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Abstract 

Hypertrophic osteopathy (HO) is a paraneoplastic syndrome, and the most notable cause in dogs is pulmonary 
metastatic osteosarcoma (OSA). Although many molecular factors in canine OSA have been shown in metastasis, 
little is known about the gene expression profile of HO secondary to metastatic OSA. Therefore, the purpose of this 
study was to compare the gene expression profiles between primary and metastatic OSA lesions from the same dog 
and to look for gene expression changes that can elucidate the molecular mechanism of metastases and HO. Tumoral 
samples were obtained from a 2-year-old, intact male, Labrador retriever. At the first visit, the patient presented 
with an appendicular OSA as the primary lesion. About 10 months later, the dog developed HO due to a single pul‑
monary metastasis. Using these primary and metastatic samples from the same dog, as well as normal canine osteo‑
blasts, we investigated the gene expression profiling using the NanoString nCounter® Canine IO panel. A total of 180 
differentially expressed genes were identified between malignant OSA cells and non-malignant canine osteoblasts. 
Furthermore, 5 genes (CCL17, VEGFC, C3, C4BPA, and FOS) were differentially expressed in comparison between pri‑
mary and metastatic OSA samples. CCL17 and VEGFC were upregulated in the primary lesion compared to the meta‑
static lesion, while C3, C4BPA, and FOS were downregulated in the primary lesion relative to the metastatic lesion. 
Given that the metastatic lesion was relevant to the development of HO, the different gene expression profiles may 
be relevant to understanding the pathophysiology of HO.
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Background
 Canine hypertrophic osteopathy (HO) is a paraneoplas-
tic syndrome associated with pulmonary tumoral lesions 
and is characterized by the symmetrical formation of 
periosteal new bone along the diaphysis of the long bones 
of the appendicular skeleton [1–4]. Clinical signs include 
lameness, lethargy, localized pain, and soft tissue swell-
ing surrounding the affected bones [1–4]. The diagnosis 
of HO is made based on the clinical history, clinical signs, 
and radiographical changes [2–4]. Metastasectomy, a 
surgical intervention to remove one or more metastatic 
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lesions, can result in the control of HO by achieving the 
resolution of the clinical signs and the radiographical 
changes [2, 5, 6]. The pathogenesis of HO is not currently 
fully understood. The veterinary literature in this regard 
is null, and the scarce references in human literature pro-
pose two major hypotheses explaining the development 
of HO: neurological and humoral pathways [7–9]. Reso-
lution of symptoms following vagotomy empirically sug-
gests neurologic involvement in HO, whereas humoral 
pathway involvement is supported by increased release 
of serum growth factors, including growth hormone, 
growth hormone-releasing hormone, platelet-derived 
growth factor (PDGF), and vascular endothelial growth 
factor (VEGF) by the metastatic lesion [8–10].

Canine appendicular osteosarcoma (OSA) is the most 
common form of malignant bone cancer in dogs, which 
is locally aggressive and highly metastatic; OSA is also 
the most notable cause of paraneoplastic HO in dogs 
[2, 11]. Regarding the pathophysiology of canine OSA, 
many molecular and genetic factors have been investi-
gated to explain the development of metastasis [12, 13]. 
The overexpression of delta Np63, a transcription factor 
belonging to p53 family, has been reported to be corre-
lated with pulmonary metastases via increased secretion 
of VEGFA through activation of STAT3 [12]. In addition, 
the downregulation of STAT3 decreases the expression 
of VEGF, and conversely, activation of STAT3 increases 
VEGF expression, and may thus facilitate metastasis in 
OSA [13]. Also, in addition to STAT3 and delta Np63, 
TGF beta also regulates VEGF secretion. The inhibition 
of TGF beta1 decreases VEGF secretion, suggesting TGF 
beta1 is associated with angiogenesis via VEGF [14]. TGF 
beta signaling is suggested to promote distant metastasis 
by activating cell migration and neoangiogenesis in OSA 
[14]. Furthermore, the downregulation of CXCR4 by 
zoledronate treatment alters the pattern of metastasis in 
OSA, curtailing metastasis to the lungs, but, not to other 
organs, such as the nerves and skin, suggesting CXCR4 
has some contribution to pulmonary metastasis in OSA 
[15].

