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ABSTRACT

Despite the advances in research and treatment of human breast cancer, its incidence rate 
continues to increase by 0.5% per year, and the discovery of novel therapeutic strategies for 
specific subtypes of human breast cancer remains challenging. Traditional laboratory mouse 
models have contributed tremendously to human breast cancer research. However, mice 
do not develop tumors spontaneously; consequently, genetically engineered mouse models 
or patient-derived xenograft models are often relied upon for more sophisticated human 
breast cancer studies. Since human breast cancer develops spontaneously, there is a need for 
alternative, yet complementary, models that can better recapitulate the features of human 
breast cancer to better understand the molecular and clinical complexities of the disease in 
developing new therapeutic strategies. Canine mammary tumors are one such alternative 
model that share features with human breast cancer, including prevalence rate, subtype 
classification, treatment, and mutational profiles, all of which are described in this review.

Keywords: Canine Mammary Tumor; Canine Somatic and Germline Mutation Profiles; 
Canine-Patient Derived Xenograft; Comparative Oncology Model

INTRODUCTION

To help us better understand human mammary tumors, both mammalian and non-
mammalian animals have been used as model organisms. Among mammals, cancer scientists 
most frequently use mice, rats, and tree shrews to investigate human mammary tumor biology 
[1]. In addition, canines have become increasingly recognized as important translational 
models for human mammary tumors, particularly in the past two decades [2,3]. Canines are 
considered attractive model organisms because they spontaneously develop numerous tumor 
types, including lymphoma or leukemia, osteosarcoma, melanoma, and mammary tumors 
[2,4]. Similarly, tree shrews spontaneously develop tumors, but mice and rats require chemical 
induction or genetic engineering to develop tumors [1]. Given the spontaneous course of 
malignant transformation, including initiation, promotion, and progression, these naturally 
occurring canine cancers share similar aspects with human cancers, including epidemiology, 
histopathology, tumor biology, and response to therapy [5-8].
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One fascinating feature of the canine model is that certain breeds are known to develop 
specific types of cancer with higher incidence rates [9]. The breed-specific development of 
certain cancer types has also been observed in canine mammary tumors (CMTs) [9]. Thus, 
the identification of conserved genomic signatures or variants that are shared among CMT-
predisposed dog breeds, but not found in non-predisposed breeds, could reveal potentially 
undiscovered and new germline candidates that contribute to breast cancer etiopathogenesis, 
initiation, and progression. This review article aimed to describe the important 
characteristics of CMTs and compare them with those of human breast cancers.

PREVALENCE OF CMTS

Estradiol, a hormone produced primarily in the ovaries, increases the risk of mammary 
tumor development in humans and other mammalian species. Thus, it is not surprising 
that in unspayed (i.e., those having intact ovaries) female dogs, CMTs are the most common 
tumor type diagnosed worldwide [10,11]. Conversely, spaying (ovariohysterectomy) at an 
early age can significantly decrease the risk of developing CMT [12]. In the United States, 
the incidence rate of CMT in female dogs spayed before their first estrus cycle is 0.05%. If 
spaying is delayed after the first or second estrus cycle, the CMT incidence rates in female 
dogs increase to 8% and 26%, respectively [13]. Overall, dog breeds including Dachshund, 
Cavalier King Charles Spaniel, Papillon, Pomeranian, Yorkshire terrier, and Maltese [14] have 
been reported as being most predisposed to CMT (Table 1, Figure 1A) [10,14-16] and CMTs 
have been observed more frequently in purebred dogs (62%) than in mixed-breed dogs (38%) 
[17]. Therefore, it is plausible to believe that germline variants in predisposed dogs might 
contribute significantly to the etiology of CMTs.

