S.; Zwingenberger, A.; Westropp, J.L.; Barrett, L.E.; Durbin-Johnson, B.P.; Ghosh, P.; Vinall, R.L. MicroRNA profiling
of dogs with transitional cell carcinoma of the bladder using blood and urine samples. BMC Vet Res. 2017, 13, 339. [CrossRef]
[PubMed]

Sahabi, K.; Selvarajah, G.T.; Abdullah, R.; Cheah, Y.K,; Tan, G.C. Comparative aspects of microRNA expression in canine and
human cancers. J. Vet. Sci. 2018, 19, 162-171. [CrossRef]

Lutful Kabir, EM.; De Innocentes, P; Bird, R.C. Altered microRNA expression profiles and regulation of INK4A /CDKN2A tumor
suppressor genes in canine breast cancer models. J. Cell Biochem. 2015, 116, 2956-2969. [CrossRef]

Thayanithy, V.; Park, C.; Sarver, A.L.; Kartha, R.V.; Korpela, D.M.; Graef, A..; Steer, C.J.; Modiano, J.F; Subramanian, S.
Combinatorial treatment of DNA and chromatin-modifying drugs cause cell death in human and canine osteosarcoma cell lines.
PLoS ONE 2012, 7, €43720. [CrossRef]

Sarver, A.L.; Thayanithy, V.; Scott, M.C.; Cleton-Jansen, A.M.; Hogendoorn, P.C.; Modiano, J.F.; Subramanian, S. MicroRNAs at
the human 14q32 locus have prognostic significance in osteosarcoma. Orphanet. J. Rare Dis. 2013, 8, 7. [CrossRef] [PubMed]
Bhatlekar, S.; Fields, J.Z.; Boman, B.M. HOX genes and their role in the development of human cancers. J. Mol. Med. 2014, 92,
811-823. [CrossRef]

Y Yang, G.; Han, D.; Chen, X,; Zhang, D.; Wang, L.; Shi, C.; Zhang, W.; Li, C.; Zhang, D.; Kang, J.; et al. MiR-196a exerts its
oncogenic effect in glioblastoma multiforme by inhibition of IkBa both in vitro and in vivo. Neuro Oncol. 2014, 16, 652-661.
[CrossRef]

Yu, Z.; Lin, X;; Tian, M.; Chang, W. microRNA-196b promotes cell migration and invasion by targeting FOXP2 in hepatocellular
carcinoma. Oncol. Rep. 2018, 39, 731-738. [CrossRef]

Xin, H.; Wang, C.; Liu, Z. miR-196a-5p promotes metastasis of colorectal cancer via targeting IkBoe. BMC Cancer 2019, 19, 30.
[CrossRef] [PubMed]

Yang, C.; Binqui, W.; Dawei, W.; Zhenggang, B. miR-196 acts as a tumor suppressor in osteosarcoma by targeting HOXA. Int. ].
Clin. Exp. Pathol. 2018, 11, 4579-4584.

Pazzaglia, L.; Leonardi, L.; Conti, A.; Novello, C.; Quattrini, I.; Montanini, L.; Roperto, F.; Del Piero, F.; Di Guardo, G.; Piro, E;
et al. miR-196a expression in human and canine osteosarcomas: A comparative study. Res. Vet. Sci. 2015, 99, 112-119. [CrossRef]
[PubMed]

Fenger, ] M.; Bear, M.D.; Volinia, S.; Lin, T.Y.; Harrington, B.K.; London, C.A.; Kisseberth, W.C. Overexpression of miR-9 in mast
cells is associated with invasive behavior and spontaneous metastasis. BMC Cancer 2014, 14, 84. [CrossRef] [PubMed]

Zheng, L.; Qi, T; Yang, D.; Qi, M,; Li, D.; Xiang, X.; Huang, K.; Tong, Q. microRNA-9 suppresses the proliferation, invasion and
metastasis of gastric cancer cells through targeting cyclin D1 and Ets1. PLoS ONE 2013, 8, e55719. [CrossRef] [PubMed]
Cekaite, L.; Rantala, ] K.; Bruun, J.; Guriby, M.; Agesen, T.H.; Danielsen, S.A.; Lind, G.E.; Nesbakken, A.; Kallionemi, O.; Lothe,
R.A,; et al. MiR-9, -31, and -182 deregulation promote proliferation and tumor cell survival in colon cancer. Neoplasia 2012, 14,
868-879. [CrossRef]

Hildebrandt, M.A,; Gu, J.; Lin, J.; Ye, Y.;; Tan, W.; Tamboli, P.; Wood, G.C.; Wu, X. Hsa-miR-9 methylation status is associated
with cancer development and metastatic recurrence in patients with clear cell renal cell carcinoma. Oncogene 2010, 29, 5724-5728.
[CrossRef]

Guo, LM,; Pu, Y,; Han, Z; Liu, T,; Li, Y.X,; Liu, M.; Li, X,; Tang, H. MicroRNA-9 inhibits ovarian cancer cell growth through
regulation of NF-«B1. FEBS J. 2009, 276, 5537-5546. [CrossRef] [PubMed]

