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Abstract: Osteosarcoma (OSA) is a naturally occurring, malignant bone tumor in both humans and
canines, characterized by aggressive local behavior and a high propensity for metastasis. Despite
advances in diagnostic methods and therapies, long-term survival rates have remained stagnant,
underscoring the great need for the development of biomarkers serving in the prognosis and
diagnosis of OSA across species. Biomarkers, molecular indicators of disease presence or progression,
are pivotal tools in oncology, offering the potential to determine risk stratification, guide targeted
therapies, and monitor treatment response. This review provides an in-depth analysis of the current
landscape of OSA biomarkers, highlighting diagnostic and prognostic markers identified across
species. We highlighted the role of biomarkers in osteosarcoma diagnosis and prognosis, and
categorized them across multiple domains, including protein, cellular, metabolic, imaging, genetic,
and epigenetic markers. Furthermore, we explore the utility of the canine model in osteosarcoma
research, emphasizing its relevance to human OSA due to comparable diagnostic approaches,
prognostic indicators, and clinical manifestations. With this review, we aim to demonstrate that
integrating biomarker research across species can deepen our understanding of osteosarcoma
pathogenesis and advance knowledge of its underlying biology, ultimately paving the way for
precision medicine strategies that benefit both human and veterinary oncology.

Keywords: osteosarcoma; malignant bone tumor; translational biomarkers; comparative oncology;
canine model; cross-species studies; one health

1. Introduction

Osteosarcoma (OSA) is the most common primary malignant bone tumour in both humans and
dogs, with significant biological and clinical similarities between the two species[1,2]. Despite
advancements in surgical techniques and adjuvant therapies, overall survival rates have remained
relatively unchanged over the past decades[3]. The translational value of canine OSA as a
spontaneous model for human disease has recently gained increasing recognition in comparative
oncology[4]. Biomarkers offer a promising avenue for improving early diagnosis, prognostication,
and therapeutic monitoring in OSA[5]. Biomarkers represent a key translational tool with the
potential to enhance early detection, refine prognostic stratification, and guide therapeutic decision-
making across species. This review aims to critically evaluate current and emerging biomarkers in
OSA and explore their potential to serve as a translational bridge between human and canine
medicine.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The literature review was conducted through a comprehensive search of PubMed, Scopus, and
Web of Science databases, targeting English-language publications from 2000 to April 2025, with 5
articles older than the year 2000 due to the considerable impact of said articles. Keywords and

a7 o

keyword combinations such as “osteosarcoma,” “biomarkers,” “canine,” “human,” “comparative

” “clinical features” “imaging diagnostics,” “ v " "

plasma,” ”“serum,” “tumor,”
primary skeletal neoplasm,” “X Rays” were employed to identify pertinent studies. Articles were

oncology, parallels,
included based on their relevance to biomarker discovery, validation, and translational potential due
to shared molecular pathways, tumor biology, and clinical presentation between human and canine
osteosarcoma.

2. Biomarker: A Concise Definition

A biomarker is a measurable indicator of a normal biological process, pathogenic condition, or
response to a therapeutic intervention. The FDA-NIH Biomarker Working Group characterizes a
biological marker as "a defined characteristic that is measured as an indicator of normal biological
processes, pathogenic processes, or responses to an exposure or intervention, including therapeutic
interventions"[6]. Biomarkers are essential in biomedical research and clinical practice, providing
diagnostic, prognostic, predictive, pharmacodynamic, and monitoring information that facilitates
disease assessment and therapeutic decision-making[7].

Biomarkers play a pivotal role in oncology by enabling early detection, precise diagnosis and
personalized therapeutic interventions, ultimately improving clinical outcomes. In osteosarcoma,
they serve as critical tools for assessing tumor progression, metastatic potential, and treatment
efficacy, allowing for a more tailored approach to disease management[8]. The discovery of reliable
biomarkers facilitates non-invasive monitoring and allows for optimizing therapeutic strategies
while minimizing unnecessary adverse effects[8,9]. Moreover, comparative biomarker research in
human and canine osteosarcoma provides valuable insights into the underlying molecular
mechanisms of the disease, fostering the development of novel targeted therapies[10]. Thus, in this
review, we will explore the current landscape of osteosarcoma biomarkers, emphasizing their
translational significance and potential applications in both human and veterinary medicine.

The similarities in osteosarcoma's clinical, genetic, and pathological features in canines and
humans highlight the potential for using comparative oncology as a powerful tool in cancer
research[11]. Canine osteosarcoma models can be utilized not only to better understand the molecular
mechanisms driving tumor growth but also to develop novel therapeutic strategies that may benefit
both species[4]. The study of naturally occurring osteosarcomas in dogs, alongside human clinical
trials, offers a promising avenue for accelerating the discovery of more effective treatments and
improving patient outcomes[12]. As our understanding of osteosarcoma continues to grow, the close
collaboration between veterinary and human medicine will likely play a pivotal role in overcoming
the challenges associated with this devastating disease[11].
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Osteosarcoma in humans
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Osteosarcoma in canines

Figure 1. Comparison of osteosarcoma features in humans and canines including bimodal age distribution, most

common locations, symptoms, diagnosis and prognosis.

3. Osteosarcoma: Shared Features Between Humans and Canines

Osteosarcoma (OSA) is the most prevalent primary malignant bone tumor in both humans and
dogs[11], with canines serving as a valuable spontaneous model for disease investigation. Canine
osteosarcoma provides a unique opportunity to advance human oncology through the field of
comparative oncology, which aims to bridge the gap between human and veterinary medicine. This
approach might be even more necessary, taking into consideration that OSA clinical outcomes in
humans have not advanced considerably within the last 30 years [13]. Dogs are a good model for
studying osteosarcoma because they develop the disease naturally, much like humans do, rather than
through artificially induced tumors in laboratory animals. Furthermore, osteosarcoma is estimated
to occur at least 10 times more frequently in dogs than in humans[14], making the canine population
an important resource for studying the biology of the disease and testing new treatments. Canines
not only share comparable environmental exposures with humans - such as diet, lifestyle, and
pollutant contact—but also exhibit significant similarities in genetic pathways, including those
involved in disease development and immune response. [15].

The bimodal age distribution is observed in both species; in humans 70-75% cases of
osteosarcoma occur in adolescents and young adults between the ages of 10 and 25, a period marked
by rapid skeletal growth[16]. OSA accounts for 2.4% of all pediatric cancers[17]. Similar pattern is
observed in dogs; the first, less pronounced peak occurs in juveniles under the age of three,
accounting for about 6-8% of all cases[1]. This early-onset form of osteosarcoma may be linked to
developmental processes, such as rapid bone growth during adolescence (puppyhood)[18]. This
parallel suggests that specific biological processes related to growth and development may play a
role in predisposing both species to the disease[15]. The second peak of osteosarcoma incidence is
less distinct in humans; osteosarcoma can also occur in older adults between the ages of 60-70,
although it is less common[19].Osteosarcoma occurring in an older person used to be considered
secondary due to underlying health conditions such as Paget’s disease or those who have undergone
irradiation, however it is now well documented that the second peak of the disease can occur de
novo, without pre-existing bone disease[20] with some research suggesting that about half of the
osteosarcoma cases in the elderly occurring de novo[21]. More distinct second peak occurs in dogs,
with most cases developing between the ages of seven and nine. [22]


https://doi.org/10.20944/preprints202504.1009.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 April 2025 d0i:10.20944/preprints202504.1009.v1

4 of 17

Anatomically, the tumor affects similar locations in both species. In humans, the distal femur,
proximal tibia, and proximal humerus are the most frequently affected bones, whereas, in canines,
the distal radius, proximal humerus, and distal femur are the most common sites of osteosarcoma.
Furthermore, osteosarcoma in both humans and dogs primarily metastasizes to the lungs, followed
by the bones and soft tissues[2,19]. Extraskeletal OSA (EsOSAs) has been reported in both humans
and dogs. In both species, this location is rare, and in humans, it accounts for about 1% of all soft
tissue sarcomas[23]. Human EsOSA cases are reported to be exclusively soft tissue sarcomas[24],
meanwhile in dogs, EsOSAs can be divided into two subtypes: soft tissue sarcomas and mammary
gland OSAs[25].

