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Abstract 
Comparative Oncology refers to the discipline that integrates the naturally 

occurring cancers seen in veterinary patients into more general studies of cancer 

biology and therapy. This includes the study of cancer pathogenesis (i.e., the 

study of cancer-associated genes and proteins) and the study of new treatment 

options for the management of cancer. This approach provides novel 

opportunities for current and future veterinary and human cancer patients. 

Although several veterinary species, including cats, horse, and ferret, develop 

cancers that are of comparative interest, the majority of both the scientific and 

clinical effort has thus far focused on the dog.  

The partially overlapping transcriptome and proteome of metastatic canine 

mammary tumors (CMT) and human breast cancer (HBC) suggests that there are 

underlying comparable evidence that metastatic canine carcinomas are suitable 

translational model for human breast tumors which could be used to determine 

prognostic and predictive molecular signatures and identify therapeutic targets. 

The retinoblastoma tumor suppressor (RB) protein is functionally inactivated in 

many human cancers and is aberrant in one-third of all breast cancers. RB 

regulates G1/S-phase cell-cycle progression and is a critical mediator of 

antiproliferative signaling. It is known that pRb can be inactivated by various 

mechanisms including genetic mutations and phosphorylation. The most 

important target of the retinoblastoma (RB) protein family members (p105, p107 

and p130) is the E2F-family of transcription factors, which control the expression 

of genes that mediate G1-S transition. Together, these proteins are often referred 

to as the pocket proteins. At the transition to S-phase, cyclin/CDK complexes 

phosphorylate the pocket proteins and transcription of E2F target genes proceeds 

through S phase. Cell-cycle progression is mediated by cyclin-dependent kinases 

(CDKs) and their regulatory cyclin subunits. Overexpression and/or dysfunction 

of CDKs or cyclins have been reported in a very large number of human cancers 

and other diverse pathologies. These protein kinases are considered as valuable 

therapeutic targets for drug development. CDK4/6 inhibitors like palbociclib 

inhibit CDK4/6-mediated phosphorylation of RB.  
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In this study we showed that Palbociclib inhibits pRb phosphorylation in the CMT 

primary cells that express CDK4, CDK6 and Rb family of proteins independent of 

ER expression, in a dose and time dependent manner. Moreover, it decreased 

CMT cells migration, spheroid formation and colony formation. Our findings 

suggest that palbociclib as a CDK4/6 inhibitor can be a candidate for the 

treatment of CMTs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 
 

Reactivation of the Retinoblastoma family of proteins by 

Cyclin-dependent kinase (CDK) inhibitors in Canine 

Mammary Tumors (CMT) 

Introduction:  

Canine Mammary Tumors  
Cancer constitutes the major health problem both in human and veterinary medicine. 

Comparative oncology as an integrative approach offers to learn more about naturally 

occurring cancers across varied species. It integrates the naturally occurring cancers seen 

in the veterinary patients into more general studies of cancer biology and therapy. This 

includes the study of cancer pathogenesis (i.e., the study of cancer-associated genes and 

proteins) and the study of new treatment options for the management of cancer. By 

nature, this approach provides novel opportunities for current and future veterinary and 

human cancer patients. Although several veterinary species, including the cat, horse, and 

ferret, develop cancers that are of comparative interest, the majority of both the scientific 

and clinical effort has thus far focused on the dog1.  

Canine models have many advantages as they experience spontaneous disease, have 

many genes like human genes, five to seven-fold accelerated ageing compared to 

humans, respond to treatments similarly as humans do and health care levels second only 

to humans2. The shorter lifespan of dogs compared to humans enables researchers to 

study cancers that develop after a few years instead of decades, a time course that is 

sufficient to allow comparison of treatment responses while still being short enough to 

ensure rapid conclusion of the clinical trials3. With the revealing of the dog genome in 

2005 and, the cat genome in 2014, the study of spontaneous cancers in these animals has 

become even more interesting for comparative oncology4. During the last few years, 

along with the sequencing of the entire dog genome (99% complete, ~2.5 billion base 

pairs) and the clear evidence of its close similarity with the human genome, the dog has 

emerged as an attractive alternative model for cancer research5.  

Canine mammary tumors (CMTs) are a naturally occurring heterogenous group of 

cancers that have several features in common with human breast cancer (HBC). These 

similarities include etiology, signaling pathway activation and histological classification3. 
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CMTs represent between 50 and 70% of all tumors in intact female dogs. The prevalence 

varies depending on the geographic location, being greater in countries where 

ovariectomy is not routinely performed. In these countries, the prevalence of mammary 

neoplasms in female dogs is three times higher than the prevalence in women6. Data 

retrieved from the Animal Tumor registry of dogs and cats of Venice and Vicenza 

provinces during 2005-2013 by Vascellari et al.7 showed that 54% of 2744 mammary 

tumors were in female dogs with an annual incidence rate was 250 cases per 100,000 

dogs. The most frequent malignant CMTs were complex carcinomas, consisting of both 

epithelial and myoepithelial tissues, and simple carcinomas. CMTs usually affects 

middle-aged and older dogs with an increased risk between 8–11 years old. Benign 

tumors are more likely in dogs ranging between 7 and 9 years, while malignant tumors 

are more frequently encountered in older dogs. However, the peak incidence dictated by 

the age should be carefully evaluated given that larger breeds of dogs have a naturally 

shorter lifespan and therefore tend to be younger than smaller breeds when they receive a 

cancer diagnosis.  

Mammary neoplasm can occur in dogs of any breed, although pure breeds seem more 

prone to develop CMTs. Poodles, Chihuahuas, Dachshunds, Yorkshire Terriers, Maltese, 

and Cocker Spaniels are frequently listed as high-risk dog breeds in the small breed 

category. Some of the larger breeds are also at higher risk, including the English Springer 

Spaniel, English Setters, Brittany Spaniels, German Shepherds, Pointers, Doberman 

Pinschers, and Boxers8.  

The partially overlapping transcriptome and proteome of metastatic CMT and HBC 

suggests that there are underlying comparable evidence that metastatic canine carcinomas 

are suitable translational model for human breast tumors and could be used to determine 

prognostic and predictive molecular signatures and identify therapeutic targets3. 

 

Histologic classification 
In humans invasive ductal carcinomas of not otherwise specified (NOS) is the 

predominant histologic subtype within all the patient populations, with invasive lobular 

carcinoma being the subsequent predominant histologic subtype9. For CMTs in 2011, 

Goldschmidt et al.10 proposed a new comprehensive histological classification based on 

the CMT classifications previously published by the World Health Organization in 1974 
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and 1999. Histologically, CMTs are classified as malignant epithelial neoplasms, 

malignant epithelial neoplasms of special types (Squamous cell carcinoma, 

Adenosquamous carcinoma, Mucinous carcinoma, Lipid-rich (secretory) carcinoma, 

Spindle cell carcinoma, and inflammatory carcinoma), malignant mesenchymal 

neoplasms, carcinosarcoma, benign neoplasms, Hyperplasia/Dysplasia, Neoplasms of the 

Nipple, and Hyperplasia/Dysplasia of the Nipple11. Canine mammary malignant 

epithelial neoplasms by themselves include Carcinoma–in situ, Carcinoma–simple 

(Tubular, Tubulo-papillary, Cystic-papillary, Cribriform), Carcinoma–micropapillary 

invasive, Carcinoma–solid, Comedocarcinoma, Carcinoma–anaplastic, Carcinoma arising 

in a complex adenoma/mixed tumor, Carcinoma–complex type, Carcinoma and 

malignant myoepithelioma, Carcinoma–mixed type, Ductal carcinoma–malignant 

counterpart of ductal adenoma, Intraductal papillary carcinoma–malignant counterpart of 

intraductal papillary adenoma11 (diagram 1 and figure 110).  

 

 
                 

         Diagram 1- Goldschmidt et al.10 proposed histological classification of canine mammary tumors 

(CMT) subtypes. 
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Figure 1- 1. Carcinoma in situ, mammary gland, canine. The neoplastic cells, arranged in tubules, are 

surrounded by an intact basement membrane. There is mild cellular and nuclear pleomorphism and 

occasional mitoses. HE. 2. Carcinoma, tubular type with interlobular fibrosis, mammary gland, canine. 

There is mild cellular and nuclear pleomorphism (lower grade). HE. 3. Carcinoma tubular type with 

considerable nuclear and cellular pleomorphism and frequent mitoses, mammary gland, canine (higher 

grade). HE. 4. Carcinoma, tubulopapillary type, with moderate nuclear and cellular pleomorphism, 

mammary gland, canine. The papillae are supported by a fine fibrovascular stroma. HE. 5. Carcinoma, 

cribriform type, mammary gland, canine. The ducts are filled with a uniform population of cells that 

surround small lumina. HE. 6. Carcinoma, micropapillary type, mammary gland, canine. The papillae are 

seen as small intraluminal aggregates of cells without a supporting stroma. HE. 7. Carcinoma, solid type, 

mammary gland, canine. The cells have hyperchromatic nuclei and little cytoplasm and form lobules 

without tubular differentiation. HE. 8. Comedocarcinoma, mammary gland, canine. Note the central area of 

necrosis, whereas the peripheral neoplastic cells are viable. HE. 9. Anaplastic carcinoma with desmoplasia, 

mammary gland, canine. The neoplastic. cells are seen as single cells or small nests of cells surrounded by 

marked desmoplasia. HE. 10. Anaplastic carcinoma, intralymphatic with vasculogenic mimicry, mammary 

gland, canine. HE. 11. Carcinoma arising in a benign mixed mammary tumor, mammary gland, canine. The 

chondroid component is benign, but there is moderate nuclear pleomorphism of the epithelial cells. HE. 12. 

Complex carcinoma, mammary gland, canine. There is pleomorphism of the epithelial cells that line the 

tubules but not the fusiform myoepithelial cells. HE. 13. Carcinoma and malignant myoepithelioma, 

mammary gland, canine. Both the epithelial cells and the myoepithelial cells are pleomorphic. HE. 14. 

Carcinoma–mixed type, mammary gland, canine. The malignant epithelial component forms tubules, and 

the mesenchymal component consists of islands of bone. The myoepithelial component is not shown. HE. 

15. Ductal carcinoma, mammary gland, canine. The ducts are lined by a bilayered epithelium with foci of 

squamous differentiation and intracytoplasmic keratohyaline granules. HE. 16. Intraductal papillary 

carcinoma, mammary gland, canine. The neoplastic cells exhibit considerable nuclear and cellular 

pleomorphism. HE. 17. Adenosquamous carcinoma, mammary gland, canine. There is a single cells or 

small groups of cells showing squamous differentiation. HE. 18. Lipid-rich carcinoma, mammary gland, 

canine. The nuclei are at the periphery of the cell with a single large lipid vacuole or several small lipid 

vacuoles within the cytoplasm. HE. 19. Malignant myoepithelioma, mammary gland, canine. The cells are 

fusiform and have an eosinophilic cytoplasm. There is moderate nuclear and cellular pleomorphism. HE. 
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20. Carcinoma–spindle cell variant, mammary gland, canine. Note the intimate association of the neoplastic 

spindle cells with the islands of tubular epithelium. HE. 21. Osteosarcoma, mammary gland, canine. Islands 

of tumor osteoid are present with the neoplasm. The adjacent mammary glands exhibit lobular hyperplasia. 

