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Phenotypic and molecular 
characterization of novel 
pulmonary adenocarcinoma cell 
lines established from a dog
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Canine pulmonary adenocarcinoma (PAC) resembles human lung tumors in never-smokers, but it is 
rarer than human pulmonary adenocarcinoma. Therefore, research on canine PAC is challenging. In 
the present study, we successfully established various novel canine PAC cell lines from a single lesion 
in a dog, including two parent cell lines and fourteen cloned cell lines, and characterized their cellular 
properties in vitro. Several of these cell lines showed epithelial–mesenchymal transition (EMT)-like 
and/or cancer stem cell (CSCs)-like phenotypes. We additionally assessed the sensitivity of the cells 
to vinorelbine in vitro. Three clonal lines, two of which showed EMT- and CSC-like phenotypes, were 
resistant to vinorelbine. Furthermore, we evaluated the expression and activation status of EGFR, 
HER2, and Ras signaling factors. The findings indicated that the cell lines we established preserved 
the expression and activation of these factors to varying extents. These novel canine PAC cell lines can 
be utilized in future research for understanding the pathogenesis and development of treatments for 
canine PAC.

Canine primary lung tumors share clinicopathologic features with human lung tumors in never-smokers but 
is rare compared with that in  humans1, with an incidence rate of 4.2–15 per 100,000 dogs per  year2,3. Canine 
pulmonary adenocarcinoma (PAC) is the most frequently encountered tumor (87.1%), followed by sarcoma 
(7.6%), adenoma (3.2%), and pulmonary neuroendocrine tumor (1.5%) in dogs with primary pulmonary  mass4. 
Locoregional tumors spread to other lung areas or lymph nodes, and distant metastasis via hematogenous and 
lymphatic routes are common in canine lung tumors. Metastasis is a crucial prognostic factor. In one study, the 
rates of local vascular or lymphatic invasion and distant metastases were 71% and 23%,  respectively5. Surgical 
resection is the first choice of treatment, and patients without metastasis appear to have a favorable prognosis. 
However, the prognosis for advanced disease is very poor, and the median survival time has been reported to 
be less than 1  year4,6. In humans, cisplatin-based chemotherapy combined with surgery is available and effective 
in patients with non-small-cell lung  cancer7. However, the efficacy of chemotherapy in dogs with lung tumors 
remains unclear. In a previous study, two of seven canine PAC cases partially responded to vinorelbine, a vinca 
alkaloid with high transferability to the lung  tissue8. Toceranib, a multi-target tyrosine kinase inhibitor, has been 
reported to be partially effective in some canine PAC  cases9,10. However, reliable clinical trials with larger sample 
sizes are lacking because cases of naturally developed PAC are rare. Moreover, only a few types of canine PAC 
cell lines are currently  available11–13, and their cellular characteristics have not been clearly described. Therefore, 
a novel experimental model is required for further research on canine PAC.

Epithelial–mesenchymal transition (EMT) is a key event in tumor progression and metastasis. During EMT, 
tumor cells acquire mesenchymal phenotypes, including fibroblast-like morphology, high motility, and vimen-
tin expression, resulting from the downregulation of epithelial hallmarks, including adhesion properties and 
E-cadherin  expression14,15. Once EMT occurs, tumor cells migrate from the primary lesion to release circulat-
ing tumor cells into the bloodstream. Subsequently, mesenchymal–epithelial transition occurs, followed by 
metastasis. In human breast and pancreatic cancer models, EMT has been reported to be indispensable for lung 
metastasis, and it contributes to  chemoresistance16,17. Other reports have also described the contribution of EMT 
to chemoresistance in human  oncology18. Although the role of EMT in metastasis is still under discussion, the 
importance of EMT in cancer therapy in dogs has been described in a previous  review19.
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The relationship between EMT and cancer stem cells (CSCs), which are tumor-initiating cells, has been 
 investigated18,20. CSCs are small subsets with extensive self-renewing properties that drive tumorigenesis in 
tumor tissues, and they are crucial factors in tumor metastasis, recurrence, and  chemoresistance21,22. CSCs have 
mesenchymal properties and invasive features, the hallmarks of EMT. CSCs can be detected using various tech-
niques, including surface antigen analysis such as CD133 analysis, colony- or sphere-formation assays, aldehyde 
assays, and side population (SP) assays with Hoechst  3334222,23 or Vybrant DyeCycle Violet (DCV)24. CSCs have 
been detected in various types of human  tumors22–24. In canine tumors, CSCs have been detected in mammary 
 carcinoma26,  osteosarcoma27, and  PAC11.

In humans, personalized treatment for PAC is based on the molecular subtypes of oncogene mutations and 
activation of tumor-associated  proteins28. The epidermal growth factor receptor (EGFR) and human epidermal 
growth factor receptor 2 (HER2), the preferred heterodimer partner of EGFR, are cell surface receptor tyrosine 
kinases (RTK), and their activation promotes tumor cell proliferation. Their activating mutation and overex-
pression have been observed in various types of tumors, including human lung  cancer29,30. In canine PAC, the 
activation of EGFR and HER2 has been reported in tumor  tissue31–33. The small G protein, Ras, is an onco-
genic factor. Its activating mutation has been detected in various types of tumors, including human and canine 
 PAC34,35. Prenylated Ras translocates from the cytoplasm to the membrane, and it is activated by RTK, such as 
EGFR. Subsequently, activated Ras stimulates the downstream mitogen-activated protein kinase (MAPK) and 
phosphoinositide-3 kinase (PI3K) pathways, which promote cell proliferation. These factors are recognized 
as potent therapeutic targets in malignant tumors, including  PAC36; however, they have not been sufficiently 
investigated in canine PAC.

In the present study, we established two types of canine PAC cell lines under different culture conditions from 
a dog with naturally occurring PAC. Fourteen cloned cell lines with various morphological characteristics were 
established by single-cell cloning. We assessed their proliferative capacities in vitro and their characteristics, 
focusing on the EMT and CSC phenotypes. Additionally, sensitivity to vinorelbine in vitro was assessed. Finally, 
we evaluated the expression of several tumor-associated proteins.

Results
Establishment of cell lines
We initiated two primary cultures from canine PAC tissue under different culture conditions, and named them 
CPACd-p and CPACr-p cell lines. They were cultured in complete media based on Dulbecco’s modified Eagle’s 
medium (DMEM) and Roswell Park Memorial Institute (RPMI) 1640 medium, respectively, and were success-
fully purified and propagated for more than 50 passages.

Next, we cloned CPACd-p and CPACr-p using a limiting-dilution method. Fifty-three and thirty-four clones 
were successfully obtained from the CPACd-p and CPACr-p cells, respectively. Seven clones were selected from 
each of these groups according to their morphology and subculture intervals. The other clones which were not 
selected had similar characters to the selected clones. Only the 14 clones that were realistic in terms of number 
of analyses were used in subsequent experiments. The selected cloned cells were propagated for more than 30 
passages (CPACd-AB4, CPACd-AC12, CPACd-AD4, CPACd-AE3, CPACd-BB4, CPACd-CG11, and CPACd-
DC10; CPACr-AD4, CPACr-AH4, CPACr-BC9, CPACr-BH12, CPACr-CB2, CPACr-DC3, and CPACr-DD10).

Microscopic morphology
Images obtained under a light microscope are shown in Fig. 1 and Supplementary Fig. S1. The CPACd-p cell line 
showed epithelial cellular morphology with a small, round shape. In contrast, the CPACr-p cell line contained 
cells with different shapes, including cells with epithelial and mesenchymal-like morphologies. In the cloned 
cell lines, CPACd-DC10 and CPACr-AH4 cells showed a mesenchymal-like morphology with a spindle shape. 
CPACd-AE3, CPACr-BC9, CPACr-BH12, and CPACr-DC3 cells showed intermediate morphologies between the 
epithelial and mesenchymal morphologies. The other cell lines showed epithelial morphologies; however, the size 
of the cells and the adhesive properties, including the gap size between cells, were different between the cell lines.