4. Parallels in Osteosarcoma: Comparing Clinical Features, Diagnosis, and
Prognosis in Humans and Canines

Symptoms

In both humans and dogs, the clinical presentation of osteosarcoma shares remarkable
similarities. In humans, the disease typically presents as swelling and deep, aching pain localized to
the affected bone. About 80% of patients affected by the disease experience pain, most
characteristically night pain[26]. If the affected limb is a leg, osteosarcoma may cause limping[19]. In
dogs, the most common symptoms include acute non-weight-bearing lameness, localized leg pain,
and swelling at the tumor site[2]. Upon physical examination, a painful, firm mass may be palpable.
It is not uncommon for mild trauma to the bone to initially lead to a misdiagnosis of an orthopedic
issue, such as a sprain or fracture. In some cases, affected animals may show temporary improvement
with painkillers, further delaying accurate diagnosis. However, the recurrence of symptoms,
particularly persistent pain and swelling, should prompt more comprehensive diagnostic testing,
such as radiographs, biopsy, or advanced imaging. As in dogs, this pain is often mistaken for more
benign conditions, such as growth plate issues or sports-related injuries, leading to delayed diagnosis
and treatment. Given osteosarcoma's aggressive nature and high metastatic potential, early
recognition and intervention remain paramount in improving patient outcomes across species.

Diagnosis

In medicine, much like in veterinary medicine, the diagnostic process consists of a combination
of clinical evaluation, diagnostic imaging, cytology, and histopathology. The initial step in the
diagnostic process is usually diagnostic imaging. While the basic approaches to imaging in both
humans and canines are analogous, a notable difference lies in the degree of specialization and
technology available for humans compared to canines. For instance, medicine utilizes a broader
spectrum of targeted imaging techniques, including enhanced MRI protocols and innovative
radiotracers for PET scans. In contrast, canine imaging may often rely more heavily on standard
radiographs and CT due to factors such as availability and cost. However, with the development of
veterinary oncology, MRIs are more commonly incorporated in the OSA diagnostic process,
particularly for cases requiring detailed soft tissue evaluation or precise surgical planning[27].
Radiographs are often a crucial step in veterinary medicine. The X-rays should be taken in two views:
cranio-caudal and lateral-medial, of the affected limb, including a joint above and beyond the affected
bone[2]. The next step in the diagnostic process should consist of histopathological testing of
surgically removed tumors, although fine needle biopsy is commonly used in veterinary
medicine[28]. Differential diagnoses for humans include Ewing’s sarcoma, chondrosarcoma, and
benign bone lesions such as osteomyelitis or fibrous dysplasia.[29] In dogs, differential diagnosis
includes fungal or bacterial osteomyelitis, chondrosarcoma, and metastatic bone lesions, which are
differentiated through histology, culture, or serological testing.
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Prognosis

Prognosis when metastatic disease occurs is worse in both humans and dogs[19]. The 5-year
survival rate for human osteosarcoma patients without metastasis is approximately 60-70%. In dogs,
the disease progresses more rapidly due to their accelerated biology, allowing researchers to study
treatment responses and disease outcomes over a shorter time. This makes canine osteosarcoma a
valuable model for understanding the human condition and evaluating new therapies more
efficiently.In metastatic cases, the prognosis declines markedly, with survival rates dwindling to
approximately 20-30%. In canine standard treatment (amputation and chemotherapy), the median
survival time is 10-12 months. Fewer than 20% of treated dogs survive beyond two years. Dogs with
metastasis at diagnosis or in cases of inoperable tumors typically have a survival time of less than 6
months.
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Figure 2. Categories of biomarkers - integrated network underlying osteosarcoma across species. The diagram

shows diverse classes of biomarkers implicated in osteosarcoma pathogenesis, progression, and prognosis in

both canines and humans.

Biomarkers in Osteosarcoma: Translational Indicators of Disease and Therapeutic Response

Identifying osteosarcoma-specific biomarkers has significant clinical implications in precision

medicine, guiding individualized treatment strategies. Comparative oncology provides a
translational framework for biomarker discovery, facilitating the identification of common molecular
pathways and advancing innovative therapeutic strategies applicable to both species.
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5. Genetic and Epigenetic Biomarkers

The genetic characteristics of osteosarcoma are a complex topic that is still being studied. Even
though the exact cause behind osteosarcoma development is not completely understood yet,
researchers have identified several genetic mutations associated with the disease. Osteosarcomas
tend to have a wide range of mutations and genetic instability, including a high frequency of somatic
copy-number alterations (SCNA), chromosomal instability, aneuploidy, and chromothripsis, which
is a phenomenon where massive chromosomal rearrangements occur in a single event. Those
mutations contribute to the tumor's aggressive nature and resistance to treatment[1,17]. Key gene
mutations that have been implicated in osteosarcoma appear to be similar between humans and
canines[19,30]. Out of 56 identified recurrently amplified genes, 38 genes, such as TFEB and MYC,
were found to be overlapping with pediatric OSA, while 69 genes, including RB1 and MSH3, were
recurrently deleted in both human and canine osteosarcomas[31].

p53 is the most commonly mutated gene in both human and canine osteosarcoma. The
incidence of p53 mutations varies between 15-42% in human and 24-47% in canine cases of OSA[32].
This gene is a well-known tumor suppressor that plays a critical role in cell cycle regulation,
apoptosis, and DNA repair. Its mutations can often lead to a loss of tumor-suppressing functions.
This allows cells to proliferate uncontrollably and contributes to the development and progression of
tumors[2]. Human studies have found a correlation between the upregulation of p53 and a decreased
3-year survival rate in osteosarcoma cases[33].

RB1 - Retinoblastoma tumor suppressor gene encodes retinoblastoma (pRB) protein. The RB
family consists of 3 genes: RB, p107 (RBL1), p130 (RB2). Mutations in this gene are known for their
role in hereditary cancer syndromes. A mutation in RB1 and its relatives significantly increases the
risk of developing osteosarcoma, as it interferes with the cell's ability to control the cell cycle, leading
to unchecked cellular proliferation. In humans, RB gene mutations are associated with hereditary
retinoblastoma.

The RUNX family of transcription factors plays a critical role in osteoblast differentiation from
their progenitors of mesenchymal origin[34]. RUNX2 is particularly important in regulating
osteoblast maturation and maintaining proper cell cycle control, and it is described as a master
regulator of osteogenic lineage commitment and differentiation. Disruption of RUNX2 activity,
especially through its overexpression, has been associated with impaired differentiation, increased
proliferation, and other features characteristic of both in human and canine osteosarcomal35,36].
Amplification of the RUNX2 gene, often linked to chromosomal instability at 6p12-p21[37], appears
to be an early event in osteosarcoma development and contributes to tumor progression. Beyond its
physiological role, increasing evidence implicates RUNX2 in cancer biology by regulating tumor-
related signaling pathways and downstream effectors. Collectively, these findings positioned
RUNX2 as a contributor to osteosarcoma pathogenesis and a potential biomarker for its monitoring.
Although early data suggest that RUNX2 expression may influence response to conventional
chemotherapy, further clinical studies are needed to confirm its prognostic relevance. Given its
central involvement in tumor progression, RUNX2 is emerging as a promising therapeutic target,
with ongoing research focused on elucidating its regulatory networks and developing RUNX-
targeted treatment strategies in bone malignancies[38]. For example, the interaction between RUNX2
and core binding factor beta (CBFf3) is a critical driver of malignancy in canine osteosarcoma, and
disrupting this interaction using small-molecule allosteric inhibitors can suppress tumor cell growth,
induce apoptosis, and enhance the effects of chemotherapy[38].

Osteosarcoma prevalence is also connected to mutations in other genes, such as phosphatase
and tensin homolog deleted on chromosome ten (PTEN) and Epithelial-Mesenchymal Transition
(EMT) pathway. PTEN is a negative regulator of the PI3K/Akt signaling pathway and a tumor
suppressor gene. It encodes multiple proteins involved in regulating cell growth, differentiation and
promoting apoptosis. The expression rate of PTEN has been proven to be significantly lower in
osteosarcoma human patient tissues than in adjacent cells[39,40]. Epithelial-Mesenchymal
Transition (EMT) pathway plays a crucial role in osteosarcoma progression. Mutations in genes
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encoding key regulators of this pathway have also been implicated in metastasis development as they
may enable tumor cells to acquire the ability to invade surrounding tissues and spread to distant
sites, contributing to the high metastatic potential of osteosarcoma. This process occurs when the
tumor is downregulating epithelial markers, such as E-cadherin, and the upregulating mesenchymal
markers, including N-cadherin and vimentin, thereby enhancing cellular motility, invasiveness, and
metastatic potential.

6. Small Non-Codnig RNAs (microRNA/miRNAs)

MicroRNAs (miRNAs) are a class of small non-coding RNA molecules, typically 18-25
nucleotides in length, that play a crucial role in post-transcriptional gene regulation.

They function by binding to complementary sequences in the 3’ untranslated region (3' UTR) of target
messenger RNAs (mRNAs), leading to translational repression or mRNA degradation. miRNAs are
involved in the regulation of numerous biological processes, including cell proliferation,
differentiation, apoptosis, and immune responses[41]. Onco-miRs, a subset of microRNAs involved
in tumorigenesis, are considered valuable biomarkers since they exhibit tissue-specific and
developmental stage-specific expression patterns, allowing for precise regulation of gene expression
in this pathological context. Therefore, onco-miRs are not only potential diagnostic and prognostic
biomarkers but also promising therapeutic targets in cancer management[42].