HE. 22. Fibrosarcoma, mammary gland, canine. The remnants of mammary ducts are surrounded by the 

neoplastic spindle cells. HE. 23. Malignant mixed mammary tumor (carcinosarcoma), mammary gland, 

canine. Two neoplastic populations are present. There are neoplastic cells showing chondroid 

differentiation (chondrosarcoma) and islands of carcinoma cells. HE. 24. Adenoma, mammary gland, 

canine. The ducts are lined by a uniform population of columnar cells. HE. 25. Intraductal papillary 

adenoma, mammary gland, canine. The papillae are covered by a uniform population of cuboidal epithelial 

cells, and in the fibrovascular supporting stroma are normal myoepithelial cells. HE. 26. Ductal adenoma, 

mammary gland, canine. The duct lumina are lined by a double layer of epithelial cells with several foci of 

squamous differentiation. HE. 27. Fibroadenoma, mammary gland, canine. The ducts are surrounded by an 

extensive fibrous stroma. HE. 28. Myoepithelioma, mammary gland, canine. The spindled myoepithelial 

cells are surrounded by a mucinous and collagenous matrix. HE. 29. Complex adenoma 

(adenomyoepithelioma), mammary gland, canine. There are foci of myoepithelial cell proliferation adjacent 

to several ducts. The myoepithelial cells are fusiform to stellate and surrounded by a basophilic mucinous 

matrix. HE. 30. Benign mixed tumor, mammary gland, canine. Note the ductal and myoepithelial cells with 

foci of chondroid and osseous differentiation. HE. 31. Lobular hyperplasia with lactation, mammary gland, 

canine. The lactational changes are characterized by cells with a vacuolated cytoplasm. HE. 32. Lobular 

hyperplasia with fibrosis, mammary gland, canine. Note the extensive intralobular fibrosis. HE. 33. Lobular 

hyperplasia with atypia, mammary gland, canine. The nuclei are hyperchromatic with an increased 

nuclear:cytoplasmic ratio. In some ducts, there is piling up of the epithelium. HE. 34. Epitheliosis, 

mammary gland, canine. The intraductal proliferation is by cells with chromatic nuclei. These cells are 

smaller than the peripheral ductal epithelial cells. HE. 35. Duct papillomatosis, mammary gland, canine. 

Multifocal intraluminal papillary proliferation without any supporting stroma and several corpora 

amylacea. HE. 36. Fibroadenomatous change, mammary gland, canine. There is proliferation of the 

interlobular ducts and extensive proliferation of the edematous interlobular stroma. HE.  

 

 

The gross morphology of 26 cases of CMTs was studied by Patel et al.12. The weight of 

the tumors varied from 30 to 2000 grams and most of them were round to oval with a soft 

to hard consistency and a grayish-white cut surface. Of the 229 CMT tumors studied by 

Goldschmidt et al.10, 169 (74%) were malignant and 60 (26%) were benign. Among the 

malignant tumors, complex carcinoma was the most common (13.6%), followed by 

carcinoma and malignant myoepithelioma (11.8%), solid carcinoma (11.8%), anaplastic 

carcinoma (10.6%), comedocarcinoma (10%), simple tubular carcinoma (8.9%), 

carcinoma arising in benign mixed tumor (8.3%), simple tubulopapillary carcinoma 

(7.1%), intraductal papillary carcinoma (7.1%), adenosquamous carcinoma (5.9%), and 

carcinosarcoma (4.7%). Myoepithelial cell proliferation is much more common, 

occurring in more than 20% of CMTs compared to less than 0.1% in HBCs. Canine 

simple carcinomas have no myoepithelial cell proliferation, while canine complex 

carcinomas have both proliferating luminal and myoepithelial cells. Histologically, 

canine simple carcinomas mirror human breast carcinomas13. 
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Molecular Classification 

Sørlie et al.14 by using gene expression profiling (GEP) on 456cDNA clones of the breast, 

classified human breast  cancers into five intrinsic subtypes, i.e., luminal A (ER+, PR+, 

HER2-, KI67-), luminal B (ER+, PR+, HER2+/-, KI67+), HER2 over-expression (ER-, 

PR-, HER2+), basal-like (ER-, PR-, HER2-, CK5/6+) and normal-like tumors (ER+, 

PR+, HER2-, KI67-).  

Normal-like and luminal A tumors have the same immunohistochemistry features but 

differ on expression pattern15. Some studies show that normal-like may be an artifact of 

contamination of tumor RNA with RNA from normal breast cells16 and normal-like 

breast cancer subtype is now less frequently used17 (Table 1). In 2007, Herschkowitz et 

al.18 identified a new molecular subtype, referred to as claudin-low.  

Despite the apparent similarity to basal-like tumors, Prat et al.19 showed that claudin-low 

tumors as a group did not show high expression of proliferation genes and thus are likely 

slower-cycling tumors. Clinically, most claudin-low tumors are estrogen receptor (ER)-

negative, progesterone receptor (PR)-negative, and epidermal growth factor receptor 2 

(HER2)-negative (triple-negative) with poor prognosis. TNBCs and basal-like breast 

cancers were previously thought to be the same but transcriptomic analyses have shown 

that TNBCs are highly heterogenous20. Not all triple negative (TN) tumors are identified 

as basal-like by gene expression, and not all basal-like tumors are TN21.  

In the largest canine mammary cancer cohort reported by Abadie et al.22 350 female 

canine mammary cancers were classified as luminal A (14.3%), luminal B (9.4%), no 

HER2-overexpressing and triple negative (76.3%) either of the basal-like type (ER- and 

PR-, EGFR and/or CK5/6+) (58.6%) or of the non-basal-like type (ER- and PR-, EGFR, 

and CK5/6-) (17.7%)22. Im et al.23 showed that Carcinoma-tubular and carcinoma arising 

in a complex adenoma/mixed tumor were frequently categorized as luminal A, whereas 

carcinoma-solid was frequently categorized as basal-like.  

Dogs are therefore powerful spontaneous models of cancer to test new therapeutic 

approaches, particularly for human triple-negative breast cancers.  
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TABLE 1- Intrinsic subtypes of breast cancer by Sørlie et al.14 

 

 
 
 
 
 
 

 
 

 

 

Genetics and epigenetics 
In HBC, genes with at least a fourfold rise in pathogenic mutations compared with 

unaffected controls are usually categorized as high-risk BC genes. These include 

BRCA1/2, CDH1, PALB2, PTEN, STK11, and TP5324. While germline BRCA1/2 

mutations occur in 5.3% of unselected HBC according to The Cancer Genome Atlas 

(TCGA), a recent study showed that 11.2% of unselected TNBC cases had deletions in 

the BRCA1 (8.5%) and BRCA2 (2.7%) respectively25. About 70% of breast cancers in 

BRCA1 mutation carriers and up to 23% of BRCA2 carriers are triple-negative26. 

The somatic mutation landscape of human TNBC shows the highest frequency of TP53 

mutations, up to 80%27. Shah et al.28 sequenced 104 TNBC tumors and found that the 

most common mutation was TP53 (53.8%), followed by PIK3CA (10.7%). Genomic 

changes in the RB1 gene are relatively common in TNBCs and loss of Rb protein 

expression is seen in more than 40% of cases29.  

One of the most found genetic modifications in TNBC is the amplification of the MYC 

gene which is identified in more than 60% of samples30.  

Gains in chromosomes 1q, 8q, 17q, 20q, and losses in 5q, 6q, 8p are common in breast 

cancer. Estrogen receptor (ER)-negative cancers frequently harbor losses in 5q and gains 

in 6p compared with hormone receptor-positive cancers31. Secretory breast carcinoma is 

the only epithelial tumor of the breast with a t (12;15) balanced translocation that makes 

an ETV6-NTRK3 gene fusion and encodes a chimeric tyrosine kinase32. Like salivary 

gland ACC, the breast adenoid cystic carcinoma shows the t (6;9) translocation leading to 

the development of MYB-NFIB gene fusion and immunopositivity for MYB by 

immunohistochemistry (IHC)33. High-resolution copy number alteration (CNA) profile in 

TNBC showed that the most common gains of the entire chromosome arms included 1q, 

Intrinsic subtype IHC status 

 
Luminal A                                            

Luminal B                                            

HER2 over-expression                         

Basal-like                                             

ER+, PR+, HER2-, KI67-                                          

ER+, PR+, HER2+/-, KI67+ 

ER-, PR-, HER2+ 

ER-, PR-, HER2-, CK5/6+ 
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8q, 10p and 12p, and losses of 5q, 8p, and 17p, and the most frequent focal gains were 

narrowed down to 3q and 19q and focal losses were identified most often in 3q and 12q34. 

In TNBC, from the genomic loss-of-heterozygosity (LOH) landscape, the most frequent 

genes exhibiting LOH associated monoallelic expression (MAE) were found within 

chromosomes 3p, 5q, 8p, 10p, 14, and 1735.  

Among heritable and reversible epigenetic mechanisms, changes in DNA methylation, 

histones post-translational modifications, and small noncoding microRNAs (miRNA) 

have been also described in HBCs36.  

Among genes that have been commonly reported to be methylated in breast cancer there 

are RASSF1A, ERa, PR, RARb, CCND2, and PITX2. Methylation of the BRCA1 

promoter is frequent in triple-negative breast cancers (TNBC) and leads to a tumor 

phenotype similar to BRCA1-mutated tumors37. The phenotype that some sporadic 

tumors share with familial-BRCA cancer is called BRCAness38. This status may be due 

to the hypermethylation of the promoter region of the BRCA1 gene39.  

There are three loci in human chromosome 9p21 as tumor suppressor genes including, 

CDKN2A (p16INK4a, and p14ARF), and CDKN2B (p15INK4b)40. The CDKN2A locus 

controls the p16INK4a/CDK4/pRb pathway and p14ARF/p53 pathway41. The region of 

the human chromosome, 9p21 encompassing the CDKN2B/CDKN2A or 

INK4A/ARF/INK4B gene locus, corresponds to regions of dog chromosome 11, mouse 

chromosome 4, and rat chromosome 5. These regions have been demonstrated to be 

frequently mutated in various types of cancer42. Relative molecular and cytogenetic 

mapping of the INKA/ARF locus and closely related genes with their positions on human 

and canine chromosome 9 and 11, respectively(figure 2)43. 
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Figure 2- Frequently deleted regions in human chr. 9p21 and orthologous canine chr. 11  

Relative molecular and cytogenetic mapping of the INKA/ARF locus and closely related genes with their 

positions on human and canine chromosome 9 and 11, respectively. The regions at human chromosome 9 

and canine chromosome 11 that are frequently deleted in cancers are completely orthologous to each other. 

The molecular mapping shows the exact chromosomal position of these genes extrapolated from the NCBI 

map view of each chromosome represented by the current human and canine annotation from releases 106 

and 103, respectively. The red and blue arrows indicate the transcriptional orientation of genes in the 

human and dog chromosomes, respectively. Transcription of genes from the “+ strand” is indicated by 

down arrows and from the “– strand” by up arrows. (CFA = Canis lupus familiaris; HSA = Homo sapiens; 

Chr. = Chromosome). 

 

 

Oncogenic pathways and accompanying genes, such as PI3K/AKT, KRAS, MAPK, Wnt, 

b-catenin, BRCA2, ESR1, and P-cadherin, are generally up-regulated while tumor 

suppressive pathways, such as p53, p16/INK4A, PTEN, and Ecadherin, are down 

regulated in human and canine BC43.  

Loss of the E-cadherin expression is a characteristic of epithelial-mesenchymal transition 

(EMT). A worse prognosis is associated with low expression of E-cadherin (evaluated by 

IHC in tumor tissues) in both human and animal patients but it should also be analyzed 

with other biomarkers, such as Ki6744.  

Several of the human cancer predisposition genes are present in the constitutional 

(germline) DNA of dogs with cancer; for example, BRCA1/BRCA2 and TP53 germline 

mutations. In humans, germline mutations of these genes cause hereditary breast and 
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ovarian cancer syndrome and Li–Fraumeni syndrome, respectively45. Liu et al.13 

performed whole-genome sequencing (WES), RNA-seq and/or high-density arrays on 12 

CMTs, including seven simple carcinomas and four complex carcinomas and 

demonstrated that canine simple carcinomas emerge from genomic aberrations while 

complex carcinomas emerge from epigenomic alterations. Many of the genomic 

aberrations in canine simple carcinomas accurately reiterate main features of human 

breast cancer.  