Molecular investigations in metastasis in canine OSA 
until now have focused on the pathophysiology of the pri-
mary OSA lesion. Lately, however, proteomics for OSA 
has shown differences in protein expression between pri-
mary and metastatic lesions [16]. Identifying the differ-
ences in gene expression profiling between primary and 
metastatic lesions would provide us with critical infor-
mation for further understanding the pathophysiology of 
HO, as well as the metastatic process in OSA. Hence, the 
purpose of this study was to compare the gene expression 
profiles between primary and metastatic OSA lesions 
from the same dog who developed HO due to metastatic 
OSA.

Materials and methods
Primary and metastatic osa samples
Primary and metastatic OSA samples were collected 
from a 2-year-old, intact male, Labrador retriever that 
presented to the Michigan State University (MSU) Vet-
erinary Medical Center. Both appendicular and solitary 
pulmonary metastatic lesions were surgically removed, 
and histopathologic diagnoses were confirmed by 
board-certified pathologists at MSU.

Cell culture
Three normal osteoblast strains were used in the cur-
rent study as controls. Among them, one canine 
osteoblast strain (CnOb) was purchased from Cell 
Application Inc. (San Diego, CA, USA). Additional two 
canine osteoblast cell strains were derived from two 
different healthy beagles in our lab as described [17]. 
All three CnOb cell strains were maintained with CnOb 
Growth Medium (Cell Application Inc., San Diego, CA, 
USA) and supplemented with 10% fetal bovine serum 
(Thermo Fisher Scientific, Waltham, MA, USA), anti-
biotics (0.1% gentamycin, Life Technologies, Carlsbad, 
CA, USA) and incubated in a humidified incubator 
at 37˚C with 5% CO2. These three canine osteoblasts 
strains were shown to express common osteoblast 
markers, including osteocalcin and collagen type I 
alpha chain (COL1A1) via quantitative real-time PCR 
previously by our team [17].

RNA isolation
Formalin-fixed paraffin-embedded (FFPE) canine 
OSA tissues from primary and metastatic lesions were 
obtained from the MSU Veterinary Diagnostic Library. 
Total RNA was isolated from FFPE tissue blocks using 
the RNeasy FFPE Kit (Qiagen, Hilden, Germany) accord-
ing to manufacturer’s instructions. RNA was also isolated 
from canine osteoblasts using mirVana miRNA Isola-
tion Kit with phenol (Thermo Fisher Scientific, Waltham, 
MA, USA). Each sample was processed in triplicate. Iso-
lated RNA was immediately stored at -80˚C for further 
studies.

Data analysis by nanostring technology
Gene expression was evaluated using the NanoString 
nCounter® Canine IO (immuno-oncology) gene-expres-
sion panel comprising of 780 genes, developed using 
the CanFam3.1 reference genome. Targeted expression 
profiling was performed using isolated RNA from OSA 
samples and canine osteoblast cell lines. Differential gene 
expression analysis was performed comparing affected 
OSA samples to non-tumoral control osteoblast cells. 
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Further analysis compared expression levels between pri-
mary and metastatic OSA samples.