Numerous studies have investigated the role of miRNAs in human osteosarcoma (OS) by analyzing
miRNA expression profiles, which have revealed distinct miRNA signatures associated with disease
progression, metastatic potential, and therapeutic response[42—44].

In osteosarcoma and other cancers, specific onco-miRNAs, can be detected at altered levels in
the serum, reflecting tumor presence, progression, or metastatic potential. Liquid biopsy approaches
leveraging circulating miRNAs enable real-time disease monitoring, early detection of recurrence,
and potentially guide personalized treatment strategies[45].

Dysregulation of specific miRNAs has been implicated in key oncogenic pathways, contributing
to cell proliferation, apoptosis, invasion, and chemoresistance modulation. Despite significant
advancements in understanding miRNA involvement in human OS, research on their role in canine
OS remains comparatively limited. Nevertheless, existing studies on miRNA deregulation in
naturally occurring canine malignancies, including spontaneous OS, suggest that aberrant miRNA
expression similarly influences tumor biology in dogs[46]. Given the striking pathological and
molecular similarities between human and canine OS, exploring miRNA dysregulation in the canine
model holds substantial promise for identifying novel biomarkers and potential therapeutic targets
applicable to both species[47]. Expanding research in this area may provide valuable insights into
conserved oncogenic mechanisms and contribute to developing innovative miRNA-based diagnostic
and therapeutic strategies.

MiR-214 plays a significant oncogenic role in osteosarcoma, promoting tumor progression,
proliferation, migration, and invasion through multiple molecular pathways. It has been shown to
regulate the Wnt/B-catenin[48] and MAPK signaling pathways[49], as well as directly target tumor
suppressors such as CADM1[50] and TRAF3[51], leading to enhanced metastatic potential. The
consistent upregulation of miR-214 in human osteosarcoma tissues and cell lines highlights its
potential as a diagnostic and prognostic biomarker, as well as a promising therapeutic target for
osteosarcoma treatment. Given its strong association with osteosarcoma progression and metastatic
potential, miR-214 emerges as a promising biomarker also in canine osteosarcoma. Ludwig et al.[52]
showed that high expression of miR-214-3p was shown to be a strong prognostic biomarker in canine
osteosarcoma, with multi-miRNA models further enhancing predictive accuracy for clinical
outcomes. Its high expression consistently correlates with shorter overall survival and disease-free
intervals.

MiR-21 is a key oncogenic microRNA with an essential role in the oncogenesis of various
cancers, including human osteosarcoma. High levels of this molecule are related to enhanced tumor
cell growth, invasion, and resistance to programmed cell death[44,53]. Its upregulation in
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osteosarcoma is associated with a worse prognosis, including higher tumor aggressiveness and lower
survival rates. miR-21 directly targets tumor suppressor genes such as PTEN and PDCD4, activating
pro-survival pathways, including PI3K/AKT signaling. Wang et al. also pointed out that miR-21,
abundantly present in exosomes within the osteosarcoma tumor microenvironment, plays a crucial
role in tumor progression, metastasis, angiogenesis, and immune evasion by influencing both cancer
and surrounding cells[54]. Additionally, Li et al.[55] highlighted the potential role of miR-21 in
evaluating chemotherapy response, distinguishing their study from previous research that primarily
focused on miR-21 as a diagnostic and prognostic biomarker. Their findings indicated that miR-21
levels significantly differ before and after chemotherapy in patients who respond effectively to
treatment. In this context, the study by Li et al., provides promising insights into the potential utility
of miR-21 for monitoring therapeutic outcomes and guiding treatment adjustments[56].

In turn, the role of miR-21 in canine osteosarcoma remains unclear, with conflicting findings
regarding its expression and function in tumor development. Our unpublished data indicate that
miR-21 is elevated in the D17 osteosarcoma cell line, suggesting potential involvement in tumor
progression. In contrast, Dailey et al.[47] used miR-21 as a reference gene, implying stable expression
across their samples. These discrepancies may arise from differences in experimental models, sample
types, or normalization strategies, highlighting the need for further investigation into the role of miR-
21 in canine osteosarcoma. It is worth noting that the diagnostic potential of miR-21 is strongly
recognized in canine mast cell tumors (MCTs), as it can distinguish between healthy and MCT-
affected dogs, differentiate tumor origin (cutaneous vs. subcutaneous), and identify metastatic status,
underscoring its value as a minimally invasive tool for detecting epigenetic alterations in canine
tumors.

Another miRNA considered a valuable molecular biomarker is miR-223. Circulating miR-223
shows great potential as a non-invasive biomarker in liquid biopsy for osteosarcoma, with
significantly reduced serum levels correlating with metastasis, advanced clinical stage, and poor
prognosis. Dong et al.[57]showed high diagnostic accuracy of this miRNA (AUC 0.956) which
highlights its utility for early detection and disease monitoring. Other findings supporting the role of
miR-223-3p as a promising epigenetic regulator and prognostic indicator in osteosarcoma
management also indicate its role in tumor progression. miR-223-3p directly targets CDH6 to inhibit
tumor cell invasion, migration, and proliferation. Downregulation of miR-223-3p correlates with
elevated Catherin-6 (CDH6) expression and indicates poor prognosis and worse clinical outcomes,
suggesting its potential as a liquid biopsy biomarker for predicting metastatic risk in osteosarcoma.

Based on current data in canine research, miR-223 appears to have a complex, context-dependent
role in osteosarcoma, acting as both a tumor suppressor and a potential pro-metastatic factor. Tumor
tissue expression may be elevated in aggressive cases of osteosarcoma dogs with shorter disease-free
intervals (DFI), suggesting its involvement in tumor microenvironment modulation[47]. It was
shown that miR-223 targets genes linked to cytoskeletal organization and cell adhesion, such as
dystonin (DST) and catenin (cadherin-associated protein)[47], alpha 2 (CTNNA2), which may
promote invasion and metastasis when dysregulated. This duality highlights the complexity of
miRNA-223 regulation in OS and the need for further research to clarify its role in disease
progression.

Several tumor-suppressive miRNAs have also been identified in human and canine OS,
including members of the let-7 family and miR-130a. Those miRNAs are frequently downregulated
in aggressive tumors. The let-7b belongs to a well-characterized family of small non-coding RNAs,
significantly regulating cell cycle dynamics. In osteosarcoma, let-7b directly targets and
downregulates IGF1R, a key regulator of cell growth and invasion. The study by Zhang et al. showed
that let-7b expression was notably reduced in osteosarcoma tissues and cell lines compared to normal
controls[58]. At the same time, IGF1R levels were elevated and inversely correlated with let-7b.

In turn, miR-130a levels significantly increase in osteosarcoma cells and tissues, and its elevated
levels are associated with metastasis, poor prognosis, and aggressive clinical features[47]. MiR-130a
plays a crucial role in promoting metastasis and epithelial-mesenchymal transition in osteosarcoma
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by directly targeting and suppressing PTEN[59]. In turn, decreased miR-130a expression was
associated with an increased risk and a shorter disease-free interval in dog patients.

MicroRNAs are considered as tissue-specific biomarkers, which was also depicted in dog
samples. Therefore, analyzing matched sample types is essential to differentiate between tumor-
specific signals and those originating from the surrounding microenvironment or circulating cells.
Such an approach is recommended as it ensures more accurate conclusions about disease
mechanisms and progression. The study by Ludwig et al.. underscores the fact that miRNA
expression profiles differ significantly between tumor tissues, plasma, and cell lines derived from the
same osteosarcoma patients[60]. The sample type strongly influences the miRNA expression profile
and affects its accurate interpretation and validation.

7. DNA Methylation Alterations

Comparative methylation profiling in human and canine osteosarcoma has revealed conserved
DNA methylation clusters strongly associated with transcriptional programs governing cell
proliferation and immune signatures, which are key determinants of tumor aggressiveness and
prognosis. Worthnoting is the fact that, global methylation patterns were found to reflect the
underlying biology of the tumor itself, rather than being driven solely by the presence of immune
cells, highlighting their value as markers of tumor behavior[61].

