
ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

https://doi.org/10.1038/s41523-026-00928-x

Received: 1 November 2025

Accepted: 2 March 2026

Cite this article as: Aouad, P., Halabi,
K., Hayar, B. et al. Preclinical models
of breast cancer metastasis:
strengths, limitations, and clinical
relevance. npj Breast Cancer (2026).
https://doi.org/10.1038/
s41523-026-00928-x

Patrick Aouad, Karim Halabi, Berthe Hayar, George S€omos, Cathrin Brisken, Ciara
Metcalfe & Nadine Darwiche

We are providing an unedited version of this manuscript to give early access to its
€ndings. Before €nal publication, the manuscript will undergo further editing. Please
note there may be errors present which a•ect  the content, and all legal disclaimers
apply.

If this paper is publishing under a Transparent Peer Review model then Peer
Review reports will publish with the €nal article.

‚ The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International
License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modi€ed the licensed material. You do not
have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party material in this
article are included in the articleƒs Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the
articleƒs Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

npj Breast Cancer
Article in Press

Preclinical models of breast cancer metastasis:
strengths, limitations, and clinical relevance



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

Preclinical models of breast cancer metastasis: Strengths, limitations, and clinical 

relevance  

Authors:  

Patrick Aouad1,*,#, Karim Halabi2,*, Berthe Hayar2, George Sflomos3, Cathrin Brisken3,4, Ciara 

Metcalfe1, and Nadine Darwiche2,# 

 

Affiliations:  

1 Department of Discovery Oncology, Genentech, South San Francisco, California, 94080, USA 

2 Department of Biochemistry and Molecular Genetics, American University of Beirut, Beirut 1107 

2020, Lebanon 

3 ISREC �± Swiss Institute for Experimental Cancer Research, School of Life Sciences, École 

Polytechnique Fédérale de Lausanne (EPFL), CH-1015 Lausanne, Switzerland 

4 The Breast Cancer Now Toby Robins Breast Cancer Research Centre, The Institute of Cancer 

Research, London, UK 

* These authors contributed equally to this work.  

# To whom correspondence should be addressed: 

Patrick Aouad, PhD 
Department of Discovery Oncology, Genentech, South San Francisco, California, 94080, USA 
E-mail: aouadp@gene.com  
 
Nadine Darwiche, PhD 
Department of Biochemistry and Molecular Genetics, American University of Beirut, Beirut 1107 
2020, Lebanon  
E-mail: nd03@aub.edu.lb  
 

 

Keywords : Breast Cancer; Metastasis; Animal Models; Tumor Microenvironment;  

Dormancy; Personalized Therapy. 

 

 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

Abstract   

Breast cancer metastasis remains a leading cause of mortality. Animal models have been 

instrumental in dissecting the complex metastatic cascade, and have provided insights into tumor 

progression and mechanisms of dissemination to distant organs. However, significant gaps 

remain, particularly in the context of a highly heterogeneous disease like breast cancer. This 

review summarizes animal models utilized to study breast cancer metastasis, including mutagen-

induced and genetically engineered mouse models, cell line-based syngeneic and xenograft 

models, patient-derived xenografts, as well as rat and zebrafish models. We summarize the 

strengths and limitations of each model in recapitulating key stages of metastasis, including the 

onset of metastasis, organ-specific tropism, and tumor-microenvironment interactions. 

Additionally, we highlight the importance of these models in preclinical drug testing and 

personalized therapy. By providing a comprehensive overview, this review aims to guide 

researchers in choosing the most suitable preclinical breast cancer animal model to effectively 

address metastasis-related questions.  
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List of abbreviations  

AF-2, activation function-2 (ER ligand-binding domain); 

APC, adenomatous polyposis coli; 

�%�/�*������-lactoglobulin; 

CDK4/6, cyclin-dependent kinase 4/6; 

CDX/CDXs, cell line�±derived xenograft(s); 

CK5, cytokeratin 5; 

CRISPR, clustered regularly interspaced short palindromic repeats; 

CTCs, circulating tumor cells; 

DCIS, ductal carcinoma in situ; 

DTC/DTCs, disseminated tumor cell(s); 

�(������������-estradiol; 

ECM, extracellular matrix; 

EMT, epithelial�±mesenchymal transition; 

ER, estrogen receptor; 

ERBB2/HER2, human epidermal growth factor receptor 2; 

ESR1, estrogen receptor 1; 

EurOPDX, European patient-derived xenograft consortium; 

Flp, Flippase; 

FRT, Flp recognition target; 

GEMMs, genetically engineered mouse models; 
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GM-CSF, granulocyte-macrophage colony-stimulating factor; 

HBECs, human breast epithelial cells; 

HBCx, human breast cancer xenograft (series); 

HLA, human leukocyte antigen;  

HP (GEMM), HER2V777L/PIK3CAH1047R double-mutant model; 

HR+/HR-, hormone receptor�±positive/�±negative; 

HSCs, hematopoietic stem cells; 

HuNSG, humanized NSG;  

IL-3, interleukin 3; 

IL-6, interleukin 6; 

ILC, invasive lobular carcinoma; 

iPSC, induced pluripotent stem cells; 

K14, keratin 14;  

Luc, luciferase; 

MAPK, mitogen-activated protein kinase; 

MIND, mouse intraductal model; 

MMTV, mouse mammary tumor virus; 

MSK1, mitogen- and stress-activated protein kinase 1; 

NK, natural killer;  

NMU, N-methylnitrosourea; 

�1�6�*�����1�2�'���6�&�,�'�������F�K�D�L�Q-deficient (NOD scid gamma) mice; 

NST, no special type; 

PARP, poly(ADP-ribose) polymerase; 

PD-L1, programmed death-ligand 1;  

PDX/PDXs, patient-derived xenograft(s); 

PDXNet, Patient-Derived Xenograft Network; 
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PI3K, phosphoinositide 3-kinase; 

PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (gene); 

PR, progesterone receptor; 

PyMT, polyoma middle T antigen; 

RAS, rat sarcoma; 

SCF, stem cell factor;  

SEMMs, somatically engineered mouse models; 

SCID, severe combined immunodeficiency; 

STAT3, signal transducer and activator of transcription 3; 

SV40, simian virus 40; 

SV40 T-antigen/Tag, SV40 large T antigen; 

TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; 

TDLUs, terminal ductal lobular units;  

Tetracycline, Tet;  

TGF-�������W�U�D�Q�V�I�R�U�P�L�Q�J���J�U�R�Z�W�K���I�D�F�W�R�U���E�H�W�D�� 

TGFBR, transforming growth factor beta receptor; 

TME, tumor microenvironment; 

TN, triple-negative; 

TNBC, triple-negative breast cancer; 

WAP, whey acidic protein; 

Wnt, wingless/integrated signaling pathway; 

ZFP281, zinc finger protein 281. 

 
1. Introduction  

Breast cancer is the most common malignancy among women worldwide and a leading cause of 

cancer-related mortality 1. Despite advances in early detection and treatment, metastasis remains 
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the primary cause of breast cancer mortality 2. Breast cancer is a highly heterogeneous disease 

characterized by distinct molecular and histological features that dictate the progression of the 

disease, metastatic propensities, and response to therapy 3,4. 

Metastasis is a multistep cascade in which tumor cells break through the basement membrane, 

intravasate, survive in circulation, extravasate into distant organs, and often undergo a period of 

dormancy before reawakening to form overt metastatic lesions. The most common metastatic 

sites in breast cancer are the bones, brain, liver, and lungs, with metastatic patterns varying by 

molecular and histological subtype 4. Hormone receptor-positive (HR+) breast cancers, 

characterized by the expression of estrogen receptor and/or progesterone receptor (ER and PR, 

respectively), account for approximately 70% of cases and show a strong propensity for bone 

metastases, followed by the liver, brain, and lungs 4. Treatments targeting ER have been the 

cornerstone of therapy for HR+ breast cancer. HER2-positive (HER2+, HR-) breast cancers 

frequently metastasize to the brain, lungs, and liver, with less frequent involvement of the bones 

4. In contrast, triple-negative breast cancer (TNBC, HR-, HER2-) exhibits a higher propensity for 

metastases to the lungs and brain, with less frequent spread to the liver and bones 4. 

The two most common breast cancer histological subtypes are no special type (NST), accounting 

for 80% of cases, and invasive lobular carcinoma (ILC), which constitutes approximately 10-15% 

of cases 5. ILC tumors are characterized by the loss of the cell-cell adhesion molecule E-cadherin, 

a hallmark alteration that contributes to their distinctive discohesive morphology. Both subtypes 

metastasize to typical sites such as the liver, lungs, and bones. However, ILC metastases are 

more likely to occur in the ovaries, peritoneum, retroperitoneum, leptomeninges, and 

gastrointestinal tract 6,7. The mechanisms underlying this distinct organotropism remain poorly 

understood. 

Preclinical animal models have been instrumental in advancing our understanding of the 

metastatic cascade, from tumor initiation and local invasion to distant organ colonization 8,9. These 

models allow researchers to study the mechanisms of breast cancer metastasis and evaluate 
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potential therapeutic interventions. The development of diverse models, including mutagen-

induced models, genetically engineered mouse models (GEMMs) 10, cell line-based syngeneic 

and xenograft models, patient-derived xenografts (PDX) 8, and further animal models like rat 11 

and zebrafish models 12, has provided valuable insights into tumor biology, metastatic 

progression, and the interactions between cancer cells and the tumor microenvironment. Each of 

these models offers unique advantages and limitations in mimicking the key stages of metastasis. 

However, the challenge lies in selecting the most appropriate model for addressing specific 

metastasis-related questions, as the choice of model can significantly impact the translational 

relevance and generalizability of preclinical findings. No animal model can fully recapitulate or 

mimic the human disease; thus, caution should be applied when interpreting data derived from a 

single animal model.  

In this review, we provide a comprehensive overview of the diverse animal models utilized in 

breast cancer metastasis research. We summarize the strengths and limitations of each model in 

recapitulating the various stages of the metastatic process, and we highlight important insights on 

the mechanisms of metastasis gained from the described models. This review aims to guide 

researchers in making informed decisions when selecting preclinical models to better address the 

challenges of breast cancer metastasis. 

 

2. Mutagen -induced  models  

2.1. Overview  

Chemically induced rodent models were among the first used preclinical models for studying 

mammary carcinomas, after the spontaneous tumor model. They were first established in the 

1940s, when mammary tumors were induced in rats either by feeding diets containing the 

carcinogen 2-acetylaminofluorene or by gastric instillation of methylcholanthrene 13,14. These 

models have since been extensively utilized to study hormone receptor-positive (HR+) breast 

cancer in both mice 15 and rats 16. Subsequently, mammary tumors are induced in rats or mice 
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through the oral administration of 7,12-dimethylbenz(a)anthracene (DMBA) or the 

intravenous/subcutaneous injection of N-methylnitrosourea (NMU), typically resulting in tumor 

formation within 8 to 14 weeks 15�±18. Later studies demonstrated that N-ethyl-N-nitrosourea (ENU) 

is a more potent mutagen/carcinogen, as a single intraperitoneal administration is sufficient to 

induce mammary tumors in rats 19,20.  

DMBA, NMU, and ENU induce mammary tumors through DNA damage that leads to oncogenic 

mutations. DMBA is an indirect-acting carcinogen that requires metabolic activation by 

cytochrome P450 enzymes to form bulky DNA adducts 21,22, resulting in mutations in genes such 

as Hras and Trp53, with Hras mutations occurring more frequently (~23%) than Trp53 mutations 

(~2.5%) in rat mammary tumors 23. In contrast, long latency DMBA-induced mouse mammary 

tumors carried Pik3caH1047L/R hot-spot mutations, often accompanied by Pten alterations 24. In this 

study, 2 of the 10 tumors carried Hras mutations and 1 of 10 harbored a Trp53 mutation 24. These 

differences in mutational spectra likely reflect species-specific responses as well as differences 

in carcinogen dosing, treatment duration, and tumor latency.  

NMU and ENU, by contrast, are direct-acting alkylating agents that spontaneously generate 

methylating or ethylating intermediates, respectively 25�±27. Compared with DMBA, NMU is more 

potent at inducing activating Hras mutations 23,25, which may explain the shorter tumor latency 

observed in NMU-treated rodents. Interestingly, ENU-induced mouse mammary tumors lack Hras 

mutations 28, but instead harbor mutations in its downstream effector, Braf 29. It is worth noting 

that activating mutations in HRAS and BRAF occur at very low frequency in human breast cancer 

(<1�±2%), particularly in ER+ disease 30, raising concerns regarding the translational relevance of 

mammary tumor models driven by these oncogenic events. 

Tumors generated in these models express both estrogen and progesterone receptors (ER and 

PR) 31 and respond to hormonal stimulation or deprivation 20,32,33. Interestingly, the DMBA-induced 

mouse mammary tumors partially recapitulate the mutational signatures observed in human ER+ 

breast cancer, including frequently occurring mutations in PIK3CA and PTEN 24, while NMU-
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induced mouse mammary tumors primarily harbor Hras mutations, which are less common in 

human breast cancer 34. However, metastases are rarely detected in these models. The DMBA 

model, for instance, has not been reported to produce overt metastases, despite the large primary 

tumor burden 35. The absence of macrometastases does not necessarily indicate a complete lack 

of �P�H�W�D�V�W�D�W�L�F���G�L�V�V�H�P�L�Q�D�W�L�R�Q�����D�V���V�P�D�O�O���F�O�X�V�W�H�U�V���R�I���P�H�W�D�V�W�D�W�L�F���F�H�O�O�V���W�H�U�P�H�G���µ�P�L�F�U�R�P�H�W�D�V�W�D�V�H�V�¶���P�D�\��

still be present but require more sophisticated techniques for their identification. Rat mammary 

carcinomas induced by NMU and ENU occasionally metastasize to the lungs, spleen, liver, lymph 

nodes, and bone marrow 17,18,20. 