Statistical analysis
Data normalization, quality control, and functional and 
pathway analysis were performed by importing nCoun-
ter data onto the ROSALIND® analysis platform (https://​
www.​rosal​ind.​bio). Normalization, fold changes, and 
p-values were calculated in-platform following the 
nCounter® advanced analysis protocol comparing the 
geometric mean of housekeeping probes to sample 
counts from the same lane of the array. Housekeeping 
genes used for normalization were chosen based on the 
geNorm algorithm as used in the NormqPCR R library 
[18]. In addition to differential gene expression, gene 
set analysis (GSA) and cell type profiling were also per-
formed using the ROSALIND platform [19]. Differen-
tial expression was determined as significant under the 
parameters of a fold-change >|1.5|and and an adjusted 
P-value < 0.05, using the Benjamini–Hochberg correction 
method. The ROSALIND platform performs enrichment 
analysis by referencing several database sources, such as 
Interpro, NCBI, MSigDB, REACTOME, and WikiPath-
ways [20–25]. Volcano plots and heatmaps were gener-
ated on ROSALIND comparing OSA cells to osteoblast 
cells and primary OSA to metastatic OSA.

Results
Case history
A 2-year-old, intact male, Labrador retriever was pre-
sented for a progressive right hindlimb lameness of 
2-months duration at MSU Veterinary Medical Center. 
The dog was non-weight bearing and moderate muscle 
atrophy of the right hindlimb was observed. There was 
a large firm mass of approximately 10  cm in diameter 
in the right proximal tibia, causing a decreased range of 
motion of the right stifle, and pitting edema distal to the 
stifle joint. For staging purposes, we obtained bloodwork, 
thoracic radiographs, pre- and post-contrast Computed 
tomography (CT) scan. Staging results did not reveal any 
remarkable abnormalities except for an irregular shaped, 
large mass associated with the caudal aspect of the proxi-
mal tibia by CT scan. The histopathology report of surgi-
cal biopsy sample obtained from the proximal tibia mass 
confirmed the diagnosis of chondroblastic OSA with a 
mitotic index of 77 in 10 high powered fields (Fig S1.). 
The dog then underwent a right hindlimb amputation; 
however, adjuvant chemotherapy was not pursued at that 
time per the owner’s decision.

The dog was examined 314  days postoperatively 
because of lethargy and decreased appetite. The dog had 
progressive lameness, pyrexia of 40.4˚C, soft tissue swell-
ing and pain in the extremities. Orthopedic examination 

revealed a decreased range of motion in both elbow and 
carpal joints and pain upon extension of elbows bilater-
ally. Blood work revealed inflammatory leukogram, mild-
moderate elevated ALP [154 U/L (normal range: 10–92 
U/L)], and low urea nitrogen [8  mg/dL (normal range: 
12–27 mg/dL)], otherwise within reference intervals.

For the diagnostic imaging, thoracic radiographs 
revealed the presence of a large intrathoracic mass and 
a smoothly marginated periosteal proliferation along the 
right humerus. Also, in CT scan, periosteal prolifera-
tions were noted along the fore and remaining hindlimb 
including the right humerus, the left tibia, the left meta-
tarsal bones, and the left femur. The CT scan further indi-
cated a solitary mass in the cranial mediastinum or right 
cranial lung lobe. Fine needle aspiration of the medias-
tinal mass was done; the result of cytology report was 
consistent with OSA. Integrating these findings, the dog 
was diagnosed as HO secondary to pulmonary metastatic 
OSA. For the treatment of HO, the cranial mediastinal 
mass was surgically removed, and submitted for histo-
pathology. The diagnosis of metastatic chondroblastic 
OSA was made based on the histopathology evaluation 
(Fig S2.). As adjuvant therapy following metastasectomy, 
carboplatin (250-300 mg/m2 IV every 3 weeks) was given 
a total of 6 doses and without remarkable adverse effects 
throughout the chemotherapy.

Postoperative follow-up was done by physical exami-
nation with either radiographs or CT scan. Clinical 
improvement of HO was achieved 9 days after metasta-
sectomy; the dog regained mobility without associated 
pain. The first postoperative CT scan, performed 58 days 
after metastasectomy, showed that the dog retained 
radiologic evidence of HO. The previously noted HO 
lesions persisted and most of them were slightly more 
severe in right thoracic limb involving the right scapula, 
right humerus, right metacarpal bones, and the bilateral 
radii, ulnae, and second metacarpal bones. Interestingly, 
the mild improvement of HO in the right scapula was 
found radiologically based on the CT scan at that time. 
No lameness nor pain on the legs were appreciated at the 
second postoperative CT scan (i.e., 128 days after metas-
tasectomy). Palpation revealed no abnormal findings and 
the previously noted periosteal proliferation (i.e., HO 
lesion) confirmed no longer present in the right humerus 
by CT scan.