Growth of the cells in vitro
Additionally, we measured the doubling time of each cell line (Table 1, Supplementary Fig. S2). No significant 
differences were found between the CPACd-p and CPACr-p cells, of which doubling times were 23.3 ± 1.0 and 
23.0 ± 0.1 h, respectively. CPACd-AB4 showed a substantially lower proliferative capacity than the parent cell 
line CPACd-p. In contrast, CPACd-BB4, CPACr-AD4, CPACr-BC9, and CPACr-DC3 exhibited substantially 
higher proliferative capacities than their parent cell lines (Dunnett’s test).

EMT phenotype
Since some cell lines showed a mesenchymal-like morphology, we hypothesized that EMT occurred in these 
cell lines. First, we assessed the expression of the epithelial and mesenchymal markers, E-cadherin and vimen-
tin, respectively, in the tumor tissue and in each cell line (Fig. 2A). E-cadherin expression was observed in all 
samples, and no loss of expression was observed in any cell line. CPACr-p showed slightly higher expression 
of vimentin than CPACd-p. In the cloned cell lines CPACd-AB4, CPACd-AE3, CPACr-AH4, CPACr-BC9, and 
CPACr-DC3, vimentin expression was relatively high. Next, we assessed cellular motility in vitro, a phenotype 
of EMT. In the wound-healing assay, the migration ability of CPACr-p cells was significantly higher than that 
of CPACd-p cells (Student’s t test, P = 0.00074; Fig. 2B,C, Supplementary Fig. S3). Among the cloned cell lines, 
CPACd-AB4, CPACd-AC12, CPACd-AE3, CPACd-CG11, CPACd-DC10, CPACr-BC9, and CPACr-CB2 cells 
showed substantially higher migration abilities than the parent cell lines. In contrast, the migration abilities of 
CPACr-AH4, CPACr-BH12, and CPACr-DC3 were substantially lower than that of the parent cell lines. In the 
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Matrigel invasion assay, the migration and invasion abilities of CPACr-p cells were greater than that of CPACd-p 
cells (Student’s t test, P = 0.0022; Fig. 2D,E, Supplementary Figs. S4 and S5). Among the cloned cell lines, CPACd-
AB4, CPACd-CG11, and CPACr-BC9 cells showed substantially higher migration and invasion abilities than the 
parent cells. In contrast, in CPACd-AD4, CPACd-AE3, CPACd-BB4, and all the cloned cell lines from CPACr-p, 

(a) CPACd-p (b) CPACd-AB4

(c) CPACd-AC12 (d) CPACd-AD4

(e) CPACd-AE3 (f) CPACd-BB4

(g) CPACd-CG11 (h) CPACd-DC10

(j) CPACr-AD4(i) CPACr-p

(k) CPACr-AH4 (l) CPACr-BC9

Figure 1.  Morphology of the canine PAC cell lines. Cells were stained with Wright–Giemsa stain. Left and 
right panels in every figure (a–p) are images captured under a light microscope at 40 × and 400 × magnification, 
respectively. Scale bar: black, 500 µm; white, 50 µm. Yellow arrows in (i) indicate mesenchymal-like cells.
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except for CPACr-BC9, the migration abilities were substantially lower than that of the parent cell lines. In 
CPACd-AD4, CPACd-BB4, CPACd-DC10, and all the cloned cell lines from CPACr-p, except for CPACr-AD4 
and CPACr-BC9, the invasion abilities were substantially lower than that of the parent cell lines. In summary, 
the occurrence of EMT was highly suspected in CPACd-AB4 and CPACr-BC9, and possibly in CPACd-CG11.

CSC phenotype
To assess the CSC phenotype, we first evaluated the sphere-forming abilities of the cell lines (Fig. 3A,B). CPACr-p 
exhibited a significantly higher sphere-forming ability than CPACd-p (Student’s t test, P = 0.0071; Fig. 3B and 
Supplementary Fig. S6). The CPACd-AB4, CPACd-AE3, BB4, CPACd-CG11, and CPACr-BH12 cells showed 
substantially higher sphere-forming abilities than the parent cells. In contrast, the sphere-forming ability of the 
CPACr-BC9 cells was substantially lower than that of the parent cells. Next, using the DNA-binding dye DCV, 
we assessed the population of SP cells, which were recognized as CSCs, in the cell lines. SP cells were present at 
very low levels in the parent cell lines, CPACd-p and CPACr-p (Fig. 3C and Supplementary Fig. S7). In contrast, 
the cloned cell lines CPACd-AB4, CPACd-CG11, CPACd-DC10, CPACr-AD4, CPACr-CB2, and CPACr-DD10 
contained substantially more SP cells than the parent cells. In summary, high levels of CSCs were possibly present 
in the CPACd-AB4, CPACd-CG11, and CPACr-AD4 cells.

Resistance to vinorelbine in vitro
We assessed sensitivity to vinorelbine, a semisynthetic vinca alkaloid commonly used in human patients with 
lung tumors, in the cell lines in vitro. Vinorelbine exerted anti-proliferative effects in a concentration-dependent 
manner in all cell lines (Fig. 4A,B). The IC50 values summarized in Supplementary Table S1. CPACr-p was 

(m) CPACr-BH12 (n) CPACr-CB2

(o) CPACr-DC3 (p) CPACr-DD10

Figure 1.  (continued)

Table 1.  Doubling times of the canine PAC cell lines.

Doubling time (h)

CPACd

p 23.3 ± 1.0

AB4 35.2 ± 1.4

AC12 22.4 ± 1.2

AD4 21.8 ± 2.0

AE3 23.3 ± 2.0

BB4 19.1 ± 1.1

CG11 22.0 ± 1.2

DC10 20.4 ± 1.1

CPACr

p 23.0 ± 0.1

AD4 18.9 ± 0.9

AH4 20.5 ± 2.2

BC9 17.8 ± 0.7

BH12 24.1 ± 1.8

CB2 20.7 ± 1.0

DC3 18.4 ± 2.3

DD10 23.9 ± 0.9
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Figure 2.  EMT phenotypes in the canine PAC cell lines. (a) The epithelial marker (E-cadherin) and 
mesenchymal marker (Vimentin) were assessed by immunoblotting. Full image of immunoblotting is shown 
in Supplementary information. Cell migration abilities were assessed by (b, c) wound-healing and (d) trans-
membrane assays. Representative images of wound-healing assay in the parent cell lines are shown in (b). Scale 
bar: 500 µm. (e) Cell-invasion abilities were assessed by Matrigel invasion assay. Data are represented as the 
mean ± SD. Results are representative of three independent experiments. *P < 0.05, **P < 0.01: The migration or 
invasion ability is significantly higher than that of the parent cell lines; † P < 0.05, †† P < 0.01: The migration or 
invasion ability is significantly lower than that of the parent cell lines.
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Figure 3.  CSCs phenotypes in the canine PAC cell lines. (a, b) Sphere-formation abilities were assessed in 
low-attachment culture conditions. Cells were seeded at 2000 cells/well, and the number of spheres were 
counted visually under a light microscope at 40 × magnification after 10 days. Representative images of spheres 
in CPACd-AB4 and CPACd-CG11 are shown in (a). Scale bar: 500 µm. Data are represented as the mean ± SD. 
Results are representative of three independent experiments. (c) SP populations in each cell lines were assessed 
using Vybrant DyeCycle Violet (DCV). Cells (5 ×  105) were labeled with 5 µM DCV alone or in combination 
with 50 µM verapamil. SP populations were detected using flow cytometer with violet filter (450/40 and 660/20). 
Results are represented as the mean ± SD of three independent experiments. *P < 0.05, **P < 0.01: The number of 
spheres and SP populations are significantly higher than that of the parent cell lines; †† P < 0.01: The number of 
spheres is significantly lower than that of the parent cell lines.
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significantly more sensitive to vinorelbine than was CPACd-p (Student’s t test, P = 0.0099). CPACd-AB4, CPACd-
AC12, CG11, and all cloned cell lines from CPACr-p, except for CPACr-DC3, were less sensitive to vinorelbine 
than their parent cell lines. In contrast, CPACd-AE3 and CPACd-BB4 were more sensitive than the parent cell 
line CPACd-p. The IC50 values of vinorelbine in CPACd-AB4, CPACd-AC12, and CPACd-CG11 were higher 
than 10 µM, suggesting that these cell lines were resistant to vinorelbine treatment. In contrast, CPACd-BB4, 
CPACr-p, and CPACr-DC3 were relatively sensitive (Fig. 4C).