CLASSIFICATION AND GRADING OF CMTS USING 
HISTOLOGICAL AND MORPHOLOGICAL FEATURES
Mammary cancers exhibit a wide scope of morphological features, different 
immunohistochemical profiles, and unique histopathological subtypes that have specific 
clinical progressions and outcomes. For human breast cancer, the histopathological 
subtype classification was determined based on the World Health Organization (WHO) 
tumor classification [18]. Similarly, Beveridge and Misdorp developed the original WHO 
classification for mammary tumors in dogs and cats [19,20]. In 2011, Goldschmidt et 
al. modified the WHO classification for mammary tumors in dogs and cats by including 
additional histological subtypes [21], which is now the global standard criteria for 
determining the diagnosis and prognosis of CMT [22,23]. In 2018, Al-Mansour et al. 
[24] compared the histological and morphological characteristics of CMTs with those of 
human mammary tumors. They found that both species exhibited infiltrated ductal cells 
in malignant tumor types. In addition, humans and canines share similar morphological 
features, particularly for certain rare mammary tumor types such as invasive micropapillary 
carcinoma, mucinous carcinoma, and invasive comedocarcinoma. Taken together, the 
cellular similarities between human and canine mammary tumors make CMT models 
attractive for human breast cancer research.

Histological grading, in addition to the histopathological classification system, is used 
to rate the tumor aggressiveness. For human breast cancers, the Bloom and Richardson 
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grading method was developed in 1957, and tubule formation, nuclear pleomorphism, and 
mitotic activity were assessed to provide independent prognostic information [25]. Elston 
and Ellis [26] added semiquantitative criteria to the Bloom and Richardson grading method 
to improve its objectivity and reproducibility. The Elston and Ellis grading method (also 
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Table 1. Dog breeds that are highly predisposed to developing CMT
Dog breed CMT prevalence 

(%)
No. of  

CMT cases
No. of  
dogs

Population from 
which cases

References

Dachshund 41.5% NA 407 MFT [14]
0.3% NA 311 F [15]

Cavalier King Charles Spaniel 41.2% NA 34 MFT [14]
Papillon 38.0% NA 79 MFT [14]
Pomeranian 36.4% NA 33 MFT [14]

0.4% NA 169 F [15]
Yorkshire Terrier 33.9% NA 112 MFT [14]

14.7% 99 672 FCMT [16]
1.0% NA 373 F [15]

Maltese 33.7% NA 92 MFT [14]
22.0% 148 672 FCMT [16]

2.8% NA 151 F [15]
Poodle-Miniature 28.6% NA 63 MFT [14]

9.4% 63 672 FCMT [16]
1.6% NA 99 F [15]

Chihuahua 24.3% NA 70 MFT [14]
2.5% NA 587 F [15]

Welsh Corgi 17.8% NA 185 MFT [14]
Shih Tzu 14.9% NA 281 MFT [14]

10.7% 72 672 FCMT [16]
1.1% NA 216 F [15]

Beagle 13.7% NA 139 MFT [14]
Labrador Retriever 12.8% NA 304 MFT [14]

1.5% NA 838 F [15]
Schnauzer 12.3% NA 65 MFT [14]
English Springer Spaniel 11.8% NA 103 F [15]
Siba 10.8% NA 204 MFT [14]
Cocker Spaniel 7.9% 53 672 FCMT [16]

3.6% NA 188 F [15]
Pug 7.1% NA 84 MFT [14]
Shetland Sheepdog 7.0% NA 171 MFT [14]
Golden Retriever 6.4% NA 388 MFT [14]

3.0% NA 564 F [15]
Rottweiler 6.1% NA 382 F [15]
Australian Cattle Dog 6.0% NA 118 F [15]
German Shepherd Dog 5.6% NA 471 F [15]
Australian Shepherd 5.1% NA 212 F [15]
French Bulldog 4.3% NA 23 MFT [14]
Poodle-Standard 4.0% NA 140 F [15]
Boxer 3.5% 101 2,847 F [10]
Corgi 3.3% NA 120 F [15]
Doberman Pinscher 3.3% NA 161 F [15]
Bichon Frise 1.8% 106 5,992 F [10]
Bulldog 1.6% NA 204 F [15]
Jack Russell Terrier 1.7% NA 197 F [15]
Collie 1.6% NA 61 F [15]
Great Dane 0.9% NA 160 F [15]
Poodle-Toy 0.9% NA 136 F [15]
Boston Terrier 0.7% NA 105 F [15]
Border Collie 0.4% NA 209 F [15]
Bernese Mountain Dog 0.4% 7 1,808 F [10]
CMT = canine mammary tumor; NA = not available; MFT = male and female dogs with any type of tumor; F = 
female dogs; FCMT = female dogs with CMT.