Gene expression profile analysis
We extracted RNA from FFPE samples and analyzed it 
with the NanoString nCounter® Canine IO panel, which 
has great sensitivity and specificity for elucidating the 
differentially expressed genes in OSA cells compared to 
non-tumoral osteoblasts [26, 27]. The extracted RNA was 
examined for its quality in the Tape station. The DV200 
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(%) of metastatic samples ranged from 47.3 to 56.6%, 
resulting in an average of 52.4%, whereas the DV200 (%) 
from primary tumor samples ranged from 22.2 to 45.4%, 
resulting in an average of 30.7%. In the NanoString Qual-
ity Control (QC) parameters, we noted that all samples 
had an average of 90% representation of housekeeping 
genes, with none being under 80%. The NanoString assay 
requires at least 300 ng RNA per FFPE sample.

The overview of the gene expression data is presented 
in the heatmap in Fig. 1. Distinct expression profiles for 
both up- and downregulated genes across all samples 
can be appreciated in Fig. 1a. The volcano plot shows all 
samples plotted as a functional fold change vs. p-value 
(Figs.  1b and 2b). Genes that exhibited a significant 
(p < 0.05) and 1.5-fold change in expression compared 
to the control group were selected. Overall, 180 genes 
were differentially regulated; 121 of these were upregu-
lated, whereas 59 were downregulated in OSA com-
pared to control (Fig.  1b). Some of the top upregulated 
include genes involved in the immune response and 
cytokine production, such as SPP1, CXCL10, CXCR4, 
whereas other genes were associated with the cell sign-
aling pathway, such as TNFRSF11A and KIT (Table S1). 
On the other hand, of the 59 downregulated genes, the 

most down-regulated genes included those involved 
in cell migration and the cell cycle, such as PTHLH, 
THBS1, CCND1, CCDN2, and CDKN1A among others 
(Table S2).

Of special interest to us were the differences in gene 
expression between the primary and metastatic lesions. 
Although the number of differential genes expressed was 
small, the heatmap showed distinct expression profiles 
for both up- and downregulated genes. (Fig.  2a). Over-
all, 5 genes were differently expressed. The CCL17 and 
VEGFC were significantly upregulated in primary lesion 
when compared to metastatic lesion, while FOS, C3, 
and C4BPA were significantly downregulated in primary 
lesion when compared to metastatic lesion (Fig. 2b). Fold 
changes of these differential gene expressions are sum-
marized in Table 1.

Through ROSALIND®, several differentially expressed 
signaling pathways were identified. Pathway signifi-
cance was determined by a Global Significance Score 
(GSS) rating based on gene set analysis (Table  2). The 
GSS measures the extent of the difference of overall dif-
ferential gene expression between primary and metasta-
sis OSAs within a distinct signaling pathway. GSSs are 
positive regardless of upregulation or downregulation, 

Fig. 1  Differential gene expression between primary and metastatic OSA and osteoblasts. a Heatmap of the gene expressions in canine osteoblast 
cells (in orange bar on top) and OSA cells (in blue bar on top). b Volcano plot of differential gene expressions in OSA cells relative to canine 
osteoblast cells. Green dots mean the gene upregulated and purple dots mean the gene downregulated
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with a large value indicating greater significance. The 
pathway with the highest GSS rating between primary 
and metastatic OSA was the Complement pathway with 
a score of 1.60. The other significant pathway was the 
Complement System pathway (1.41). The pathways with 
GSS ratings less than 1 included the NK cell functions 
pathway (0.92), the Angiogenesis pathway (0.85), the 
Chemokines pathway (0.77), the Wnt Signaling path-
way (0.77), the Interleukins pathway (0.76), the Epige-
netic Regulation pathway (0.76), the Regulation pathway 
(0.74) and the TGF-beta signaling pathway (0.74). The 
detailed information of these pathways was summarized 
in the Table S3.