Expression of tumor-associated proteins
We evaluated the expression and phosphorylation status of several tumor-associated proteins in the cell lines 
using immunoblotting (Fig. 5). EGFR and HER2 were expressed in all cell lines. CPACd-CG11 showed relatively 
high expression of both EGFR and HER2. High Ras prenylation was observed, particularly in the CPACd cell 
lines, compared to that in CPACr cell lines. High phosphorylation levels of Erk1/2 were observed in CPACr-AH4 
and CPACr-DC3. Akt phosphorylation status was relatively high in CPACd-AB4, CPACr-AH4, CPACr-BH12, 
CPACr-DC3, and CPACr-DD10. In tumor tissues, EGFR and HER2 expression levels were lower than that in 
the cell lines. Additionally, Ras prenylation and phosphorylation of the downstream factor Erk1/2 were low. 
Additionally, the levels of Akt phosphorylation were high.

Discussion
In the present study, we successfully established various canine PAC cell lines from a dog. Cellular morphology 
varies among cell lines, including epithelial, mesenchymal, and intermediate types. Moreover, certain cell lines 
were suspected to have developed EMT with increased vimentin expression and high motility, and they showed 
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Figure 4.  Sensitivity to vinorelbine in the canine PAC cell lines. (a) CPACd cell lines and (b) CPACr cell lines 
were treated with vinorelbine (0–10,000 nM) for 48 h. Cell proliferation was measured using cell counting 
kit-8. Data are represented as the percentage of control (0 nM; mean ± SD). Results are representative of three 
independent experiments. (c) The IC50 are calculated in each cell line. Results are represented as the mean ± SD 
of three independent experiments. *P < 0.05, **P < 0.01: The IC50 is significantly higher than the parent cell lines; 
† P < 0.05, †† P < 0.01: The IC50 is significantly lower than that of the parent cell lines.
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CSC-like phenotypes characterized by high sphere-forming ability and high levels of SP cells. Sensitivity to 
vinorelbine in vitro varied among the cell lines. These findings are summarized in Table 2. CPACd-AB4 and 
CPACd-CG11 exhibited both EMT- and CSC-like phenotypes and showed resistance to vinorelbine. Therefore, 
the two clones may have high malignancy rates among the newly developed cell lines in the present study.

Traditionally, a tumor was considered a group of cells with similar characteristics. However, currently, a 
tumor tissue is recognized as an assembly of heterogeneous tumor cells with distinct cellular properties, includ-
ing morphology, proliferative potential, motility, and function. In the present study, we successfully extracted 
and established various tumor clones with infinite proliferative capacity from canine PAC tissues. Although it 
is unknown why various cell lines are obtained from one tissue, this variety may reflect the heterogeneity and 
differentiation potential of tumor cells.

β-actin

Ras

pAkt

Total-Akt

pErk

Total-Erk

EGFR

HER2

CPACd CPACr

up
p

Figure 5.  Expression profiles of malignancy-associated proteins in canine PAC cell lines. Expression and 
phosphorylation status of indicated proteins were assessed by immunoblotting. Results are representative of 
three independent experiments. Full image of immunoblotting is shown in Supplementary information.

Table 2.  Characteristics of the canine PAC cell lines. EMT epithelial mesenchymal transition, CSC cancer 
stem cell, WHA wound-healing assay, TMA traswell migration assay, SP side population. a E: Epithelium, I: 
Intermediate between epithelium and mesenchmal, M: Mesenchyma. b + : > 30 h of doubling time (DT), ++: 
20–30 h of DT, +++: < 20 h of DT. c ± : < 40% of wound closure, 40–70% of wound closure, ++: > 70% of wound 
closure. d  ± : < 60 migration or invasion cells, +: 60–120 maigration or invasion cells, ++ ; > 120 migration 
or invasion cells. e  ± : < 15 spheres, + : 15–30 spheres, ++; > 30 spheres. f  ± : < 5% SP, + : 5–10% SP, ++; > 10 SP. 
g  ± : > 1000 nM of IC50, +: 10–1000 nM of IC50, ++: < 10 nM of IC50.

CPACd CPACr

p AB4 AC12 AD4 AE3 BB4 CG11 DC10 p AD4 AH4 BC9 BH12 CB2 DC3 DD10

Cellular  morphologya E E E E I E E M E, I E M I I E I E

Proliferative  capasityb ++ + ++ ++ ++ +++ ++ ++ ++ +++ ++ +++ ++ ++ +++ ++

Expression of vimentin + ++ + − ++ − + + + + + ++ + − ++ +

EMT

 Migration ability

  (WHA)c + ++ +  ± ++  ± ++ + + +  ± ++ + ++ ++ +

  (TMA) d + ++ +  ±  ±  ± ++ + + + + ++  ±  ±  ±  ± 

 Invasion  abilityd  ± ++  ±  ±  ±  ± +  ± + +  ± ++  ±  ±  ±  ± 

CSC

 Sphere forming ability e ± +  ± + ++ + +  ± + + +  ± ++ + +  ± 

 Population of  SPf ± +  ±  ±  ±  ± ++ ++  ± +  ±  ±  ±  ±  ± ++

Sensitivity to  vinorelbineg +  ±  ± + ++ ++  ± + ++ ++ ++ + ++ + ++ +
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EMT is associated with malignancy and is considered a crucial therapeutic  target14–19,37. Certain cell lines 
in the present study showed a mesenchymal-like shape, which is a morphological characteristic of EMT. In the 
cloned cell lines, CPACd-AE3, CPACr-AH4, CPACr-BC9, and CPACr-DC3 showed mesenchymal-like mor-
phologies and relatively high vimentin expression. In contrast, CPACd-DC10, which had a spindle shape, did 
not show high vimentin expression, whereas CPACd-AB4, which had an epithelial shape but a relatively wide 
gap between cells, showed relatively high vimentin expression. According to the migration and invasion analyses, 
CPACd-AB4, CPACd-CG11, and CPACr-BC9 showed high motility. CPACr-BC9 showed mesenchymal mor-
phology, whereas CPACd-AB4 and CPACd-CG11 showed epithelial morphologies but exhibited relatively high 
vimentin expression. These findings suggest that EMT may have occurred in these three cell lines and that EMT 
cannot be conclusively determined solely through cellular morphological analysis. In human tumor cells, partial 
EMT (Hybrid epithelial/mesenchymal phenotypes), characterized by cells displaying both mesenchymal and 
epithelial characteristics, is recognized as a part of the EMT  process38. Therefore, it is plausible that partial, rather 
than complete, EMT has occurred in CPACd-AB4 and CPACd-CG11. Partial EMT is believed to be regulated by 
tumor microenvironmental  factors39 and can enhance invasive properties, generate circulating tumor cells and 
cancer stem cells, and confer  chemoresistance40. In human PAC cells, the GRHL2 gene has been implicated in the 
maintenance of stable partial  EMT41, although the detailed mechanisms remain incompletely understood. The 
cell lines we have established exhibit stable partial EMT, suggesting the potential for elucidating the mechanisms 
responsible for stabilizing partial EMT and developing therapeutics targeting partial EMT.