known as the Nottingham method) is the global standard for breast cancer classification 
[27]. In general, each of the three elements (tubule formation, nuclear pleomorphism, and 
mitotic activity) is rated from 1 to 3 (i.e., 1 being the best and 3 the worst), and the scores 
of all three components are summed up to determine the disease grade—i.e., low grade 
(I), intermediate grade (II), and high grade (III). No specific grading methods are used for 
assessing CMTs; therefore, the Elston and Ellis grading method for human breast cancer has 
been adopted for grading CMTs. Using the 2-year follow-up criteria, Karayannopoulou et al. 
[28] found that dogs with Elston and Ellis high-grade (grade III) CMTs had worse survival 
compared with dogs with low-grade (grade I or grade II) CMTs, as would be expected for 
humans. This finding suggests that the human grading method can accurately classify and 
predict the prognosis of CMTs.

Although assessment of the histologic grade contributes to the determination of its biological 
behavior, the prognosis for human and canine patients diagnosed with mammary gland 
tumors is better predicted through integration and compilation of multiple variables. For 
CMT, several studies have reported additional variables, including tumor size, histological 
type, proliferative index, and clinical stage (regional and/or distant metastases), which are 
important for accurately predicting the clinical behavior of mammary gland neoplasia [29-
33]. As such, a whole organism approach should be adopted to improve the forecasting of 
expected biological behavior and clinical outcomes (Figure 2).

CLASSIFICATION OF CMTS USING MOLECULAR FEATURES

Although the histopathological and morphological data can help classify human breast 
cancers, the addition of molecular information obtained through immunohistochemistry 
provides more accurate diagnostic and prognostic information. The biomarkers for 
molecular subtype classification of human breast cancers include estrogen receptor (ER), 
progesterone receptor (PR), human epidermal growth factor receptor (HER-2), and Ki-
67 [34]. The molecular subtypes of human breast cancers are classified according to the 
expression levels of the four above mentioned biomarkers: luminal A (ER/PR+, HER-2−, and 
Ki-67 low), luminal B (ER/PR+, HER-2− or +, and Ki-67 high or any), HER-2 overexpression 
(ER/PR−, HER-2+, and Ki-67 high), and triple negative (ER−, PR−, HER-2−, and Ki-67 high) 
[35]. Patients with luminal A, luminal B, and HER-2-overexpressed types show favorable 
outcomes, whereas those with triple-negative types have a poor prognosis [36,37].
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Figure 1. Predisposed and non-predisposed canine breeds with phenotypically different mammary gland carcinomas. Predisposed breed: (A) A 9-year-old, intact 
female Maltese dog with large, multilobulated, and well-vascularized solid mammary gland carcinoma involving the right fifth mammary gland. (B) Geriatric 
female boxer dog with extensive and advanced-stage inflammatory mammary carcinoma affecting the right and left caudal mammary glands. Photo courtesy of 
Drs. Louis-Philippe de Lorimier (Centre Veterinaire Rive-Sud) and Nick Dervisis (Virginia-Maryland College of Veterinary Medicine).