Discussion
The clinical history of our OSA-HO case, including blood 
work results, radiographic findings, and the radiologi-
cal resolution of HO after metastasectomy, are consist-
ent with the previous studies [2–5]. Therefore, it is an 
archetypical subject of analysis for further understand-
ing the pathophysiology of HO and OSA in dogs. When 

Fig. 2  Differential gene expression between primary and metastatic OSA. a The heatmap comparison of the gene expressions between metastatic 
OSA (in orange bar on top) and primary OSA (in blue bar on top). b Volcano plot of differential gene expressions in primary OSA relative 
to metastatic OSA. Green dots indicate upregulated and purple dots indicate downregulated genes in primary OSA

Table 1  Genes with significant differential expression between 
the primary vs metastatic OS in this patient

Gene Fold Change Log2 
fold 
change

CCL17  + 17.5 4.1

VEGFC  + 3.7 1.9

FOS - 11 -3.5

C3 - 34 -5.1

C4BPA -48 -5.6

Table 2  Global significance ratings comparing overall 
differential expression of selected pathways between primary vs 
metastatic OSA

Term Name Global 
Significance 
Score

Complement 1.6066

Complement System 1.415

NK Cell Functions 0.9216

Angiogenesis 0.8553

Chemokines 0.774

Wnt Signaling 0.7688

Interleukins 0.7613

Epigenetic Regulation 0.7612

Regulation 0.7441

TGF-beta Signaling 0.7385
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comparing the gene expression profile of OSA vs. con-
trol, 180 genes were identified show significant differ-
ential expression. The most upregulated gene was SPP1 
(Secreted Phosphoprotein 1), the protein-coding gene 
for Osteopontin (OPN), a structural protein of bone 
with extracellular matrix binding and cytokine activities. 
OPN exerts a regulatory effect in the differentiation of 
osteoblasts and enhances the metastatic potential of OSA 
tumoral cells at high levels by activating metalloprotein-
ases [28]. OPN also promotes oncogenesis and metastasis 
by inhibiting apoptosis and stimulating the endurance of 
tumoral cells and neovascularization [29–31]. OPN mod-
ulates the immune system and possesses multiple roles in 
the inflammatory process [29, 32]. It serves as a chemot-
actic molecule to promote the migration of inflammatory 
cells and regulates dendritic cell responses [29, 33]. OPN 
is currently being studied as a potential cancer biomarker 
and target for the treatment of cancer [28]. CXCL10 
encodes for a pro-inflammatory cytokine that binds 
to the CXCR3 receptor predominantly expressed on 
immune cells (e.g., lymphocytes, macrophages, dendritic 
cells). This protein binding results in pleiotropic effects, 
including alterations of the tumor microenvironment and 
cytokine storms, as documented in SARS Co V-2 infec-
tions [34, 35]. The overexpression of CXCL10 has been 
associated with both antitumoral attributes and disease 
severity (hematologic and solid) depending on the type of 
cancer [36, 37]. CXCR4 oncogene encodes a chemokine 
receptor, which activation transduces a signal resulting in 
modulation of the AKT signaling cascade and MAPK1/
MAPK3 activation. High expression of CXCR4 correlated 
with the evidence of pulmonary metastasis in human 
OSA; additionally, the CXCR4 ligand, CXCL12, promotes 
metastasis, angiogenesis, and growth of OSA cells [38–
40]. Fan et al. has shown that the inhibition of CXCR4 by 
zoledronate alters the metastatic behavior in canine OSA 
[15]. Some of the activities of the proteins encoded by 
the genes mentioned above (i.e., SPP1, CXCL10, CXCR4) 
could enable or partially explain some of the clinical find-
ings (i.e., pulmonary metastasis) observed in our case.