2.2. Advantages  

The main advantage of these models is the establishment of HR+ mammary tumors whose 

proliferation depends on endogenous ovarian hormone levels 20,32,33. As such, these models 

enable interrogation of therapeutic responses in a physiologically relevant hormonal context, 

including sensitivity and resistance to endocrine therapies, as well as response to ovarian 

hormones, and cancer prevention 36,37. In addition, the intact immune system in these models 

provides an opportunity to study tumor-immune interactions, making them valuable for 

understanding tumor progression, and evaluating preventive or therapeutic interventions. For 

instance, a NMU-induced rat model of mammary tumors was shown to capture the heterogeneity 

of ER+ breast cancer. Using this model, researchers demonstrated durable responses to 

combined transforming growth factor-beta receptor (TGFBR) and programmed death ligand-1 

(PD-L1) blockade and identified immune features linked to sensitivity or resistance, suggesting 

potential for extending immunotherapy to subsets of ER+ patients 38. However, the extent to which 

these models faithfully recapitulate the biology of the human disease remains uncertain and 

warrants further investigation. 

2.3. Disadvantages  

These models also have several limitations. Notably, the mutagens used (DMBA, NMU, and ENU) 

also induce tumorigenesis in non-mammary tissues, including the brain, kidneys, hemolymphatic 
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system 20, and ovarian epithelium 39. This raises concerns about their suitability for studying breast 

cancer metastasis, as disseminated tumor cells (DTCs) detected in distant organs could originate 

from non-mammary tumors, complicating interpretations of metastatic behavior specific to breast 

cancer. Additionally, systemic effects such as neuroendocrine disruptions involving the 

hypothalamo-pituitary-gonadal and hypothalamo-pituitary-adrenal axes have been observed 40. 

Within the mammary gland, carcinogen-induced DNA damage occurs stochastically across many 

epithelial cells, leading to multiple independent mutations arising in parallel, and generating 

substantial intra- and intertumoral heterogeneity 23,24. This heterogeneity may influence tumor 

evolution and metastatic potential by favoring only specific subclones to acquire traits permissive 

for outgrowth and dissemination. Such variability may underlie conflicting reports on the 

metastatic capacity of chemically-induced mammary tumors 18,41, as well as the discrepancies in 

tumor incidence observed across laboratories and experimental conditions, including seasonal 

variation 42.  

Moreover, NMU-induced mammary tumors can arise from multiple independently initiated cells 

within the same animal, such that tumor incidence and multiplicity are influenced not only by 

carcinogen exposure but also by inter-animal genetic variability, particularly in outbred strains like 

Sprague-Dawley rats 43. Consequently, chemically induced models lack the genetic precision of 

engineered systems such as GEMMs, and can complicate direct genotype-phenotype 

correlations, particularly in studies focused on defined driver mutations or lineage-tracing 

approaches. Finally, late-stage tumors frequently become necrotic and may ulcerate, thereby 

compromising animal welfare 44.  

 

3. Genetically Engineered Mouse Models (GEMMs)  

3.1. Overview  

Genetically engineered mouse models are highly amenable to mechanistic studies due to their 

precise genetic control, yet their establishment is often laborious and costly. Nonetheless, they 
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have been extensively used to study breast cancer metastasis (Table 1). Coupling mammary 

epithelium-�V�S�H�F�L�I�L�F���S�U�R�P�R�W�H�U�V�����V�X�F�K���D�V���W�K�H���P�R�X�V�H���P�D�P�P�D�U�\���W�X�P�R�U���Y�L�U�X�V�����0�0�7�9��������-lactoglobulin 

(BLG), whey acidic protein (WAP), basal keratin promoters keratin 5 and 14 (K5 and K14, 

respectively), and C3(1), with driver oncogenes has led to the establishment of a wide range of 

GEMMs, allowing the study of specific genes in mammary carcinoma progression, as summarized 

in 45.  

Tumors develop within the tissue of origin, in the presence of an intact immune system, and 

recapitulate the different stages of tumor development. The first established GEMM was the 

MMTV-myc model, which relies on the overexpression of the oncogene myc under the control of 

the MMTV long terminal repeat (LTR) promoter to drive luminal-restricted myc overexpression in 

mammary epithelial cells, leading to increased proliferation and spontaneous luminal-type 

mammary adenocarcinomas 46. The activity of the MMTV promoter is upregulated by steroid 

hormones during puberty and pregnancy 47. Shortly after, the MMTV-Hras GEMM was established 

48, followed by the MMTV-cneu 49, Polyoma Middle T antigen (PyMT) GEMM 50, MMTV-ErbB2 

and its mutant form Neu 51, and C3(1)SV40 Tag GEMM 52. In most GEMMs, ER is lost as tumors 

progress, resulting in HR- mammary tumors, with the exception of limited models that have been 

validated to be HR+ i.e. responsive to hormonal deprivation/supplementation. One such example 

is the Stat1-deficient mice, which develop ER+ mammary carcinomas that respond to estrogen 

supplementation and exhibit features similar to their human counterparts 53. In this model, no 

metastases were observed. 

GEMMs establishing HR- or HER2+ mammary carcinomas are still widely used and have helped 

advance our understanding of disease progression, genetic and epigenetic alterations, 

metastasis, as well as the role of the tumor microenvironment in disease progression, as 

thoroughly reviewed in 54. Tumors arising are aggressive and lead to growing metastases in the 

lungs and lymph nodes of recipient mice within a short period of time. The fast disease 

progression has allowed scientists to address the contribution of oncogenes, tumor suppressors, 
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epithelial-mesenchymal transition (EMT), metabolism, endosomal trafficking, and the immune 

system to invasion and metastasis, as summarized in Table 1 .   

EMT describes a process in which epithelial cells acquire mesenchymal traits, resulting in 

enhanced motility, invasion, and metastatic dissemination 55. GEMMs have been instrumental in 

elucidating the role of EMT in tumor invasion and metastasis, while also yielding conflicting 

evidence regarding its necessity for metastasis. While MMTV-PyMT models uphold a role for 

Snail and Zeb1 in metastasis 56,57, other reports suggested EMT is dispensable but contributes to 

chemoresistance 58. The latter study was subsequently criticized by the Weinberg group for 

relying on incomplete EMT markers 59. These studies highlight a context-dependent role of EMT 

that may also be very well subtype-specific.  

Interestingly, a recent study evaluated the role of tumor-resident intracellular microbiota in the 

metastatic capacity of MMTV-PyMT mammary carcinoma cells, and demonstrated that their 

depletion reduced lung metastasis 60. Attempts to introduce conditional ER expression in 

mammary epithelial cells under the MMTV promoter resulted in limited growth, with no metastases 

reported 61,62. 

HER2-enriched mammary carcinomas represent the other major subtype modeled by MMTV-

driven mammary carcinomas. Typically, Erbb2 or its rodent form Neu, are expressed under the 

promoter of MMTV and drive malignancy 49. 14-3-3 proteins are a family of conserved phospho-

binding adaptor molecules that regulate key cellular processes, including proliferation, apoptosis, 

and signal transduction 63�����2�Y�H�U�H�[�S�U�H�V�V�L�R�Q���R�I���W�K�H�������L�V�R�I�R�U�P����14-3-����) under the MMTV promoter 

was sufficient to induce mammary tumorigenesis and, when combined with MMTV-neu, further 

accelerated tumor initiation and metastasis through activation of the MAPK signaling axis 64. The 

MMTV-neu/HER2 model has been instrumental in uncovering the mechanisms underlying early 

dissemination of breast cancer cells; early DTCs were shown to rely on Wnt and EMT signaling 

axes 65,66. This same population maintains a ZFP281-mediated EMT state in the lungs before 

switching to a more epithelial/proliferative state 67.  



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

Similar to the MMTV GEMMs, the WAP promoter-driven GEMMs have provided important insights 

into the mechanisms of mammary carcinoma progression. The WAP promoter is selectively 

expressed in differentiated luminal alveolar cells of the mammary gland and is robustly activated 

during pregnancy and lactation, in response to hormonal changes 68,69. Consequently, it has been 

widely used to express oncogenes in the mammary epithelium. Using WAP-driven mouse models, 

studies demonstrated that expression of HGF 70 and c-Myc 71 induces aggressive mammary tumor 

phenotypes. Similar observations were reported in WAP-Cre-based models combining Pten loss 

with expression of mutant Trp53R270H 72. Other studies have focused on EMT 73, the immune 

microenvironment 74, and transcriptional regulation 75, and their contribution to metastasis.  

Most metastases arise in the lungs, and less frequently in the liver 71,76, lymph nodes 76, and 

ovaries 77. The Wap-myc model 78 was the first to be developed, followed by the WAP-ras GEMM 

79, WAP-TGF-�.���*�(�0�0��80, WAP-Int3 75, WAP-Cre GEMM 81, and the WAP-SV40 model 82. These 

models provide invaluable insights into molecular pathways influencing tumor development and 

metastasis 70,71,76 in triple-negative (TN) and HR+ mammary carcinoma metastasis, thereby 

complementing MMTV models.  

The C3(1)/SV40 T-antigen 52 and C3(1)-Tag 83 GEMMs are among other less prominent models 

used to study metastatic mammary carcinoma. The C3(1) promoter is derived from the rat 

prostate steroid-binding protein gene and drives transgene expression in luminal epithelial cells 

of the mammary gland in a hormonally regulated, androgen-responsive manner 52,84. C3 models 

generate TN mammary carcinomas, with metastases in the lungs and livers. Additionally, 

although APC models are classically associated with intestinal tumorigenesis, certain constitutive 

germline variants such as the Apc+/1572T and Apc+/1572T/Smad4+/Sad strains have also been 

reported to develop mammary tumors that subsequently metastasize to the lung and intestines 

85. Similarly, the HER2V777L; PIK3CAH1047R (HP) GEMM, which co-expresses mutant HER2 and 

PIK3CA, gives rise to mammary tumors that seed lung metastases 86.  
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Keratin-based models, such as K14-Cre; Cdh1fl/fl; Trp53fl/fl, express Cre recombinase 

constitutively under the keratin-14 promoter, which is active in basal cytokeratins expressed in 

stratified epithelia 87, including the basal/myoepithelial compartment of the mammary gland 88. As 

a result, K14-driven GEMMs predominantly target basal epithelial cells and mammary 

stem/progenitor populations giving rise to basal-like or poorly differentiated mammary tumors and 

have been instrumental in studying lineage plasticity and tumor cell identity 89,90. In the context of 

Cdh1 and Trp53 loss, K14-based models establish HR- ILC tumors that primarily metastasize to 

draining and distant lymph nodes, and to a lesser extent to the lungs, liver, gastrointestinal and 

urogenital tracts, pancreas, and peritoneal cavity 91. Introducing a Pik3ca mutation or Pten 

deletion, alongside Cdh1 deletion shifts the phenotype toward HR+ immune-related ILC, providing 

a complementary model to study luminal ILC pathogenesis 92,93.  

Mosaic and conditional GEMMs enable spatially and temporally controlled genetic manipulation 

through inducible recombinase systems such as Cre-lox and Flippase-Flp recognition target (Flp-

Frt). Cre can be delivered to somatic cells with a virus 94,95, generating genetic mosaics that better 

model sporadic tumor initiation and reduce tumor burden 96, or by tamoxifen-inducible CreERT 

systems under the control of tissue-specific promoters 97,98.  

One application of this latter strategy is the induction of oncogenic PIK3CA mutations, particularly 

PIK3CAH1047R, in mammary epithelial cells in a precise temporal and spatial manner. The 

PIK3CAH1047R mutation represents one of the most frequent genomic alterations in human breast 

cancer and has been modeled in mice to investigate their role in lineage plasticity and tumor 

heterogeneity 99. Lineage-tracing studies demonstrated that Pik3caH1047R expression in lineage-

restricted basal (K5+/Lgr5+) or luminal (K8+) mammary epithelial cells induces dedifferentiation 

into multipotent, stem-like states 100,101. This reprogramming event leads to the emergence of 

heterogeneous, multi-lineage tumors whose phenotype depends on the cell of origin. Expression 

in basal cells gives rise predominantly to luminal ER+/PR+ tumors, while luminal expression can 

yield either luminal or basal-like ER-/PR- tumors 100,101. Together, these findings highlight that 
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PIK3CAH1047R drives mammary cell fate plasticity and contributes to intratumoral heterogeneity by 

reactivating multipotent programs during early tumor initiation. However, these models are less 

commonly used in studies focusing primarily on metastasis. More recently, the use of the K8-

CreER; Pik3caH1047R; Trp53fl/fl mice, in which tamoxifen-inducible Cre drives luminal epithelial-

specific activation of oncogenic Pik3ca and deletion of Trp53, has enabled the identification of 

distinct EMT states with differential metastatic potential in the lungs 102. 