CAS comprises various cell types such as fibroblasts, leukocytes, adipocytes, and 

myoepithelial and endothelial cells and includes extracellular matrix (ECM), soluble 

factors such as cytokines, hormones, growth factors and enzymes, and physical properties 

as pH and oxygen content46. Amini et al.47 developed a protocol for laser-capture 

microdissection (LCM) on formalin-fixed paraffin-embedded (FFPE) tissue sections of 

13 canine simple mammary carcinomas to precisely isolate RNA from CAS and normal 

stroma. After RNA extraction, quality control, quantitation, and preamplification, the 

relative mRNA levels of selected genes were measured by RTqPCR. Amini et al.48 

confirmed differential expression in CAS compared to the normal stroma of three genes 

including upregulation of a-smooth muscle actin (a-SMA, encoded by ACTA2), 

upregulation of collagen 4a1 (COL4A1) and downregulation of vimentin in CAS on 

protein level utilizing immunofluorescence. Markkanen et al.49 analyzed CAS and normal 

stroma from 15 clinical cases using their laser capture microdissection (LCM) coupled 

with RNA-seq (LCMRNAseq) pipeline to identify stromal reprogramming in canine 

simple mammary carcinoma on a transcriptome-wide scale. They revealed strong 

increases in mesenchymal stem cells, gamma delta T-cells, macrophages, plasmoid 

dendritic cells, and natural killer T-cells in CAS and demonstrated that commonly 

deranged pathways between canine and human CAS included angiogenesis, epithelial 

mesenchymal transition, glycolysis, and immune response pathways. To analyze 

transcriptional reprogramming of adenoma associated stroma (AAS) of 13 canine 

mammary adenomas compared to previous data from 15 canine mammary carcinomas, 

Amini et al.50 applied weighted gene coexpression network analysis (WGCNA) and 

identified six clusters of highly positively correlated genes and subsequently identified 

four potentially interesting modules including blue, brown, turquoise and yellow 
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modules. They showed that TGF-beta signaling, glycolysis, mitotic spindle, epithelial to 

mesenchymal transition, mTORC1 signaling, unfolded protein response, apical surface, 

interferon-gamma response and G2M checkpoint demonstrated greatly increased 

enrichment only in CAS and pathways involving pancreas beta cells, fatty acid 

metabolism, spermatogenesis, heme metabolism and IL2-STAT5 signaling showing 

dramatically reduced enrichment only in CAS. Markkanen et al.49 ranked the samples in 

The Cancer Genome Atlas (TCGA) breast cancer subset (that contains >1000 human 

tumor samples) analogous to the stromal enrichment scores to compare their canine-

derive stromal signature and found that the canine-derived stromal signature was strongly 

positively associated with the enrichment of human-derived stromal signature of the 

TCGA breast cancer subset. 

 

Biomarkers 
Biomarkers include genes and genetic variations, differences in messenger RNA 

(mRNA) and/or protein expression, posttranslational modifications of proteins, and 

metabolite levels51. The principal biomarkers, which are usually immunohistochemically 

tested on breast surgical specimens, include ER and PR, Mib1/Ki-67, and HER2/neu 

expression52.  

The estrogen receptor (ER) is a transcription factor that regulates events of gene 

expression resulting in cell division53. Estrogen receptors (ER) include ER-alpha, ER-

beta, and a new membrane receptor G protein-coupled receptor 30 (GPR30)54. About 

75% of breast cancer cases are ERa positive at diagnosis55. A member of the nuclear 

receptor family, the progesterone receptor is a well-known, estrogen receptor (ER)-

regulated gene that is expressed in more than two-thirds of ER-positive breast cancers56. 

The human epidermal receptor protein-2 (c-erbB-2; HER2) oncogene protein is a 

transmembrane glycoprotein in the epidermal growth factor receptor family57. IHC is the 

most used method of assessing these factors, although fluorescent in situ hybridization 

(FISH) also has a prominent role in HER2 testing58. The American Society of Clinical 

Oncology (ASCO), and the College of American Pathologists (CAP) recommend that ER 

and PR assays be considered positive if the sample contains at least 1% positive tumor 

nuclei (fixed in 10% neutral buffered formalin) using the IHC method59. ASCO/CAP 

guidelines, recognize tumors as amplified if the HER2/CEP17 ratio (R) is more than 2.2 
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or, the absolute HER2 copy number (CN) exceeds 6 in the absence of CEP17 

assessments60. The TNBC is a subtype of breast cancer that lacks steroid receptors, i.e., 

estrogen and progesterone receptors, and does not overexpress the HER2 gene61.  

Several pathological biomarkers are used to identify subgroups of TNBC, including Ki-

67, epidermal growth factor receptor (EGFR), P53, cytokeratin (CK) 5/6 and CK1462.  

Ki-67 is a nuclear DNA-binding protein expressed in proliferating mammalian cells63. It 

is expressed in cell cycle phase S, G1, G2, and M in the cell nucleus reaching a peak 

during mitosis. The Ki-67 index is relatively higher in TNBC than in non-TNBC62.  

The human epidermal growth factor receptor (HER) family includes the epidermal 

growth factor receptor (EGFR), HER2 (erbB2/neu), HER3 (erbB3), and HER4 (erbB4)64. 

It has been reported that at least 50% of TNBC cases have gene amplification or high 

expression levels of EGFR65.  

Keratins (Cytokeratins) are the intermediate filament (IF)-forming proteins of epithelial 

cells66. 2-D isoelectric focusing and SDS-PAGE were used by Mole et al.67 to map the 

keratin profiles of normal human epithelia, tumors, and cultured cells. They grouped 

keratins into two types, basic to neutral type II keratins as K1-K8 and acidic type I 

keratins as K9-K1967. Genome analyses have recently identified that humans have 54 

functional keratin genes, i.e., 28 types I and 26 types II keratins, and form two clusters of 

27 genes each on chromosomes 17q21.2 and 12q13.1366. Breast ducts are composed of 

two types of epithelial cells, the inner luminal cells, and the outer basal/ myoepithelial 

cells. Cytokeratins (CKs) 8 and 18 are expressed in the luminal layer, whereas the basal 

epithelial layer is characterized by CK5/14 and the transcription factor p6368. Basal-like 

breast cancers typically express basal cytokeratins such as CK5/6, CK14, and CK17. 

CK5/6 is the most important and relevant marker for defining the basal subgroup of 

TNBC69. c-Kit, a type III receptor tyrosine kinase (RTK), plays a pivotal role in cancer 

occurrence70.  

Loss of c-KIT expression in breast cancer is related to malignant transformation of breast 

epithelium and performed by KIT gene promoter DNA hypermethylation71.  

Poly (ADP-ribose) polymerases (PARPs) are a family of related enzymes that share the 

ability to catalyze the transfer of ADP ribose to target proteins72. PARPs constitute a 

large family of 18 proteins encoded by different genes73. PARP1 is the most abundant of 
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different PARP isoforms and represents more than 90% of PARP’s catalytic activity in 

the cell nucleus74. As homologous recombination repair (HRR) pathway is impaired in 

BRCA1-mutated tumor cells, PARP inhibition in these cells can lead to the accumulation 

of DNA damage and ultimately induce cell death because of impaired DNA damage 

repair (DDR) from both base-excision repair (BER) and HRR dysfunctions75.  

The androgen receptor (AR) is a nuclear receptor belonging to the steroid hormone group 

also including the estrogen receptor (ER), glucocorticoid receptor (GR), progesterone 

receptor (PR), and mineralocorticoid receptor (MR)76. AR seems to play a major role in 

TNBC carcinogenesis77. AR has appeared as a possible therapeutic target for AR-positive 

triple-negative breast cancer (TNBC)78.  

Programmed cell death protein-1 (PD-1) and programmed death-ligand 1 (PD-L1) are 

considered as immune checkpoint factors that inhibit the immune reaction to cancer 

cells79. It is assumed that TNBC has a relatively high expression of PD-L1, mainly in 

inflammatory (immune) cells and sometimes in cancer cells80.  

The signaling pathway of vascular Endothelial Growth Factor (VEGF) is considered 

important in the pathophysiology of TNBC. Intratumor and serum levels of VEGF are 

significantly higher in TNBC compared to non-TNBC81.  

The E-cadherin protein (encoded by the CDH1 gene) is normally expressed in breast 

epithelial tissue and acts as a crucial component of epithelial cell adhesion and epithelial-

to-mesenchymal transition (EMT)82. Loss of membranous expression of E-cadherin is the 

defining immunohistochemical feature of lobular differentiation in breast carcinoma83. 

Kashiwagi et al.84 analyzed the 123 TNBC cases, founding that the prognosis of patients 

with E-cadherin-negative expression was markedly worse than that of E-cadherin-

positive patients.  

The Myc oncoproteins (c-Myc, N-Myc, and L-Myc) belong to a family of commonly 

named “super-transcription factors” that could control the transcription of at least 15% of 

the entire genome85. c-Myc overexpression and Myc dependent gene signatures are 

features of TNBC86. In breast cancer, carcinoembryonic antigen (CEA) and cancer 

antigen 15–3 (CA15-3) have been the two most widely used serum tumor markers in the 

clinical fields for more than 30 years87.  
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The MUC1 gene is overexpressed in human malignant breast tumors, allowing the use of 

gene product CA 15-3 as a tumor marker for breast cancer44. CA15-3 is a monoclonal 

antibody-defined tumor marker88 and carcinoembryonic antigen (CEA) is an oncofetal 

glycoprotein, a widely used tumor marker due to its high expression in adenocarcinoma89. 

CEA levels are upregulated in TNBC patients and the post- Neoadjuvant 

Chemoradiotherapy (NCRT) CEA plasma levels may be a potential prognostic factor for 

Disease-Free Survival (DFS), locoregional recurrence-free survival (LRFS) and distant 

metastasis-free survival (DMFS) in TNBC patients after received NCRT90.  

The most studied and reliable biomarkers of CMT are Ki-67, EGFR, HER-2, ER, PR, and 

COX-2, detected in both serum and tissue samples using different molecular methods. 

Ki-67 expression is the strongest in CMTs with poor clinical and histopathological 

characteristics44. Manuali et al.91 studied the immunohistochemical expression of CA 15–

3 in 7 canine mammary cancer cell lines and 50 malignant mammary tumors and found 

that CA 15–3 is expressed in both canine mammary tumor cell lines and tissues and that 

serum levels are significantly correlated with the histological grade. In canine mammary 

carcinomas, loss of HER2 expression has been associated with a poor prognosis in 

combination with ER-negative status and positivity of basal cell markers (P-cadherin, 

p63, cytokeratin 5)92. 

 

Cell Cycle 
Each species on the planet has a set number of chromosomes, arranged in pairs, but each 

species has a different number of pairs. Humans have 46 chromosomes (23 pairs), dogs 

have 78 chromosomes (39 pairs), cats have 38 chromosomes (19 pairs), etc. Domestic 

dogs have the same number of chromosomes as wolves, coyotes, dingoes and 

jackals(figure 3 )93. 
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Figure 3- Chromosomes of the domestic dog organized into 38 pairs, according to their banding pattern93. 

 
 
The typical cell cycle in eukaryotes is composed of four phases including the G1(gap 1), 

S (DNA synthesis), G2(gap 2), and M(mitotic) phases. G1, S, and G2 together are called 

interphase94(figure 4).  During their life span, cells have two possible states: a non-

cycling, quiescent state (G0) and a cycling, activated state. Cells may enter a reversible 

G0 state of quiescence or, alternatively, they may undergo an irreversible G0 state. The 

latter may be a physiological differentiation or, following a stress event, a senescent 

status95.  

Both activators and inhibitors regulate the cell cycle, and the function of these regulators 

is crucial for normal cell growth96. Cell cycle progression is mediated by cyclin-

dependent kinases (Cdks) and their regulatory cyclin subunits. Cdks, such as Cdk4/6, 

Cdk2, and Cdk1 (also known as Cdc2) are serine/threonine kinases with a wide variety of 

substrates. Cdks are activated mainly by binding to their cyclin partners, whose 

expressions rise and fall throughout the cell cycle to mediate the temporal activation of 

each Cdks. Various cell cycle checkpoints exist to ensure that critical processes are 

engaged prior to progression to the next phase. There are three major cell cycle 

checkpoints, including the G1/S checkpoint (also referred as restriction point), the G2/M 

DNA damage checkpoint, and the spindle assembly checkpoint (SAC)97. CDKs generally 

lack any protein kinase activity as monomers; formation of a cyclin-CDK heterodimer 

causes a major refolding of the CDK to a kinase-active form. The cyclin-CDK interface 

is large, and binding is essentially irreversible. In addition to activation of CDK 

enzymatic activity, cyclins frequently also contribute ‘docking sites’ that can bind to 

substrates, thus providing much of the substrate specificity for the heterodimer. The 

dependence of CDKs on cyclins for enzymatic activity and frequently for substrate 
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targeting means that CDK activity can be readily controlled indirectly, by control of 

cyclin abundance, and both transcriptional and post-transcriptional control of cyclin 

levels are major cell cycle control mechanisms98.  Cyclin-dependent kinases (CDKs) 

form a family of 20 serine/threonine protein kinases that exert pivotal functions in 

fundamental cellular and molecular processes, such as cell division, migration, 

senescence, death, gene transcription, mRNA splicing, metabolism, and other important 

mechanisms99. As indicated by their name and in addition to post-translational 

modifications, they require a physical association with a cyclin partner to become 

catalytically active and able to phosphorylate their protein substrates. Over 30 cyclins 

have been identified in humans, based on the presence of a cyclin box domain that is 

responsible for binding and activating CDKs. Functional and phylogenetic studies 

distinguish 3 subfamilies of CDK and cyclin proteins (cell cycle, transcriptional, atypical) 

that form combinatorial interactions mostly within each subfamily100.  