CSCs are a subset of tumor cells characterized by self-renewal, differentiation capacity, and chemoresist-
ance. These properties make CSCs crucial targets for tumor  therapy18,21,22. In the present study, we assessed CSC 
properties using two different methods: sphere-formation and SP assays with DCV. CPACd-AB4, CPACd-CG11, 
and CPACr-AD4 showed relatively high sphere-forming ability and SP population; however, in CPACd-AE3, 
CPACd-DC10, CPACr-AH4, and CPACr-BH12, the results of the two assays were not concordant. Assessing 
CSC-associated antigens is widely used for detecting CSCs. In human oncology, several antigens are used as CSC 
markers, including CD44, CD133, CD24, and EpCAM; however, the expression patterns appear to vary with 
respect to tumor  origin20,22. Although CD44 and CD133 expression have been previously assessed in a xenograft 
model of canine PAC, their utility as CSC markers has not been  indicated42. In human PAC, these two antigens 
have been reported to have poor diagnostic value in CSC  detection43. Reliable markers for the detection of CSCs 
may be determined by further assessment using developed canine PAC cell lines.

EMT and CSCs are closely  linked18,20. In our study, CPACd-AB4 and CPACd-CG11 showed both EMT and 
CSC phenotypes. Several transcription factors are associated with the development of EMT and maintenance 
of CSCs. Transforming growth factor-β (TGF-β) has pleiotropic functions in tumor  progression44. In epithelial 
cells, TGF-β acts as a tumor suppressor by inhibiting cell growth and inducing apoptosis. In contrast, in the 
advanced stages of tumorigenesis, TGF-β induces EMT and stimulates cell proliferation and survival in tumor 
 cells45. TGF-β overexpression has been reported to be associated with malignancy in human  tumors46. In human 
liver tumor cells, autocrine stimulation of TGF-β was reported to induce  EMT47. Importantly, EMT stimulated by 
TGF-β induces the selection and expansion of  CSCs48,49. Moreover, previous reports have indicated that MAPK 
and PI3K signaling play important roles in EMT or the maintenance of CSCs by  EMT50–53. In our study, relatively 
high phosphorylation of Erk1/2 and expression of vimentin were observed in CPACr-AH4 and CPACr-DC3. 
However, Erk1/2 phosphorylation did not appear to correlate with cellular motility. CPACd-AB4 induced phos-
phorylation of Akt at a relatively high level; however, the other cell lines with CSC phenotypes did not show high 
phosphorylation of Akt. Further assessment of other signals, including the TGF-β signal, is needed to reveal the 
detailed mechanism of EMT and CSCs in the canine PAC. On the other hand, Andriani et al. demonstrated that 
the differences in susceptibility to CSCs induction by TGF-β were dependent on the balance between epithelial 
and mesenchymal features and cells developing partial EMT exhibit the highest sensitivity in human PAC  cells54. 
The cell lines we have established, exhibiting varying degrees of EMT, hold significant potential possibilities as 
models for elucidating the association between CSCs and EMT.

Canine PAC resembles human lung tumors in never-smokers. Adjuvant chemotherapy, including vinorel-
bine, is indicated for patients with lung cancer. However, in some lung tumors that are intrinsically resistant to 
chemotherapy, acquired resistance has been shown to develop rapidly even in initial  responders55. Chemother-
apy-resistant cells contribute to relapse. Although few reports are available for canine cases, chemotherapies, 
including vindesine, mitoxantrone, vinorelbine, and toceranib, are not fully  effective8–10,56,57. Additionally, the 
mechanisms of resistance have not been elucidated. In the present study, the sensitivity to vinorelbine differed 
among the cell lines. CPACr-p and the clones, appeared to be relatively sensitive to vinorelbine, and Ras prenyla-
tion levels were lower than that in CPACd-p and cloned cell lines. This finding indicates that Ras signaling may 
be related to the mechanism that determines susceptibility to vinorelbine. However, Erk1/2 and Akt signaling 
may not be involved in the mechanisms common to these cell lines. Importantly, cell lines with EMT- and CSC-
like phenotypes, such as CPACd-AB4 and CPACd-CG11, were resistant to vinorelbine. This finding indicates 
that EMT and stemness may contribute to chemoresistance in canine PAC. In contrast, although CPACd-AC12 
showed resistance to vinorelbine, it showed poor expression of EMT and CSCs phenotypes. Additional stud-
ies using the cell lines we have established may reveal the mechanisms of resistance to vinorelbine, not only in 
canine but also in human PAC.

The molecular characterization of canine PAC remains limited in comparison to human lung cancer. In 
human NSCLC, EGFR and HER2 have been shown to be overexpressed and recognized as significant therapeutic 
 targets29. Also, in canine PAC, previous reports showed overexpression or activation of  RTKs31–33, but the utility 
as therapeutic targets has not been established. In our findings, the established cell lines expressed EGFR and 
HER2 at various levels. Therefore, some of these cell lines might retain the expression of RTKs, which could 
be beneficial for the development of targeted therapies focusing on RTKs. On the other hand, in human lung 
cancer, drug resistance to EGFR inhibitors has also become a significant  concern58. Due to the high similarity 
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between PAC in humans and dogs, further evaluation of cellular characteristics associated with RTKs of these 
established cell lines could potentially be applied to the research aimed at overcoming resistance to RTK inhibi-
tors in human lung cancer.

The present study had several limitations. First, we did not perform transplantation in mice. Second, we 
did not assess the transcription factors associated with EMT, including Zeb, SNAIL, and  SLUG37. These experi-
ments can possibly further clarify the EMT and CSC phenotypes and the detailed mechanisms underlying these 
phenotypes. Third, cell lines with various properties may not reflect the heterogeneity in tumor tissue but an 
in vitro selective pressure during the culture process. However, this possibility is difficult to be excluded. Finally, 
we have not been able to verify whether the established cell lines represent a general profile of canine pulmonary 
adenocarcinoma. However, given the absence of a defined general profile for canine PAC, it is difficult to say 
that. Further comparative investigation using whole-genome analysis and epigenetics methods between the 
established cell lines and tumor tissues from other dogs may substantiate the representativeness of these cell 
lines in canine PAC.

In conclusion, we successfully generated novel canine PAC cell lines with various characteristics. Moreover, 
we assessed the cellular properties in vitro, focusing on the EMT and CSC phenotypes. Our results indicate that 
EMT and stemness may play a role in resistance to vinorelbine. We also elucidated that the established cell lines 
exhibit varying levels of expression and activity of RTKs and Ras signaling factors. Therefore, these cell lines 
will facilitate the development of novel therapeutic strategies targeting EMT, CSCs, and intracellular signaling 
pathways and elucidation of the contribution of tumor heterogeneity to tumor biology, including chemoresist-
ance, in human and canine PAC.

Methods
Tumor sample
A 14-year-old neutered male Maltese dog weighting 4.1 kg presented with a mass in the right posterior lung 
lobe. The mass was 2 cm in diameter, and metastatic lesions were absent according to diagnostic imaging, 
including computed tomography. The neoplasm was surgically resected and histopathologically diagnosed as a 
pulmonary adenocarcinoma (No Boundaries Animal Pathology, LLC, Tokyo, Japan). Further clinical informa-
tion is described in Supplementary information file. Fresh tissue samples were collected, in accordance with the 
informed written consent of the owner and the approval of the Ethical Committee of Okayama University of 
Science (Approval No. 2020-0004), and the methods were performed in accordance with the relevant guidelines 
and regulations of Okayama University of Science and ARRIVE guidelines.