Complementary to recombinase-based approaches, tetracycline (Tet) On/Off systems allow 

reversible, and temporal doxycycline-regulated control of oncogene expression in a tissue-

specific manner, enabling the study of both tumor initiation and progression 103. Together, these 

inducible and mosaic strategies enhance the physiological relevance and experimental flexibility 

of GEMMs while introducing trade-offs related to delivery efficiency, tissue accessibility, and 

model complexity 96.  

3.2. Advantages  

The primary strength of GEMMs is their ability to facilitate mechanistic studies through precise 

genetic control, allowing tumors to develop within their tissue of origin in the presence of an intact 

immune system 45,46. By utilizing mammary gland-specific promoters, researchers can direct 

oncogene expression to distinct epithelial compartments to investigate lineage plasticity, tumor 

cell identity, and metastatic capacity, as demonstrated in Pik3ca-driven lineage tracing studies 

100�±102. These models faithfully recapitulate the multistep metastatic cascade, from early 

dissemination driven by Wnt and EMT signaling, to organ colonization 65�±67. GEMMs maintain 

critical interactions between tumor cells and the microenvironment 54. Furthermore, the 

development of conditional and inducible systems provides temporal and spatial control over gene 

expression, better mimicking sporadic tumor initiation and heterogeneity. 

3.3. Disadvantages  

Despite their physiological relevance, the establishment and maintenance of GEMMs are 

laborious and costly. They remain difficult in modeling HR+ disease as most models, including 
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MMTV-driven lines, eventually lose HR expression and progress to aggressive TN or HER2+ 

mammary tumors. While rare models such as Stat1-deficient mice establish ER+ tumors, they 

often exhibit limited growth and fail to metastasize, restricting their utility for metastatic research 

53. Finally, while sophisticated inducible and mosaic strategies improve modeling of sporadic 

tumorigenesis, they introduce technical trade-offs regarding delivery efficiency and tissue 

accessibility that can complicate experimental interpretation 96. 

3.4. Somatically engineered mouse models  

An emerging innovation in this context is the establishment of somatically engineered mouse 

models (SEMMs), which leverage CRISPR/Cas9 genome-editing technology to introduce 

oncogenic alterations directly into somatic cells of target tissues in postnatal animals. Unlike 

traditional germline GEMMs, SEMMs bypass the lengthy and costly process of constructing 

heritable mutant strains, allowing for the generation of clinically relevant models 104. Through 

direct in situ gene editing within the mammary gland, SEMMs offer a promising platform to 

interrogate key drivers of tumor initiation, progression, as well as therapeutic response, under 

more physiological conditions. A study from the Jos Jonkers group demonstrated that intraductal 

delivery of a single-guide RNA targeting Pten in mice with mammary gland-specific loss of Cdh1 

and Cas9 expression, efficiently induced ILC 105. A knock-in mouse harboring Cre-conditional 

expression of the cytidine base editor BE3 provides a flexible system for in situ base editing and 

precise somatic engineering of missense mutations through intraductal delivery of sgRNA-

encoding vectors 106. To address these limitations, the group of Alana Welm developed a modified 

CRISPR�±Cas9 system coupled with homology-directed repair (HDR) that improves the flexibility 

and efficiency of oncogene editing. Using this approach, the authors successfully introduced the 

PIK3CAH1047R mutation into mammary epithelial cells, leading to mammary tumor formation 107.  

Despite these advances, SEMMs are still maturing as translational platforms and face several 

limitations, including immunogenicity, editing precision, delivery and tissue accessibility, and 

incomplete modeling of tumor heterogeneity and drug response 104. In addition, it remains unclear 
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whether SEMMs reliably establish distant metastases or fully recapitulate the molecular and 

histopathological features of human disease. Therefore, SEMMs represent a complementary, not 

a substitute, platform to GEMMs in modeling tumor biology.  

 

4. Syngeneic Mouse Models  

4.1. Overview  

Syngeneic mouse models involve implanting mouse-derived mammary tumor cells into 

immunocompetent host mice and have been valuable for studying tumor progression, tumor-

immune interactions, and therapeutic responses. The implantation site varies across studies, but 

common sites include the mammary fat pad, subcutaneous tissue, tail vein, intracranial space, 

intra-tibial or intra-iliac bone, the left ventricle of the heart (Table 2), and more recently, in the 

intraductal mammary milieu (reviewed later in Table 5). Most established mammary tumor cell 

lines are HR-, with relatively few being HR+.  

The first syngeneic breast cancer model was developed by DeOme et al. in 1959, when 

hyperplastic alveolar nodules were injected into the mammary glands of C3H/He Crgl mice to 

demonstrate their precancerous nature and site-dependent tumorigenesis 108. Building on this 

foundation, several additional murine mammary tumor cell lines have been established, including 

KHJJ and EMT6, the latter of which has been extensively characterized and propagated both in 

vitro and in vivo 109. Among the most commonly used TN murine mammary tumor cell lines is 4T1, 

which was developed in 1992 and exhibits spontaneous metastasis to the lungs, liver, bones, and 

brain 110,111.  

The site of injection dictates both the location of colonization and the pattern of metastatic spread. 

For example, when the TN mammary carcinoma cells, D2A1, are injected into the tail vein, they 

preferentially colonize and grow in the lungs of host mice 112�±114. In contrast, injections into the 

portal vein result in liver metastases 115. Injection of the ER+ mammary tumor cells, D2.OR, into 

the tail vein leads to dormant cells that fail to form overt metastases 113, thus providing a valuable 
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window to investigate the intrinsic and extrinsic factors governing tumor dormancy and 

awakening. In the case of intracardiac injections, inoculated cells bypass direct lung deposition, 

and enter systemic circulation, where distant metastasis establishes in organs such as the brain, 

liver, kidneys, and bones, as was shown using the TN mammary tumor cells, 4T1 and AT-3 116,117. 

Injections into the mammary fat pad almost consistently result in lung metastases across studies, 

with occasional dissemination to the bone marrow, lymph nodes, liver, and bones (Table 2). More 

recently, intraductal injections of various TN murine mammary carcinoma cell lines into 

immunocompetent hosts have been shown to give rise to spontaneous metastases in the lungs, 

lymph nodes, liver, brain, and adrenal glands 118�±120. HR- mammary carcinoma cell lines, including 

4T1, Mvt-1, and Py230, exhibit aggressive behavior comparable to other breast cancer subtypes, 

forming metastases primarily in the lungs 118,119,121, but also in axillary lymph nodes and liver 121 

within three to eight weeks. These findings further emphasize the context-dependent nature of 

metastasis, highlighting how the site of injection can influence tumor behavior. This suggests that 

distinct tissue niches can alter the trajectory and organotropism of tumor cells. Interestingly, 

different mammary tumor cell lines display distinct behaviors when inoculated into the ductal tree 

using the intraductal model, with some, such as 67NR, exhibiting a less aggressive and invasive 

phenotype, while others, such as 4T1, display highly aggressive and invasive growth 122.  

To study bone metastasis of breast cancer, the intra-tibial injection allows cell injection directly 

into the tibial bone marrow cavity, mimicking post-extravasation growth 123. Another bone 

metastasis model was established by direct injection of TN mammary tumor cells into the external 

intra-iliac artery, resulting in bone metastases. This implantation aims to model earlier stages of 

hematogenous dissemination, and provides an efficient and reliable bone metastasis model 117,124.  

Since their establishment, syngeneic mouse models have become essential to study the roles of 

oncogenes, tumor suppressors, EMT, metabolism, the immune system and tumor-immune 

interactions, therapeutic response, and the influence of the microenvironment, as summarized in 

Table 2 .  
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Recent syngeneic studies have leveraged intact immune systems to uncover immune-dependent 

regulation of metastasis, demonstrating, for instance, that Junb suppresses lung metastasis by 

modulating the immune composition of the tumor microenvironment 125, while necroptosis-driven 

shedding of tumor surface proteins promotes metastasis by dampening anti-tumor T cell 

responses 126. Beyond immune regulation, these models have helped identify systemic 

determinants of dissemination, including circadian rhythms, where metastatic dissemination 

peaks during the sleep phase 127, and metabolic states such as hyperinsulinemia, which enhances 

metastatic burden through cytoskeletal reprogramming 128. Collectively, these findings underscore 

the unique value of syngeneic models in elucidating the complex immune, metabolic, and 

systemic drivers of metastatic progression. 

4.2. Advantages  

Syngeneic models are valuable because they enable the critical assessment of tumor-immune 

interactions and therapeutic responses 108,109. The implantation sites dictate metastatic propensity 

and site-specific colonization 110,111,118. These models have allowed researchers to dissect drivers 

of metastasis, as well as microenvironmental cues governing dormancy 113. Furthermore, 

established aggressive lines such as 4T1 spontaneously metastasize to clinically relevant organs 

including the lungs, liver, and bones, providing a robust platform for modeling late-stage 

dissemination 129,130. 

4.3. Disadvant ages 

A primary limitation of syngeneic models is the scarcity of HR+ mammary tumor lines, as most 

established murine lines lose HR expression during derivation and fail to spontaneously acquire 

HER2 amplifications 131. Consequently, these models are heavily biased toward the TN subtype, 

limiting their utility for studying the luminal subtypes that constitute the majority of human breast 

cancers. However, the use of GEMMs offers a potential solution to this limitation, particularly for 

modeling the HER2+ subtype, as numerous HER2-driven GEMMs are now widely utilized in 

preclinical research 66. Furthermore, standard injection protocols frequently result in preferential 
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lung metastasis 132�±134, often requiring artificial inoculation routes to study dissemination to the 

bone or brain, which bypasses the initial stages of the metastatic cascade and compromises 

animal welfare, particularly in the intratibial model 123. However, more refined models focusing on 

specific organotropism have also emerged, albeit relatively scarce 115�±117. These factors present 

challenges in faithfully translating all findings from syngeneic models to human breast cancer 

metastasis. 

 

5. Xenografts  

5.1. Cell line -derived xenografts  

Cell line-derived xenografts (CDXs) are established by transplanting human breast cancer cell 

lines into immunocompromised mice or rats, with tumor growth and metastatic patterns 

determined partly by the host strain, the degree of immune deficiency, and the cell line of choice 

(Table 3). While mice remain the most widely used hosts, rat models are increasingly considered 

due to their closer mammary gland anatomy and physiology compared with humans 11. 

Specifically, the rat mammary gland exhibits a more complex ductal-lobular organization, with 

terminal ducts that closely resemble the human terminal ductal lobular units (TDLUs), and are 

embedded within a dense stromal matrix 135,136. Furthermore, female rats display higher circulating 

�O�H�Y�H�O�V�� �R�I�� ������-estradiol (E2) compared to mice, and these levels are more similar to those 

observed in humans, albeit still lower overall 11,137,138. The physiological similarity between humans 

and rats is particularly relevant in the context of HR+ breast cancer, where endocrine regulation 

strongly influences tumor initiation and progression. 

 The first xenograft model of breast cancer was described in 1974, when Ozzello and colleagues 

implanted the TNBC line BT-20 subcutaneously into nude mice, though no metastases were 

observed 139. Follow-up studies showed that subcutaneous inoculation of the TNBC cell lines BT-

20 and Mano-4, and the ER+ lines MCF-7 and CaMa clone 15 could yield lung and lymph node 

metastases 140. CaMa-15 and Mano-4 displayed particularly aggressive phenotypes, with 
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dissemination to additional sites such as the peritoneum, retroperitoneum, and pleura 140. 

Importantly, ER+ cell lines including MCF-7, T47D, and ZR-75-1, required exogenous E2 

supplementation for tumor growth 140,141, and xenografted MCF-7 cells were later shown to 

metastasize to the lung, liver, and spleen in nude mice 142. 

In the early 1980s, the significance of the implantation site became evident: orthotopic injection 

into the mammary fat pad produced higher take rates and more clinically relevant metastatic 

patterns compared with subcutaneous sites 143,144. Mammary fat pad injection of the TNBC cell 

line, MDA-MB-231 145, resulted in 100% tumor take rates with spontaneous metastases to the 

lymph nodes and lungs, and, to a lesser extent, to the muscle, heart, and brain 143. Selection of 

metastatic variants further demonstrated organ-specific tropism; only sublines derived from lung 

metastases showed increased lung colonization efficiency 143. In a follow-up study, Price showed 

that the route of injection strongly influences the metastatic pattern of tumor cells. For example, 

intravenous injection primarily resulted in lung metastases, intrasplenic and portal vein injections 

in liver metastases, intracarotid artery injection in brain metastases, and intracardiac injection in 

bone and bone marrow metastases 146. Tumor-stromal interactions were also shown to be critical: 

co-injection of the HR+/HER2+ line BT-474 with fibroblasts, immortalized human breast epithelial 

cells (HBECs), or Matrigel enhances tumorigenicity in the mammary fat pad model, suggesting 

that tumor-stromal and tumor-HBECs interactions are fundamental during disease progression 

146. Small clusters of metastatic cells, defined as micrometastases, were later detected 

histologically in mice bearing MDA-MB-231 and MDA-MB-468 tumors, highlighting the possible 

presence of dormant or slow-cycling DTCs 147. These studies paved the way for the establishment 

of additional breast cancer cell lines and xenografts, including the HCC, SUM, HMT, and 21T 

series, which have since been comprehensively reviewed 148. Among these, MCF-7 and MDA-

MB-231 remain the most widely used representatives of HR+ and TNBC subtypes, respectively, 

with lung and lymph node metastases as the most frequent endpoints. Nevertheless, the 

suitability of MDA-MB-231 as a TNBC model has been questioned, as it shows limited genomic 
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similarity to basal-like metastatic TNBC patient samples 149. Additional in vivo models of bone, 

lung, brain and liver metastasis emerged, as summarized in recent reviews 150. The Brain 

Metastasis Cell Lines Panel is a growing multi-lab collaborative resource of brain-tropic cell lines 

designed to advance research and understanding of brain metastases in advanced disease 

(https://apps.cnio.es/app/BrainMetastasis/CellLines).  