Presence of DNA damage activates checkpoints, halting progression of the cell cycle. 

Arrest for repair, apoptosis or senescence can be triggered both at G1/S and G2/M 

checkpoints. In the case of senescence-induced DNA damage, it was suggested that G1/S 

checkpoint is more sensitive and that a single double-strand break (DSB) can induce 

arrest, while a larger number is required to activate G2/M checkpoint101. Overexpression 

and/or dysfunction of CDKs or cyclins have been reported in a very large number of 

human cancers and other diverse pathologies. These protein kinases are thus considered 

as valuable therapeutic targets for drug development. A first set of CDK selective 

inhibitors have been approved recently against hormone dependent/HER2-negative breast 

cancers, and they hold promises against other solid tumors102.  

CDKIs are commonly divided in two families: 

• One comprises three proteins called p21 (CDKN1A), p27 (CDKN1B), and p57 

(CDKN1C) that broadly inhibits multiple CDKs. 

• The other family of CDKIs includes p15 (CDKN2B), p16 (CDKN2A), p18 (CDKN2C), 

and p19 (CDKN2D) that have selective effects on cyclin CDK4 and cyclin CDK6. 

Defective CDKI checkpoint proteins allow cells with damaged DNA to divide, resulting 

in mutated daughter cells at risk for malignant transformation(figure 5)103. 
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Figure 4- Cell cycle landmarks. The figure shows the cell cycle phases (G0, G1, G2, S, and M), the location 

of the G1 restriction point, and the G1/S and G2/M cell cycle checkpoints. G1 restriction point refers to the 

stage in G1 where the cell is committed to advance further into the cell cycle without requiring any more of 

the growth signal that initiated cell division. Cells from labile tissues such as the epidermis and the 

gastrointestinal tract may cycle continuously; stable cells such as hepatocytes are quiescent but can enter 

the cell cycle; permanent cells such as neurons and cardiac myocytes have lost the capacity to proliferate103. 

 

 

 
Figure 5- Role of cyclins, cyclin-dependent kinases (CDKs) and CDK inhibitors (CDKIs) in regulating the 

cell cycle. Shaded arrows represent the phases of the cell cycle during which specific cyclin-CDK 

complexes are active. As illustrated, cyclin D-CDK4, cyclin D-CDK6, and cyclin E-CDK2 regulat the G1-

to-S transition by phosphorylating the Rb protein (pRb). Cyclin A-CDK2 and cyclin A-CDK1 are active in 

the S phase. Cyclin B-CDK1 is essential for the G2-to-M transition. Two families of CDK inhibitors can 

block activity of CDKs and progression through the cell cycle. The so-called INK4 inhibitors, composed of 

p15, p16, p18, and p19, act on cyclin D-CDK4 and cyclin D-CDK6. The other family of three inhibitors, 

p21, p27, and p57, can inhibit all CDKs103. 

 

 

Cell cycle progression is highly regulated by modulating the phosphorylation status of 

retinoblastoma (RB) family proteins. This process is controlled by a balance in the action 

of kinases, such as the complexes formed by cyclin-dependent kinases (CDKs) and 

cyclins, and phosphatases, mainly the protein phosphatase 1 (PP1). The PP1-Spinophilin 

(SPN) holoenzyme has been described as the main phosphatase responsible for the 
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dephosphorylation of RB proteins during the G0/G1 transition and at the end of 

G1104(figures 6  and 7 105).  

 

 
Figure 6- Expression levels of pocket proteins throughout the cell cycle. In G0, the most abundant pocket 

protein is p130. After cells are stimulated to enter the cell cycle expression of pRB and p107 are induced 

because they are E2F target genes themselves. At the same time these pocket proteins increase, the 

expression level of p130 begins to decline. In subsequent cell cycles pRB and p107 remain expressed at 

relatively constant levels, conversely, p130 is relatively inabundant under these growth conditions. These 

unique expression patterns offer clear, distinguishing characteristics of each pocket protein family member. 

 

 

 

 
 
Figure 7- Model of cell cycle entry control by pocket protein. Beginning in the top left corner, quiescent 

cells repress transcription of E2F targets genes largely through the actions of p130. As cells progress into 

G1, complexes containing p107 and a repressor E2F such as E2F4 begin to replace p130. Furthermore, 

complexes of pRB and activator E2Fs such as E2F3 also become more abundant. Chromatin remodeling 

factors (CRF) are recruited to these complexes and mediate alterations to the chromatin environment, 

preventing transcription of E2F responsive genes. As a result, transcription of E2F target genes remains low 

until entry into S-phase. At the transition to S-phase, cyclin/CDK complexes phosphorylate the pocket 

proteins, dissociating them from the E2F/DP duplexes and transcription of E2F target genes proceeds 

through S phase. As part of this transition, the repressive heterochromatin changes that were present in G1 

are reversed by the recruitment of new enzymes by the E2Fs, histone acetyltransferases (HAT) are 

examples of this type of enzyme. Another important change at the start of S-phase is the export of p130 and 

107 proteins from the nucleus. At this point pocket proteins are thought to be relatively functionless until 

they are dephosphorylated and reactivated at the end of mitosis so that they can regulate transcription again 

during the next G1 phase. 
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Deregulation of cell cycle, via cyclin D/CDK/pRb pathway, is frequently observed in 

breast cancer lending support to the development of drugs targeting the cell cycle control 

machinery, like the inhibitors of the cyclin-dependent kinases (CDK) 4 and 6106. 

Inhibition of CDK4/6 can result in different cell fates such as quiescence, senescence, or 

apoptosis. Senescence is a stress response that can be induced by stimuli that include 

oncogenic activation, chemotherapy, irradiation, and targeted therapies such as CDK4/6 

inhibitors. Senescent cells undergo a stable cell cycle arrest and produce a bioactive 

secretome that remodels their microenvironment and engages the immune system107. 

 

Retinoblastoma family of proteins 
The retinoblastoma tumor suppressor (RB) protein is functionally inactivated in many 

human cancers and is aberrant in one-third of all breast cancers. RB regulates G1/S-phase 

cell-cycle progression and is a critical mediator of antiproliferative signaling108. It is 

known that pRb can be inactivated by various mechanisms including genetic mutations 

and phosphorylation109. The retinoblastoma tumor suppressor gene (RB1) plays a critical 

role in coordinating multiple pathways that impact cancer initiation, disease progression, 

and therapeutic responses. Single copy loss on chromosome 13q encompassing the RB1 

locus is prevalent in many cancers, yielding reduced expression of multiple genes in cis, 

and is inversely related to the CDK4/6- RB integrated signature supporting a cause-effect 

relationship110. Loss of pRB function in human cancer occurs predominately via deletion 

(one copy if heterozygous or two copies if homozygous) of the RB1 gene, RB1 promoter 

methylation, or mutations resulting in a nonfunctional protein. Deletion of the RB1 gene 

occurs in 91%–100% of small cell lung cancer (SCLC), 72.2% of basal-like and 61.5% of 

luminal B breast cancers, 63% of osteosarcomas, 30% of non–small cell lung cancer 

(NSCLC), and 17%–33% of castration-resistant prostate cancer111.  

RB is believed to be inactivated because of two different mechanisms in breast cancer. 1. 

RB gene loss, typically because of homozygous deletion, occurs predominantly in triple 

negative breast cancer (TNBC). This event is relatively rare in ER/PR or Her2 positive 

cancers at diagnosis. However, in the metastatic setting following treatment with 

endocrine therapy there is selection for increased loss of RB. 2. RB can also be 

inactivated by phosphorylation that is initiated by CDK4/6 containing complexes. In 

breast cancers, amplification of the positive regulators Cyclin D1 and CDK4/6, or loss of 
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the negative regulator p16ink4a are all known to occur. RB can be activated with 

CDK4/6 inhibitors112. 

Beyond pRB itself, alterations within the pRB pathway have also been defined as 

mechanisms of cancer development and/or malignant progression. CDK4 protein 

expression is often increased in cancer (20%–54%) and point mutations preventing 

binding to p16INK4 (encoded by CDKN2A) and subsequent inactivation are observed in 

16% of breast cancers. Further, elevated protein expression of cyclin D1 due to 

amplification of the CCND1 gene (2.5%–39%) and chromosomal rearrangement 

(16%–90%) have been observed in specific cancers112. 

RB pathway disruption is an important part of the progression of intraductal breast 

carcinoma (BC) and is therefore relevant to the early stages of invasive BC. This suggests 

that changes in the RB pathway may be associated with malignant transformation, even 

in the early stages of BC development113. It is well-known that dysregulation of cyclin D-

CDK4/6-pRb pathway represents a key mediator of endocrine resistance in hormone 

receptor (HR) positive BC106. 

The RB or RB1gene is part of a larger gene family that includes RBL1 and RBL2, each 

of the three encoding structurally related proteins indicated as Rb/p105, RbL1/p107, and 

Rb2/p130, respectively114. RB1 gene composition contains 27 exons and 26 introns. 

Human RB1 gene (GenBank accession number: NM_000321) is in the long arm of 

chromosome 13 (13q14.2), DNA length of 178 143 bp, mRNA length of 4 772 bp, 

encoding 928 amino acids115. The dog RB1 gene is in the long arm of chromosome 22 

(CFA 22q11.2)116(figure 8117). 
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Chromosome 22 - NC_051826.1 

 

 

 
 
Chromosome 24 - NC_051828.1 
 
 

 

 
Chromosome 2 - NC_051806.1 
 

 
Figure 8- Canis familiaris RB1, RBL1 and RBL2 genes on chromosomes 22, 24 and 2. 

 

The gene encoding  protein pRb is a nuclear phosphoprotein in the molecular mass of 

about 104-110 kDa118. p107 was cloned in 1991 by Ewen et al.119 and maps on 

chromosome 20q11.2. The RB2/p130 gene consists of 22 exons, spanning over 50 kb of 

genomic DNA, and maps to human chromosome 16q12.2, an area in which deletions or 

loss of heterozygosity has been found in several human neoplasms including breast, 

hepatic, prostatic, and ovarian cancer120. The localization of these proteins into the 

nucleus or around the nuclear membrane has been shown at the molecular level during 

the different phases of the cell cycle121. Together, these proteins are often referred to as 

the ‘pocket proteins’ because their main sequence similarity resides in a domain, the 

pocket domain, which mediates interactions with viral oncoproteins as well as cellular 

proteins to exert the biological functions of this family. A spacer region that is not 

conserved separates the pocket domain into the A and B pockets. The spacers of p107 

and p130 but not Rb contain binding sites for cyclin/cdk122. All three RB family members 

contain a conserved domain referred to as the ‘pocket’ that interacts with the LXCXE 

motif found in viral proteins such as Tag123(figure 9105).  
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Figure 9- Schematic representation of pRB, p107 and p130 open reading frames. (A) The central feature of 

RB-family proteins is the pocket domain. It was originally defined as the minimal domain necessary to bind 

to viral oncoproteins such as simian virus TAg through their LXCXE motif and is denoted as the ‘small 

pocket’ in this diagram. The ‘large pocket’ is the minimal growth suppressing domain of RB-family 

proteins and it is capable of binding E2F transcription factors as well as viral proteins. (B) Comparison of 

open reading frame structures of each of the pocket proteins. Note the additional features found in the p107 

and p130 proteins, the kinase inhibitory site, the cyclin binding site, and the insertion in the B-domain of 

the pocket. These provide the most obvious differences between pRB and its relatives p107 and p130. 