SETD2 - an enzyme responsible for trimethylation of histone H3 at lysine 36 (H3K36me3), which
is a key epigenetic modification involved in gene expression and DNA repair. Although the tumor-
suppressive function of SETD2 is well established in cancers such as renal cell carcinoma and
leukemia, its role in osteosarcoma is still being uncovered[62,63]. Studies have linked SETD2
mutations to both human and canine OS, suggesting it may contribute to tumor development.[64]
Mutations of SETD2 are less common in humans, occurring in 10% of cases of OSA. [65] Said
mutations occur in approximately 21% of canine osteosarcoma cases[17]. The mutation of this gene
has been linked to disruptions in genomic stability, further exacerbating the tumor's aggressive
nature.[66]. SETD2 also interacts with and regulates TP53[67], and co-occurring mutations in both
genes have been observed in canine OS, implying a cooperative role in tumor progression.[68] The
whole-genome sequencing of canine osteosarcoma samples performed by Gardner et al. (2022)[69]
revealed recurrent alterations in the SETD2 gene, including somatic point mutations, deletions, and
chromosomal translocations in approximately 42% of cases. Additionally, a germline missense
mutation in SETD2 was identified in one case lacking somatic changes. Given the high amino acid
conservation (91.8%) between human and canine SETD2, the observed mutations affect regions
analogous to known mutation regions in human osteosarcoma[69].

Protein Biomarkers

Serum vascular endothelial growth factor (VEGF) family is a group of cytokines that serve as
a key modulator of angiogenesis, the biological process responsible for the formation of new blood
vessels that is crucial in numerous physiological mechanisms[70]. However, dysregulated VEGF
expression is associated with various pathological conditions, notably oncogenesis, chronic
inflammatory disorders, and ophthalmologic pathologies. Human and canine VEGF have similar
amino acid sequences and are identical in the loop regions responsible for receptor binding. [71]
Current research in humans agrees on VEGF blood and serum levels being associated with larger
tumor sizes and a higher likelihood of metastasis in osteosarcoma human patients; however this issue
has been poorly investigated in canines[72]. The data on VEGF levels as a possible indicator of a
response to chemotherapy is varied. One research found no connection between high levels of VEGF
in human patients' serum and response to chemotherapy[73], although varied chemotherapy
responses, depending on VEGF levels, have also been reported when measuring pre- and post-
chemotherapy levels of VEGF in humans[74]. In canines, research found a correlation between pre-
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treatment VEGF levels and overall survival, making VEGF a useful prognostic factor in canine
OSA[72].

Alkaline phosphatase (ALP) is a hydrolase metalloenzyme found in all tissues but concentrated
in bones, the placenta, liver, kidney and intestines[75-77]. Alkaline phosphatase (ALP) comprises a
family of four isoenzymes, each encoded by distinct genes and exhibiting tissue-specific expression,
including hepatic ALP and bone-specific ALP (BALP). In clinical contexts, this enzymatic
heterogeneity is critical, as total ALP (TALP) measurements reflect cumulative activity from multiple
tissues, whereas BALP serves as a more selective biomarker for skeletal turnover and bone-related
pathophysiology[78,79] That enzyme plays a crucial role in skeletal activity, including processes like
bone formation, mineralization and metabolism [80]; therefore plays a significant role in the
diagnostics and prognostics of bone pathologies, including osteosarcoma. ALP levels have been
recognised as a prognostic factor in human osteosarcoma patients since 1959[30,81] and in canine
osteosarcoma research, reported prognostic significance of ALP as early as 1998[82]. Pretreatment
ALP levels in dogs are a prognostic indicator for OSA, dogs with normal TALP (Total alkaline
phosphatase) and BALP (bone related alkaline phosphatase) levels at the beginning of the therapy
have longer median survival time than dogs with elevated TALP and BALP levels, (12,5 months
compared to 5,5 months)[83].

Dehydrogenase is an enzyme that transfers an anion of hydrogen from one molecule to another.
Dehydrogenase lactate (LDH) plays a crucial role in converting lactate to pyruvate during glycolysis
by providing NAD+ and converting it to NADH. Cancer cells tend to preferentially utilize anaerobic
glycolysis even in the presence of oxygen, producing large amounts of lactate. This process has been
known since around 1920s and is called the Warburg effect[84]. [85]making LDH an effective
prognostic indicator and highlighting its utility in monitoring disease progression and response to
therapy in both human and canine patients. [86,87]

Vimentin (VIM) is a cytoskeleton building type III intermediate filament (IF) protein, primarily
expressed in mesenchymal cells that plays essential roles in maintaining cell integrity, shape, and
motility[88]. Vimentin has the potential to be used as an epithelial-to-mesenchymal transition marker.
EMT is a process occurring during both normal development and metastatic progression[89]
therefore, vimentin has the potential to be used both as a diagnostic factor, as well as a prognostic
factor. Possible clinical applications of vimentin as a diagnostic tool in immunohistochemistry
include the use of a combination of alkaline phosphatase staining with vimentin staining of lytic bone
lesions in differentiating canine osteosarcoma from other bone neoplasms[90]. Using VIM as a
prognostic factor improves when combined with other markers. The study by et al.indicated that
VIM expression significantly differentiated OSA patient samples from healthy donors and, when
combined with ezrin and COL5A2, improved the model's ability to predict disease presence and
possible metastasis[91].

Similarly to humans, overexpression of vimentin in canine osteosarcoma is thought to contribute
to enhanced tumor cell motility, invasiveness, and a more aggressive clinical behavior. Moreover,
Roy et al. reported that the metastatic canine OSA cell line HMPOS exhibited more than three times
higher vimentin expression compared to the non-metastatic POS cell line. In both human and canine
osteosarcoma, elevated vimentin expression reflects the tumor's mesenchymal origin and may
further contribute to enhanced migratory and invasive behavior through EMT-like processes,
underscoring its potential role in disease progression and metastasis. However, despite its diagnostic
relevance, VIM is also expressed in normal cells, particularly leukocytes, which may limit its
specificity as a circulating biomarker unless combined with other OSA-specific genes for liquid
biopsy applications.

8. Cell-Based Biomarkers

Circulating tumor cells (CTCs) originate from the primary tumor mass and enter the
bloodstream through two main mechanisms - active intravasation or passive shedding. The detection
and characterization of CTCs are valuable for understanding tumor progression and informing
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prognostic and therapeutic strategies[92]. CTCs detected in liquid biopsy can provide real-time
insights into disease status and metastatic potential. In human oncology, the detection and
quantification of CTCs are used as a minimally invasive tool to monitor disease progression and serve
as a valuable prognostic indicator of patient survival[92,93].

Dai et al. described different CTCs subtypes: epithelial (E-type), hybrid epithelial/mesenchymal
(H-type), and mesenchymal (M-types) that may have different associations with osteosarcoma
progression[94]. Notably, H-type and M-type CTCs, particularly those expressing IMP3, were more
strongly linked to advanced disease stage and metastasis, suggesting their potential utility as specific
biomarkers for metastatic risk in osteosarcoma. Indeed, the heterogeneity of the tumor and its
biological diversity significantly influence CTCs detection, emphasizing the importance of tailoring
marker selection to the biological characteristics of each subtype since a universal approach may limit
detection efficiency[92].

Even though CTCs can be detected in liquid biopsies of dogs with osteosarcoma[95], Wright
et al.[96] highlighted the challenges in recognizing circulating tumor cells as reliable biomarkers in
dogs with osteosarcoma. The CTCs were detected even after limb amputation and during
chemotherapy, and their levels often elevated prior to or alongside the detection of metastasis.
Moreover, an increased number of CTCs were significantly associated with shorter survival times.
However, no definitive CTCs threshold could be established to predict impending metastasis,
limiting its current clinical applicability. Differences in CTCs dynamics between individual dogs and
cell lines reflected the biological heterogeneity of the disease.

Taken together, current findings indicate that CTCs have potential as minimally invasive
biomarkers for monitoring progression and metastatic risk in both human and canine osteosarcoma;
however, their clinical application remains challenged by tumor heterogeneity, limited
standardization of detection methods, and the need for subtype-specific approaches.

9. Radiological Findings in Translational Osteosarcoma Research

Radiological tests play a crucial role in the diagnosis and prognosis of osteosarcoma, both in
humans and canines; those diagnostic tools enable early detection of the primary tumor, assessment
of tumor extent, monitoring of therapeutic response, as well as, early detection and monitoring of the
metastatic disease. X-rays are a screening and initial assessment test in medicine[97], as well as in
veterinary medicine[2]. Radiographic findings in osteosarcoma cases include expansile bone lesions,
cortical defects and specific findings called Codman triangle or sun-burst reaction [98,99].
Differential radiological diagnosis in both species includes both benign and malignant conditions
such as: other primary bone tumors including chondrosarcoma, osteomyelitis, Langerhan’s cell
histiocytosis and lymphoma[98].