CDX models have been indispensable in disentangling key aspects of breast cancer biology, 

including the roles of oncogenes, tumor suppressors, EMT, metabolism, tumor-immune crosstalk, 

therapeutic responsiveness, hormonal regulation and microenvironmental control of dormancy, 

as summarized in Table 3 .  

Dormancy represents a clinically critical and understudied phase of disease progression in HR+ 

breast cancer 151, motivating intense efforts to elucidate its underlying mechanisms. Within this 

space, preclinical models to study this important clinical challenge in ER+ breast cancer remain 

limited. A few groups have described latent or dormant states in ER+ systems. Reiss and 

colleagues developed intracardiac and intra-tibial models using bone-tropic MCF-7-5624 cells, 

which remain dormant in distant organs and can be reactivated by E2 152. Disseminated cells 

retained an epithelial phenotype and were independent of TGF-�����V�L�J�Q�D�O�L�Q�J����though metastases 

arose in both bone and less clinically relevant sites (adrenal glands, mammary fat pad, mandible). 

Horwitz and colleagues similarly showed, using intracardiac injections of luminal and basal-like 

lines into NSG mice, that proliferation at distant sites (bone, adrenal) is hormonally regulated and 

yields heterogeneous tumor populations based on PR and CK5 expression 153,154. In an 

intracardiac ZR-751 model, an shRNA screen identified MSK1 as a dormancy regulator; MSK1 

loss promoted early bone homing and was associated with poor prognosis in ER+ patients 155. 

Other studies highlight organ-specific mechanisms of awakening: in an intravenous model, 

dormant lung D2.OR and MCF-7 cells re-entered proliferation through inflammation-induced 

neutrophil extracellular traps 156, while in bone, ER+ PDXs and cell lines (MCF-7, ZR-751) 

transiently lost ER expression through EZH2-mediated epigenetic silencing, conferring endocrine 
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resistance that could be reversed by EZH2 inhibition 157. Together, these studies underscore that 

dormancy and awakening are highly context-dependent 158, with estradiol driving reactivation in 

bone and adrenal niches, while inflammatory cues and extracellular matrix (ECM) remodeling 

mediate awakening in the lung. 

5.2. Patient -derived xenografts  

Attempts to grow fresh patient breast tumors in immunocompromised mice began in the 1970s, 

but tumor take rates were generally low 159. Spontaneous metastases were first observed in 1979, 

when Sharkey and Fogh implanted human primary tumors and tumors from metastatic sites 

subcutaneously into nude mice, resulting in lung and lymph node metastases (Table 4) 160. In 

these PDX models, both tumor take rates and metastatic incidence were reported to be low, and 

the authors argued that the behavior of tumors in vivo largely depends on the site of injection and 

on intrinsic properties of tumor cells 160. Similarly, Sebesteny et al. reported low engraftment 

efficiency, with only 3 out of 19 primary breast tumors establishing transplantable xenografts 161. 

In the early 1980s, several methodological refinements improved engraftment rates. As described 

�H�D�U�O�L�H�U�����³�R�U�W�K�R�W�R�S�L�F�´���L�P�S�O�D�Q�W�D�W�L�R�Q���L�Q�W�R���W�K�H���P�D�P�P�D�U�\���I�D�W���S�D�G�����U�D�W�K�H�U���W�K�D�Q���L�Q���V�X�E�F�X�W�D�Q�H�R�X�V���W�L�V�V�X�H����

increased tumor take rates and produced more clinically relevant metastatic patterns 143,144. 

Estrogen supplementation enabled stable growth of ER+ tumors 140,141. The introduction of more 

profoundly immunodeficient mouse strains, first SCID, followed by NOD/SCID in the 1990s and 

NSG mice in the 2000s, provided permissive hosts that markedly increased engraftment efficiency 

and allowed propagation of more diverse breast tumor subtypes.  

The 2000s marked the beginning of coordinated efforts to generate and characterize large-scale 

PDX collections. PDXs from breast cancer patients are established by engrafting tumor tissues 

obtained from primary tumors, metastatic sites, circulating tumor cells, or malignant effusions 

such as ascites or pleural effusions. Panels such as the HBCx series (France) 162, Baylor/MD 

Anderson collections 163, and European consortia began to assemble subtype-specific PDX 
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repositories, capturing the heterogeneity of ER+, HER2+, and TN breast cancer 

(https://www.europdx.eu) 162,164,165.  

Importantly, PDXs were shown to preserve key histopathologic features, genomic landscapes, 

and therapy responses of the patient tumors they were derived from, establishing them as 

superior translational models compared to CDXs 8.  

In the 2010s, the field expanded further with the establishment of global biobanks (e.g., EurOPDX 

(https://europdx.eu/), PDXNet (https://www.pdxnetwork.org/)) and extensive molecular profiling, 

which demonstrated that PDXs stably preserve patient-specific mutational landscapes, copy 

number alterations, gene expression subtypes, and epigenetic signatures.  

Researchers also developed metastatic PDX models to study organ tropism and therapy 

resistance, including models of brain, bone, liver, and lung metastases 163. Notably, hormone-

dependent PDXs proved useful for investigating endocrine resistance mechanisms 166,167, while 

TNBC PDXs facilitated preclinical drug testing 168. To date, most PDX research has focused on 

establishing and characterizing primary tumors 169, with fewer efforts devoted to studying the 

metastases that develop in these models 170. The absence of markers such as fluorescent 

proteins or luciferase hampers the detection of micrometastases in distant organs when overt 

metastases are not evident. 

As of today, breast cancer PDX models represent one of the most clinically relevant preclinical 

systems, complementing the different GEMMs and CDXs models. Baylor College of Medicine 

established a PDX core and created a portal that integrates clinical, molecular and experimental 

data from ~300 breast cancer PDX models across multiple institutions, providing a standardized 

and searchable platform for model selection 171. The continuing development of next-generation 

PDX platforms, including patient-matched organoids 168, and PDXs with humanized immune 

system 172, is expected to further refine their translational value. Nonetheless, challenges remain, 

including engraftment bias toward aggressive subtypes i.e. TNBC, loss of human stroma upon 

passaging 173, and the need for models of ER+ disease and metastatic dormancy. 
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5.3. Intraductal cell line and patient -derived xenografts   

Attempts to grow ER+ breast cancer cells in the milk ducts of female mice were first initiated in 

the lab of Kathryn Horwitz, where one million fluorescently-labeled MCF-7 and T47D cells were 

suspended in Matrigel and injected into the lactiferous ducts of ovariectomized female athymic 

nu/nu mice 154. Whole body imaging revealed the presence of a solid mass three days post-

injection located adjacent to the ductal tree, suggesting a growing graft in the fat pad rather than 

in the ductal tree 154. In this model, tumor growth and dissemination through the lymphatic vessels 

are estrogen-dependent, and the resulting metastases in the lymph nodes have reduced 

hormonal sensitivity 154 (Table 5). The mouse intraductal model (MIND) was fully established by 

Behbod et al. in the laboratory of Daniel Medina to model the growth of ductal carcinoma in situ 

(DCIS) using established DCIS cell lines and human-derived primary cells 174. The technique 

consists of inoculating a few microliters of single cell suspension into the milk ducts of 

immunocompromised adult female mice through a small incision in the teat. A relatively low 

number of cells, in the range of 20,000�±30,000, is sufficient to establish growing grafts, in contrast 

to fat pad or subcutaneous grafts, which typically require millions of cells. Importantly, cells retain 

their ER, PR, and HER2 profile, and express cytokeratins, indicative of their epithelial phenotype 

174,175. No metastases were observed in this model, although the potential presence of DTCs in 

distant organs cannot be ruled out. Subsequent work revealed that HER2 expression drives the 

invasion of DCIS 176. The intraductal model equally improved the take rates of genetically 

engineered preneoplastic HBECs 177. Interestingly, expressing the PIK3CAH1047R mutation 

expedited invasion and conferred endocrine therapy resistance in genetically engineered HBECs 

177. Presence or absence of metastases was not evaluated in these established intraductal grafts.  

We refined the MIND model by injecting luciferase (Luc)-tagged and fluorescently labeled breast 

cancer cell lines and patient-derived primary cells representing various molecular and histological 

subtypes into SCID-beige or NSG mice (Supplementary Video 1 ) 178. We demonstrated that this 

approach was effective for ER+ breast cancer cell lines of both the NST histological subtype 
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(MCF-7, T47D, and HCC1428), and  the lobular subtype (SUM44 and MDA-MB-134). This finding 

also extended to molecular apocrine tumors 179 and patient-derived primary breast cancer and 

normal cells, all of which demonstrated improved tumor take rates without the need for E2 

supplementation 6,178,180,181. For ER+ NST tumor cells, spontaneous and early onset of metastases 

was reported in the brain, lungs, liver, and bones of tumor-bearing mice 178, in line with the early 

dissemination observed in the clinical settings. Koch et al. characterized a circulating tumor cell-

derived breast cancer cell line that metastasized to the same organs 182. 

Interestingly, ER+ lobular carcinoma cells metastasize to the meninges, ovaries, lungs and 

adrenal glands 6- a phenomenon that is particularly evident in patients diagnosed with invasive 

lobular carcinoma 183. In a multi-institutional collaborative effort to preclinically model ILC using 

rapid autopsy-derived tumor samples, 24 samples from three patients were successfully 

engrafted into the intraductal model. Tumor engraftment, growth dynamics, and metastatic 

potential were evaluated, demonstrating high tumor take rates, growth, and the capacity to 

metastasize to clinically relevant sites, including the lungs, liver, peritoneum, gastrointestinal tract, 

and ovaries, with varying rates of dissemination 184. This highlights the significant advantages of 

the intraductal model, which closely mirrors the clinical scenario and faithfully recapitulates the 

biology of ER+ human disease 185. The MIND model now provides a robust platform to investigate 

the intrinsic and extrinsic factors that contribute to metastasis. Utilizing MIND-CDXs in this context 

led to the identification of the interleukin 6 (IL-6)/STAT3 signaling axis as a major contributor to 

ER+ breast cancer metastasis, independent of ER, and demonstrated that STAT3 inhibition 

reduces invasion 186. Because ER+ breast cancer cells can engraft and grow in the intraductal 

milieu without E2 supplementation, this model allows the evaluation of the effects of ovarian 

hormones on tumor growth and metastasis. Exposure to ovarian hormones increases the growth 

and metastatic spread of ER+ breast cancer cells and patient-derived cell lines to clinically 

relevant organs 187. Notably, response and sensitivity to hormones differed between PDXs, 

suggesting the need for a more personalized and patient-centric therapy 187.  
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The spontaneous metastases observed in clinically relevant organs- an outcome that was not 

achieved by previous models- provide a unique opportunity to study the biology of DTCs. 

Histological and molecular analyses of dormant DTCs derived from ER+ intraductal xenografts 

revealed an acquisition of mesenchymal characteristics, in contrast to the primary tumor cells, of 

which over 90% exhibit an epithelial phenotype. The re-acquisition of epithelial traits, by means 

of E-cadherin restoration, is sufficient to induce cell cycle re-entry and proliferation of DTCs 188.  

TNBC cell lines, such as BT20 and HCC1806, demonstrate high engraftment rates in the 

intraductal niche, exhibiting significant invasive potential and metastatic capacity as early as two 

weeks post-engraftment 188. Early lung DTCs derived from these cell lines are small, proliferative, 

and progress to overt metastases within an average of five weeks 188. Notably, a TNBC patient-

derived intraductal xenograft displayed a distinct organotropism for liver and bone metastases, 

contrasting with the lung-preferential metastases observed in BT20 and HCC1806-derived 

intraductal xenografts 188. The TN ILC cell line, IPH-926, displays metastatic organotropism similar 

to that of ER+ ILC cell lines. This observation suggests that metastatic organotropism may be 

specific to ILC, independent of ER status 184,189�����7�K�H�V�H���I�L�Q�G�L�Q�J�V���K�L�J�K�O�L�J�K�W���W�K�H���L�Q�W�U�D�G�X�F�W�D�O���P�R�G�H�O�¶�V��

capacity to faithfully recapitulate the biological characteristics of diverse histological and 

molecular breast cancer subtypes 190, establishing its utility as a robust preclinical tool for studying 

invasion, metastasis, and responses to endocrine or chemotherapy treatments 178.  

Equally important is the role of mutations that arise in metastases and confer resistance to 

endocrine therapy, particularly in patients previously treated with aromatase inhibitors 191. 