Unlike human breast cancers, the molecular subtypes of CMTs have not yet been well 
established. However, efforts have been made to apply the current molecular classification 
of human breast cancer in classifying CMTs. For example, in a study by Gama et al. [38], 
CMTs were classified according to the human breast cancer molecular classification method; 
dogs with luminal A type tumors (44.8%) had low histologic grade and low proliferation 
rates, whereas dogs with basal-type tumors (29.2%, a subtype of triple-negative tumors) 
had mostly high histologic grade and high proliferation rates. In addition, the basal subtype 
was associated with shorter disease-free intervals and overall survival rates compared with 
the luminal A type, similar to that observed in humans. A similar study by Abadie et al. [39] 
classified 350 CMTs using the human molecular classification method and found that 14.3% 
of the CMTs were luminal A type, 9.4% were luminal B type, 0% were HER-2-overexpressing 
type, and 76.3% were triple-negative type. Dogs with luminal A tumors showed significantly 
longer survival times compared with dogs with luminal B or triple-negative tumors. Another 
study of 110 CMTs classified tumor histology as luminal A type (38.1%), luminal B type 
(15.4%), HER-2-overexpressing type (9%), and triple-negative type (15.4%) [40]. The luminal 
A and B phenotypes were associated with improved prognosis, whereas HER-2-overexpressing 
and triple-negative tumors were more aggressive and exhibited a significant association with 
the occurrence of metastasis and significantly shorter survival time. Although the results of 
individual studies showed some variability, these findings reported in dogs with mammary 
gland neoplasia are comparable to those observed in human breast cancers. These results 
indicate that the molecular subtypes of CMTs, classified based on the Elston and Ellis criteria 
for human mammary tumors, also have a prognostic association in canines, similar to that 
observed in humans. In summary, the significant degree of histological and molecular 
resemblance between CMTs and human breast cancers further substantiates the usefulness of 
CMTs as comparative models for human breast cancer research.
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Figure 2. Multiple host and tumor variables contributing to the biologic behavior. A 10-year-old, spayed female Golden Retriever with (A) histologic grade II 
mammary gland carcinoma surgically removed by regional excision of the left mammary glands 4 and 5 with incomplete margins. (B) Rapidly growing locally 
recurrent disease (yellow arrowheads) and (C) regional lymph node metastases (red arrowheads; left inguinal [single arrowhead] and left medial iliac lymph 
nodes [double arrowheads]) identified on computed tomography scan. (D) Serosanguinous abdominal fluid cytologically consistent with a malignant effusive 
process suggesting distant mammary carcinoma metastases within the peritoneal cavity. Magnification (A) and (D) 200×. Histology courtesy of Dr. Jonathan 
Samuelson (University of Illinois at Urbana-Champaign).



TREATMENT OF CMTS

Surgery is the primary treatment of CMTs, although additional adjuvant chemotherapy 
and radiotherapy can also be administered postoperatively to reduce the incidence of local 
tumor recurrence and delay metastatic progression, respectively [41]. Currently, the standard 
procedures for adjuvant therapy in CMTs have not yet been established, but diverse therapeutic 
approaches have been employed such as chemotherapy, radiation therapy, hormonal therapy 
(tamoxifen), receptor tyrosine kinase inhibitor therapy (toceranib phosphate), non-steroidal 
anti-inflammatory drug (NSAID) therapy that block the cyclooxygenase activities (piroxicam), 
and immunotherapies (anti-PD-1 antibody) [42] Although diverse adjuvant treatment options 
exist for improving the management of CMT postoperatively, only a limited number of 
minimally powered clinical trials in dogs have been conducted as an initial step to establish 
standard procedures for CMT-associated adjuvant therapies. For example, a group of patients 
with CMTs treated with a combination of 5-fluorouracil and cyclophosphamide after surgery 
showed a 2-year survival rate of 100% without developing distant metastases, while those with 
CMTs treated with surgical excision alone had a 2-year survival rate of 28.6% [43]. For canine 
inflammatory mammary carcinomas (Figure 1B), seven dogs were treated with piroxicam (an 
NSAID and a cyclooxygenase inhibitor) and were found to have a longer survival time (median, 
185 days) compared with the three dogs treated with doxorubicin-based protocols (median, 7 
days) [44]. With regard to the effect of piroxicam on human breast cancers, a few in vitro studies 
were conducted and showed the ability of piroxicam to suppress the progression of breast 
cancer [45,46]. Meanwhile, in vivo and other clinical investigations on the efficacy of piroxicam 
in human breast cancer have not been performed. For other chemotherapeutic agents including 
paclitaxel [47], gemcitabine [48], a combination of doxorubicin and docetaxel [49], and a 
combination of mitoxantrone and carboplatin [50], no significant improvement was observed 
in dogs with CMTs treated with these drugs (Table 2) [43,44,47-51].

Unfortunately, there are limited data on the efficacy of available drugs for CMTs as pet 
owners are generally not motivated to enroll their dogs in such clinical trials, pay the high 
costs associated with a given chemotherapeutic agent, and/or endure the long duration of 
treatment. Hence, another method of obtaining the predictive drug efficacy information for 
CMTs is to use patient-derived xenograft (PDX) models [52]. We established a biorepository 
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Table 2. Drug efficacy in mammary tumors of humans and dogs
Drug name Subtype of canine mammary tumor Clinical trial results for dogs Use in human breast cancer or  

clinical trial results
References

5-fluoreouracial and 
cyclophosphamide

Tubular adenocarcinoma, papillary Improvement of disease-free interval and 
the survival time