10. Conclusions

Osteosarcoma remains a highly aggressive malignancy in both humans and dogs, with limited
progress in improving survival outcomes over recent decades. Biomarkers - ranging from genetic
and epigenetic alterations to protein expression profiles, circulating tumor markers, and imaging-
based indicators - offer critical insights into tumor behavior, prognosis, and therapeutic
responsiveness. However, their clinical implementation remains limited due to tumor heterogeneity
and a lack of robust validation. Comparative studies in human and canine osteosarcoma reveal
striking biological similarities and support the dog as a valuable translational model for biomarker
discovery. The identification of shared biomarkers, such as those involved in cell cycle regulation,
immune infiltration, and epigenetic remodeling, may enable earlier diagnosis, more accurate risk
stratification, and improved therapeutic targeting. Leveraging cross-species data not only deepens
our understanding of osteosarcoma pathogenesis but also holds the potential to accelerate the
development of clinically relevant biomarkers and novel treatment strategies for both oncology and
veterinary oncology.


https://doi.org/10.20944/preprints202504.1009.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 April 2025 d0i:10.20944/preprints202504.1009.v1

12 of 17

Author Contributions: Concept of the Review, A.D. and AS; Graphical Work, A.D.; Writing — Original Draft,
AD. and A.S.; Writing — Review & Editing, A.D., V.F., AR, and A.S.. All authors have read and agreed to the
published version of the manuscript.

Funding: The review paper was prepared during project realization and was supported by the Medical Research
Agency (ABM) under the project REGBONE (2021/ABM/01/00019).

Data Availability Statement: MDPI Research Data Policies at https://www.mdpi.com/ethics.

Acknowledgments: The grammar and clarity were improved by Grammarly (License: 78284271; Grammarly,
Inc. 548 Market Street, #35410; San Francisco, CA 94104). The improvements made by Grammarly have been
reviewed critically by the authors. The figures were prepared with BioRender 2025 - agreement number:
YB284UQ67D and NY284UPJ83 (Figures 1 and 2 respectively).

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

ALP - Alkaline Phosphatase

CTCs - Circulating Tumor Cells

ctDNA- circulating tumor DNA

DST- dystonin

EMT- Epithelial-Mesenchymal Transition

LDH - Dehydrogenase lactate

miRNA- MicroRNA

OSA - Osteosarcoma

VEGE- Serum vascular endothelial growth factor
VIM - Vimentin

References

1.  Makielski, KM.; Mills, L.J.; Sarver, A.L.; Henson, M.S.; Spector, L.G.; Naik, S.; Modiano, ]J.F. Risk Factors
for Development of Canine and Human Osteosarcoma: A Comparative Review. Vet. Sci. 2019, 6, 48,
d0i:10.3390/vetsci6020048.

2. Morello, E.; Martano, M.; Buracco, P. Biology, Diagnosis and Treatment of Canine Appendicular
Osteosarcoma: Similarities and Differences with Human Osteosarcoma. Vet. |. 2011, 189, 268-277,
doi:10.1016/j.tvj1.2010.08.014.

3. Botter, S.M.; Neri, D.; Fuchs, B. Recent Advances in Osteosarcoma. Curr. Opin. Pharmacol. 2014, 16, 15-23,
doi:10.1016/j.coph.2014.02.002.

4.  Romanucci, M.; De Maria, R.; Morello, E.M.; Della Salda, L. Editorial: Canine Osteosarcoma as a Model in
Comparative Oncology: Advances and Perspective. Front. Vet. Sci. 2023, 10, 1141666,
doi:10.3389/fvets.2023.1141666.

5. Zamborsky, R.; Kokavec, M.; Harsanyi, S.; Danisovic, L. Identification of Prognostic and Predictive
Osteosarcoma Biomarkers. Med. Sci. Basel Switz. 2019, 7, 28, d0i:10.3390/medsci7020028.

6. Cagney, D.N,; Sul, J.; Huang, R.Y.; Ligon, K.L.; Wen, P.Y.; Alexander, B.M. The FDA NIH Biomarkers,
EndpointS, and Other Tools (BEST) Resource in Neuro-Oncology. Neuro-Oncol. 2018, 20, 1162-1172,
doi:10.1093/neuonc/nox242.

7. Califf, R M. Biomarker Definitions and Their Applications. Exp. Biol. Med. Maywood NJ 2018, 243, 213-221,
doi:10.1177/1535370217750088.

8. Zhou, Y.; Tao, L.; Qiu, J.; Xu, J.; Yang, X.; Zhang, Y.; Tian, X.; Guan, X.; Cen, X.; Zhao, Y. Tumor Biomarkers
for Diagnosis, Prognosis and Targeted Therapy. Signal Transduct. Target. Ther. 2024, 9, 132,
doi:10.1038/s41392-024-01823-2.

9. Das, S.; Dey, M.K; Devireddy, R.; Gartia, M.R. Biomarkers in Cancer Detection, Diagnosis, and Prognosis.
Sensors 2023, 24, 37, d0i:10.3390/s24010037.


https://doi.org/10.20944/preprints202504.1009.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 April 2025 d0i:10.20944/preprints202504.1009.v1

13 of 17

10. Oh, J.H.; Cho, J.-Y. Comparative Oncology: Overcoming Human Cancer through Companion Animal
Studies. Exp. Mol. Med. 2023, 55, 725-734, doi:10.1038/s12276-023-00977-3.

11.  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, d0i:10.1186/s13028-017-0341-9.

12. Tarone, L.; Barutello, G.; Iussich, S.; Giacobino, D.; Quaglino, E.; Buracco, P.; Cavallo, F.; Riccardo, F.
Naturally Occurring Cancers in Pet Dogs as Pre-Clinical Models for Cancer Immunotherapy. Cancer
Immunol. Immunother. CII 2019, 68, 1839-1853, doi:10.1007/s00262-019-02360-6.

13.  Morrow, ]J.J.; Khanna, C. Osteosarcoma Genetics and Epigenetics: Emerging Biology and Candidate
Therapies. Crit. Rev. Oncog. 2015, 20, doi:10.1615/CritRevOncog.2015013713.

14.  Fan, T.M.; Khanna, C. Comparative Aspects of Osteosarcoma Pathogenesis in Humans and Dogs. Vet. Sci.
2015, 2, 210-230, doi:10.3390/vetsci2030210.

15. Beck, J; Ren, L.; Huang, S.; Berger, E.; Bardales, K.; Mannheimer, J.; Mazcko, C.; LeBlanc, A. Canine and
Murine Models of Osteosarcoma. Vet. Pathol. 2022, 59, 399-414, doi:10.1177/03009858221083038.

16. Geller, D.S.; Gorlick, R. Osteosarcoma: A Review of Diagnosis, Management, and Treatment Strategies.
Clin. Adv. Hematol. Oncol. HO 2010, 8, 705-718.

17. Sakthikumar, S.; Elvers, I.; Kim, J.; Arendt, M.L.; Thomas, R.; Turner-Maier, J.; Swofford, R.; Johnson, J.;
Schumacher, S.E.; Alfoldi, ]J.; et al. SETD2 Is Recurrently Mutated in Whole-Exome Sequenced Canine
Osteosarcoma. Cancer Res. 2018, 78, 3421-3431, doi:10.1158/0008-5472.C AN-17-3558.

18.  Makielski, K.M.; Mills, L.J.; Sarver, A.L.; Henson, M.S.; Spector, L.G.; Naik, S.; Modiano, J.F. Risk Factors
for Development of Canine and Human Osteosarcoma: A Comparative Review. Vet. Sci. 2019, 6, 48,
d0i:10.3390/vetsci6020048.

19. Varshney, J.; Scott, M.C.; Largaespada, D.A.; Subramanian, S. Understanding the Osteosarcoma
Pathobiology: A Comparative Oncology Approach. Vet. Sci. 2016, 3, 3, doi:10.3390/vetsci3010003.

20. Kumar, R.; Kumar, M.; Malhotra, K.; Patel, S. Primary Osteosarcoma in the Elderly Revisited: Current
Concepts in Diagnosis and Treatment. Curr. Oncol. Rep. 2018, 20, 13, d0i:10.1007/s11912-018-0658-1.

21.  Meyers, P.A,; Gorlick, R. OSTEOSARCOMA. Pediatr. Clin. North Am. 1997, 44, 973-989, d0i:10.1016/S0031-
3955(05)70540-X.

22. Fenger, ].M.; London, C.A.; Kisseberth, W.C. Canine Osteosarcoma: A Naturally Occurring Disease to
Inform Pediatric Oncology. ILAR J. 2014, 55, 69-85, d0i:10.1093/ilar/ilu009.

23. Imaging of Osteosarcoma: Presenting Findings, Metastatic Patterns, and Features Related to Prognosis
Available online: https://www.mdpi.com/2077-0383/13/19/5710 (accessed on 11 March 2025).