Intraductal xenografts of MCF-7 cells harboring ESR1 mutations in the AF-2 domain (Y537S and 

D538G) metastasize to the brain, lungs, liver, and bones 188,192. Therapeutic interventions with 

lasofoxifene, either as a monotherapy or in combination with the cyclin-dependent kinase 

(CDK)4/6 inhibitor palbociclib, significantly reduce tumor burden and metastasis in distant organs 

192. It would be of high clinical relevance to test whether mixed-lineage features are acquired when 

treating intraductal xenografts with next-generation oral selective estrogen receptor antagonists 
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such as giredestrant, given that clinical observations show lineage infidelity arising in heavily 

pretreated ER+ breast cancers without ESR1 mutations and emerging in ESR1-mutant tumors 

upon therapeutic pressure 193. 

A major limitation of the current xenograft models is the necessity for immune suppression, which 

impacts its ability to fully recapitulate the immune-tumor interactions critical to tumorigenesis 194. 

NSG mice lack functional B and T lymphocytes and have severely impaired natural killer (NK) cell 

function, but retain some innate components such as macrophages. This restriction can be 

potentially addressed using humanized mouse models, where a functional human immune 

system is reconstituted in the host mice, enabling the study of tumor-immune interactions in a 

more physiologically relevant context 195,196.  

5.4. Advantages  

The evolution of xenograft models- from subcutaneous to mammary fat pad injections, and later 

intraductal inoculations, has provided a valuable spectrum of tools amenable to metastasis and 

translational studies. �3�'�;�� �P�R�G�H�O�V�� �S�U�H�V�H�U�Y�H�� �W�K�H�� �R�U�L�J�L�Q�D�O�� �W�X�P�R�U�¶�V�� �K�H�W�H�U�R�J�H�Q�H�L�W�\���� �L�Q�F�O�X�G�L�Q�J�� �W�K�H��

genomic landscape, copy number alterations, and gene expression profiles of the primary patient 

tumor 8. These advantages make them exceptional tools for predicting therapeutic responses, 

including endocrine resistance in HR+ models and chemotherapy response in TNBC 166,168,178. 

With regard to metastasis, several models allow for the study of the full metastatic cascade, 

including metastasis dormancy and reawakening.  Intriguing mechanisms regulating awakening, 

involving hormones 153, inflammation 156, epigenetic reprogramming 157, and EMT 158,188 have been 

proposed. The MIND model, in particular, has proven capable of differentiating organotropism 

between histological subtypes, such as the distinct gastrointestinal and ovarian dissemination 

patterns observed in ILC models 6. Lastly, the emergence of humanized mouse models will further 

improve the biological value of xenograft models by enabling the study of tumor-immune 

interactions and evaluating the response of immunotherapy in these models.  

5.5. Disadvantages  
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Despite their utility, xenograft models have important limitations. A major constraint is the lack of 

a functional immune system, making the xenograft models unsuitable for studying tumor-immune 

interactions. Furthermore, in PDX models established by implanting a patient sample either 

subcutaneously or into the mammary fat pad, the human tumor microenvironment (TME) is 

progressively replaced by murine stromal components upon retransplantation 173. Intraductal PDX 

models generally lack human stromal components because tumor cells are typically introduced 

as single-cell suspensions into the mammary ductal tree, and co-inoculated stromal cells either 

fail to engraft or do not survive 180. In addition, tumors that were invasive in patients regress to an 

in situ phenotype in approximately two-thirds of intraductal PDXs 180. Whether this regression 

reflects suppressive cues from the naïve murine mammary microenvironment-potentially due to 

the absence of prior tumor priming-or instead stems from intrinsic properties of the tumor cells 

themselves remains to be addressed. One plausible contributing factor is ECM stiffness, which 

has been shown to play a critical role in breast cancer initiation and progression 197,198.  

 

6. The future of xenografts: Towards humanized models   

6.1. Overview of the breast cancer tumor microenvironment  

�³�1�R���W�X�P�R�U���L�V���D�Q���L�V�O�D�Q�G�´ 199 aptly captures the central role of the TME and the dynamic stromal-

tumor interactions that drive various aspects of tumorigenesis. Stromal cells comprise adipocytes, 

immune cells, fibroblasts, pericytes, myoepithelial cells, and endothelial cells, all of which actively 

influence tumor growth, invasion, and therapeutic response. 

Immune cells within the TME play context-dependent roles in tumor biology, exerting both tumor-

suppressive and tumor-promoting functions during cancer progression. Exploiting these immune-

tumor interactions has become a cornerstone of modern cancer therapy, exemplified by the 

clinical success of immune checkpoint blockade and adoptive cell therapies 200,201. Breast 

cancers, while not devoid of immune infiltration 202, harbor diverse immune cell populations whose 

composition, spatial organization, and functionality evolve during tumor progression, as reviewed 
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203. Key immune cells such as CD4+ and CD8+ T cells, B cells, macrophages and dendritic cells 

are typically localized to either the breast parenchyma and/or stroma 203. The breast cancer TME 

tends to be immunosuppressive, rendering tumors unresponsive to immunotherapy 202. 

Therefore, gaining a more comprehensive understanding of immune cell diversity and strategies 

to reprogram the TME into an immune-responsive environment can expedite novel therapeutic 

avenues in breast cancer treatment.  

Beyond the primary tumor site, immune cells also play crucial roles in metastatic dissemination; 

for example, heterotypic circulating tumor cell (CTC) clusters containing tumor cells partnered 

with T cells, monocytes, or neutrophils have been shown to enhance dissemination and 

metastatic efficiency 204�±206. In addition, bone marrow-derived hematopoietic progenitors and 

myeloid cells have been shown to contribute to the preparation of the pre-metastatic niche, either 

by secreting factors or by accumulating at distant sites to facilitate tumor cell adhesion and the 

establishment of metastases 207,208. 

The immune system both supports and suppresses metastatic growth by influencing cancer cell 

survival and localization, with chemokine signaling and various immune cells, such as myeloid 

cells, macrophages, T cells, and NK cells. All of these cells play critical roles in shaping site-

specific metastatic niches through immune modulation and stromal recruitment, as nicely 

reviewed herein 209. Many of these complex interactions are typically absent in traditional 

xenograft models. Humanized mice refer to immunodeficient mice that are engrafted with human 

tumors and immune components, with the aim to restore some of the tumor-immune interactions. 

These models are rapidly evolving and becoming increasingly refined, as comprehensively 

reviewed in 210.  

6.2. Applications of humanized mouse models  

Using humanized NSG (HuNSG) mice generated by engraftment of human CD34+  hematopoietic 

stem cells, researchers showed that both MDA-MB-231 TNBC CDXs and PDXs responded to 

PD-1 blockade 172,211. Treatment with pembrolizumab significantly inhibited tumor growth in 
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HuNSG but not non-humanized NSG mice, and this antitumor effect was dependent on human 

CD8+  T cells, validating HuNSG mice as a functional platform for immunotherapy studies 172,211. 

Consistently, subsequent work showed that MDA-MB-231 xenografts exhibit high PD-L1 

expression and are infiltrated by CD4+  and CD8+  T cells, with the magnitude of T-cell infiltration 

correlating with responsiveness to PD-L1 blockade, underscoring the importance of tumor-

intrinsic immune contexture in humanized mouse models 212,213. Importantly, xenografts retained 

their lung metastatic capacity in humanized mouse models 172.  

In parallel, the group of Alana Welm established an immune-humanized ER+ breast cancer model 

using NSG-SGM3 mice, an immunodeficient strain that lacks murine T, B, and NK cells and 

constitutively expresses human cytokines (stem cell factor, SCF; granulocyte-macrophage 

colony-stimulating factor, GM-CSF; and interleukin-3, IL-3), thereby supporting robust 

engraftment and differentiation of human myeloid cells. Following reconstitution with CD34�† 

human hematopoietic stem cells (HSCs) and implantation of the HCI-013 patient-derived 

xenograft-an ER+, ESR1-mutant, endocrine-resistant model-immune humanization recapitulated 

a T cell-poor, myeloid-rich tumor microenvironment, closely mirroring the immune landscape 

observed in aggressive human ER+ breast cancers 214. While no data on metastatic dissemination 

were reported, investigating distant organs to determine whether and how immune cells spatially 

interact with DTCs would be an important next step.  

6.3. Limitations of humanized mice  

Despite their promise, humanized mouse models have several crucial limitations and bottlenecks. 

Immune reconstitution is often incomplete and variable 215, with defective cytokine support 216, 

suboptimal myeloid and adaptive immune maturation 217, and challenges related to human 

leukocyte antigen (HLA) mismatch 218, all of which can affect the fidelity of tumor-immune 

interactions. These models are also costly, technically complex, and difficult to scale, limiting 

cohort size and experimental throughput. In breast cancer specifically, most applications to date 

have focused on TN disease, with comparatively few studies in ER+ models, where endocrine 
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regulation and immune-hormonal crosstalk add additional layers of complexity that remain 

insufficiently explored 219. Continued improvements in humanized mouse technology, such as the 

incorporation of human-specific cytokines, growth factors, and HLA molecules into 

immunodeficient strains, are enhancing the physiological relevance of these models. These 

advancements are expected to provide deeper insights into immune-tumor crosstalk and 

potentially speed the development of more precise and effective therapeutic strategies. 

6.4. Does the ideal  xenograft model exist?  

Given the advantages of the intraductal model over mammary fat pad or intravenous approaches, 

extending this system to a humanized mouse background would be particularly informative. 

Ideally, this model will enable investigation of immune-tumor interactions within in situ lesions 

during early disease, as well as during invasive progression and metastasis. This approach is 

especially relevant in light of recent findings by Risom et al., demonstrating that discontinuities in 

the myoepithelial layer surrounding in situ tumors are associated with a reactive stroma enriched 

in immune cells, cancer-associated fibroblasts, and collagen remodeling 220. Their model 

uncovers a protective role of myoepithelial remodeling and underscores the TME as a key 

determinant of invasive progression. �/�R�R�N�L�Q�J���D�K�H�D�G�����W�K�H���µ�L�G�H�D�O�¶���[�H�Q�R�J�U�D�I�W���P�R�G�H�O���Z�R�X�O�G���F�R�P�E�L�Q�H��

tumor engraftment within its correct anatomical niche with faithful reconstitution of the relevant 

TME. With regard to the choice of animal model, humanizing rats 221 may offer advantages over 

mice, given their greater physiological and anatomical complexity. In particular, rat mammary 

gland architecture and developmental programs more closely resemble those of humans 136; 

however, direct comparative studies will be required to rigorously evaluate the translational 

benefits of humanized rat versus mouse models.  

 
7. Zebrafish model  

7.1. Overview  
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Zebrafish models have emerged as alternative preclinical animal models to rodents and have 

been leveraged for drug testing and metastasis studies (Table 6). Typically, fluorescence-labeled 

breast cancer cells are injected into the Duct of Cuvier, perivitelline space, or the yolk sac of 

zebrafish embryos. Because zebrafish embryos are transparent, this enables non-invasive 

imaging of tumor growth and tracing of cancer cells to distant sites. HR+ and TN breast and 

mouse mammary tumor cells, as well as HRAS-transformed normal-like breast epithelial cells 

(MCF-10AMII-MIV), exhibit cell-line specific characteristics with regard to tumor growth, 

dissemination, and metastases to distant sites. Multiple studies have reported the inability of the 

HR+ breast cancer cell lines, MCF-7 and T47D, to successfully proliferate and metastasize in 

zebrafish embryos 222�±224, likely due to their dependence on exogenous estrogen supplementation 

and specific niche requirements for sustained growth 178. Interestingly, pre-treatment of the ILC 

cell line SUM44PE with IL-6 enhanced dissemination to the heart and head regions, as well as to 

the caudal hematopoietic tissue and tail fin 225. Compared to HR+ and normal-like breast epithelial 

cell line, TNBC and mammary tumor cells exhibited a more aggressive metastatic behavior 

224,226,227, which is observed in preclinical 188 and clinical settings 151. Dissemination to different 

sites in the embryo can be visualized as early as five hours 228. The common metastatic sites for 

TN breast cancer cells are the trunk and caudal region including the tail fin 222,229�±232, as well as 

the brain and head region 224,226�±228,233. Understanding disease progression and the metastatic 

cascade (onset, for example) in zebrafish embryos has advanced the discovery of agents that 

block metastasis. Studies have explored the effects of genetic modifications, pharmacological 

inhibitors, and environmental factors on metastasis. Pharmacological inhibition of �.�Y integrin 

activity 234, and CXCR4 228, in TNBC xenografts resulted in reduced metastatic dissemination. 

Interestingly, VEGFR inhibition reduced TNBC and TN mammary tumor graft formation, but 

accelerated dissemination and micrometastases formation, possibly due to increased neutrophil 

infiltration 230. PARP inhibitors, like olaparib, induce apoptosis in TNBC models without affecting 

micrometastases formation 235. Environmental factors like the pollutant TCDD, increase the 
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metastatic potential of breast cancer cells when co-exposed with preadipocytes 233. Genetic 

modifications such as the overexpression of Smad6 or RNF12 enhance tumor aggressiveness 

and extravasation 231,236. This diverse utility underscores the zebrafish model's capacity to 

elucidate mechanisms of metastasis while identifying therapeutic targets across various breast 

cancer subtypes.  