Primary culture
Tumor tissues were washed with saline and minced (1 mm). The tumor fragments were disaggregated with dis-
pase (2000 PU/mL; Godo Shusei, Tokyo, Japan) at 37 °C for 5 h with continuous agitation. After washing with 
phosphate buffered saline (PBS), the digested tissue was resuspended in DMEM (08,458-16, Nacalai Tesque, 
Kyoto, Japan) or RPMI-1640 (30,264-56, Nacalai Tesque), which are usually used in culture of various tumor 
cells as basic media, containing 10% deactivated fetal bovine serum (FBS; Biosera, Nuaille, France), 100 U/mL 
penicillin (Nacalai Tesque), and 100 µg/mL streptomycin (Nacalai Tesque). Cell suspensions were maintained at 
37 °C in a humidified 5%  CO2 incubator. Once the cell culture reached 80–90% confluence, they were repeatedly 
sub-cultured with 0.25% trypsin solution at a 1:4 dilution. The cell lines were named CPACd-p and CPACr-p 
and were cultured in DMEM- or RPMI-1640-based media, respectively. The cell lines were maintained for more 
than 50 passages.

One cell cloning
The cell lines were cloned from CPACd-p and CPACr-p cells after 20 passages using the limiting dilution 
 method59. Cells were seeded at 500 cells/well in a 24-well plate and maintained until 90% confluence under the 
conditions described above. The cells were then seeded at a density of 1 cell/well in a 96-well plate (384 wells). The 
plates were examined under a microscope immediately after dispensing the cells and culturing. Wells suspected 
of containing more than one cell or multiple colonies were not cultured. After 30 passages, based on cellular 
morphology and subculture intervals, seven lines, which were realistic in terms of number of analyses, were 
selected from the cloned cell lines derived from CPACd-p and CPACr-p. These cell lines, including the parent 
cell lines, tested negative for mycoplasma contamination (TaKaRa PCR Mycoplasma Detection Set; Takara Bio 
Inc., Shiga, Japan).

Morphologic analysis
Microcover glasses (Matsunami Glass, Osaka, Japan) were placed in the wells of a 12-well plate. The glasses were 
coated with type I collagen (10 µg/mL; Nippi Company, Tokyo, Japan). The cells were then seeded and cultured 
in a plate at a density of 1 ×  105 cells/well on microcover glasses. At 80–90% confluence, the cells were fixed with 
methanol and stained with Wright–Giemsa stain (MUTO Pure Chemicals, Tokyo, Japan). The glasses were cap-
tured under a light microscope at 40 × and 400 × magnifications. Each experiment was repeated at least thrice.

Growth curve and measuring of doubling time
The cells were seeded at 1.0 ×  104 cells/well in a 24-well plate. After 24, 48, 72, and 96 h, the viable cells were 
counted using a hemocytometer with 0.5% trypan blue solution. Doubling time was calculated during the loga-
rithmic growth phase (24–96 h) according to the following formula.



11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:16823  | https://doi.org/10.1038/s41598-023-44062-1

www.nature.com/scientificreports/

Each experiment was performed in triplicate and repeated at least thrice.

Immunoblotting
In addition to the samples from the CPAC cell lines, protein samples from a canine mammary gland tumor cell 
line, CHMp-13a60, and a canine hemangiosarcoma cell line,  Re1261, were also utilized as epithelial and mesen-
chymal controls, respectively. CHMp-13a and Re12 were kindly provided by Dr. T. Nakagawa (The University of 
Tokyo, Japan) and Dr. H. Sakai (Gifu University, Japan), respectively. The results of CHMp-13a and Re12 were 
exclusively presented in the Supplementary Information file. Cells were lysed with NP40 lysis buffer [1% NP40, 
10 mM Tris HCl (pH 7.5), 150 mM NaCl, and 1 mM ethylenediaminetetraacetic acid (EDTA)] supplemented with 
an EDTA-free protease inhibitor cocktail (Nacalai Tesque) and a phosphatase inhibitor cocktail (Nacalai Tesque). 
Twenty micrograms of protein were subjected to sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred onto polyvinylidene fluoride (PVDF) membranes (ClearTrans SP, 0.2 µm; Wako 
Pure Chemical, Osaka, Japan). The membranes were blocked for 1 h with 5% low-fat milk in Tris-buffered saline 
[TBS; 50 mM Tris–HCl (pH 7.5) and 150 mM NaCl] containing 0.01% Tween 20 and then incubated with each 
primary antibody overnight at 4 °C, followed by incubation with HRP-conjugated secondary antibody for 1 h 
at 24 °C. The primary and secondary antibodies are listed in Supplementary Table S2. The blots were developed 
using SuperSignal West Pico chemiluminescent substrate (Thermo Fisher Scientific, Waltham, Massachusetts) 
and visualized using Amersham Image 680 (Cytiva, Tokyo, Japan). Each experiment was repeated at least thrice.

Wound-healing assay
To evaluate the migratory ability of each cell line, a wound-healing scratch assay was performed. The cells were 
seeded at 3.0 ×  105 cells/well in a 24-well plate and cultured. After reaching 100% confluence, the cell monolay-
ers were manually scratched with a sterile 200 µL pipette tip and washed with PBS to remove suspended cells. 
The adherent cells were cultured for 12 h. Cell migration was observed and captured under a light microscope 
at 40 × magnification. The migration ability was calculated relative to a gap area at 0 h. Each experiment was 
performed in triplicate and repeated at least thrice.

Matrigel invasion assay
To evaluate the migration and invasion abilities of each cell line, a Boyden chamber assay was performed. Culture 
inserts with 8 µm pore size (Corning, NY) were set on a 24-well companion plate (Corning). Matrigel (200 µL/
well; 500 µg/mL; Corning) was added to the upper chamber and incubated for 2 h at 37 °C. Subsequently, the 
wells were washed with PBS. Wells without the Matrigel layer were used to count the migrating cells. A cell sus-
pension containing 2.5 ×  105 cells in 500 µL of serum-free media was added to the upper chamber. Seven hundred 
and fifty microliters of medium supplemented with 10% FBS were added to the lower chamber. After 20 h of 
incubation, non-migrating cells on the upper surface of the membrane were removed using a cotton swab. The 
inserts were fixed and stained with methanol and Wright–Giemsa stain (MUTO Pure Chemicals). The number 
of migrating and invading cells was counted under a light microscope at 400 × magnification. Each experiment 
was performed in triplicate and repeated at least thrice.

Sphere-formation assay
To evaluate the self-renewal activity of each cell line, a sphere-formation assay was performed using the protocol 
described in a previous report with a slight  modification62. Cells were seeded at 2000 cells/mL in an ultra-low 
attachment 24-well plate (Corning). These cells were cultured in serum-free DMEM/F12 (Nacalai Tesque) sup-
plemented with bovine serum albumin (Nacalai Tesque), 5 mM HEPES (Nacalai Tesque), 100 U/mL penicillin 
(Nacalai Tesque), 100 µg/mL streptomycin (Nacalai Tesque), 20 ng/mL human recombinant EGF (Peprotech, 
NJ), 10 ng/mL human recombinant bFGF (Peprotech), and 1% B27 supplement (Invitrogen, CA). EGF, bFGF, 
and B27 supplement were used to stabilise the formation and maintenance of sphere. DMEM/F12 medium sup-
plemented with 2 ng/mL EGF and 1 ng/mL bFGF was added to the culture every other day for 10 days. Spheres 
were counted under a light microscope at 40 × magnification. Each experiment was performed in triplicate and 
repeated at least thrice.

Identification of side population (SP)
To detect the side population of each cell line, the cells were stained with DCV (Thermo Fisher Scientific) and 
analyzed by flow cytometer. Cells (5 ×  105) were labeled with 5 µM DCV alone or in combination with 50 µM 
verapamil (Sigma-Aldrich, St. Louis, Missouri). After 90 min of incubation at 37 °C, the labeled cells were washed 
with ice-cold PBS three times and analyzed by flow cytometer (LSRFortessa X-20; BD Biosciences, Franklin 
Lakes, NJ) and FlowJo software version v10.8.1 (Tree Star, Ashland, OR). Each experiment was repeated at least 
thrice.