24. Choi, L.E.; Healey, ].H.; Kuk, D.; Brennan, M.F. Analysis of Outcomes in Extraskeletal Osteosarcoma: A
Review of Fifty-Three Cases. JBJS 2014, 96, €2, doi:10.2106/JBJS.M.00339.

25. Langenbach, A.; Anderson, M.; Dambach, D.; Sorenmo, K.; Shofer, F. Extraskeletal Osteosarcomas in Dogs:
A Retrospective Study of 169 Cases (1986-1996). |. Am. Anim. Hosp. Assoc. 1998, 34, 113-120,
doi:10.5326/15473317-34-2-113.

26. Widhe, B.; Widhe, T. Initial Symptoms and Clinical Features in Osteosarcoma and Ewing Sarcoma®. |BJS
2000, 82, 667.

27. Wallack, S.T.; Wisner, E.R.; Werner, J.A.; Walsh, P.J.; Kent, M.S.; Fairley, R.A.; Hornof, W.]. Accuracy of
Magnetic Resonance Imaging for Estimating Intramedullary Osteosarcoma Extent in Pre-Operative
Planning of Canine Limb-Salvage Procedures. Vet. Radiol. Ultrasound 2002, 43, 432441, doi:10.1111/j.1740-
8261.2002.tb01030.x.

28. Mueller, F.; Fuchs, B.; Kaser-Hotz, B. Comparative Biology of Human and Canine Osteosarcoma. Anticancer
Res. 2007, 27, 155-164.

29. Wittig, ]J.C.; Bickels, ].; Priebat, D.; Jelinek, J.; Kellar-Graney, K., Shmookler, B.; Malawer, M.M.
Osteosarcoma: A Multidisciplinary Approach to Diagnosis and Treatment. Am. Fam. Physician 2002, 65,
1123-1133.


https://doi.org/10.20944/preprints202504.1009.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 April 2025 d0i:10.20944/preprints202504.1009.v1

14 of 17

30. Mannheimer, ].D.; Tawa, G.; Gerhold, D.; Braisted, J.; Sayers, C.M.; McEachron, T.A.; Meltzer, P.; Mazcko,
C.; Beck, J.A.; LeBlanc, A.K. Transcriptional Profiling of Canine Osteosarcoma Identifies Prognostic Gene
Expression Signatures with Translational Value for Humans. Commun. Biol. 2023, 6, 1-18,
doi:10.1038/s42003-023-05208-z.

31. Das, S.;Idate, R.; Fowles, ].S.; Lana, S.E.; Regan, D.P.; Gustafson, D.L.; Duval, D.L. Molecular Landscape of
Canine Osteosarcoma. FASEB . 2020, 34, 1-1, doi:10.1096/fasebj.2020.34.s1.05364.

32. Kirpensteijn, J.; Kik, M.; Teske, E.; Rutteman, G.R. TP53 Gene Mutations in Canine Osteosarcoma. Vet. Surg.
VS 2008, 37, 454-460, doi:10.1111/j.1532-950X.2008.00407 ..

33. Fu, H.-L; Shao, L.; Wang, Q.; Jia, T.; Li, M.; Yang, D.-P. A Systematic Review of P53 as a Biomarker of
Survival in Patients with Osteosarcoma. Tumor Biol. 2013, 34, 3817-3821, d0i:10.1007/s13277-013-0966-x.

34. Vimalraj, S.; Sekaran, S. RUNX Family as a Promising Biomarker and a Therapeutic Target in Bone Cancers:
A Review on Its Molecular Mechanism(s) behind Tumorigenesis. Cancers 2023, 15, 3247,
doi:10.3390/cancers15123247.

35. Barger, A.; Baker, K,; Driskell, E.; Sander, W.; Roady, P.; Berry, M.; Schnelle, A.; Fan, T.M. The Use of
Alkaline Phosphatase and Runx2 to Distinguish Osteosarcoma from Other Common Malignant Primary
Bone Tumors in Dogs. Vet. Pathol. 2022, 59, 427-432, d0i:10.1177/03009858221083035.

36. Leonardi, L.; Manuali, E.; Bufalari, A.; Porcellato, I. Canine Soft Tissue Sarcomas: The Expression of RUNX2
and Karyopherin Alpha-2 in Extraskeletal (Soft Tissues) and Skeletal Osteosarcomas. Front. Vet. Sci. 2024,
11, 1292852, doi:10.3389/fvets.2024.1292852.

37. Gupta, S; Ito, T.; Alex, D.; Vanderbilt, C.M.; Chang, J.C.; Islamdoust, N.; Zhang, Y.; Nafa, K.; Healey, J.;
Ladanyi, M.; et al. RUNX2 (6p21.1) Amplification in Osteosarcoma. Hum. Pathol. 2019, 94, 23-28,
doi:10.1016/j.humpath.2019.09.010.

38. Alegre, F.; Ormonde, A.R.; Godinez, D.R;; Illendula, A.; Bushweller, ].H.; Wittenburg, L.A. The Interaction
between RUNX2 and Core Binding Factor Beta as a Potential Therapeutic Target in Canine Osteosarcoma.
Vet. Comp. Oncol. 2020, 18, 52-63, doi:10.1111/vco0.12526.

39. Gong, T,; Su, X; Xia, Q.; Wang, J.; Kan, S. Expression of NF-kB and PTEN in Osteosarcoma and Its Clinical
Significance. Oncol. Lett. 2017, 14, 6744—-6748, d0i:10.3892/01.2017.6972.

40. Chen, M.-W.; Wu, X.-J. SLC25A22 Promotes Proliferation and Metastasis of Osteosarcoma Cells via the
PTEN  Signaling Pathway. Technol. Cancer  Res.  Treat. 2018, 17, 1533033818811143,
doi:10.1177/1533033818811143.

41. Sikora, M.; Marycz, K.; Smieszek, A. Small and Long Non-Coding RNAs as Functional Regulators of Bone
Homeostasis, Acting Alone or Cooperatively. Mol. Ther. Nucleic Acids 2020, 21, 792-803,
doi:10.1016/j.0mtn.2020.07.017.

42. Dey, M,; Skipar, P.; Bartnik, E.; Pigtkowski, J.; Sulejczak, D.; Czarnecka, A.M. MicroRNA Signatures in
Osteosarcoma: Diagnostic Insights and Therapeutic Prospects. Mol. Cell. Biochem. 2024, doi:10.1007/s11010-
024-05135-5.

43. Kobayashi, E.; Hornicek, F.J.; Duan, Z. MicroRNA Involvement in Osteosarcoma. Sarcoma 2012, 2012,
359739, doi:10.1155/2012/359739.

44. Llobat, L.; Gourbault, O. Role of MicroRNAs in Human Osteosarcoma: Future Perspectives. Biomedicines
2021, 9, 463, doi:10.3390/biomedicines9050463.

45. Gally, T.B.; Aleluia, M.M.; Borges, G.F.; Kaneto, C.M. Circulating MicroRNAs as Novel Potential Diagnostic
Biomarkers for Osteosarcoma: A Systematic Review. Biomolecules 2021, 11, 1432, doi:10.3390/biom11101432.

46. Leonardi, L.; Scotlandi, K.; Pettinari, I.; Benassi, M.S.; Porcellato, I.; Pazzaglia, L. MiRNAs in Canine and
Human Osteosarcoma: A Highlight Review on Comparative Biomolecular Aspects. Cells 2021, 10, 428,
d0i:10.3390/cells10020428.

47. Dailey, D.D.; Hess, A.M.; Bouma, G.J.; Duval, D.L. MicroRNA Expression Changes and Integrated
Pathways Associated With Poor Outcome in Canine Osteosarcoma. Front. Vet. Sci. 2021, 8,
doi:10.3389/fvets.2021.637622.

48. Zhu, X.-B.; Zhang, Z.-C.; Han, G.-S; Han, J.-Z.; Qiu, D.-P. Overexpression of miR-214 Promotes the
Progression of Human Osteosarcoma by Regulating the Wnt/B-catenin Signaling Pathway. Mol. Med. Rep.
2017, 15, 1884-1892, d0i:10.3892/mmr.2017.6203.


https://doi.org/10.20944/preprints202504.1009.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 April 2025 d0i:10.20944/preprints202504.1009.v1

15 of 17

49. Cai, H; Miao, M.,; Wang, Z. miR-214-3p Promotes the Proliferation, Migration and Invasion of
Osteosarcoma Cells by Targeting CADM1. Oncol. Lett. 2018, 16, 26202628, d0i:10.3892/01.2018.8927.

50. Rehei, A.-L.; Zhang, L.; Fu, Y.-X;; Mu, W.-B.; Yang, D.-S,; Liu, Y.; Zhou, S.-J.; Younusi, A. MicroRNA-214
Functions as an Oncogene in Human Osteosarcoma by Targeting TRAF3. Eur. Rev. Med. Pharmacol. Sci.
2018, 22, 5156-5164, doi:10.26355/eurrev_201808_15711.