FDA approved [43]
Adenocarcinoma, solid carcinoma, 
sarcoma

Piroxicam Inflammatory mammary carcinoma Improvement in clinical condition and 
disease stability

NA [44]

Paclitaxel Metastatic mammary adenocarcinoma Partial response but unacceptable toxicity FDA approved [47]
Gemcitabine Aggressive mammary carcinoma No statistically significant difference in 

time to local recurrence, time to distant 
metastases, and overall survival

FDA approved [48]

Doxorubicin or 
docetaxel

Malignant mammary tumors with 
histologic II and III (vascular or 
lymphatic invasion, regional lymph 
node metastasis, or distant metastasis)

No statistically significant benefit in 
duration of the recurrence-free interval, 
time to metastasis or overall survival

FDA approved [49]

Mitoxantrone and/or 
carboplatin

NA No statistically significant improvement A phase II study with a vinorelbine/
mitoxantrone/carboplatin combination 
showed complete or partial responses 
in 56% of metastatic breast cancer 
patients (n = 50)

[50,51]

NA = not available.



of canine PDX models by implanting tumor tissues in immunodeficient mice at the Tallwood 
Canine Cancer Research Initiative in the Jackson Laboratory (Table 3). Well-characterized 
canine tumors can be grown and hosted in immunodeficient mice for drug efficacy testing 
(Figure 3) [53]. Few studies have been conducted to examine CMT PDX models. However, 
one study used a spontaneous inflammatory mammary carcinoma PDX to study the effect 
of indole-3-carbinol, a natural phytochemical derived from cruciferous vegetables, and 
observed the suppression of tumor proliferation and increased apoptosis in mice bearing the 
inflammatory mammary carcinoma canine PDX [54].

GERMLINE AND SOMATIC MUTATION PROFILES OF CMT 
GENOME
Germline mutations (contained within the heritable genome) and somatic mutations 
(acquired de novo by cancer cells) contribute to the formation of tumors [55]. Consequently, 
genetic testing for germline and somatic mutations has become standard practice in the 
diagnosis of human cancer [56]. BRCA1 and/or BRCA2 mutations are well-known germline 
biomarkers that can increase the incidence of human breast and ovarian cancers [57]. 
Interestingly, a recent large-scale CMT cohort study (n = 183) found that among dogs with 
CMTs, 5.5% had cancer-predisposing BRCA1/2 germline variants [58], similar to that observed 
in human breast cancers (i.e., 5%–10%) [59]. Furthermore, the association between germline 
mutations in BRCA1/2 and an increased risk of CMTs was reported by Rivera et al. in 2009. 
They reported that germline mutations in both BRCA1 and BRCA2 genes increased the risk of 
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Table 3. Established cPDX models through the Tallwood Canine Cancer Research Initiative at The Jackson Laboratory
Tumor type No. of cPDX established
Apocrine gland adenocarcinoma 2
B cell lymphoma 4
Hemangiosarcoma 1
Liver tumor 1
Lung tumor 2
Mammary carcinoma 1
Mast cell tumor 2
Penile tumor 1
Soft tissue sarcoma 2
T cell lymphoma 1
Total 17
cPDX = canine patient-derived xenograft.

Patient tumor

PDX mice (P0) PDX tissue

Genomic analysis
(WES, RNA seq, CNA analysis)

PDX tissue banking
(cryopreservation)

PDX mice (P1)

ATCCGTGACCAAT
TAAGCTAGCTCTT
CCGGATTAGCTAT
TCAATAAAGGTAA

CRYO

CRYO

Figure 3. Establishing a biorepository of canine PDX models in immunodeficient mice. Surgical specimens from canine patients were divided into small pieces 
and transplanted into immunodeficient mice (P0 group). When tumors are grown in P0 mice, the xenografts are used for genomic analysis (e.g., WES, RNA seq, 
and CNA analysis) and then maintained in cryo-banks for preservation. After expanding and cryopreserving the tumor xenografts in immunodeficient mice (P1), 
they can be used for in vivo drug responsiveness screening. 
PDX = patient-derived xenograft; WES = whole exome sequencing; RNA seq = RNA sequencing; CNA = copy number alteration.