Xu, T; Liu, X.; Han, L.; Shen, H.; Liu, L.; Shu, Y. Up-regulation of miR-9 expression as a poor prognostic biomarker in patients
with non-small cell lung cancer. Clin. Transl. Oncol. 2013, 16, 469-475. [CrossRef]

Ma, L.; Young, J.; Prabhala, H.; Pan, E.; Mestdagh, P.; Muth, D.; Teruya-Feldstein, J.; Reinhardt, E; Onder, T.T.; Valastyan, S.;
et al. miR-9, a MYC/MYCN-activated microRNA, regulates E-cadherin and cancer metastasis. Nat. Cell Biol. 2010, 12, 247-256.
[CrossRef]

Shigehara, K.; Yokomuro, S.; Ishibashi, O.; Mizuguchi, Y.; Arima, Y.; Kawahigashi, Y.; Kanda, T.; Akagi, I.; Tajiri, T.; Yoshida, H.;
et al. Real-time PCR-based analysis of the human bile microRNAome identifies miR-9 as a potential diagnostic biomarker for
biliary tract cancer. PLoS ONE 2011, 6, €23584. [CrossRef]


http://doi.org/10.1158/0008-5472.CAN-11-2663
http://doi.org/10.1159/000357408
http://www.ncbi.nlm.nih.gov/pubmed/24457375
http://doi.org/10.1007/s13277-013-0940-7
http://doi.org/10.1097/CORR.0000000000000867
http://doi.org/10.1186/s12917-019-1776-1
http://doi.org/10.3390/cancers11101466
http://doi.org/10.1186/s12917-017-1259-1
http://www.ncbi.nlm.nih.gov/pubmed/29141625
http://doi.org/10.4142/jvs.2018.19.2.162
http://doi.org/10.1002/jcb.25243
http://doi.org/10.1371/journal.pone.0043720
http://doi.org/10.1186/1750-1172-8-7
http://www.ncbi.nlm.nih.gov/pubmed/23311495
http://doi.org/10.1007/s00109-014-1181-y
http://doi.org/10.1093/neuonc/not307
http://doi.org/10.3892/or.2017.6130
http://doi.org/10.1186/s12885-018-5245-1
http://www.ncbi.nlm.nih.gov/pubmed/30621631
http://doi.org/10.1016/j.rvsc.2014.12.017
http://www.ncbi.nlm.nih.gov/pubmed/25599934
http://doi.org/10.1186/1471-2407-14-84
http://www.ncbi.nlm.nih.gov/pubmed/24517413
http://doi.org/10.1371/journal.pone.0055719
http://www.ncbi.nlm.nih.gov/pubmed/23383271
http://doi.org/10.1593/neo.121094
http://doi.org/10.1038/onc.2010.305
http://doi.org/10.1111/j.1742-4658.2009.07237.x
http://www.ncbi.nlm.nih.gov/pubmed/19702828
http://doi.org/10.1007/s12094-013-1106-1
http://doi.org/10.1038/ncb2024
http://doi.org/10.1371/journal.pone.0023584

Cells 2021, 10, 428 90f9

36.

37.

38.

39.

40.

41.
42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Xu, S.H.; Yang, Y.L.; Han, S.M.; Wu, Z.H. MicroRNA-9 expression is a prognostic biomarker in patients with osteosarcoma. World
J. Surg. Oncol. 2014, 12, 195. [CrossRef] [PubMed]

Gao, S.; Wang, J.; Tian, S.; Luo, ]. miR-9 depletion suppresses the proliferation of osteosarcoma cells by targeting p16. Int. J. Oncol.
2019, 54, 1921-1932. [CrossRef]

Zhu, SW.; Li, ].P; Ma, X.L.; Ma, ].X,; Yang, Y,; Chen, Y.; Liu, W. miR-9 modulates osteosarcoma cell growth by targeting the GCIP
tumor suppressor. Asian. Pac. ]. Cancer Prev. 2015, 16, 4509-4513. [CrossRef]

Gwak, ].M.; Kim, H.].; Kim, EJ.; Chung, Y.R.; Yun, S.; Seo, A.N. MicroRNA-9 is associated with epithelial- mesenchymal transition,
breast cancer stem cell phenotype, and tumor progression in breast cancer. Breast Cancer Res. Treat. 2014, 147, 39-49. [CrossRef]
[PubMed]

Cai, L.; Cai, X. Up-regulation of miR-9 expression predicate advanced clinicopathological features and poor prognosis in patients
with hepatocellular carcinoma. Diagn. Pathol. 2014, 9, 1000. [CrossRef]

Gourbault, O.; Llobat, L. MicroRNAs as Biomarkers in Canine Osteosarcoma: A New Future? Vet. Sci. 2020, 7, 146. [CrossRef]
Leonardi, L.; Pazzaglia, L.; Benassi, M.S. miR-1 and miR-133b expression in canine osteosarcoma. Res. Vet. Sci. 2018, 117, 133-137.
[CrossRef]