 

 

These structural and biochemical similarities probably explain the functional overlap 

among pocket proteins during development, and provide rationale for the observation that 

p107 and p130 can at least partially compensate for loss of Rb function in vivo124. RB is 

widely distributed in various tissues and interacts with many transcription factors and 

chromatin-remodeling proteins, allowing itself to bind to transcription factors and to 

modify chromatin structure. In addition to regulating the cell cycle, RB has also been 

shown to inhibit apoptosis. Consistent with an important role of RB in tumorigenesis, 

loss of function of RB has been associated with the development of many human 

cancers115. RB proteins exert their effects through binding to E2F transcription factors, 

which are essential developmental and physiological regulators of tissue and organ 

homeostasis125. The retinoblastoma (RB) protein family members (pRB, p107 and p130) 

most important target is the E2F-family of transcription factors, which control the 

expression of genes that mediate G1-S transition. A total of 8 genes have been found, and 

10 protein products encoded by these genes form a core transcription axis crucial for 

regulating cell cycle progression, apoptosis, differentiation, DNA damage repair, 

metabolism, and angiogenesis. According to initial reporter gene detection and evaluation 

of their expression patterns during the cell cycle, E2Fs have been classified as 
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transcriptional activators (E2F1-3) or transcriptional repressors (E2F4-8) The 

retinoblastoma126.  During the cell progression through the S into the G2/M phases of the 

division cycle, pRB undergoes phosphorylation, while in the late M phase, pRB is rapidly 

dephosphorylated. When pRB is in the unphosphorylated form, it acts as a growth 

suppressor by repressing transcription of E2F. By contrast, the phosphorylated pRB 

status (p-pRB) leads to the activation of E2F-responsive genes and entry into the S phase. 

While Rb/p105 is ubiquitously confined to the nuclei of cycling and quiescent cells, 

Rb2/p130 activity is also regulated by intracellular localization127. RB family of proteins 

are found in organisms as distantly related as humans, plants, and insects. These proteins 

play a key role in regulating advancement of the cell division cycle from the G1 to S-

phases. This is achieved through negative regulation of two important positive regulators 

of cell cycle entry, E2F transcription factors and cyclin dependent kinases128. The most 

extensive sequence homology lies in the well-conserved, small pocket region, which 

consists of A and B domains that are separated by a flexible spacer region129. The small 

pocket is the minimal fragment of pRB that can interact with viral oncoproteins, such as 

E1A and TAg130. Crystallographic data has revealed that the LXCXE motif contacts a 

shallow groove on pRB, that is among the most well conserved features among pocket 

protein family members, and among pocket proteins across species129. In addition to the 

viral proteins, a few cellular proteins are reported to contain an LXCXE-like motif that 

allows them to interact with pRB, p107 and p130123. While the overall structure of the 

pocket domain is well conserved between the three proteins, p107 and p130 are more 

closely related to each other by sequence similarity than either is to pRB131. Two unique 

features of pRB that have emerged recently are a docking site used only by the E2F1 

transcription factor, and a short peptide region in the C-terminus that is competitively 

occupied by cyclin/cyclin dependent kinases (CDKs) or protein phosphatase 1 (PP1). 

There are a few of well-known features in p107 and p130 that aren’t present in pRB. 

Both p107 and p130 proteins contain insertions in the B domain of their small pockets. In 

the case of p130, this insert is subject to regulatory phosphorylation to maintain protein 

stability132. Of the three pocket proteins, p130 has the highest expression level in 

quiescent cells and at this stage of the cell cycle the majority of E2F complexes contain 

p130 and E2F4. Recently it has been shown that p130 is part of a transcriptional repressor 
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complex called DREAM, and it functions to repress E2F target genes during G0105. E2F 

family members 1-3 are referred to as the activator E2Fs because they induce 

transcription more potently from E2F responsive promoters than other E2F family 

proteins. E2Fs 4 and 5 are termed the repressor E2Fs because they have limited activation 

potential. The activator E2Fs associate exclusively with pRB133. In early G1, p130-E2F4 

is most abundant on the promoters of E2F responsive genes, mediating transcriptional 

silencing of these genes105. In mid- to late G1, when p130 levels drop and p107 levels 

increase, p107 replaces it at E2F responsive promoters134. By late G1, pRB-E2F 

complexes, whose levels have been increasing throughout cell cycle entry also become 

more abundant135. pRB contains 16 putative Cdk phosphorylation consensus sites spread 

throughout the protein. In vivo, pRB exists as an unphosphorylated protein in G0 

quiescent cells and in two general phosphorylated forms on Cdk sites in cycling cells: 

hypophosphorylated and hyperphosphorylated136. Hypophosphorylated pRB is present in 

early G1 and contains ;1 to 2 mol of PO4 per mol of pRB137. Endogenous D-type cyclins, 

acting with cdk4/6, can phosphorylate pRb only partially, a process that is likely to be 

completed by cyclin E-cdk2 complexes. Furthermore, cyclin E-cdk2 is unable to 

phosphorylate pRb in the absence of prior phosphorylation by cyclin D-cdk4/6 

complexes138. Analysis of CDK phosphorylation of p107 and p130 is much less extensive 

than for pRB. However, databases of phosphoproteomic data such as PhosphositePlus 

suggest that p107 and p130 are also phosphorylated in similar regions surrounding the 

pocket domain105. When cells experience DNA damage during S-phase they need to 

arrest replication and repair the damage before proceeding. This S-phase checkpoint 

function has been shown to be absent in RB1 deficient cells, defining a role for pRB in 

this process. Following DNA damage in S-phase, pRB is dephosphorylated and this 

allows it to mediate the repression of cyclin A transcription139. Generally, 

hyperphosphorylation, point mutations or protein delocalization lead pocket proteins not 

to bind their respective E2F partners thereby promoting unscheduled cell cycle 

progression. However, it is likely that also other molecular mechanisms, which have been 

previously overlooked, can affect Rb family function in cancer, such as for example post-

transcriptional regulation by microRNAs140. As well as being phosphorylated, pRB is 

acetylated, methylated, ubiquitylated, and SUMOylated. Acetylation, methylation, and 
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SUMOylation play roles in pRB mediated gene silencing. Ubiquitinylation of pRB 

promotes its degradation and may be used to regulate apoptosis141. Markham et al.142 

report that the acetylation of pRb K873/874 occurs in response to DNA damage and that 

acetylation regulates the interaction between the C-terminal E2F-1-specific domain of 

pRb and E2F-1. These results define a new role for pRb acetylation in the DNA damage 

signaling pathway and suggest that the interaction between pRb and E2F-1 is controlled 

by DNA damage-dependent acetylation of pRb. Beyond these E2F dependent effects on 

mitosis, non-E2F dependent roles in controlling chromosome architecture are also 

performed by RB family proteins. Deficiency for all three pocket proteins results in 

mitotic errors caused by faulty chromatin structure in pericentromeric regions143. 

Importantly, PP1-pRB complexes are most abundant in mitosis, suggesting that this 

mechanism is part of pRB activation at mitotic exit144. In contrast, only protein 

phosphatase 2 has been shown to dephosphorylate p107 and p130145. By mediating 

histone deacetylation, as well as methylation, pRB contributes to the formation of 

heterochromatin146. Taken together, this suggests that pRB may facilitate a reversible 

arrest by deacetylating histones and directing a more permanent arrest through histone 

methyltransferases and gene silencing. Indeed, key cell cycle E2F target genes are 

reported to be silenced by pRB and a side-by-side comparison revealed that p107 and 

p130 are dispensable for regulation of these same genes147. The ability to recruit 

chromatin remodeling enzymes to the promoters of E2F target genes is not limited to 

pRB alone, as both p107 and p130 can repress E2F activity through recruitment of 

histone deacetylases. However, there is less evidence for p107 or p130 recruiting histone 

methyltransferases, consistent with pRB having a unique role in gene silencing105. 

Evidence for RB1 mediated tumor suppression is more readily detected across a wider 

spectrum of tissues and biological contexts while evidence for RBL1 and RBL2 tumor 

suppressor activity is more restricted. In many cases the tumor suppressor activity of 

RBL1 or RBL2 is only revealed in the absence of RB1148. In addition to regulating the 

cell cycle, there is growing evidence suggesting that RB proteins might modulate other 

processes whose dysregulation is associated with tumorigenesis, such as chromosomal 

stability, cell senescence, apoptosis, and cell differentiation. Thus, it is pivotal to better 

understand how RB protein levels/activities are modulated and the role that oncogenic 
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pathways play in this process149. In cancer, the RB1 gene is most frequently inactivated 

through alterations to cyclin dependent kinase regulation, however, in specific cancer 

types such as small cell lung cancer and retinoblastoma it is uniformly abrogated by 

direct mutation128. The Retinoblastoma protein (RB) and DREAM complex (DP, RB-

like, E2F4 and MuvB) cooperate to repress all cell cycle genes during G1 and inhibit 

entry into the cell cycle. DNA damage activates p53 leading to increased levels of p21 

and inhibition of cell cycle progression150. In both quiescent and p53 activation 

conditions, RB and p130 can cooperate to repress G1/S genes, a process that RB plays a 

predominant role. In the absence of RB and p130, p107 can also repress G1/S genes. 

Under the condition of DNA damage, p130 and p107 can cooperate to repress the G2/M 

genes and thus block cell cycle entry into mitosis. In general, when DNA damage leads to 

p53 activation, RB, p130 and p107 cooperatively repress G1/S genes while p130 and 

p107 cooperatively repress G2/M genes115.  

 

  

Cyclin Dependent Kinases (CDK) inhibitors  
CDKs are involved not only in the cell cycle but also in the other critical cellular 

processes, such as gene transcription, insulin secretion, glycogen synthesis and neuronal 

functions151. So far, 21 CDKs and 5 CDK-like genes have been identified in the human 

genome based on their homologous sequences152. CDK1 emerges as a key determinant of 

mitotic progression, whereas CDK2 is more associated with DNA replication in higher 

eukaryotes153. In metazoans, cell cycle entry is mostly elicited by CDK4 and CDK6, 

which are responsive to numerous growth-regulatory signals153. Besides cell cycle 

controlling, some other CDKs including CDK7, CDK8, CDK9 and CDK11, have been 

shown to participate in transcriptional regulation151. CDK7 can phosphorylate RNA poly-

merase II and contribute to the initiation of transcription154. CDK8 is a part of the 

mediator complex which regulates a plethora of genes155. CDK9 can phosphorylate RNA 

polymerase II and thereby promote elongation of transcription156. CDK11 mainly acts on 

the splicing machinery156. There is another type of CDKs, called atypical CDKs, which 

include CDK5, CDK14, CDK15, CDK16, CDK17, and CDK18. CDK5 is involved in 

postmitotic functions in specialized tissue settings. CDK inhibitors have been studied 

since the 1990s151. First generation of CDKIs (including Flavopiridol and Roscovitine) 
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were non-specific pan-inhibitors. These agents induce G1 and G2 phase cell cycle arrest, 

finally leading to apoptosis. Initially, their effect was attributed to the inhibition of the 

cell cycle CDKs. However, later studies demonstrated that many of the cellular activities 

of these inhibitors were probably the result of CDK7 or CDK9 inhibition, the CDKs 

responsible for regulation of RNA transcription in the mitotic phase of cell division, as 

well as apoptosis-related genes. The first-generation of pan-CDK inhibitors have poor 

selectivity and high toxicity, leading to inevitable harmful effects on normal cells157. 

Second-generation CDK inhibitors, including Dinaciclib, P276-00, AT7519, TG02, 

Roniciclib, RGB-286638 and so on, have been developed with better selectivity and less 

side effects. Most of the second generation CDK inhibitors have presented efficient anti-

tumor activity in preclinical trials, although the safety and efficacy of these inhibitors 

need to be further verified in clinical studies151. More recently, inhibitors specific for 

CDK4 and CDK6 have entered clinical trials. Such selective inhibitors spare CDK2 

activity, avoiding inhibition of general S-phase activity. CDK4/6 inhibitors act 

downstream of many mitogenic signaling pathways158. RB-positive tumor cells respond 

to CDK4/6 inhibitors(figure 10)112.  

 

 
Figure 10- RB positive tumor cells respond to CDK4/6 inhibitors. 
 

Three selective CDK4/6 inhibitors are in late-stage clinical development: ribociclib 

(LEE011, Novartis), palbociclib (Ibrance®; PD-0332991; Pfizer), and abemaciclib (LY-

2835219; Eli Lilly)159 . Palbociclib has similar potency against cyclin D1/CDK4 and 

cyclin D2/CDK6. Abemaciclib and ribociclib were noted to have greater potency against 
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CDK4 than CDK 6. Abemaciclib is 14 times more potent against CDK4 than it is against 

CDK6. Abemaciclib has five-fold more potency for CDK4 than palbociclib or ribociclib. 