Cell-proliferation assay
To evaluate the antiproliferative effect of vinorelbine on each cell line, a WST-8 assay was performed. Cells were 
seeded at 0.5 ×  104 cells/well and treated with different doses of vinorelbine (1 nM–10 µM; Wako Pure Chemi-
cal) for 48 h. Subsequently, cell counting kit-8 (10 µL/well; Dojindo, Kumamoto, Japan) was added. After 2 h of 
incubation, the absorbance was determined at 450 nm using an SH-1300 microplate reader (Corona Electric, 

Doubling time(h) =
72× log2

log
(

the number of cells at 96h
)

− log(the number of cells at 24h)
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Ibaraki, Japan). The percentage of absorbance was calculated against the absorbance for untreated cells (control). 
Each experiment was performed in triplicate and repeated at least thrice.

Statistics
All data are presented as the mean ± standard deviation (SD). The normality and homogeneity of variances were 
verified using the Shapiro–Wilk and Bartlett’s tests, respectively. Statistical comparisons between the CPACd-p 
and CPACr-p cell lines were performed using the unpaired Student’s t-test. Statistical comparisons between the 
parent and cloned cell lines were performed by one-way ANOVA with Dunnett’s multiple comparison post hoc 
test using Bell Curve for Excel (Social Survey Research Information Co. Ltd, Tokyo, Japan). Differences were 
considered statistically significant at P < 0.05.

Data availability
The datasets used in the present study are available from the corresponding author upon reasonable request.

Received: 21 June 2023; Accepted: 3 October 2023

References
 1. Wakelee, H. A. et al. Lung cancer incidence in never smokers. J. Clin. Oncol. 25, 472–428. https:// doi. org/ 10. 1200/ jco. 2006. 07. 

2983 (2007).
 2. Dorn, C. R., Taylor, D. O., Frye, F. L. & Hibbard, H. H. Survey of animal neoplasms in Alameda and Contra Costa Counties, 

California. I. Methodology and description of cases. J. Natl. Cancer Inst. 40, 295–305 (1968).
 3. Dobson, J. M., Samuel, S., Milstein, H., Rogers, K. & Wood, J. L. Canine neoplasia in the UK: Estimates of incidence rates from a 

population of insured dogs. J. Small. Anim. Pract. 43, 240–246. https:// doi. org/ 10. 1111/j. 1748- 5827. 2002. tb000 66.x (2002).
 4. McPhetridge, J. B. et al. Distribution of histopathologic types of primary pulmonary neoplasia in dogs and outcome of affected 

dogs: 340 cases (2010–2019). J. Am. Vet. Med. Assoc. 260, 234–243. https:// doi. org/ 10. 2460/ javma. 20. 12. 0698 (2021).
 5. Griffey, S. M., Kraegel, S. A. & Madewell, B. R. Rapid detection of K-ras gene mutations in canine lung cancer using single-strand 

conformational polymorphism analysis. Carcinogenesis 19, 959–963. https:// doi. org/ 10. 1093/ carcin/ 19.6. 959 (1998).
 6. McNiel, E. A. et al. Evaluation of prognostic factors for dogs with primary lung tumors: 67 cases (1985–1992). J. Am. Vet. Med. 

Assoc. 211, 1422–1427 (1997).
 7. Arriagada, R. et al. Long-term results of the international adjuvant lung cancer trial evaluating adjuvant Cisplatin-based chemo-

therapy in resected lung cancer. J. Clin. Oncol. 28, 35–42. https:// doi. org/ 10. 1200/ jco. 2009. 23. 2272 (2010).
 8. Poirier, V. J., Burgess, K. E., Adams, W. M. & Vail, D. M. Toxicity, dosage, and efficacy of vinorelbine (Navelbine) in dogs with 

spontaneous neoplasia. J. Vet. Intern. Med. 18, 536–539. https:// doi. org/ 10. 1111/j. 1939- 1676. 2004. tb025 81.x (2004).
 9. London, C. A. et al. Phase I dose-escalating study of SU11654, a small molecule receptor tyrosine kinase inhibitor, in dogs with 

spontaneous malignancies. Clin. Cancer Res. 9, 2755–2768 (2003).
 10. Yamazaki, H. et al. Assessment of postoperative adjuvant treatment using toceranib phosphate against adenocarcinoma in dogs. 

J. Vet. Intern. Med. 34, 1272–1281. https:// doi. org/ 10. 1111/ jvim. 15768 (2020).
 11. Nemoto, Y. et al. Identification of cancer stem cells derived from a canine lung adenocarcinoma cell line. Vet. Pathol. 48, 1029–1034. 

https:// doi. org/ 10. 1177/ 03009 85810 396106 (2011).
 12. Stokol, T., Daddona, J. L., Mubayed, L. S., Trimpert, J. & Kang, S. Evaluation of tissue factor expression in canine tumor cells. Am. 

J. Vet. Res. 72, 1097–1106. https:// doi. org/ 10. 2460/ ajvr. 72.8. 1097 (2011).
 13. Ishikawa, T. et al. Atorvastatin preferentially inhibits the growth of high ZEB-expressing canine cancer cells. Vet. Comp. Oncol. 

20, 313–323. https:// doi. org/ 10. 1111/ vco. 12778 (2022).
 14. Christiansen, J. J. & Rajasekaran, A. K. Reassessing epithelial to mesenchymal transition as a prerequisite for carcinoma invasion 

and metastasis. Cancer Res. 66, 8319–8326. https:// doi. org/ 10. 1158/ 0008- 5472. CAN- 06- 0410 (2006).
 15. Yeung, K. T. & Yang, J. Epithelial–mesenchymal transition in tumor metastasis. Mol. Oncol. 11, 28–39. https:// doi. org/ 10. 1146/ 

annur ev- pathol- 020117- 043854 (2017).
 16. Fischer, K. R. et al. Epithelial-to-mesenchymal transition is not required for lung metastasis but contributes to chemoresistance. 

Nature 527, 472–426. https:// doi. org/ 10. 1038/ natur e15748 (2015).
 17. Zheng, X. et al. Epithelial-to-mesenchymal transition is dispensable for metastasis but induces chemoresistance in pancreatic 

cancer. Nature 527, 525–530. https:// doi. org/ 10. 1038/ natur e16064 (2015).
 18. Shibue, T. & Weinberg, R. A. EMT, CSCs, and drug resistance: The mechanistic link and clinical implications. Nat. Rev. Clin. Oncol. 

14, 611–629. https:// doi. org/ 10. 1038/ nrcli nonc. 2017. 44 (2017).
 19. Armando, F., Mazzola, F., Ferrari, L. & Corradi, A. An overview of epithelial-to-mesenchymal transition and mesenchymal-to-

epithelial transition in canine tumors: How far have we come?. Vet. Sci. 10, 19. https:// doi. org/ 10. 3390/ vetsc i1001 0019 (2022).
 20. Wendt, M. K., Tian, M. & Schiemann, W. P. Deconstructing the mechanisms and consequences of TGF-β-induced EMT during 

cancer progression. Cell Tissue Res. 347, 85–101. https:// doi. org/ 10. 1007/ s00441- 011- 1199-1 (2012).
 21. Reya, T., Morrison, S. J., Clarke, M. F. & Weissman, I. L. Stem cells, cancer, and cancer stem cells. Nature 414, 105–111. https:// 

doi. org/ 10. 1038/ 35102 167 (2001).
 22. Visvader, J. E. & Lindeman, G. J. Cancer stem cells in solid tumours: Accumulating evidence and unresolved questions. Nat. Rev. 

Cancer 8, 755–768. https:// doi. org/ 10. 1038/ nrc24 99 (2008).
 23. Clarke, M. F. et al. Cancer stem cells–perspectives on current status and future directions: AACR Workshop on cancer stem cells. 