The most downregulated gene was PTHLH, which 
encodes a protein involved in the regulation of endo-
chondral bone development, as well as epithelial-mesen-
chymal interactions during the formation of mammary 
glands and teeth [41–43]. The overexpression of its recep-
tor PTHR1 in OSA has been associated with increased 
invasion and proliferation and conversely, decreased 
mRNA expression of PTHR1 has been associated with 
inhibition of proliferation, migration, and invasion in 
human OSA cell lines [44, 45]. Patients with strong 
staining for PTHR1 in canine OSA tumors had reduced 
survival times compared to those with weak immu-
nostaining intensity [45]. Another downregulated gene 

was THBS1, a gene that encodes for the TSP1 protein, a 
glycoprotein that mediates cell-to-cell and cell-to-matrix 
interactions. This protein promotes cell migration and 
metastasis via FAK pathway and is highly upregulated in 
lung metastatic OSA [46]. Similar associations with tum-
origenesis, metastasis, and endothelial to mesenchymal 
transition have been described for the overexpression 
of LGALS3 protein and monocyte chemotactic pro-
tein 3( also known as CCL7) that encodes and is widely 
expressed in multiple cell types [47, 48]. We suspect that 
the downregulation of those genes (i.e., PTHLH, THSB1, 
LGALS3, CCL7) could be a cause or an effect on the OSA 
& HO pathogenesis. For example, Mainetti et al., showed 
that the KIT upregulation and activation stimulated cell 
migration by suppressing BRCA2 in human prostate car-
cinoma cells [49]. In our case, we observed the upregula-
tion of KIT but not the downregulation of BRCA2. The 
KIT – BRCA2 regulatory interaction serves as an exam-
ple of the complexity of cellular pathway interactions 
that could explain differences in gene expression profiles 
noted above.

When comparing the gene expression profile between 
primary and metastatic OSA lesions, we found the 
upregulation of CCL17 and VEGFC in primary lesion 
compared to metastasis. CCL17 and VEGFC proteins 
function as a cytokine and growth factor, respectively 
[50, 51]. Regarding the upregulation of CCL17 in the 
primary lesion, mature regulatory dendritic cells (mreg 
DCs) are tumor-specific and express CCL17 in human 
OSA [52]. Liu et al. showed mreg DCs were enriched in 
OSA but absent in PBMCs, suggesting that mreg DCs 
are tumor-associated and may be immunosuppressive in 
the tumor microenvironment [52]. Hence, the upregula-
tion of CCL17 in the primary OSA may reflect a similar 
tumor microenvironment to human OSA, where it has 
enriched mreg DCs expressing CCL17.

Regarding the VEGFC upregulation found in the pri-
mary lesion, the study by Park et  al. demonstrated that 
OSA cell lines expressed 2–fivefold higher amplifica-
tion of VEGFC mRNA than the control, and the higher 
VEGFC expression was associated with high-grade histo-
logic type. [53] In addition, a study by Yang et al. found 
that a higher VEGFC expression correlated with a higher 
tumor grade in chondrosarcoma [54]. Canine OSA is 
generally deemed a high-grade tumor, and the presence 
of a high mitotic index (77 in 10 high-powered fields) in 
our case is concordant with those findings.

FOS, C3, and C4BPA genes had significantly lower 
expression in primary lesion relative to metastasis. 
FOS is a proto-oncogene in humans; the overexpres-
sion of endogenous c-fos results in the development of 
OSA in transgenic mice [55]. Also, C4BPA is a protein-
coding gene that promotes cancer cell proliferation in 
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CD40-expressing pancreas cancer [56]. Liu et al. reported 
that C4BPA and FOS were significantly upregulated in 
metastatic human OSA compared to non-metastatic 
OSA [57]. Similar to the findings of Liu et al., in our data, 
downregulation of FOS and C4BPA in primary lesion was 
found compared to metastasis. Thus, the upregulation of 
FOS and C4BPA could be a gene expression profile asso-
ciated with metastatic lesions in canine OSA.