CMTs by approximately four-fold [60]. Similarly, 72% of women with BRCA1 mutations and 
69% of women with BRCA2 mutations are expected to develop breast cancer [35]. Table 4 
contains information on the additional germline gene variants that predispose canines and, 
in some cases, humans to developing mammary tumors [58,61-66].

As mentioned above, breed predisposition to cancer is a powerful advantage of canine 
models in uncovering the underlying genomic influences in cancer etiopathogenesis. This 
allows investigation of heritable genetic contributors responsible for cancer initiation 
by analyzing germline mutations. Our laboratory has sequenced and analyzed the whole 
genome DNA from blood samples of 11 purebred dogs. Maltese, Shih-Tzu, and Beagle are dog 
breeds that are highly predisposed to developing CMTs. All three dog breeds shared 1,035,815 
single nucleotide polymorphisms (SNPs) and 14,696 structural variants (SVs). When the 
same SNPs and SVs were assessed in other dog breeds (i.e., dog breeds [n = 8] that were 
not predisposed to CMTs), 200 SNPs and 3 SVs were identified, overlapping three protein-
coding genes. Strikingly, these genes have not yet been reported as human breast cancer 
susceptibility genes, suggesting that these canine germline variants could be the underlying 
genomic drivers associated with breast cancer.

Among the known genes with somatic mutations in human breast cancer, TP53 is a well-
known tumor suppressor gene associated with cancer initiation and progression. TP53 
mutations are linked to several cancer types, including human breast cancer, and were 
initially linked with CMT in the 1990s. These studies observed mutations in the TP53 gene in 
patients with benign [67,68] and malignant tumors [69,70]. Furthermore, Wakui et al. [71] 
found that tumor recurrence and death risk increased in 17% of dogs with canine mammary 
carcinomas harboring TP53 somatic mutations.

Somatic mutations in genes within the phosphatidylinositol 3-kinase (PI3K)/protein kinase 
B (Akt) pathway are also significantly associated with the development of human mammary 
tumors. The most well-studied gene in this pathway is PIK3CA, which is a mutational hotspot 
for human breast cancer. Somatic mutations in this gene have also been observed in CMTs 
[58,65,72]. Mutations in the PTEN, PIK3R1, and AKT1 genes, all in the PI3K/Akt pathway, have 
also been found in CMTs [58]. Table 4 lists the other somatic variants observed in CMTs.
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Table 4. Genes with germline or somatic mutations in canine and human mammary tumors
Genes with germline mutations Genes with somatic mutations
B2M [61]* AKT1†

BRCA1† BRCA1 [62]†

BRCA2† BRCA2 [62,63]†

CDK5RAP2 [64]* CLHC1 [65]*

ESR1 [66]* KRAS [58]†

NBN [58]† MKI67 [58]*

NSMCE1 [58]* NF1 [58]*

POLD1 [58]* PIK3CA†

RECQL4 [58]* PIK3R1†

RMI1 [58]* PTEN†

RTEL1 [58]* SCRN1 [65]*

SLX4 [58]† SF3B1 [58]†

SMC5 [58]† TP53†

TOP3B [58]*

XRCC3 [58]†

*Genes with germline or somatic mutations found exclusively in canine mammary tumors; †Genes with germline 
or somatic mutations found in both human and canine mammary tumors.



CONCLUSIONS AND FUTURE DIRECTIONS

Over the last two decades, naturally occurring CMTs have proven their value as alternative 
translational models for human breast cancer. CMT and human breast cancer share similar 
aspects, including high prevalence, molecular subtypes, and mutation profiles. Human 
and dog mammary tumors have similar histological traits and biomarkers. However, there 
are also some limitations of CMTs as a model for studying human breast cancer. As the 
information on the efficacy of therapeutics in dogs remains limited, additional clinical 
trials or preclinical studies using canine patient-derived xenograft models are required. In 
addition, the mutational burden in CMTs is substantially lower than in human breast cancers, 
indeed, the mutational composition of breast cancer development might be different 
across species [58,73]. Nevertheless, comparative genomic approaches have the potential to 
identify new genomic variants associated with mammary tumors and therefore should be 
encouraged. Increasing our knowledge of the genomic landscape of CMTs should make it an 
important complementary resource for human breast cancer research.
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