Cancer Res. 66, 9339–9344. https:// doi. org/ 10. 1158/ 0008- 5472. CAN- 06- 3126 (2006).
 24. Boesch, M., Wolf, D. & Sopper, S. Optimized stem cell detection using the DyeCycle-triggered side population phenotype. Stem 

Cells Int. 2016, 1652389. https:// doi. org/ 10. 1155/ 2016/ 16523 89 (2016).
 25. Gasch, C., Ffrench, B., Leary, J. J. & Gallagher, M. F. Catching moving targets: Cancer stem cell hierarchies, therapy-resistance & 

considerations for clinical intervention. Mol. Cancer 16, 43. https:// doi. org/ 10. 1186/ s12943- 017- 0601-3 (2017).
 26. Michishita, M. Understanding of tumourigenesis in canine mammary tumours based on cancer stem cell research. Vet. J. 265, 

105560. https:// doi. org/ 10. 1016/j. tvjl. 2020. 105560 (2020).
 27. Gatti, M. et al. In vitro and in vivo characterization of stem-like cells from canine osteosarcoma and assessment of drug sensitivity. 

Exp. Cell Res. 363, 48–64. https:// doi. org/ 10. 1016/j. yexcr. 2018. 01. 002 (2018).
 28. Hensing, T., Chawla, A., Batra, R. & Salgia, R. A personalized treatment for lung cancer: molecular pathways, targeted therapies, 

and genomic characterization. Adv. Exp. Med. Biol. 799, 85–117. https:// doi. org/ 10. 1007/ 978-1- 4614- 8778-4_5 (2014).
 29. Hirsch, F. R., Varella-Garcia, M. & Cappuzzo, F. Predictive value of EGFR and HER2 overexpression in advanced non-small-cell 

lung cancer. Oncogene 28, S32–S37. https:// doi. org/ 10. 1038/ onc. 2009. 199 (2009).

https://doi.org/10.1200/jco.2006.07.2983
https://doi.org/10.1200/jco.2006.07.2983
https://doi.org/10.1111/j.1748-5827.2002.tb00066.x
https://doi.org/10.2460/javma.20.12.0698
https://doi.org/10.1093/carcin/19.6.959
https://doi.org/10.1200/jco.2009.23.2272
https://doi.org/10.1111/j.1939-1676.2004.tb02581.x
https://doi.org/10.1111/jvim.15768
https://doi.org/10.1177/0300985810396106
https://doi.org/10.2460/ajvr.72.8.1097
https://doi.org/10.1111/vco.12778
https://doi.org/10.1158/0008-5472.CAN-06-0410
https://doi.org/10.1146/annurev-pathol-020117-043854
https://doi.org/10.1146/annurev-pathol-020117-043854
https://doi.org/10.1038/nature15748
https://doi.org/10.1038/nature16064
https://doi.org/10.1038/nrclinonc.2017.44
https://doi.org/10.3390/vetsci10010019
https://doi.org/10.1007/s00441-011-1199-1
https://doi.org/10.1038/35102167
https://doi.org/10.1038/35102167
https://doi.org/10.1038/nrc2499
https://doi.org/10.1158/0008-5472.CAN-06-3126
https://doi.org/10.1155/2016/1652389
https://doi.org/10.1186/s12943-017-0601-3
https://doi.org/10.1016/j.tvjl.2020.105560
https://doi.org/10.1016/j.yexcr.2018.01.002
https://doi.org/10.1007/978-1-4614-8778-4_5
https://doi.org/10.1038/onc.2009.199


13

Vol.:(0123456789)

Scientific Reports |        (2023) 13:16823  | https://doi.org/10.1038/s41598-023-44062-1

www.nature.com/scientificreports/

 30. Uribe, M. L., Marrocco, I. & Yarden, Y. EGFR in cancer: Signaling mechanisms, drugs, and acquired resistance. Cancers (Basel) 
13, 2748. https:// doi. org/ 10. 3390/ cance rs131 12748 (2021).

 31. Sabattini, S. et al. EGFR overexpression in canine primary lung cancer: Pathogenetic implications and impact on survival. Vet. 
Comp. Oncol. 12, 237–248. https:// doi. org/ 10. 1111/ vco. 12002 (2014).

 32. Mariotti, E. T., Premanandan, C. & Lorch, G. Canine pulmonary adenocarcinoma tyrosine kinase receptor expression and phos-
phorylation. BMC Vet. Res. 14, 1. https:// doi. org/ 10. 1186/ 1746- 6148- 10- 19 (2014).

 33. Lorch, G. et al. Identification of recurrent activating HER2 mutations in primary canine pulmonary adenocarcinoma. Clin. Cancer 
Res. 25, 5866–5877. https:// doi. org/ 10. 1158/ 1078- 0432. CCR- 19- 1145 (2019).

 34. Kraegel, S. A., Gumerlock, P. H., Dungworth, D. L., Oreffo, V. I. & Madewell, B. R. K-ras activation in non-small cell lung cancer 
in the dog. Cancer Res. 52, 4724–4227 (1992).

 35. Gray-Schopfer, V., Wellbrock, C. & Marais, R. Melanoma biology and new targeted therapy. Nature 445, 851–857. https:// doi. org/ 
10. 1038/ natur e05661 (2007).

 36. Rodenhuis, S. & Slebos, R. J. Clinical significance of ras oncogene activation in human lung cancer. Cancer Res. 52, 2665s–2669s 
(1992).

 37. Meyer-Schaller, N. et al. A hierarchical regulatory landscape during the multiple stages of EMT. Dev. Cell 48, 539–553. https:// doi. 
org/ 10. 1016/j. devcel. 2018. 12. 023 (2019).

 38. Jolly, M. K. et al. Hybrid epithelial/mesenchymal phenotypes promote metastasis and therapy resistance across carcinomas. Phar-
macol. Ther. 194, 161–184. https:// doi. org/ 10. 1016/j. pharm thera. 2018. 09. 007 (2019).

 39. Selvaggio, G. et al. Hybrid epithelial-mesenchymal phenotypes are controlled by microenvironmental factors. Cancer Res. 80, 
2407–2420. https:// doi. org/ 10. 1158/ 0008- 5472. can- 19- 3147 (2020).

 40. Saitoh, M. Involvement of partial EMT in cancer progression. J. Biochem. 164, 257–264. https:// doi. org/ 10. 1093/ jb/ mvy047 (2018).
 41. Jolly, M. K. et al. Stability of the hybrid epithelial/mesenchymal phenotype. Oncotarget 7, 27067–32784. https:// doi. org/ 10. 18632/ 

oncot arget. 8166 (2016).
 42. Tangchang, W. et al. Critical diagnostic and cancer stem cell markers in neoplastic cells from canine primary and xenografted 

pulmonary adenocarcinoma. J. Vet. Sci. 23, e89. https:// doi. org/ 10. 4142/ jvs. 22124 (2022).
 43. Wu, J., Chu, P. G., Jiang, Z. & Lau, S. K. Napsin A expression in primary mucin-producing adenocarcinomas of the lung: An 

immunohistochemical study. Am. J. Clin. Pathol. 139, 160–166. https:// doi. org/ 10. 1309/ ajcp6 2wjua mszcom (2013).
 44. Derynck, R., Akhurst, R. J. & Balmain, A. TGF-beta signaling in tumor suppression and cancer progression. Nat. Genet. 29, 

117–129. https:// doi. org/ 10. 1038/ ng1001- 117 (2001).
 45. Fabregat, I., Fernando, J., Mainez, J. & Sancho, P. TGF-beta signaling in cancer treatment. Curr. Pharm. Des. 20, 2934–2947. https:// 

doi. org/ 10. 2174/ 13816 12811 31999 90591 (2014).
 46. Drabsch, Y. & ten Dijke, P. TGF-β signalling and its role in cancer progression and metastasis. Cancer Metastasis Rev. 31, 553–568. 

https:// doi. org/ 10. 1007/ s10555- 012- 9375-7 (2012).
 47. Bertran, E. et al. Overactivation of the TGF-β pathway confers a mesenchymal-like phenotype and CXCR4-dependent migratory 

properties to liver tumor cells. Hepatology 58, 2032–2044. https:// doi. org/ 10. 1002/ hep. 26597 (2013).
 48. Morel, A. P. et al. Generation of breast cancer stem cells through epithelial-mesenchymal transition. PLoS ONE 3, e2888. https:// 

doi. org/ 10. 1371/ journ al. pone. 00028 88 (2008).
 49. Shipitsin, M. et al. Molecular definition of breast tumor heterogeneity. Cancer Cell 11, 259–273. https:// doi. org/ 10. 1016/j. ccr. 2007. 