7.2. Advantages  

Zebrafish models have demonstrated value in breast cancer research as a low-cost, high-

throughput platform, suited for drug testing and real-time visualization of dissemination. The 

injection of fluorescently labeled breast cancer cells into the Duct of Cuvier, perivitelline space, or 

yolk sac enables dynamic tracking of tumor cell behavior. However, the utility of zebrafish models 

appears to be subtype-dependent, with the TNBC subtype consistently exhibiting aggressive 

phenotypes, whereas HR+ subtype generally fails to grow or disseminate in this model 222�±224 

(Table 6).  

7.3. Disadvantages  

The relative simplicity of the zebrafish system, including its lack of mammalian tissue architecture 

and fully developed immune and stromal compartments, presents limitations in modeling the full 

complexity of the metastatic cascade. Key steps such as invasion, intravasation, immune evasion, 

and colonization of distant organs may not be faithfully recapitulated. As a result, while zebrafish 

models offer valuable insights into early dissemination and allow for efficient screening of 

metastasis-modulating agents, their clinical relevance, particularly for modeling late-stage 

metastasis and hormone-dependent cancer, remains limited and should be interpreted with 

caution. 

 

8. Discussion and implications for the field   

Preclinical modeling of metastasis remains an essential yet challenging task, as no single model 

is capable of fully recapitulating the complex biology of the human disease. This is largely due to 
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the fact that metastasis involves a cascade of events, making it nearly impossible to correctly 

capture every aspect of the process. Additionally, metastasis in patients progresses over the 

course of several years, often decades in HR+ breast cancer, whereas most preclinical models 

rely on animals with short lifespans and accelerated tumor kinetics. This temporal disconnect 

makes it difficult to study slow-developing processes such as tumor dormancy, late dissemination, 

and relapse, which are all critical features of human disease. Thus, there are models suited for 

specific biological questions, but no single model fits all applications. Our comparative analysis 

(Figure 2) highlights the strengths and limitations of each model and provides a guide to choosing 

the most appropriate animal model for a specific biological question.  

The mutagen-induced rodent models, while historically important in modeling HR+ tumors 15, 

suffer from off-target carcinogenesis, uncontrolled stochastic mutagenesis, systemic toxicities, 

and low metastatic efficiency, limiting their utility for metastasis-specific studies. Occasional 

metastases to the lungs, spleen, liver, lymph nodes, and bone marrow have been reported in 

NMU- and ENU-induced mammary carcinomas 18,237; however, a thorough characterization of 

these lesions is needed to confirm their mammary origin. Despite these limitations, the presence 

of an intact immune system makes these models valuable for investigating tumor-immune 

interactions at the primary site.  

GEMMs have been instrumental in advancing our understanding of spontaneous tumor initiation 

and progression within an immunocompetent host. Tumors develop in the tissue of origin, in the 

presence of an intact immune system, and recapitulate the different stages of tumor development. 

Their genetic tractability has enabled the dissection of oncogenic drivers, tumor suppressor loss, 

and key metastatic regulators, including EMT, immune modulation, and metabolic rewiring. It 

remains intriguing why most established mammary carcinomas in GEMMs are HR-. Several 

possible explanations could account for this observation. One is the inherent biological differences 

between human and mouse mammary glands, including lineage commitment, cell of origin, as 

well as variations in systemic hormone levels. Another important factor is the choice of promoter 
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used to drive oncogene expression in these models. Potent promoters, when coupled with 

oncogenes, induce rapid hyperproliferation in mammary epithelial cells. This may preferentially 

favor the development of HR- tumors, as HR+ tumors are generally characterized by slower 

growth kinetics and a more differentiated luminal phenotype.  

With regard to metastases, most GEMMs commonly develop lung metastases, with occasional 

dissemination to other organs in a few models (Table 1). This pattern suggests hematogenous 

spread, where the lungs serve as the first capillary bed encountered by circulating tumor cells. 

Whether the observed lung tropism reflects an organ preference or simply a consequence of 

circulation remains an open question 238. Micrometastases in other organs may go undetected 

due to the lack of cellular labeling or insufficient sensitivity of detection methods. Advances in 

tissue clarity and imaging modalities may enable better detection of small lesions 188. It is also 

noteworthy that tumors in many GEMMs are aggressive and metastasize rapidly, potentially 

limiting the time needed for successful colonization of distant sites such as the brain or bone. The 

absence of specific molecular features promoting organotropism may further contribute to this 

limitation. Finally, concerns have been raised regarding how well these models recapitulate the 

human disease at the transcriptomic and genomic levels. Although GEMMs share certain 

molecular features with human tumors, global gene expression profiling has shown that they 

cluster separately from human breast cancer subtypes 239. 

Syngeneic models are valuable for studying tumor-immune interactions. Their utility is further 

enhanced by the flexibility of implantation routes (Figure 1), which enables the modeling of 

specific aspects of metastatic dissemination and organotropism. The site of tumor cell 

injection/inoculation plays a role in dictating the fate of the cells (Table  2). For instance, tail vein 

injections consistently result in lung colonization, while portal vein and intra-iliac artery injections 

give rise to liver and bone metastases, respectively. Intracardiac injection bypasses the 

pulmonary capillary bed, facilitating widespread dissemination to distant organs such as the brain, 
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kidneys, liver and bones. Mammary fat pad and subcutaneous injections generally result in lung 

metastases, with occasional dissemination to other organs. More recently, intraductal inoculation 

of mammary tumor cells has been shown to give rise to metastases in organs such as the lungs, 

lymph nodes, liver, brain, and adrenal glands.  

The most commonly used injection sites are the tail vein and mammary fat pad, both of which 

bias metastatic spread toward the lungs rather than other organs. Whether this preference reflects 

technical ease for researchers or other experimental constraints remains an open question. 

However, careful consideration must be given to the cell line of choice and the route of cell delivery 

to ensure appropriate modeling of metastasis.  

The limited availability of HR+ mammary carcinoma lines and the predominance of TN lines in 

established syngeneic models pose translational limitations, particularly for HR+ breast cancer, 

the most common subtype in patients. One possible explanation for the predominance of TN lines 

over HR+ is the consistent loss of ER in culture, and the emergence of ER- tumor cells. This has 

been a struggle in the field, and many efforts have been directed towards maintaining the hormone 

signaling axis intact upon culture.  

Xenograft models, including CDXs and PDXs, have long served as accessible systems to 

evaluate tumor biology and therapy response. The mammary fat pad and subcutaneous tissue 

remain the most common sites for inoculation, while other routes are used less frequently (Figure  

1). The lungs remain the most common site for CDXs and PDXs, independently of the subtype 

(Tables 3 and 4), and less common sites such as the lymph nodes, liver, brain, and bones have 

been reported specifically in TN PDXs 170.  

TNBC cells typically demonstrate high engraftment rates and aggressive growth in these models. 

In contrast, establishing HR+ breast cancer xenografts is more challenging, often requiring the 

implantation of millions of cells along with E2 supplementation to support tumor growth. This leads 

to supraphysiological E2 levels 137, and only a limited number of HR+ breast cancer cell lines can 

reliably grow under these conditions. Similar challenges are observed with HR+ PDXs, which 
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exhibit relatively low tumor take rates compared to TN PDXs, ranging from 2.5% 240 to 12.5% 162 

and up to 37% 165. 

These limitations have been bypassed by inoculating breast cancer cell lines and PDXs directly 

into the milk ducts of immunocompromised mice, without the need for exogenous E2 

supplementation. Under these conditions, most HR+ breast cancer models demonstrate 

significantly higher engraftment rates 178, with more than 90% take rates reported for PDXs 180. 

Notably, cell lines deficient in functional E-cadherin, a characteristic of the second most common 

histological subtype, ILC, can now grow when grafted into the intraductal niche 6. This raises the 

possibility that E-cadherin-deficient cells may rely on interactions with the mammary ductal 

epithelium or periductal, stromal, and cellular components to support their growth and invasion, 

potentially explaining why establishing CDXs from these cell lines has failed in the past using 

traditional methods. Importantly, metastasis patterns observed in intraductal CDXs and PDXs 

mirror the clinical settings. For tumors of the NST subtype, lesions commonly develop in the lungs, 

liver, brain, and bones 178. In contrast, lobular tumors tend to disseminate to sites such as the 

ovaries, brain, and adrenal glands 6. HR+ DTCs often exist in a dormant, EMT-like state, and their 

reactivation depends on the reacquisition of epithelial traits. Altogether, intraductal xenografts 

have emerged as powerful models for breast cancer metastasis in a subtype-specific and clinically 

relevant manner (Figure 2 ). The absence of an intact immune system remains a major limitation, 

as immune-tumor interactions critically influence progression, response to therapy, metastasis, 

and dormancy escape 241,242. This has warranted the development and refinement of humanized 

mouse models with functional human immune systems 195 to better study tumor-immune 

interactions in xenografts (reviewed in section 6 of our review). Interestingly, recent advances in 

induced pluripotent stem cell (iPSC) technology have enabled the generation of patient-specific 

human-derived breast cancer cell line that faithfully recapitulates several aspects of the human 

disease 243. This system represents an iPSC-derived xenograft model that captures patient-
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specific oncogenic features, and helps identify new targets in a more personalized, patient-centric 

manner.  

Zebrafish models offer a valuable high-throughput platform for real-time visualization of 

dissemination and drug screening, particularly for aggressive subtypes. However, their utility is 

constrained by an inability to support HR+ tumor growth and the absence of complex mammalian 

stromal and immune microenvironments. Despite being effective for studying early dissemination 

events, these models cannot fully recapitulate the metastatic cascade or late-stage colonization. 

There are additional models of breast cancer that were not included in this review. These include 

aging rodents, which can spontaneously develop mammary tumors, and radiation-induced 

models generated through exposure to ionizing radiation. Both approaches are constrained by 

crucial limitations: the lesions are frequently benign, the latency period for tumor formation is 

prolonged, and, in the case of radiation, tumors often arise in non-mammary tissues 11. To date, 

there is no compelling evidence that these models reliably give rise to metastatic disease. 

 

9. Conc luding remarks  

Despite recent advances in the preclinical modeling of breast cancer metastasis, key challenges 

remain. Few models accurately recapitulate the entire metastatic cascade and the multi-organ 

tropism seen in patients, and even fewer can model the latency and dormancy that characterize 

HR+ metastatic recurrence (Figure 3) . In xenograft models, the absence of a functional immune 

system limits their ability to capture the complex interplay between tumor and immune cells, which 

is a critical component of tumor progression 244. This limitation underscores the need for continued 

innovation, through the integration of humanized immune systems, and better representation of 

the breast cancer TME.  
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Table  1: Summary of major findings on metastasis in genetically engineered mouse models of 

mammary carcinoma  

Table 2 : Summary of major findings on metastasis in mouse syngeneic models of mammary 

carcinoma  

Table 3:  Summary of major findings on metastasis in cell line-derived xenograft models of breast 

cancer  

Table 4:  Summary of major findings on metastasis in patient-derived xenograft models of breast 

cancer 

Table 5:  Summary of major findings on metastasis in intraductal cell line and patient-derived 

xenograft models of breast cancer 

Table 6:  Summary of major findings on dissemination and metastasis in zebrafish models of 

breast cancer 
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Figure 1: Common injection sites for establishing syngeneic and xenograft models of mammary 

carcinoma and breast cancer, respectively 

Figure 2: Strengths and limitations of animal models of mammary carcinoma and breast 

cancer. Symbols denote suitability: �6, suitable; dotted �6, partially suitable/questionable; �: , not 

suitable. Abbreviations: GEMMs, genetically engineered mouse models; CDX, cell line-derived 

xenograft; PDX, patient-derived xenograft. 

Figure 3: Metastatic cascade and the ability of preclinical models to recapitulate the different 

steps. Schematic representation of the sequential stages of the metastatic cascade, including 

local invasion, intravasation, survival in the circulation, extravasation, colonization, and metastatic 

outgrowth. Each stage is annotated and color-coded with the preclinical model systems most 

commonly used to study it. Note: In zebrafish models, organ architecture differs from mammals 

and lacks comparable complexity; dissemination should therefore not be interpreted as 

colonization of mammalian organs. 