Agostini, M.; Knight, R.A. miR-34: From bench to bedside. Oncotarget 2014, 5, 872-881. [CrossRef]

Wong, M.Y.; Yu, Y.; Walsh, W.R; Yang, J.L. microRNA-34 family and treatment of cancers with mutant or wild-type p53. Int. |.
Oncol. 2011, 38, 1189-1195. [PubMed]

Yan, K.; Gao, J.; Yang, T.; Ma, Q.; Qiu, X,; Fan, Q.; Baoan, M. MicroRNA-34a inhibits the proliferation and metastasis of
osteosarcoma cells both in vitro and in vivo. PLoS ONE 2012, 7, e33778. [CrossRef]

Zhao, Y.; Tu, M.J.; Wang, W.P; Qiu, ].X,; Yu, A.X.; Yu, A M. Genetically engineered pre-microRNA-34a prodrug suppresses
orthotopic osteosarcoma xenograft tumor growth via the induction of apoptosis and cell cycle arrest. Sci. Rep. 2016, 6, 26611.
[CrossRef] [PubMed]

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

Montanini, L.; Lasagna, L.; Barili, V.; Jonstrup, S.P.; Murgia, A.; Pazzaglia, L.; Conti, A.; Novello, C.; Kjems, J.; Perris, R.;
et al. MicroRNA cloning and sequencing in osteosarcoma cell lines: Differential role of miR-93-5p. Cell Oncol. 2012, 35, 29-41.
[CrossRef]

Leonardi, L.; Benassi, M.S.; Pollino, S.; Locaputo, C.; Pazzaglia, L. miR-106B-25 Cluster expression: A comparative human and
canine osteosarcoma study. Vet. Rec. Open. 2020, 7, €000379. [CrossRef]

Zhang, X.; Li, F; Zhu, L. Clinical significance and functions of microRNA 93/CDKN1A axis in human cervical cancer. Life Sci.
2018, 209, 242-248. [CrossRef]

Kosela-Paterczyk, H.; Paziewska, A.; Kulecka, M.; Balabas, A.; Kluska, A.; Dabrowska, M.; Piatkowska, M.; Zeber-Lubecka,
N.; Ambrozkiewicz, F.; Karczmarski, J.; et al. Signatures of circulating microRNA in four sarcoma subtypes. J. Cancer 2020, 11,
874-882. [CrossRef]

Wang, Z.; Cai, H.; Lin, L.; Tang, M.; Cai, H. Upregulated expression of microRNA214 is linked to tumor progression and adverse
prognosis in pediatric osteosarcoma. Pediatr. Blood Cancer 2014, 61, 206-210. [CrossRef] [PubMed]

Liu, CJ,; Yu, K.L; Liu, G.L.; Tian, D.H. MiR214 promotes osteosarcoma tumor growth and metastasis by decreasing the expression
of PTEN. Mol. Med. Rep. 2015, 12, 6261-6266. [CrossRef] [PubMed]

Jiang, L.; He, A.; He, X.; Tao, C. MicroRNA-126 enhances the sensitivity of osteosarcoma cells to cisplatin and methotrexate.
Oncol. Lett. 2015, 10, 3769-3778. [CrossRef] [PubMed]


http://doi.org/10.1186/1477-7819-12-195
http://www.ncbi.nlm.nih.gov/pubmed/24969351
http://doi.org/10.3892/ijo.2019.4783
http://doi.org/10.7314/APJCP.2015.16.11.4509
http://doi.org/10.1007/s10549-014-3069-5
http://www.ncbi.nlm.nih.gov/pubmed/25086633
http://doi.org/10.1186/s13000-014-0228-2
http://doi.org/10.3390/vetsci7040146
http://doi.org/10.1016/j.rvsc.2017.12.002
http://doi.org/10.18632/oncotarget.1825
http://www.ncbi.nlm.nih.gov/pubmed/21399872
http://doi.org/10.1371/journal.pone.0033778
http://doi.org/10.1038/srep26611
http://www.ncbi.nlm.nih.gov/pubmed/27216562
http://doi.org/10.1371/journal.pone.0190086
http://www.ncbi.nlm.nih.gov/pubmed/29293555
http://doi.org/10.1007/s13402-011-0059-z
http://doi.org/10.1136/vetreco-2019-000379
http://doi.org/10.1016/j.lfs.2018.08.021
http://doi.org/10.7150/jca.34723
http://doi.org/10.1002/pbc.24763
http://www.ncbi.nlm.nih.gov/pubmed/24038809
http://doi.org/10.3892/mmr.2015.4197
http://www.ncbi.nlm.nih.gov/pubmed/26252022
http://doi.org/10.3892/ol.2015.3790
http://www.ncbi.nlm.nih.gov/pubmed/26788206

	Introduction 
	Osteosarcoma 
	MiRNA in Canine and Human Osteosarcoma: Comparative Features 
	Circulating MiRNAs 
	Discussion and Conclusions 
	References