01. 013 (2007).
 50. Maehara, O. et al. Fibroblast growth factor-2-mediated FGFR/Erk signaling supports maintenance of cancer stem-like cells in 

esophageal squamous cell carcinoma. Carcinogenesis 38, 1073–1083. https:// doi. org/ 10. 1093/ carcin/ bgx095 (2017).
 51. Nakamura, K. et al. CD24 expression is a marker for predicting clinical outcome and regulates the epithelial-mesenchymal transi-

tion in ovarian cancer via both the Akt and ERK pathways. Oncol. Rep. 37, 3189–3200. https:// doi. org/ 10. 3892/ or. 2017. 5583 (2017).
 52. Xie, L. et al. Activation of the Erk pathway is required for TGF-beta1-induced EMT in vitro. Neoplasia 6, 603–610. https:// doi. org/ 

10. 1593/ neo. 04241 (2004).
 53. Andriani, F. et al. Conversion to stem-cell state in response to microenvironmental cues is regulated by balance between epithelial 

and mesenchymal features in lung cancer cells. Mol. Oncol. 10, 253–271. https:// doi. org/ 10. 1016/j. molonc. 2015. 10. 002 (2016).
 54. Li, J. et al. Characteristics of the PI3K/AKT and MAPK/ERK pathways involved in the maintenance of self-renewal in lung cancer 

stem-like cells. Int. J. Biol. Sci. 17, 1191–1202. https:// doi. org/ 10. 7150/ ijbs. 57871 (2021).
 55. Kim, E. S. Chemotherapy resistance in lung cancer. Adv. Exp. Med. Biol. 893, 189–209. https:// doi. org/ 10. 1007/ 978-3- 319- 24223-1_ 

10 (2016).
 56. Mehlhaff, C. J. & Mooney, S. Primary pulmonary neoplasia in the dog and cat. Vet. Clin. North. Am. Small Anim. Pract. 15, 

1061–1067. https:// doi. org/ 10. 1016/ s0195- 5616(85) 50110-2 (1985).
 57. Ogilvie, G. K. et al. Efficacy of mitoxantrone against various neoplasms in dogs. J. Am. Vet. Med. Assoc. 198, 1618–1621 (1991).
 58. Tetsu, O., Hangauer, M. J., Phuchareon, J., Eisele, D. W. & McCormick, F. Drug resistance to EGFR inhibitors in lung cancer. 

Chemotherapy 61, 223–235. https:// doi. org/ 10. 1159/ 00044 3368 (2016).
 59. Freshney, R. I. Culture of Animal Cells (Sixth Edition) 208–209 (Wiley, 2010).
 60. Murai, K. et al. Establishment of a pair of novel cloned tumour cell lines with or without metastatic potential from canine mam-

mary adenocarcinoma. Res. Vet. Sci. 93, 468–472. https:// doi. org/ 10. 1016/j. rvsc. 2011. 06. 012 (2012).
 61. Murai, A. et al. Constitutive phosphorylation of the mTORC2/Akt/4E-BP1 pathway in newly derived canine hemangiosarcoma 

cell lines. BMC Vet. Res. 8, 128. https:// doi. org/ 10. 1186/ 1746- 6148-8- 128 (2012).
 62. Deguchi, T. et al. Analysis of radiosensitivity of cancer stem-like cells derived from canine cancer cell lines. Vet. Comp. Oncol. 17, 

119–129. https:// doi. org/ 10. 1111/ vco. 12452 (2019).

Acknowledgements
This study was supported in part by a Grant-in-Aid for Early-Career Scientists (Grant Number 21K14992) from 
the Japan Society for the Promotion of Science.

Author contributions
K.Kobayashi. designed this study, performed experiments, analyzed data, and wrote the manuscript; K.M., 
K.Kutara., K.S., T.K., Y.O., and A.S. contributed to clinical diagnosis and sample collection; I.M. performed 
histological diagnosis; K. Kobayashi, K.M., K.S., and A.S. performed classification of cell morphology; R.T. 
partially performed experiments on CSCs; and K.M and K.S edited the manuscript. All authors have read and 
approved the final manuscript.

Competing interests 
The authors declare no competing interests.

https://doi.org/10.3390/cancers13112748
https://doi.org/10.1111/vco.12002
https://doi.org/10.1186/1746-6148-10-19
https://doi.org/10.1158/1078-0432.CCR-19-1145
https://doi.org/10.1038/nature05661
https://doi.org/10.1038/nature05661
https://doi.org/10.1016/j.devcel.2018.12.023
https://doi.org/10.1016/j.devcel.2018.12.023
https://doi.org/10.1016/j.pharmthera.2018.09.007
https://doi.org/10.1158/0008-5472.can-19-3147
https://doi.org/10.1093/jb/mvy047
https://doi.org/10.18632/oncotarget.8166
https://doi.org/10.18632/oncotarget.8166
https://doi.org/10.4142/jvs.22124
https://doi.org/10.1309/ajcp62wjuamszcom
https://doi.org/10.1038/ng1001-117
https://doi.org/10.2174/13816128113199990591
https://doi.org/10.2174/13816128113199990591
https://doi.org/10.1007/s10555-012-9375-7
https://doi.org/10.1002/hep.26597
https://doi.org/10.1371/journal.pone.0002888
https://doi.org/10.1371/journal.pone.0002888
https://doi.org/10.1016/j.ccr.2007.01.013
https://doi.org/10.1016/j.ccr.2007.01.013
https://doi.org/10.1093/carcin/bgx095
https://doi.org/10.3892/or.2017.5583
https://doi.org/10.1593/neo.04241
https://doi.org/10.1593/neo.04241
https://doi.org/10.1016/j.molonc.2015.10.002
https://doi.org/10.7150/ijbs.57871
https://doi.org/10.1007/978-3-319-24223-1_10
https://doi.org/10.1007/978-3-319-24223-1_10
https://doi.org/10.1016/s0195-5616(85)50110-2
https://doi.org/10.1159/000443368
https://doi.org/10.1016/j.rvsc.2011.06.012
https://doi.org/10.1186/1746-6148-8-128
https://doi.org/10.1111/vco.12452


14

Vol:.(1234567890)

Scientific Reports |        (2023) 13:16823  | https://doi.org/10.1038/s41598-023-44062-1

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 44062-1.

Correspondence and requests for materials should be addressed to K.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-44062-1
https://doi.org/10.1038/s41598-023-44062-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Phenotypic and molecular characterization of novel pulmonary adenocarcinoma cell lines established from a dog
	Results
	Establishment of cell lines
	Microscopic morphology
	Growth of the cells in vitro
	EMT phenotype
	CSC phenotype
	Resistance to vinorelbine in vitro
	Expression of tumor-associated proteins

	Discussion
	Methods
	Tumor sample
	Primary culture
	One cell cloning
	Morphologic analysis
	Growth curve and measuring of doubling time
	Immunoblotting
	Wound-healing assay
	Matrigel invasion assay
	Sphere-formation assay
	Identification of side population (SP)
	Cell-proliferation assay
	Statistics

	References
	Acknowledgements