51.  MicroRNA-214 Functions as an Oncogene in Human Osteosarcoma by Targeting TRAF3.

52. Ludwig, L.; Edson, M.; Treleaven, H.; Viloria-Petit, A.M.; Mutsaers, A.]J.; Moorehead, R.; Foster, R.A.; Alj,
A.; Wood, RD.; Wood, G.A. Plasma microRNA Signatures Predict Prognosis in Canine Osteosarcoma
Patients. PloS One 2024, 19, 0311104, doi:10.1371/journal.pone.0311104.

53. Ren, X,; Shen, Y.; Zheng, S.; Liu, J.; Jiang, X. miR-21 Predicts Poor Prognosis in Patients with Osteosarcoma.
Br. ]. Biomed. Sci. 2016, 73, 158-162, doi:10.1080/09674845.2016.1220710.

54. Wang, S.; Ma, F.; Feng, Y.; Liu, T.; He, S. Role of Exosomal miR-21 in the Tumor Microenvironment and
Osteosarcoma Tumorigenesis and Progression (Review). Int. ]. Oncol. 2020, 56, 1055-1063,
doi:10.3892/ij0.2020.4992.

55.  The Clinical Significance of miR-21 in Guiding Chemotherapy for Patients with Osteosarcoma - PubMed
Available online: https://pubmed.ncbi.nlm.nih.gov/34616172/ (accessed on 7 April 2025).

56. Full Article: The Clinical Significance of miR-21 in Guiding Chemotherapy for Patients with Osteosarcoma
Available online: https://www.tandfonline.com/doi/full/10.2147/PGPM.S321637 (accessed on 31 March
2025).

57. Dong, J.; Liu, Y.; Liao, W.; Liu, R.; Shi, P.; Wang, L. miRNA-223 Is a Potential Diagnostic and Prognostic
Marker for Osteosarcoma. J. Bone Oncol. 2016, 5, 74-79, doi:10.1016/j.jbo.2016.05.001.

58. Zhang, K.; Wang, W.; Liu, Y.; Guo, A, Yang, D. Let-7b Acts as a Tumor Suppressor in Osteosarcoma via
Targeting IGFIR. Oncol. Lett. 2019, 17, 1646-1654, d0i:10.3892/01.2018.9793.

59.  Wei, H,; Cui, R; Bahr, J.; Zanesi, N.; Luo, Z.; Meng, W; Liang, G.; Croce, C.M. miR-130a Deregulates PTEN
and Stimulates Tumor Growth. Cancer Res. 2017, 77, 6168-6178, doi:10.1158/0008-5472.C AN-17-0530.

60. Ludwig, L.; Vanderboon, E.N.; Treleaven, H.; Wood, R.D.; Schott, C.R.; Wood, G.A. Patient-Matched
Tumours, Plasma, and Cell Lines Reveal Tumour Microenvironment- and Cell Culture-Specific
microRNAs. Biol. Open 2024, 13, bio060483, d0i:10.1242/bio.060483.

61. Mills, L.J.; Scott, M.C.; Shah, P.; Cunanan, A.R.; Deshpande, A.; Auch, B.; Curtin, B.; Beckman, K.B.; Spector,
L.G,; Sarver, A.L.; et al. Comparative Analysis of Genome-Wide DNA Methylation Identifies Patterns That
Associate with Conserved Transcriptional Programs in Osteosarcoma. Bone 2022, 158, 115716,
doi:10.1016/j.bone.2020.115716.

62. Gonzalez-Rodriguez, P.; Engskog-Vlachos, P.; Zhang, H.; Murgoci, A.-N.; Zerdes, I.; Joseph, B. SETD2
Mutation in Renal Clear Cell Carcinoma Suppress Autophagy via Regulation of ATG12. Cell Death Dis.
2020, 11, 1-15, d0i:10.1038/s41419-020-2266-x.

63. Xie, Y.; Sahin, M.; Sinha, S.; Wang, Y.; Nargund, A.M.; Lyu, Y.; Han, S.; Dong, Y.; Hsieh, ].J.; Leslie, C.S.; et
al. SETD2 Loss Perturbs the Kidney Cancer Epigenetic Landscape to Promote Metastasis and Engenders
Actionable Dependencies on Histone Chaperone Complexes. Nat. Cancer 2022, 3, 188-202,
doi:10.1038/s43018-021-00316-3.

64. Sakthikumar, S.; Elvers, L.; Kim, J.; Arendt, M.L.; Thomas, R.; Turner-Maier, J.; Swofford, R.; Johnson, J.;
Schumacher, S.E.; Alfoldi, J.; et al. SETD2 Is Recurrently Mutated in Whole-Exome Sequenced Canine
Osteosarcoma. Cancer Res. 2018, 78, 3421-3431, doi:10.1158/0008-5472.CAN-17-3558.

65. Suehara, Y.; Alex, D.; Bowman, A.; Middha, S.; Zehir, A.; Chakravarty, D.; Wang, L.; Jour, G.; Nafa, K.;
Hayashi, T.; et al. Clinical Genomic Sequencing of Pediatric and Adult Osteosarcoma Reveals Distinct
Molecular Subsets with Potentially Targetable Alterations. Clin. Cancer Res. 2019, 25, 6346-6356,
doi:10.1158/1078-0432.CCR-18-4032.

66. Espinoza Pereira, K.N.; Shan, J.; Licht, ].D.; Bennett, R.L. Histone Mutations in Cancer. Biochem. Soc. Trans.
2023, 51, 1749-1763, doi:10.1042/BST20210567.


https://doi.org/10.20944/preprints202504.1009.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 April 2025 d0i:10.20944/preprints202504.1009.v1

16 of 17

67. Mancini, M.; Monaldi, C.; De Santis, S.; Papayannidis, C.; Rondoni, M.; Sartor, C.; Bruno, S.; Pagano, L.;
Criscuolo, M.; Zanotti, R.; et al. SETD2 Non Genomic Loss of Function in Advanced Systemic Mastocytosis
Is Mediated by an Aurora Kinase A/MDM2 Axis and Can Be Therapeutically Targeted. Biomark. Res. 2023,
11, 29, doi:10.1186/s40364-023-00468-7.

68. Sakthikumar, S.; Elvers, I.; Kim, J.; Arendt, M.L.; Thomas, R.; Turner-Maier, J.; Swofford, R.; Johnson, J.;
Schumacher, S.E.; Alfoldi, ]J.; et al. SETD2 Is Recurrently Mutated in Whole-Exome Sequenced Canine
Osteosarcoma. Cancer Res. 2018, 78, 3421-3431, doi:10.1158/0008-5472.C AN-17-3558.

69. Gardner, H.L; Sivaprakasam, K.; Briones, N.; Zismann, V.; Perdigones, N.; Drenner, K.; Facista, S,;
Richholt, R.; Liang, W.; Aldrich, J.; et al. Canine Osteosarcoma Genome Sequencing Identifies Recurrent
Mutations in DMD and the Histone Methyltransferase Gene SETD2. Commun. Biol. 2019, 2, 1-13,
doi:10.1038/s42003-019-0487-2.

70. Beheshtizadeh, N.; Gharibshahian, M.; Bayati, M.; Maleki, R.; Strachan, H.; Doughty, S.; Tayebi, L. Vascular
Endothelial Growth Factor (VEGF) Delivery Approaches in Regenerative Medicine. Biomed. Pharmacother.
2023, 166, 115301, doi:10.1016/j.biopha.2023.115301.

71.  Scheidegger, P.; Weiglhofer, W.; Suarez, S.; Kaser-Hotz, B.; Steiner, R.; Ballmer-Hofer, K ; Jaussi, R. Vascular
Endothelial Growth Factor (VEGF) and Its Receptors in Tumor-Bearing Dogs. Biol. Chem. 1999, 380,
doi:10.1515/BC.1999.187.

72. Thamm, D.H.; O’Brien, M.G.; Vail, D.M. Serum Vascular Endothelial Growth Factor Concentrations and
Postsurgical Outcome in Dogs with Osteosarcoma. Vet. Comp. Oncol. 2008, 6, 126-132, doi:10.1111/j.1476-
5829.2007.00153.x.

73. Tabone, M.-D.; Brugieres, L.; Piperno-Neumann, S.; Selva, M.-A.; Marec-Bérard, P.; Pacquement, H.; Lervat,
C.; Corradini, N.; Gentet, J.-C.; Couderc, R.; et al. Prognostic Impact of Blood and Urinary Angiogenic
Factor Levels at Diagnosis and during Treatment in Patients with Osteosarcoma: A Prospective Study. BMC
Cancer 2017, 17, 419, d0i:10.1186/s12885-017-3409-z.