The comparison of GSA between primary and meta-
static lesions revealed that the upregulation of C4BPA 
and C3 genes in the metastatic lesions mainly contributed 
to the predominance of the Complement and Comple-
ment System. C4BPA is an isoform of acute phase protein 
C4BP, and during inflammation, circulating C4BP levels 
may increase up to 400% mainly driven by the increase in 
isoform C4BPA level [58, 59]. C3 is also associated with 
inflammatory responses; it was upregulated at mRNA 
level in human endometriosis cells compared to non-
inflammatory healthy control [60]. In addition, patients 
with HO had elevated complement levels, including C3 
and C4 [61]. Hence, activating the complement path-
ways through the upregulation of C3 and C4BPA may 
explain the inflammatory process observed in HO, such 
as pyrexia or pain in the extremities.

Regarding quality assurance and control, we utilized 
DV200, a metric representing the percentage of RNA frag-
ments greater than 200 nucleotides after DNA extraction. 
This tool accurately evaluates RNA quality [62]. Given 
that RNA extracted from FFPE samples can be degraded 
due to formalin fixation methods and the age of archival 
samples, assessing RNA quality is crucial for ensuring 
reliable results [63]. According to Fujii et al., their DV200 
ranged from 7.3% to 81%, with values below 30% deemed 
unsuitable for NGS library synthesis [64]. In our study, the 
average DV200 for primary and metastatic samples was 
30.7% and 52.4%, respectively, indicating that the quality 
of RNA extracted from each sample was acceptable.

This study had some limitations. First, our sample size 
was small due to the nature of case reports. Second, due 
to the limitation of technical inheritance, differentiat-
ing the gene expressions derived from tumor cells from 
those from the tumor microenvironment was not possi-
ble because we employed a bulk analysis but not a spatial 
gene expression analysis. Lastly, investigating the interac-
tion between the tumor microenvironment and its loca-
tion was challenging due to the complexity of HO. In our 
case, given that metastasectomy resolved this case’s HO, 
the cause and effect were clear. Thus, it seemed reasona-
ble to compare gene expression profiles between primary 
and metastatic lesions.

Lung lesions, including but not limited to lung metas-
tasis (e.g., Dirofilariasis), can cause HO [1, 2]. However, 
not all individuals with lung lesions develop HO. To 

address this, further comparative studies are needed: 
(a) between metastatic osteosarcoma (OSA) and adja-
cent, presumptive normal lung tissue, and (b) between 
dogs with lung lesions that do and do not develop HO. 
There is a possibility that a primary tumor might express 
HO-related genes that trigger HO when lung metastasis 
occurs. Future research should aim to identify any genes 
that are highly expressed in primary tumors and/or met-
astatic sites compared to osteoblast controls.

In summary, the five differentially expressed genes iden-
tified here provide clues for unraveling the pathophysiol-
ogy of HO and pulmonary metastasis in canine OSA. 
Specifically, we found the upregulation of CCL17, VEGFC, 
and the downregulation of FOS, C3, and C4BPA in the pri-
mary lesion compared to the metastatic lesion in the same 
dog with HO caused by solitary metastasis of OSA. Fur-
ther studies with more cases are needed to systematically 
explore the significance of these changes and explore gene 
expression more extensively in HO cases. The IO panel 
consists of 780 genes most of which are involved in tum-
origenesis and as well as some genes reflecting immune 
pathways and immune cells and is thus not as comprehen-
sive a look into the transcriptome as bulk RNA sequenc-
ing. However, it has great sensitivity and specificity, even 
when formalin fixed, and paraffin embedded samples are 
used and is therefore very useful for analysis of clinical 
samples. Our data presented here may form the basis of 
further comparisons if additional cases are acquired.
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