 

All figures were created with BioRender.com under a Genentech license. Scheme for intraductal 

CDX and PDX mouse models was adapted from Aouad, P. et al. (2022), Nature Communications, 

https://doi.org/10.1038/s41467-022-32523-6. 
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Mammary 
carcinoma model  

Mam
mary 
carcin
oma 
subty
pe 

Tumor onset  Metastasis onset  
Metas
tasis 
site(s)  

 

Major 
findings  

Refere
nces  

MMTV/c-neu HER2
+ 3 months Shortly after tumor onset Lungs 

 Expressi
on of 
activated 
c-neu is 
sufficient 
for 
single-
step 
malignan
t 
transfor
mation 
of 
mammar
y 
epitheliu
m 

49 

MMTV-PyV MT 
antigen  TN 3-4 weeks 3 months Lungs 

 Middle T 
antigen 
is a 
potent 
oncogen
e in 
mammar
y 
epitheliu
m, 
increasin
g 
metastas
is 

50 

MMTV/PyV middle T 
antigen; c -src 
deficient  
 

TN 7 months N/A 
No 
metast
asis 

 c-Src is 
essential 
for 
mammar
y 
tumorige
nesis 
and 
metastas
is, while 
c-Yes is 

245 
MMTV/PyV Middle T 
Antigen; c -yes 
deficient  

TN 58 days Shortly after tumor onset Lungs 
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dispensa
ble 

C3(1)/SV40 T-
antigen transgenic  TN 8 weeks 16 weeks 

Lungs, 
livers, 
adren
al and 
heart 

 C3(1)/Ta
g mice 
are 
useful 
for 
testing 
treatmen
ts to 
inhibit 
mammar
y tumors 

52 

WAP-HGF 
transgenic  TN 10 months 11-12 months (22% 

metastasis) Lungs 

 HGF 
overexpr
ession 
promote
s c-Met 
activatio
n, 
leading 
to 
aggressi
ve 
tumors 
and 
metastas
es 

70 

WAP-SV40 TAg TN 

6 months after the 
first pregnancy 

Not mentioned, 55.6% 
metastasis 

Lungs, 
livers, 
lymph 
nodes 

 Maspin 
overexpr
ession 
reduces 
mammar
y 
carcinom
a 
growth, 
angioge
nesis, 
invasion, 
and 
metastas
is in 
mouse 
models 

76 
WAP-SV40 TAg × 
WAP-maspin 
bitransgenic  

TN Not mentioned, 37.5% 
metastasis Lungs 

 

MMTV-rtTA/tet -op-
�(�5�.���G�R�X�E�O�H��
transgenic  
(or conditional 
�H�V�W�U�R�J�H�Q���U�H�F�H�S�W�R�U���.��
in mammary tissue 
(CERM)) 

HR+ 4 months No metastasis 
No 
metast
asis 

 �(�5�.��
expressi
on 
modificat
ion limits 
ductal 
hyperpla
sia, 
lobular 
hyperpla
sia, and 

61 
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carcinom
a 
initiation 

WAP-TGFa/Muc1+/+ HR+ 6 months N/A (Sacrificed once tumors 
were at 10% bw) Lungs 

 Muc1 
enhance
s TGFa-
driven 
mammar
y tumor 
progress
ion, 
increasin
g tumor 
incidenc
e, 
hyperpla
sia, 
cyclin D1 
levels, 
and 
metastas
is. 

246 

WAP-c-Myc HR+ 6-7 months N/A 
Lungs 
and 
livers 

 High c-
Myc 
levels 
drive 
aggressi
ve, 
metastati
c tumors 
with 
altered 
Nop16 
expressi
on and 
localizati
on in 
mice 

71 

METmut  knock -in 
(FVB) TN N/A 100% by day 700 Lungs 

 Brk/PTK
6 drives 
hypoxia-
induced 
TN 
disease 
progress
ion, 
accelerat
ing 
tumor 
growth, 
metastas
is, and 
poor 
survival 

77 

WAP-Brk × METMut  TN N/A 9-10 months (50% 
metastasis) 

Lungs 
and 
ovarie
s 
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TetO-PyV mT-IRES-
Cre recombinase 
(MIC) 

HER2
+ 

7 days post-
induction Not mentioned Lungs 

 Inducible 
PyV mT 
mouse 
model 
efficientl
y 
develops 
mammar
y tumors 
that 
metastas
ize to the 
lungs 

247 

MMTV-HA-14-3-���� HER2
+ 

662 days (33% of 
mice) 

711 days Lung  14-3-������
overexpr
ession 
drives 
mammar
y 
tumorige
nesis, 
accelerat
es 
HER2-
mediate
d 
metastas
is, and 
enhance
s 
proliferat
ion via 
miR-
221/p27 
axis 

64 

MMTV-�����Q�H�X HER2
+ 

161 days 3-4 weeks after tumor Lung  

MMTV-neuNT; 
Snail1 -CBR 

HER2
+ 

4-5 weks At 6-8 weeks of dox 
treatment Lungs 

 Snail 
promote
s 
metastas
is, and is 
crucial in 
late 
metastati
c stages; 
its 
transient 
expressi
on 
promote
s 
metastas
is 

248 
MMTV-rtTA; TetO-
neuNT or MTA; TAN  5-6 weeks At 7-8 weeks of dox 

treatment  
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MMTV-PyMT/ 
Rosa26-RFP-
GFP/Fsp1-cre, tri -
PyMT 

TN 8 weeks 12 weeks Lungs 

 In 
epithelial 
mammar
y 
tumors, 
only a 
small 
portion 
of cells 
undergo 
EMT, 
most 
lung 
metastas
es 
consist 
of non-
EMT 
tumor 
cells 

58 

MMTV-neu/Rosa26 -
RFP-GFP/Fsp1-Cre, 
tri -Neu 

HER2
+ 6-8 months 9-12 months Lungs 

 

tri -PyMT/Vim mice, 
MMTV-
PyMT/Rosa26 -RFP-
GFP/Vimentin -creER 

TN 8 weeks N/A Lungs 

 

MMTV-PyMT; 
BMPR1a cKO  TN 100 days N/A Lungs 

 BMPR1a 
deletion 
delays 
tumor 
onset, 
reduces 
proliferat
ion, 
induces 
EMT-like 
changes, 
and 
impairs 
lung 
metastas
is 
formatio
n 

249 

MMTV-Her2-cyan 
fluorescent protein 
(CFP) 

HER2
+ After metastasis 15-18 weeks 

eDCCs 

Lungs 
and 
bone 
marro
w 

 Her2+ 
early 
cancer 
cells can 
invade 
and 
metastas
ize 
before 
visible 
tumors 
form 

65 

MMTV-HER2 + p38 
inhibitor  

HER2
+ After metastasis 14-18 weeks 

eDCCs 

Lungs 
and 
bone 
marro
w 

 

BALB NeuT HER2
+ 4-9 weeks 

N/A 
(But eDCC found at 4 
weeks) 

Lungs 

 Cells 
from 
early 
lesions 
have 
greater 

66 
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stemnes
s, 
migratio
n, and 
metastas
is 

MMTV-PyMT; MMTV-
Cre;Snail1fl/fl 
(PyMT-cKO) 

TN 11-12 weeks 20 weeks Lungs 

 p53 and 
Snail1 
decreas
e 
survival 
and 
facilitate 
tumor 
progress
ion by 
inactivati
ng p53 

56 

WAP-
Cre:Ptenf/f:p53lox.st
op.lox_R270H  

Basal-
like/ 
Claudi
n-low 
TN 

N/A N/A Lungs 

 Pten 
loss plus 
p53-
R270H 
mutation 
drives 
aggressi
ve basal-
like and 
claudin-
low TN 
mammar
y tumors 
with 
enhance
d 
metastas
is 

72 

WAP-
Cre:Ptenf/f:p53f/f  

Claudi
n-low 
TN 

N/A N/A Lungs 

 

WAP-T/CEACAM1-
null  TN Post-lactation N/A (40% metastasis) Lungs 

 CEACA
M1 
suppress
es EMT, 
inhibits 
�:�Q�W����-
catenin 
signaling
, and 
reduces 
metastas
is in TN 
mammar
y tumors 

73 

MMTV-
TVA×Twist1+/+  

TN 

6 weeks 8 weeks 

Lungs 

 Twist1 
partially 
drives 
EMT and 
metastas
is, 

250 MMTV-
TVA×Twist1F/F/RCIP 
(Twist1TKO/RCIP)  

6 weeks 10 weeks 
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inducing 
basal-
like 
progress
ion 

WAP-Cre:Furf/f + 
MMTV-PyMT TN 71-116 days N/A Lungs 

 Furin 
knockout 
reduces 
tumor 
growth, 
impairs 
metastas
is, and 
suppress
es 
PI3K/AK
T, 
MAPK/E
RK1/2 
signaling 

251 

MMTV-
Cre;PyMT;Zeb1  TN N/A 16-20 weeks Lungs 

 Zeb1 
depletion 
reduces 
tumor 
initiation, 
targeting 
angiocrin
e loop 
improves 
antiangio
genic 
therapy 

57 

MMTV-PyMT TN 14 weeks N/A Lungs 

 E-
cadherin 
presenc
e and 
function 
determin
e 
metastas
is; 
antibodie
s 
promote 
adhesion 
and 
apoptosi
s 

252 

MMTV-PyMT TN 4 weeks 14 weeks 

Lungs 
and 
lymph 
nodes 

 Heteroty
pic CTC-
CAF 
clusters 
enhance 
metastas
is more 
than 

253 
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homotypi
c 
clusters 

MMTV-PyMT SK1�‡/�‡ TN 8 weeks Sacrificed at 16 weeks Lungs 

 Loss of 
SK1 
increase
s lung 
metastas
es in 
MMTV-
PyMT 
mice 
without 
affecting 
primary 
tumor 
growth 

254 

MMTV-PyMT TN N/A Sacrificed at 2 months 

Lungs 
and 
lymph 
nodes 

 Vacuolin
-1 
inhibits 
endoso
mal 
traffickin
g and 
metastas
is via 
�&�D�S�=������
suppress
ing 
tumor 
spread 

255 

MMTV-PyMT mTmG  TN 4-6 weeks 8-10 weeks Lungs 

 Intracellu
lar 
bacteria 
enhance 
metastas
is of 
mammar
y 
carcinom
a cells, 
particula
rly to the 
lungs 

60 

MMTV-Wnt mTmG  TN N/A 3 weeks after tumor 
formation Lungs 

 

FoxM1+/+ MMTV-
PyMT 
FoxM1+/DD MMTV-
PyMT 
 

TN N/A Sacrificed when tumors 
reached 2 cm diameter Lungs 

 FoxM1 
repressi
on is 
crucial 
for 
metastas
is; 
FoxM1D
D/DD 
tumors 
show 
reduced 

256 
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lung 
metastas
is and 
increase
d 
differenti
ation 

Mlkl KO MMTV -
PyMT TN 10 weeks Sacrificed at 15 weeks Lungs 

 Necropto
sis 
promote
s 
metastas
is in 
mammar
y 
carcinom
as by 
inhibiting 
anti-
tumor T 
cell 
activity 

126 

MMTV-PyMT 
(FVB/NJ)  TN 9 weeks 100 days 85% metastasis Lungs 

 Resf1 
suppress
es ER-
negative 
mammar
y 
carcinom
a 
metastas
is via G4 
quadrupl
ex 
interactio
ns, 
regulatin
g tumor 
growth 
and EMT 

257 

MMTV-PyMT x Resf1 
KO HR- N/A Sacrificed at 120 days Lungs 

 

MOLF/EiJ x MMTV -
PyMT Cross  HR- N/A N/A (Reduced) Lungs 

 

Table 1. Summary of major findings on metastasis in genetically engineered mouse models of 
mammary carcinoma  

 
 

Abbreviations: 14-3-������������-3-3 zeta protein; Akt, protein kinase B; BMPR1a, bone morphogenetic protein 
receptor type 1A; Brk/PTK6, breast tumor kinase / protein tyrosine kinase 6; CAF, cancer-associated 
�I�L�E�U�R�E�O�D�V�W�����&�D�S�=�������D�F�W�L�Q-capping protein beta subunit; CBR, click beetle red luciferase; CEACAM1, 
carcinoembryonic antigen-related cell adhesion molecule 1; CFP, cyan fluorescent protein; CERM, 
�F�R�Q�G�L�W�L�R�Q�D�O���H�V�W�U�R�J�H�Q���U�H�F�H�S�W�R�U���.���L�Q���P�D�P�P�D�U�\���W�L�V�V�X�H�����&�5�(�����&�U�H���U�H�F�R�P�E�L�Q�D�V�H�����'�R�[�����G�R�[�\�F�\�F�O�L�Q�H�����H�'�&�&�V����
early disseminated cancer cells; EMT, epithelial-mesenchymal transition; ER+, estrogen receptor-
positive; ER-, estrogen receptor-�Q�H�J�D�W�L�Y�H�����(�5�.�����H�V�W�U�R�J�H�Q���U�H�F�H�S�W�R�U���D�O�S�K�D�����)�V�S�������I�L�E�U�R�E�O�D�V�W-specific protein 
1; FoxM1, Forkhead box protein M1; GFP, green fluorescent protein; HGF, hepatocyte growth factor; 
HER2+, human epidermal growth factor receptor 2 positive; HR+, hormone receptor-positive; HR-, 
hormone receptor-negative; KO, knockout; MAPK/ERK, mitogen-activated protein kinase / extracellular 
signal-regulated kinase; METmut, mutant MET receptor tyrosine kinase; MIC, TetO-PyV mT-IRES-Cre 
recombinase model; miR, microRNA; Mlkl, mixed lineage kinase domain-like pseudokinase; MMTV, 
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mouse mammary tumor virus promoter; MOLF/EiJ, mouse inbred strain MOLF/EiJ; mTmG, dual 
fluorescent Cre reporter (membrane Tomato / membrane GFP); Muc1, mucin 1; MYC, MYC proto-
oncogene; Na, sodium; NOP16, nucleolar protein 16; PI3K, phosphoinositide 3-kinase; PyMT (PyV MT), 
polyoma virus middle T antigen; RFP, red fluorescent protein; Resf1, regulator of metastasis 1; rtTA, 
reverse tetracycline-controlled transactivator; SK1, sphingosine kinase 1; Snail1, Snail family 
transcriptional repressor 1; SV40 TAg/Tag, simian virus 40 large T antigen; TAN, tetracycline-activated 
neu; TGFa, transforming growth factor alpha; TVA, avian tumor virus receptor A; Vim, vimentin; WAP, 
whey acidic protein promoter; Wnt, wingless-related integration site signaling. 
References 
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Table 2. 
Summary 
of major 
findings 
on 

metastasis in mouse syngeneic models of mammary carcinoma  
 
Abbreviations: BAF155, BRG1-associated factor 155; BMP4, bone morphogenetic protein 4; Cdh1, E-
cadherin; cfDNA, cell-free DNA; CTC, circulating tumor cell; Dox, doxycycline; ECM, extracellular matrix; 
EMT, epithelial-to-mesenchymal transition; HER2+, human epidermal growth factor receptor 2-positive; 
HIF-���.�����K�\�S�R�[�L�D-inducible factor 1-alpha; HR+, hormone receptor-positive; HR-, hormone receptor-
negative; IL-15, interleukin 15; MMA, methylmalonic acid; MMTV, mouse mammary tumor virus promoter; 
MYO1F, myosin IF; NET, neutrophil extracellular trap; NOD-SCID, non-obese diabetic severe combined 
immunodeficient; NSG, NOD-SCID gamma; PPECS, platelet-encapsulated cancer suppressor; PHGDH, 
phosphoglycerate dehydrogenase; PyMT, polyoma middle T antigen; Rab27a, Ras-related protein 
Rab27a; SC, subcutaneous; Stat3, signal transducer and activator of transcription 3; TAM, tumor-
associated macrophage; TAMpepK, TAM-targeting peptide-KLAK conjugate; TN, triple-negative; VEGF, 
vascular endothelial growth factor; Wnt7a, wingless-related integration site family member 7A. 
 