Unlike palbociclib and ribociclib, abemaciclib has been shown to have in-vivo inhibition 

of CDK1, CDK2, CDK5, CDK9, CDK14, CDKs16-18, GSK3a/b, CAMKIIg/d and PIM1 

kinases. Abemaciclib is 10- to 100-fold less potent against CDK2 and CDK1 than 

CDK4/6160. Pack et al.161 recently reported that CDK4/6 inhibitor treatment mediates two 

effects that work together to prevent cell cycle progression: (1) the direct inhibition of 

CDK4/6-mediated phosphorylation of RB, as the addition of drug leads to a decrease in 

RB phosphorylation within minutes, and (2) destabilization of CDK4- cyclin D-p21 

trimers, allowing non-catalytic inhibition of CDK2 by p21. The latter effect was 

reportedly specific to CDK4 and p21 and not CDK6 and p27161. These Cdk4/6 ATP-

competitive inhibitors, which were developed to arrest proliferating cells by inhibiting Rb 

phosphorylation and inactivation, are the first clinically approved drugs targeting the 

G1/S transition162. Pharmacological inhibitors of cyclin-dependent kinases 4 and 6 

(CDK4/6) are now an established standard of care for patients with advanced hormone 

receptor-positive breast cancer. The canonical mechanism underlying CDK4/6 inhibitor 

activity is the suppression of phosphorylation of the retinoblastoma tumor suppressor 

protein, which serves to prevent cancer cell proliferation. Recent data suggest that these 

agents induce other diverse effects within both tumor and stromal compartments, which 

explain aspects of their clinical activity163. Based on the PALOMA-1trail, FDA approved 

palbociclib, the first CDK 4/6 inhibitor, in combination with letrozole as first-line 

treatment for patients with ER-positive, HER2-negative advanced breast cancer (ABC) or 

metastatic breast cancer (MBC)164. The enzymatic activity of CDK4/6 is regulated by 

several mechanisms165. First, several mitogenic signaling pathways that are active in 

breast cancers positively regulate CDK4/6 activity by increasing CCND1 expression 

and/or increasing cyclin D1 protein stability. These include signaling through receptor 

tyrosine kinases (such as EGFR and HER2), the PI3K–AKT–mTOR axis and the ER166. 

Furthermore, cyclin D1 is a direct transcriptional target of ER, and estrogens promote the 

transit of ER-positive breast cancer cells from G1 to S phase167. Conversely, anti-estrogen 

therapies such as tamoxifen, aromatase inhibitors, and fulvestrant reduce cyclin D1 

expression and hence induce G1 cell cycle arrest. Notably, cyclin D1 can also activate 
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expression of ER target genes in an estrogen-independent manner. Finally, approximately 

15% of breast cancers demonstrate amplification of CCND1 itself, and these tumors tend 

to have higher levels of cyclin D1 protein as well166. Palbociclib shows in vitro enzymatic 

IC50s for CDK4 and CDK6 of approximately 11 and 15 nM respectively168. In clinical 

practice, palbociclib is typically administered at a starting dose of 125 mg daily 3 weeks 

on, 1 week off, in conjunction with endocrine therapy169. While Rb/p105 is ubiquitously 

confined to the nuclei of cycling and quiescent cells, Rb2/p130 activity is also regulated 

by intracellular localization. The phosphorylation status of Rb2/p130 itself is important in 

the regulation of the cell cycle. The hyperphosphorylated form of pRb2/p130 is 

cytoplasmic and typical of cells progressing into the G1 phase121. An important 

distinction among the pocket proteins, however, is that Rb, but not p107 and p130, has 

been shown to be a tumor suppressor in humans124. Ventura et al.149 previously 

demonstrated that RBL2/p130 is a direct target of AKT and it is a key mediator of 

apoptosis associated with AKT inhibition. They demonstrated that RBL1/p107 levels are 

instead not directly modulated by AKT and discovered that RBL1/p107 levels are 

regulated by multiple pathways linked directly or indirectly to Ca2+-dependent signaling. 

These novel observations suggest a complex regulation of RBL1/p107 expression 

involving different components of signaling pathways controlled by Ca2+ levels, 

pointing out a significant difference with the mechanisms modulating the close family 

member RBL2/p130149.  
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Aims 
Aims of this study are: 

1. To show CDK4/6 expression in CMT cells and tissues and expression of 

phosphorylated pRb in CMT tissues. 

2. To identify if pablociclib (a CDK 4/6 inhibitor) inhibits pRb phosphorylation in 

CMT cells. 

3. To show the effect of pablociclib on the cell cycle, cell viability, colony formation 

and CMT cells migration in vitro. 
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Materials and Methods 

Reagents 

Palbociclib [PD 0332991(C24H29N7O2·C2H6O4S)] was purchased from Sigma-Aldrich. 

Stock solutions of 0.05 mol/L were dissolved in DMSO. For the treatments, the cells 

were incubated for the indicated times in the presence of Palbociclib (dose range: 1 nM to 

10 μM) or the vehicle (DMSO 0.1%). The primary antibodies for immunohistochemistry 

included the polyclonal rabbit anti-CDK4 (1:100, sc-7180, Santa Cruz) and monoclonal 

rabbit anti-phospho-Ser807/811-pRb antibody (1:400; CS#8516, Cell Signaling 

Technologies). The primary antibodies for western blotting included rabbit polyclonal 

anti-CDK6 (1:500, #sc-928), anti-CDK4 (1:1000; #sc-260) antibodies from Santa Cruz 

Biotechnology (California), mouse monoclonal anti-pRb (1:1000; #9309) or anti-

phosphoSer807/811-pRb (1:1.000; s#5524) antibodies from Cell Signaling Technology 

(Danvers, Massachusetts), rabbit monoclonal anti-ER α antibody (1:100; ab32063) from 

Abcam (Cambridge, UK). anti-Rb (C-15), anti-p107 (C-18), anti-p130 (C20), were 

obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, CA) and used per the 

manufacturers’ instructions. Beta actin antibody (AC-15, ThermoFisher) was used as a 

loading control. Horseradish peroxidase-conjugated secondary antibodies were from Cell 

Signaling Technology. The primers used in the present study are ESR1 and GAPDH 

(table 2) 

                                                            Table 2- RT-PCR primers from Bio-Rad company 

Target Gene Gene ID 

ESR1 qRnoCIP0031419 

GAPDH 2597 

 

CMT tissue collection and Canine tumor cells  
A total of 45 CMT tumor samples with spontaneous breast cancers were provided at a 

period of two years (2021-2022). The samples were taken from animals undergoing 

mastectomy surgery at the OVUD (veterinary teaching hospital of university) of the 

Department of Veterinary Medicine and Animal Production, University of Naples 

Federico II and at private veterinary hospitals. Sample collection was carried out during 

pathological diagnostic with permission of the dog owner approved by a signed informed 
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consent. A representative fragment of the tumor, which was more than 3 cm in diameter, 

was collected and divided into two halves. One half of the tumor was subjected to 

histological analysis. Tissue samples were fixed in 10% formalin for 12–14 h. The fixed 

tissues were embedded in paraffin, then sections of 4 μm thicknesses were cut and stained 

with hematoxylin-eosin (HE) for histological classification of each tumor used in this 

study. Representative portions of each CMT were fixed in 10% buffered formalin, 

embedded in paraffin wax, and routinely processed. The 4-μm tissue sections prepared 

from each tumor paraffin block were stained with HE. Histologic examination showed 

that 21 tumors were malignant. According to Goldscmidt et al.10 the malignant histologic 

subtypes included 7 simple and 4 complex carcinomas, 3 carcinoma and malignant 

myoepitheliomas, 3 solid carcinomas, 2 comedocarcinomas, 1 adenosquamous carcinoma 

and 1 anaplastic carcinoma. The other half of the tumor was minced into small pieces and 

enzymatically dissociated in RPMI 1640 (1:1) media (Invitrogen®, Carlsbad, CA, USA) 

supplemented with 10% fetal bovine serum (FBS, Invitrogen®), 300 UI/ml collagenase 

(Sigma-Aldrich®, St. Louis, MO, USA), antibiotic-antimycotic solution 100x 

(Invitrogen®), and 5% of 200 nM glutamine (Invitrogen®). The suspensions with 

incompletely dissociated tissue were centrifuged at 2.4 x g for 5 min and washed twice in 

fresh RPMI 1640 media plus antibiotic-antimycotic solution 100 x (Invitrogen®) to 

proceed cell culture. During the processing of enzymatically prepared cells, fragments of 

initial tumor were kept generating cell cultures. We prepared five primary CMT cells out 

of seven simple carcinomas, since preparation of pure primary tumor cells especially 

from the complex carcinomas, anaplastic and adenosquamous carcinomas and 

carcinomas with malignant myoepitheliomas was not easy. Canine tumor cells and 

respective tissue pieces were re-suspended in primary culture medium consisting of 

RPMI 1640 with antibiotic-antimycotic solution 100 x, 10 % FBS, 5% 200 mM 

glutamine (Invitrogen®), and plated in 25 cm2 culture flasks (BD Falcon™, Franklin 

Lakes, NJ, USA) at an initial concentration of 1.5 x 104 cells/cm2 (Figure 1A and 1B). 

These cells were grown for 3 h at 38.5 °C and 5% of CO2 in a humidified incubator. 

After 3 h, the medium was replaced, and the culture conditions were maintained for 24 h. 

The medium and the tissue fragments were removed and filtered in a cell strainer 70-μm 

filter (BD Falcon™). At this point, the new medium consisted of F12/Dulbecco’s 
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Modified Eagle Medium (DMEM) (Invitrogen®), antibiotic-antimycotic 100 x 

(Invitrogen®), 10% FBS, and 5% 200 mM glutamine (Invitrogen®). Under this 

condition, culture flasks were kept in a humidified incubator at 38.5 °C and 5 % CO2 

until complete monolayer confluence. The medium was refreshed every 24 h, and 

pictures were taken to observe the morphology at 5-day intervals under an inverted 

microscope (Olympus IX 70, Tokyo, Japan). The unstained sections were kept for 

immunohistochemistry analysis of cellular markers. 

 

Cell viability 
To explore the sensitivity of CMT cells to palbociclib, we first examined the half-

maximal inhibitory concentration (IC50) of pablociclib using the cell counting kit-8 

(CCK-8) assay (Dojindo Laboratories, Kumamoto, Japan). with palbociclib (Sigma-

Aldrich) at various concentrations (0, 0.01, 0.1, 1, 10, and 100 μM) in 96-well plates for 

48 hr. The cell proliferation was assessed by adding 10 µL WST-8 (2- [2-methoxy 4-

nitrophenyl]-3-[4-nitrophenyl]-5-[2,4-disulfophenyl]-2H-tetrazolium, monosodium salt) 

and incubated for 4 hr. Absorbance was measured at a wavelength of 450 nm. The IC50 

was calculated from drug survival curves. The IC50 values of palbociclib was analyzed 

using one-way ANOVA. Statistical significance was set at P < 0.05. 

 

Immunohistochemistry 
In total, 5 cases of mammary carcinomas from different dog breeds were analyzed for 

CDK4 and ppRb expression. The paraffin-embedded tumor samples were cut to 4 μm 

thickness and subjected to IHC assay. The standard avidin-biotin-peroxidase complex 

(ABC, DakoCytomation®) method was used. Unstained sections were deparaffinized, 

rehydrated, and washed in buffered saline with 0.1% Tween 80. Antigen retrieval was 

carried out in the microwave with citrate buffer (pH 6.1) for 15 min at 700W, normally 

damaged by formaldehyde fixation. Before staining, the slides were treated three times 

with 50% hydrogen peroxide for 30 min to inactivate the endogenous peroxidase and 

were then rinsed five times in buffered saline for 10 min each to remove remainders. The 

subsequent step consisted of blocking nonspecific binding by incubating in 15% 

reconstituted dry skim milk for 90 min. The slides were overlaid by primary antibodies 
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overnight at 4 °C in a humidified atmosphere. After washes with buffered saline, 200 μl 

of the secondary antibody was incubated was added to each slide and incubated for 1 h at 

37 ºC, and then, 100 μl streptavidin-peroxidase complex (DakoCytomation®) was added 

to each slide and incubated for 1 h at 37 ºC. In addition, a substrate made fresh in the 

dark, by mixing equal volumes of 0.02% hydrogen peroxide and 0.6 mg 3,3- 

diaminobenzidine tetrahydrochloride (DAB; Sigma-Aldrich®), was added to the slides at 

room temperature. The reaction was stopped by washing with tap water, and the specific 

brown color was revealed after counterstaining with Mayer's Haematoxylin. A highly 

brownish accumulation was taken as control positive, while the absence of the primary 

antibody was considered as a negative control for the several antibodies. The primary 

antibodies were the polyclonal rabbit anti-CDK4 (1:100, NBP1-3130, Novus Bio.) and 

monoclonal rabbit anti-phospho-Ser807/811-pRb antibody (1:400; CS#8516, Cell 

Signaling Technologies).  