74. Qu, Y; Xu, J; Jiang, T.; Zhao, H.; Gao, Y.; Zheng, C.; Shi, X. Difference in Pre- and Postchemotherapy
Vascular Endothelial Growth Factor Levels as a Prognostic Indicator in Osteosarcoma. J. Int. Med. Res. 2011,
39, 1474-1482, d0i:10.1177/147323001103900436.

75.  Kim, S.H.; Shin, K.-H.; Moon, S.-H,; Jang, J.; Kim, H.S.; Suh, J.-S.; Yang, W.-I1. Reassessment of Alkaline
Phosphatase as Serum Tumor Marker with High Specificity in Osteosarcoma. Cancer Med. 2017, 6, 1311-
1322, doi:10.1002/cam4.1022.

76. Ren, H.-Y,; Sun, L.-L.; Li, H.-Y.; Ye, Z.-M. Prognostic Significance of Serum Alkaline Phosphatase Level in
Osteosarcoma: A Meta-Analysis of Published Data. BioMed Res. Int. 2015, 2015, 160835,
doi:10.1155/2015/160835.

77. Hao, H.; Chen, L.; Huang, D.; Ge, J.; Qiu, Y.; Hao, L. Meta-Analysis of Alkaline Phosphatase and Prognosis
for Osteosarcoma. Eur. . Cancer Care (Engl.) 2017, 26, 12536, doi:10.1111/ecc.12536.

78.  Shu, ].; Tan, A.; Li, Y.; Huang, H.; Yang, J. The Correlation between Serum Total Alkaline Phosphatase and
Bone Mineral Density in Young Adults. BMC Musculoskelet. Disord. 2022, 23, 467, doi:10.1186/s12891-022-
05438-y.

79. Ren, H.-Y,; Sun, L.-L.; Li, H.-Y.; Ye, Z.-M. Prognostic Significance of Serum Alkaline Phosphatase Level in
Osteosarcoma: A Meta-Analysis of Published Data. BioMed Res. Int. 2015, 2015, 160835,
doi:10.1155/2015/160835.

80. Gu, R; Sun, Y. Does Serum Alkaline Phosphatase Level Really Indicate the Prognosis in Patients with
Osteosarcoma? A Meta-Analysis. J. Cancer Res. Ther. 2018, 14, S468, doi:10.4103/0973-1482.177217.

81. McKenna, RJ.; Schwinn, C.P.; Soong, K.Y.; Higinbotham, N.L. Osteogenic Sarcoma Arising in Paget’s
Disease. Cancer 1964, 17, 42—66, doi:10.1002/1097-0142(196401)17:1<42:: AID-CNCR2820170108>3.0.CO;2-U.

82. Ehrhart, N.; Dernell, W.S.; Hoffmann, W.E.; Weigel, RM.; Powers, B.E.; Withrow, S.J. Prognostic
Importance of Alkaline Phosphatase Activity in Serum from Dogs with Appendicular Osteosarcoma: 75
Cases (1990-1996). ]. Am. Vet. Med. Assoc. 1998, 213, 1002-1006, doi:10.2460/javma.1998.213.07.1002.

83. Garzotto, C.K,; Berg, J.; Hoffmann, W.E.; Rand, W.M. Prognostic Significance of Serum Alkaline
Phosphatase Activity in Canine Appendicular Osteosarcoma. J. Vet. Intern. Med. 2000, 14, 587-592,
doi:10.1111/j.1939-1676.2000.tb02281.x.


https://doi.org/10.20944/preprints202504.1009.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 April 2025 d0i:10.20944/preprints202504.1009.v1

17 of 17

84. Walenta, S.; Mueller-Klieser, W.F. Lactate: Mirror and Motor of Tumor Malignancy. Semin. Radiat. Oncol.
2004, 14, 267-274, doi:10.1016/j.semradonc.2004.04.004.

85. Risk Factors for Development of Canine and Human Osteosarcoma: A Comparative Review Available
online: https://www.mdpi.com/2306-7381/6/2/48 (accessed on 10 April 2025).

86. Chen, J.; Sun, M,; Hua, Y.; Cai, Z. Prognostic Significance of Serum Lactate Dehydrogenase Level in
Osteosarcoma: A Meta-Analysis. |. Cancer Res. Clin. Oncol. 2014, 140, 1205-1210, do0i:10.1007/s00432-014-
1644-0.

87. Bao, J.; Zeng, J.; Song, C.; Yu, H.; Shi, Q.; Mai, W.; Qu, G. A Retrospective Clinicopathological Study of
Osteosarcoma Patients with Metachronous Metastatic Relapse. ]. Cancer 2019, 10, 2982-2990,
doi:10.7150/jca.30750.

88. Ogenyi, S.I; Madukwe, J; Onyemelukwe, A.O.; Ngokere, A.A. Vimentin and Cytokeratin
Immunostaining: The Role in Basic Diagnosis and Prognosis of Sarcomas. J. Drug Deliv. Ther. 2020, 10, 175-
178, d0i:10.22270/jddt.v10i3.4033.

89. Usman, S.; Waseem, N.H.; Nguyen, T.K.N.; Mohsin, S.; Jamal, A.; Teh, M.-T.; Waseem, A. Vimentin Is at
the Heart of Epithelial Mesenchymal Transition (EMT) Mediated Metastasis. Cancers 2021, 13, 4985,
doi:10.3390/cancers13194985.

90. 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. Vet.
Pathol. 2005, 42, 161-165, doi:10.1354/vp.42-2-161.

91. Sittiju, P.; Chaiyawat, P.; Pruksakorn, D.; Klangjorhor, J.; Wongrin, W.; Phinyo, P.; Kamolphiwong, R.;
Phanphaisarn, A.; Teeyakasem, P.; Kongtawelert, P.; et al. Osteosarcoma-Specific Genes as a Diagnostic
Tool and Clinical Predictor of Tumor Progression. Biology 2022, 11, 698, doi:10.3390/biology11050698.

92. Le, M.-C.N,; Smith, K.A.; Dopico, P.J.; Greer, B.; Alipanah, M.; Zhang, Y.; Siemann, D.W.; Lagmay, J.P.; Fan,
Z.H. Investigating Surface Proteins and Antibody Combinations for Detecting Circulating Tumor Cells of
Various Sarcomas. Sci. Rep. 2024, 14, 12374, doi:10.1038/s41598-024-61651-w.

93. Mu, H.; Zuo, D.; Chen, ].; Liu, Z; Wang, Z.; Yang, L.; Shi, Q.; Hua, Y. Detection and Surveillance of
Circulating Tumor Cells in Osteosarcoma for Predicting Therapy Response and Prognosis. Cancer Biol. Med.
2022, 19, 1397-1409, doi:10.20892/j.issn.2095-3941.2022.0279.

94. Dali, S.; Shao, X.; Wei, Q.; Du, S.; Hou, C,; Li, H.; Jin, D. Association of Circulating Tumor Cells and IMP3
Expression with Metastasis of Osteosarcoma. Front. Oncol. 2023, 13, doi:10.3389/fonc.2023.819357.

95. Wright, T.; Brisson, B.A.; Wood, G.A.; Oblak, M.; Mutsaers, A.].; Sabine, V.; Skowronski, K.; Belanger, C.;
Tiessen, A.; Bienzle, D. Flow Cytometric Detection of Circulating Osteosarcoma Cells in Dogs. Cytometry A
2019, 95, 997-1007, doi:10.1002/cyto.a.23847.

96. Wright, T.F.; Brisson, B.A.; Belanger, C.R.; Tiessen, A.; Sabine, V.; Skowronski, K.; Wood, G.A.; Oblak, M.L.;
Mutsaers, A.J.; Sears, W.; et al. Quantification of Circulating Tumour Cells over Time in Dogs with
Appendicular Osteosarcoma. Vet. Comp. Oncol. 2023, 21, 541-550, d0i:10.1111/vc0.12918.

97. Peihong, T.; Lingling, R.; Haifeng, H.; Chang, L.; Guifeng, L. Application and Progress of X-Ray, Computed
Tomography, and Magnetic Resonance Imaging Radiomics in Osteosarcoma. iRADIOLOGY 2023, 1, 262-
268, d0i:10.1002/ird3.34.

98. Hameed, M.; Dorfman, H. Primary Malignant Bone Tumors—Recent Developments. Semin. Diagn. Pathol.
2011, 28, 86-101, doi:10.1053/j.semdp.2011.02.002.

99. Kundu, Z.S. Classification, Imaging, Biopsy and Staging of Osteosarcoma. Indian ]. Orthop. 2014, 48, 238—
246, doi:10.4103/0019-5413.132491.

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.


https://doi.org/10.20944/preprints202504.1009.v1