 

RT-qPCR 
CMT cells were lysed in TriFast reagent (PeqLab Biotechnology, Erlangen, Germany), 

and total RNA was extracted using the Directzol RNA Miniprep kit (Zymo Research, 

Irvine, California) including an incolumn DNase I treatment. RNA concentrations were 

measured on a NanoDrop 2000c UV spectrophotometer (Thermo Fisher Scientific, 

Waltham, Massachusetts). To isolate RNA from cells, CMT cells pellets were lysed in 

RLT buffer (included in the RNeasy mini kit, Qiagen) containing 10% ß-

Mercaptoethanol (Merck). RNA was isolated from cells using the RNeasy mini kit 

(Qiagen, cat. n. 74104) according to the manufacturer’s procedure. The optional DNase 

digestion step was also included. To perform reverse transcription and quantitative real-

time PCR, cDNA was synthesized using the RevertAid First Strand cDNA Synthesis Kit 

(Invitrogen) with random hexameric primers. In the qPCR reactions, an equivalent of 10 

ng RNA was used with 3 μl 1.5μM primermix (Biolegio, Nijmegen, the Netherlands), 

containing both forward and reverse primers, and 12.5 μl SYBRR Green mastermix (Bio-

Rad, cat. n. 4364346, California, USA) in a 25 μl reaction. For all primer sets, optimum 

melting temperatures were determined. Additionally, PCR amplification efficiencies were 

tested using 10-fold dilution series of cDNA. Using the BioRad CFX Connect real-time 

PCR detection system (Bio-Rad, cat. n. 1855201), an initial denaturation step was 
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performed at 95◦C for 3min, followed by 40 cycles of denaturation at 95◦C for 10 s, and 

annealing/extension at 61◦C for 30 s170. All reactions were performed in duplicate and 

negative controls were included. For RNA derived from the cultured cells the normalized 

expression was presented relative to the expression level of the same genes in the control 

(untreated) samples (delta delta Ct method)171. Real time quantitative polymerase chain 

reaction (RT-qPCR) primer and hydrolysis probes for the target gene canine ESR1 and 

the reference gene GAPDH were designed using the PrimerQuest primer design tool 

(Integrated DNA Technologies, Skokie, Illinois). The primers for the housekeeping gene 

and for the target gene are shown in Table 3. 

 
Table 3- Primer sequences 

Gene Primer sequence 

GAPDH Forward: TGTGTCCGTCGTGGATCTGA 

Reverse: TTGATGTTGAAGTCGCAGGAG 

ESR1 Forward: GCCCTATTACCTGGAGAACGA 

Reverse:  TCACTGGTACTGGCCAATCT 

 

 

 

Western blotting 
CMT cells were cultured in 12-well plates to confluency of approximately 80% and 

exposed ¼ IC50 to 4xIC50 of pablociclib(Sigma-Aldrich, Germany) for 12 hours, or 

IC50 Palbociclib for 1 to 12 hours. For ER expression analysis, CMT cells and MCF7 

were grown to 100% confluency in a 6-well plate, washed with phosphate-buffered saline 

(PBS) and lysed with 350-μL RIPA buffer. Treatment was stopped by placing the plate 

on ice, removing incubation medium and addition of 100-μL lysis buffer (62.5 mM Tris-

HCl, 2% w/v SDS, 10% glycerol, 50 mM DTT, 0.01% w/v bromophenol blue, pH 6.8) 

per well. Whole cell lysates were transferred to an Eppendorf tube and denatured at 95 

degrees Centigrade for 5 minutes with palbociclib at indicated doses and for indicated 

times. Control cells were treated with DMSO alone. After 72 hours of incubation, the 

cells were harvested on ice, washed with cold PBS and lysed in lysis buffer consisting of 

50 mM TRIS-HCl pH 7.5, 50 mM EDTA pH 8, 150 mM NaCl, 1% NP40, 2 mM NaOV, 

10 mM NaF, 0.3 mM PMSF, a protease inhibitor cocktail (Roche), and the phosphatase 

inhibitor cocktail 3 (Sigma-Aldrich). After 30 min at 4 degrees Centigrade, the mixtures 

were centrifuged at 12000 g for 15 min and the supernatants were analyzed by western 
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blotting. For western blot analysis, equal amounts (30 ug) of cell lysates were resolved in 

10% SDS-PAGE (6-8% for Rb, p107, and p130) and then transferred to nitrocellulose 

membranes (Bio-Rad). After blocking with 5% nonfat milk in Tris-buffered saline with 

Tween20 (TBS/T) (150 mM NaCl, 10 mM Tris-HCl, pH 8.0, 0.05% Tween 20) for 1 

hour, membranes were incubated at 4 degrees Centigrade overnight with the following 

antibodies: rabbit polyclonal anti-CDK6 (1:500, #sc-928), anti-CDK4 (1:1000; #sc-260) 

antibodies from Santa Cruz Biotechnology (California), mouse monoclonal anti-pRb 

(1:1000; #9309) or anti-phosphoSer807/811-pRb (1:1.000; s#5524) antibodies from Cell 

Signaling Technology (Danvers, Massachusetts), rabbit monoclonal anti-ER α antibody 

(1:100; ab32063) from Abcam (Cambridge, UK). ). anti-Rb (C-15), anti-p107 (C-18), 

anti-p130 (C20), were obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, CA) 

and used per the manufacturers’ instructions. Anti-beta Actin antibody (1:2000, AC-15, 

ThermoFisher AB2536382) served as loading control. Membranes were washed three 

times with TBS/T and incubated with horseradish peroxidase-conjugated antirabbit or 

anti-mouse IgG antibody (Cell Signaling Technology) for 1 hour at room temperature 

(RT). The signals were detected using the Super signal West Pico Chemiluminescent 

Substrate (Pierce) and imaged with Bio-Rad Chemidoc XRS+ (Bio-Rad) and analyzed 

with Image Lab software (Bio-Rad).  

 

Fluorescence-activated cell scanning (FACS) analysis  
For cell cycle analysis, CMT cells were treated with 0.65 μM Palbociclib for 8, 18 or 48 

hours and collected by centrifugation (200g, 5 minutes). After incubation with 100 

μg/mL RNase A (30 minutes; 37 degrees Centigrade), cells were stained with 20 μg/mL 

propidium iodide (PI) for 30 minutes at 37 degrees Centigrade. To assess apoptosis, CMT 

cells were treated with 0.65 μM Palbociclib for 12, 24 or 48 hours and analyzed for 

Annexin V expression by using Annexin V-FITC Apoptosis Staining Kit (BD 

Biosciences, Franklin Lakes, New Jersey). Stained samples were measured by using a 

BD FACSCanto II flow cytometry system, and analyzed with FlowJo software (version 

10, TreeStar Inc., Ashland, Oregon). All experiments were performed in duplicates and 

repeated three times.  
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Colony forming assay. 
Clonogenic assay or colony formation assay is an in-vitro cell survival assay based on the 

ability of a single cell to grow into a colony172. Clonogenic assay can be used to 

determine the effectiveness of cytotoxic agents. CMT cells were seeded in 100 mm in 

diameter petri dishes (Euroclone) with a density of 100 cells/dish and 24 hr after seeding 

were treated with different concentrations of Palbociclib. After 10 days, during which the 

medium was refreshed every 2 days, the colonies were fixed with 4% paraformaldehyde 

for 20 min and stained with crystal violet (Sigma-Aldrich, St. Louis, MO). The cell 

colonies were photographed under an inverted microscope (Zeiss, Germany).  

 

Cell migration  
This simple and popular assay allows observation of two-dimensional (2D) cell migration 

in confluent, monolayer cell cultures173. Wound healing assays were performed to 

investigate cell migration in response to treatment. CMT cells were grown to confluence 

in 100 mm tissue culture dishes. Cell layers were scraped with a sterile pipet tip, then the 

medium was discarded, and cells were rinsed twice by PBS. Subsequently, the cells were 

treated with palbociclib at sub-toxic concentrations (0.32 and 0.65 uM) or DMSO and 

incubated at 37 degrees Centigrade. Photographs of the movement of cells into the 

scratch area were taken every 24 h until the scratch area had closed using a Leica DMIL 

microscope (Leica Microsystems, North Ryde, NSW, Australia). 

Spheroid assay 
Spheroids are an in-vitro model of the structural organization of tumor tissue, and oxygen 

and nutrients availability are known to be very limited at the center of a spheroid174. 

Cancer spheroids are widely used to assess tumor response and sensitivity to 

chemotherapeutics, combination therapies and drug delivery vehicles175. For spheroid 

inhibition assay, CMT cells (1000/well) were seeded in 96 well plates with low cell 

attachment surface (Thermo ScientificTM Nunclon SpheraTM, Waltham, MA), using a sub-

toxic concentration (0.32 um) of pablociclib or an equal amount of DMSO. Spheroids 

were observed under an inverted microscope and photographed at 3 and 5 days after 

seeding. Experiments were performed in triplicate. 
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Statistical analysis 
The statistical analysis was performed using Graphpad Prism Software. Statistically 

significant differences among the means of multiple matched groups were evaluated by 

one-way repeated measures Anova with Dunnett post-test, to compare all data versus 

control. To evaluate statistically significant between the means of two matched groups, 

we used the two-tailed paired Student t-test. P< 0.05 was statistically significant.  
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Results  

pRb, pRb107, pRb130 and CDK4/6 expression in CMT cells 
We tested the CMT cells for the presence of estrogen receptor at the mRNA and protein 

levels. RT-PCR analysis showed no ER mRNA in CMT cells (Table 1). Immunoblotting 

using an anti-human ERα antibody revealed an approximate 66-kD band in human MCF7 

cells, which was used as positive control. The ERα antibody failed to detect a protein 

with a similar size in CMT cells. Therefore, the CMT cells did not express ER (figure 1). 

Western blotting of CMT cells for the expression of CDK4 (30 kDa) and CDK6 (60 kDa) 

proteins showed that all the CMT cells expressed both proteins except the CMT 5 cells 

that did not express CDK6 (figure 2). Furthermore, Western blotting of CMT cells for the 

presence of pRb, pRb107 and pRb130 showed that all the cells expressed pRb, and all the 

cells except CMT1 cells expressed pRb107 and pRb130 (figure 3). CMT2 and CMT3 

expressed both CDK4, and CDK6, and all the Rb family of proteins. Thus, we chose 

CMT3 for further investigation. 

  Table 1: Real-time PCR analysis of expression of canine ER (ESR1) and GAPDH in CMT cells 

             (cq: quantification cycle) 

CMT cells GAPDH house- keeping gene.  

mean Cq 14.49 

ESR1  

mean Cq 41 

 
 
 

  
  CMT1   CMT2    CMT3    CMT4   CMT5      MCF7 

   
 
Figure 1- Western blot of ER protein in CMT1 to CMT5 cells and MCF7 cells. CMT cells do not express 

ER. MCF7 cells express ER and were used as positive control. 

 

  

 

 

   CMT1       CMT2        CMT3         CMT4       CMT5  

 

 
 
 
                                

Figure 2- Western blot of CDK4 and CDK6 proteins in CMT1 to 5 cells. All the cells express CDK4 and 

CDK6 except CMT5 that does not express CDK6. 
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     CMT1       CMT2       CMT3       CMT4       CMT5 
 

 
 
CMT1      CMT2         CMT3        CMT4      CMT5 

 
 
CMT1       CMT2       CMT3       CMT4       CMT5 

       
 
Figure 3- Western blot of pRb, pRb107 and pRb130 proteins in five CMT cells. Rb protein is detectable in 

all the cells. Rb protein is present in all CMT cells except CMT1. 

 

Expression of CDK4 and pSer807/811 pRb in canine mammary cancer 

tissues by immunohistochemistry 
To obtain insights concerning CDK4 and p-pRb expression in vivo, two canine mammary 

carcinomas were analyzed by immunohistochemistry. Staining revealed a diffuse 

expression of CDK4 in the nucleus and/or cytoplasm in both samples. Regarding p-pRb, 

only one tissue showed a positive staining (figure 4). The staining intensity was evaluated 

compared to the surrounding stroma. 

 

 

 

              CDK4                     high p-pRb expression                    CDK4                      low p-pRb expression 

 

Figure 4- CDK4 and p-Ser807/811 pRb expression in two canine mammary carcinomas. Photomicrographs 

of canine complex carcinomas with both positive CDK4 and high (right) or low expression of 

pSer807/810pRb (p-pRb) (left).  

pRb 

pRb107 

pRb130 
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Palbociclib inhibits phosphorylation of Rb family of proteins in CMT cells. 
In order to assess the the half-maximal inhibitory concentration (IC50) of palbociclib on 

our cells, we used counting kit-8 (CCK-8) assay (Dojindo Laboratories, Kumamoto, 

Japan). CMT cells were treated with palbociclib (Sigma-Aldrich) at various 

concentrations and IC50 was calculated. In Figure 5 is reported the dose response curve 

of CMT3. The IC50 for these cells was 65.13 nM.  

We then determined the effect of Palbociclib on the activity of phosphorylated pRb.  

CMT cells were exposed to increasing concentration of palbociclib, ranging from ¼ IC50 

to 4xIC50 for 12 hours and then examined for Rb phosphorylated on Ser807/811. 

Immunoblotting showed the presence of p-pRb in CMT3 cells. Treatment of CMT cells 

with Palbociclib resulted in a concentration-dependent loss of p-pRb (figure 6). The total 

amount of pRb, remained largely unaffected. Dephosphorylation of Rb was also assessed 

after cell exposure to 0.65 μM Palbociclib for 2 to 12 hours. A reduction of p-pRb 

abundance was observed after 10 hours in CMT3 cells (Figure 7).  

 

                                                    Palbociclib   Log[nM] 

Figure 5- Dose-response curve of CMT3 cells treated with Palbociclib. The cells were treated for 12 hours 

with indicated concentration of Palbociclib. The results are the mean of three independent experiments. 
 

 
  Ctr12hr   ¼ IC50   ½ IC50   IC50    2xIC50   4xIC50                   
                                                      Palbociclib                                           

 
  

             
 
Figure 6- CMT3 cells were incubated with indicated Palbociclib concentrations for 12 hours and analyzed 

for total pRb (pRb) and Ser807/811-phosphorylated pRb (p-pRb) expression by Western blotting. 

Palbociclib decreases Rb phosphorylation of CMT cells in a dose dependent manner. (Ctr 12 hr. cells were 

cell without treatment) 
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%CMT3 

viability 

 



48 
 

 

 

 

 

     0           2          3         4          5          6          7         8           9        10        11         12     treatment time (hrs) 

           
 

 

  
 
Figure 7- CMT3 cells were exposed to 0.65 μM Palbociclib for 2-12 hours and analyzed for protein 

expression of pSer807/811-pRb (p-pRb) by immunoblotting. Beta actin was used as loading control. 

Palbociclib decreases Rb phosphorylation of CMT cells in a time dependent manner. 

 

 

The expression pattern of Rb family of proteins pRb105, pRb107 and pRb130 were 

evaluated in CMT3 cells treated with 0.65 um of palbociclib for two hours to eight days 

compared with serum starved (Q) and asynchronously growing (log) cells. We found that 

levels of the RB family member p130 increased approximately 1 day after palbociclib 

(0.65 um) treatment in CMT3 cells compared to log-phase cells and remained elevated 

for at least 5 to 8 days. p130 was predominantly in its slower-migrating, 

hyperphosphorylated form in asynchronously growing log-phase cells and in cells treated 

for 2 or 4 h. Eight hours following drug treatment, p130 appeared as a doublet 

representing both hyper- and hypo-phosphorylated forms and, 1 day to 8 days later, 

predominated in the hypophosphorylated form). p107 levels decreased after drug 

treatment. No changes in p107 phosphorylation status were detected by changes in 

migration position. RB levels declined although, as with p130, treatment did result in an 

increase in the faster-migrating hypophosphorylated band (empty arrow), first appearing 

as a doublet at 8 h compared to the hyperphosphorylated form, which was prominent in 

log-phase cells and cells treated for 2 or 4 h. (figure 8). 
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Figure 8- Western blotting shows changes in levels and phosphorylation status of RB family members 

pRb105, pRb107 and pRb130) in Palbociclib treated CMT3 cells.  Subconfluent CMT monolayers, serum 

starved for 2 days (Q) and asynchronously growing (Log). Beta-Actin was a loading control. 

 

Effects of Palbociclib treatment on the cell cycle and cell viability 
To test the effect of Palbociclib on the cell cycle, CMT3 cells were treated with 0.65 μM 

Palbociclib for 8 hours and analyzed for DNA content by flow cytometry. Compared with 

non-treated controls, the proportion of CMT cells in G0/G1 phase increased significantly 

after Palbociclib treatment. The number of cells in S phase and G2/M phase decreased. 

To assess the effect of Palbociclib treatment on cell viability, CMT cells were treated 

with 0.65 μM Palbociclib for 12, 24 or 48 hours, and examined for apoptosis by Annexin 

staining. Exposure to Palbociclib for 48 hours, significantly reduced the amount of vital 

CMT3 with an increase in the apoptotic cell population. Thus, exposure to Palbociclib for 

48 hours seems to affect the viability of CMT cells.  

 

 

 

Palbociclib impairs migration of canine breast cancer cells. 
We also tested the effects of Palbociclib on cell migration ability. Hence, we performed a 

scratch test on CMT3 cells and evaluated cells’ ability to close the wound upon 24 and 48 

hours of treatment with sub-toxic doses of Palbociclib (1/2 IC50 and IC50). We found 

that both treatments affected cell migration, impairing their ability to migrate and heal the 

pRb 130 

pRb 107 

pRb 105 

beta-Actin 
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wound, compared with control cells treated with DMSO. We took the Photographs at 

indicated time points. We did the experiments in triplicate. The concentrations of 

palbociclib were not toxic at 48 h. (figure 9).   

 

    Time 0                     24hr                     48hr 

 
 
Figure 9- Palbociclib impaired migration ability of CMT3 cells. CMT3 cells migrate into a wound created 

in a confluent culture plate. Cells migrated into the wound over the 24 and 48 hours, and migration was 

significantly inhibited in the presence of subtoxic concentrations of Palbociclib. 

 

Palbociclib affects proliferation of CMT spheroids. 
CMT3 cells were seeded in ninety-six well low-attachment plates with or without 

treatment with sub-toxic concentrations of palbociclib. Palbociclib inhibited spheroid 

formation (figure 10).                        

                          

 

 

 

 

 

 

Palbociclib 0.65uM 

Control 

Palbociclib 0.32uM 



51 
 

 

                         Control                               Palbociclib ½ IC50 

       

            

     Figure 10- Palbociclib inhibits spheroid formation in CMT cells (1000 cell/well 40x).    

 

Palbociclib inhibits colony formation. 
24 hours after seeding, CMT3 cells were treated with different concentrations of 

palbociclib and allowed to grow for 10 days, during which the medium was refreshed 

every 2 days. Control cells were treated with an equal amount of vehicle (DMSO). After 

fixing, the colonies were stained with crystal violet. The cell colonies were photographed 

and enumerated under an inverted microscope. The colonies decreased in number in a 

dose-dependent manner (figure 11). 

                        Palbociclib 

   Control       ½ IC50        IC50         2xIC50       4xIC50 

 

Figure 11 – Palbociclib shows dose-responsive decrease in number of colonies. 
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Discussion 
Primary cells represent the in vivo tissue environment. As these cells are derived directly 

from native body tissue, they mimic the in vivo state and physiology. When primary cell 

cultures undergo genetic transformation, they divide indefinitely and become 

immortalized secondary cell lines176. The great advantage of using CMT-derived culture 

cells is an unlimited source of homogenous self-replicating material. There are general 

environmental differences between cancer cells growing in vitro and heterogeneous tissue 

in vivo177.  

Surgery is the primary treatment in the control of CMTs. Additional treatment (adjuvant 

therapy) can be given after the primary mammary cancer treatment to lower the risk of 

developing further recurrences and metastasis. Adjuvant therapy may include 

chemotherapy, radiotherapy, and targeted or individualized therapy, this latest based on 

the specific genetic characteristics of the cancer in a patient6. We tested whether 

Palbociclib, a CDK4/6 inhibitor approved for treating advanced, ER positive mammary 

tumors in human patients, may represent a candidate for treating CMTs. Our primary 

CMT cells had no detectable ER protein and ER mRNA was sparsely found, thus our 

CMT3 cells were ER negative.  

For this study we chose CMT3 cells among the cells that expressed both CDK4, and 

CDK6, and all the Rb family of proteins. The significance of Rb phosphorylation at 

different sites is suggested by the observation that Rb function may be modulated 

according to the location at which it is phosphorylated. Hyperphosphorylation at serine 

780, serine 807/711, and threonine 821/826 appears to be involved in the disruption of 

E2F binding to Rb178.  

Treatment of CMT3 cells with different doses of palbociclib (¼IC50 to 4xIC50) for 12 

hours determined a decrease in p-pRbSer807/811 (a preferential CDK4/6 phosphorylation 

site). Treatment of CMT3 cells with a dose of IC50 for 12 hours showed that p-

pRbSer807/811 started to decrease after 10 hours. Therefore, palbociclib activated pRb in 

dose and time dependent manner.  

Moreover, we found that the treatment CMT3 cells with palbociclib with a dose of IC50 

for 2 hours to 8 days differently modulates phosphorylation of each Rb family member 

(pRb105, pRb107 and pRb130). CMT cells. Both pRb105 and pRb130 showed the 
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appearance of faster migrating hypophosphorylated bands after 8 hours and showed an 

increase in the intensity of the hypophosphorylated bands in comparison with the 

hyperphosphorylated bands after day 1. Palbociclib decreased the level of pRb107 with 

no noticeable change in phosphorylation during the same time. Therefore, both pRb105 

and pRb130 and not pRb107 were activated in a time dependent manner with palbociclib 

treatment in CMT cells.  

Cell migration plays an important role in both physiological and pathological processes 

ranging from embryonic development to angiogenesis and tumor metastasis. The scratch 

assay or wound healing assay is a commonly used technique to evaluate directed cell 

migration179. Multicellular tumor spheroids are the most widely used 3D in vitro model in 

preclinical cancer research, reproducing important aspects of tumors, such as the 

presence of oxygen and nutrients gradients, and subpopulations of quiescent cells180. 

We also demonstrated that subtoxic concentrations of palbociclib inhibited migration of 

CMT cells and inhibited tumor spheroid formation meaning that it can prevent invasion 

and metastasis of tumor cells. Palbociclib also inhibited colony formation and showed its 

cytotoxic effect in a dose responsive manner. Pablociclib increased the population of 

cells in G1 phase of cell cycle showing that it is cytostatic and increased apoptotic cell 

population in 48 hours treated CMT cells showing that pablociclib has cytostatic effect 

on CMT cells as well. 

After performing the experiments on a larger number of CMT specimens and on suitable 

CMT cell lines, palbociclib can be suggested as a promising drug for the treatment of 

CMTs.  

 

Conclusion  
Despite preliminary, the results of this study indicate that CDK4/6 inhibition could be a 

valuable approach to treat CMTs. As first evidence, these results obviously need to be 

confirmed in a larger panel of cell lines and on different histotypes of CMTs. 

However, this work has demonstrated that, similarly to HBC, deregulation of pRb 

family of proteins is a feature of CMTs and that it can be rescued by CDK4/6 inhibition. 

This study has also demonstrated that the palbociclib works on canine CDK4/6 in a 

specific manner like it does for the human isoforms. 
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In conclusion, this study gets the foundation for further investigation of the therapeutic 

potential of CDK4/6 inhibition for CMTs. 
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