EO771 may be HR+ or HR- depending on the study.  
 
 

Cells injected  Breast 
cancer 

Mouse 
strain  

Injection 
site  

Metastasis 
onset/observe
d 

Metastasis 
site(s)  

Major 
findings  

Refere
nces  

���7������ �7�1�� �%�$�/�%��
�F�� 

�0�D�P�P�D�U�\��
�I�D�W���S�D�G 

�6�D�F�U�L�I�L
�F�H�G���D�W��
������
�G�D�\�V 

�/�X�Q�J�V �%�0�3����
�V�X�S�S�U�H�V�V�H�V��
�P�H�W�D�V�W�D�V�L�V����
�0�<�2���)��
�J�H�Q�H��
�S�R�W�H�Q�W��
�P�H�W�D�V�W�D�V�L�V��
�V�X�S�S�U�H�V�V�R�U����
�S�U�R�J�Q�R�V�L�V��
�F�R�Q�W�H�[�W��
�G�H�S�H�Q�G�H�Q�W 

������  

���7�� �7�1�� �%�$�/�%��
�F�� 

�0�D�P�P�D�U�\��
�I�D�W���S�D�G 

�6�D�F�U�L�I�L
�F�H�G���D�W��
������
�G�D�\�V 

�/�L�Y�H�U �6�,�9�$��
�'�������1��
�P�X�W�D�W�L�R�Q��
�S�U�R�P�R�W�H�V��
�E�U�H�D�V�W��
�F�D�Q�F�H�U��
�P�H�W�D�V�W�D�V�L�V����
�L�Q�F�U�H�D�V�L�Q�J��
�F�H�O�O��
�L�Q�Y�D�V�L�R�Q��
�D�Q�G���W�X�P�R�U��
�J�U�R�Z�W�K���L�Q��
�Y�L�Y�R 

������  

���7�� �7�1�� �%�$�/�%��
�F�� 

�7�D�L�O���Y�H�L�Q �&�H�O�O�V��
�O�R�F�D�W�H�G��
�L�Q���W�K�H��
�O�X�Q�J�V��
�R�Q���G�D�\��
�R�Q�H 

�/�X�Q�J�V �2�S�W�L�P�L�]�H�G��
�&�7�&��
�F�O�X�V�W�H�U�V��
�P�L�P�L�F��
�F�O�L�Q�L�F�D�O��
�P�H�W�D�V�W�D�V�L�V����
�H�Q�K�D�Q�F�L�Q�J��
�F�D�Q�F�H�U��
�U�H�V�H�D�U�F�K��
�D�Q�G��
�W�U�H�D�W�P�H�Q�W 

������  



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

Subtyp
e 

MDA-MB-231 TN Nude  Left cardiac 
ventricle 3-4 weeks Bones 

E-cadherin 
inhibits breast 
cancer cells' 
spread to 
bones, 
mitigating 
detrimental 
effects 

270 

MBA-MB-231 
MCF-7 

TN 
HR+ 

BALB/c-
nu/nu 
athymic  

Tail vein 

Sacrifice after 
2 weeks 
Sacrifice after 
9 weeks 

 
Lungs 
No 
metastasis 

ECM 
influences the 
growth of 
tumor cells; 
fibronectin is 
associated 
with 
metastatic 
outbreak 

112 

HMLER TN 

NOD-
SCID  Tail vein 8 weeks Lungs 

E-cadherin 
loss in tumors 
changes 
gene 
expression, 
facilitating 
metastasis 

271 

Nude  Mammary 
fat pad N/A N/A 

MCF-7-5624 

HR+  

Ovariecto
mized 
athymic 
nude  

Tibiae 12 weeks 

Fibula, 
femur, 
lymphatic 
vessels and 
lymph nodes 

Luminal 
breast cancer 
metastasis 
relies on 
estrogen 

152 

MCF-7-5624A-GF 
MCF-7-6012-ERE-
FLuc  

Left cardiac 
ventricle 1-5 weeks 

Spine, 
pelvis, floor 
of the mouth 
and 
mandible, 
adrenal 
glands, liver, 
lungs, brain 
and the 
mammary 
fat pad 

BT474 HER2+ Nude  Brain 
parenchyma Survival  Brains 

Dual HER2 
and VEGFR2 
inhibition 
significantly 
delays HER2-
positive 
breast cancer 
brain 
metastasis 

272 
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MDA-MB-231  
High HER2 MDA -
MB-231 (HH) 

TN Athymic 
nude  Tail vein N/A Lungs 

A new 
process by 
which HER2 
contributes to 
the 
metastasis of 
breast cancer 
by de novo 
production of 
�7�*�)������
triggering 
EMT 

116 

Luminal E3  
 HR+  

Ovariecto
mized 
NSG   

 
 
 
Left cardiac 
ventricle  

28 days 

Livers, 
abdominal/in
testinal, 
mammary 
gland lymph 
nodes, 
renal, brains 
and uterine 

Hormones 
drive luminal 
breast cancer 
metastases, 
affecting 
dormant 
micrometasta
ses 
 
 
No hormones 
are needed 
for 
metastasis 

153 
MCF-7  20 days  

Basal EWD8  
TN 

 20 days 

 
Extensive 
macrometas
tases 

MDA-MB-231  20 days  

BT474 + human 
CD34�† HSCs HER2+ NSG Livers 3 months Livers and 

lungs 

HTM model 
produces 
human 
tumor-
specific 
antibodies, 
controlling 
HER2�† breast 
cancer 
growth and 
metastasis 

273 

SK-BR-3 + human 
CD34�† HSCs HER2+  Livers 3 months 

Lungs, 
brains, 
livers, 
peritoneum, 
testis 

MDA-MB-231 TN 

Nude  Mammary 
fat pad 7 weeks Livers 

GATA3 loss 
in breast 
cancer forms 
a complex, 
leading to 
metastasis-
related gene 
changes 

274 

SCID  Tail vein 6 weeks Lungs 

MDA-MB-231 TN �)�5�*�Œ��
KO/NOD  

Liver frontal 
lobe N/A Lungs 

Novel murine 
model shows 
hepatic 
breast cancer 
with lung 
metastasis 
and vascular 
invasion 

275 
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MDA-MB-231 
Hs578T 

TN 
AR+ 

BALB/c 
athymic 
nude  

Tail vein Sacrificed at 8 
weeks Lungs 

�(�5�������K�D�V���D��
potential role 
in metastasis 
of AR-
positive 
TNBC  

276 

MDA-MB-468 TN SCID  Mammary 
fat pad N/A Lungs, 

lymph nodes 

E-cadherin's 
role in breast 
tumor growth 
suggests 
potential MET 
involvement 
in metastasis 

277 

T47D HR+ BALB/c 
nude 

Left cardiac 
ventricle N/A Bones 

MSK1 
activates 
genes 
preventing 
metastatic 
progression 
in ER+ breast 
cancer 

155 

Si�æNC/MDA231   
MDA231/si �æZEB2�æ
AS1 cells  

TN SCID  Oxter 
(Underarm) 7 weeks Lungs 

LncRNA-
ZEB2-AS1 
promotes 
TNBC 
metastasis 
via the 
PI3K/Akt/GS
�.�������=�H�E����
pathway. 

278 

MDA-MB-231 
 
MCF-7 
MCF7-SCP2 

TN 
 
HR+ 

Hsd: 
Athymic 
Nude-
Foxn1nu  

Intra-iliac 
artery  
Intra-cardiac 
Mammary 
fat pad 
Intraductal 

4-8 weeks 

Bones, 
lungs, livers, 
kidneys, 
brains 

Bone 
microenviron
ment 
enhances 
metastasis in 
breast 
cancer, 
altering cell 
behavior and 
organotropis
m 

117 

MDA-MB-231 TN NSG  Mammary 
fat pad 

N/A 

Lungs ICAM1 
promotes 
CTC cluster 
formation and 
lung 
metastasis in 
TNBC 

279 
PDX TN  Tail vein  

MDA-MB-231 TN NSG  

Mammary 
fat pad 2-30 days 

Brains NR4A1 
regulates 
IEGs, 
affecting 
metastasis 
and genomic 
stability in 

280 
PDX HR+   
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breast cancer 
models 

MDA-MB-231 TN NOD/SCI
D  

Mammary 
fat pad 4 weeks Lungs, 

livers, bones 

Weakly 
migratory 
breast cancer 
cells with  
E-cadherin 
drive 
metastasis, 
challenging 
assumptions 

281 

MDA-MB-
231/CXCL1 TN 

Balb/c-
nu-nu  
NOD-
SCID  

Mammary 
fat pad 
Tail vein 

Sacrificed at 60 
days  
 
Sacrificed at 45 
days  

Lungs 

Aiduqing 
formula 
inhibits breast 
cancer 
metastasis by 
suppressing 
CXCL1-
mediated 
autophagy 

282 

MDA-MB-231 
MDA-MB-231-LM2 
HCC1806-LM2 

TN NSG  Tail vein Sacrificed at 30 
days Lungs 

SNRPA1 
drives a 
premetastatic 
splicing 
program, 
promoting 
breast cancer 
lung 
metastasis 

283 

MDA-MB-435 TN Balb/c-
nu-nu  

Mammary 
fat pad 

2 days 

 
 
Lungs 

ImmunoPET 
accurately 
visualized 
CD146 
expression in 
breast cancer 
and lung 
metastasis 

284 

MCF-7  HR+  Tail vein  

MDA-MB-231 
MCF-7 

TN 
HR+ 

BLAB/c 
nude  

Mammary 
fat pad 

Sacrificed at 30 
days 

Lymph 
nodes 

Extracellular 
�+�V�S�����.��
promotes 
lymph-
angiogenesis 
and lymph 
node 
metastasis in 
breast cancer 

285 

Jimt1  TN Nu/nu  Left cardiac 
ventricle  4 weeks Brains 

Local blood 
coagulation 
drives brain 
metastasis in 
breast cancer 

286 

CA1a-Fluc -mc TN NSG  Tail vein 2 weeks Lungs 

Vacuolin-1 
inhibits 
endosomal 
trafficking 
and 

255 
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metastasis 
�Y�L�D���&�D�S�=������
suppressing 
tumor spread 

MDA-MB-231 TN BALB/c 
nude  Tail vein 4 weeks Lungs 

ENST000005
08435 
promotes 
breast cancer 
cell migration 
and lung 
metastasis 
via FXR1 

287 

DT28 and CAF23 
(co-injected)  - NSG  Mammary 

fat pad 8 weeks Livers 

Heterotypic 
CTC-CAF 
clusters 
enhance 
breast cancer 
metastasis 
more than 
homotypic 
clusters 

253 

DT28 TN  Mammary 
fat pad 12 weeks Livers 

CAF23 Stromal 
cells  Mammary 

fat pad N/A No 
metastasis 

MCF7 HR+  Mammary 
fat pad N/A No 

metastasis 
MCF7 and CAF23 
(coI)  -  Mammary 

fat pad N/A No 
metastasis 

MDA-MB-231 and 
CAF23 (coI)  -  Tail vein 1 week Lungs 

MDA-MB-231 TN  Tail vein 6 weeks Lungs 

MDA-MB-231 
SHOX2 KD MDA-
MB-231 

TN NSG  Mammary 
fat pad N/A Lungs 

SHOX2-
STAT3-
WASF3 axis 
promotes 
breast cancer 
metastasis,  

288 

MDA-MB-231 
TN 

NSG  Mammary 
fat pad 

They waited 41 
days post 
injection to 
implant next 
cells 

Mammary 
fat pads, 
lungs, 
abdomens 

MPI detected 
SPIO-labeled 
CTCs self-
homing to 
primary 
breast tumors  

289 

MDA-MB-231BR  Left ventricle  3 days  

MDA-MB-231-
iDimerize -c-Met-
�������O�X�F 
MDA-MB-231-BR 
MDA-MB-231-BO 
MDA-MB-231-LM2  

TN Athymic  Left cardiac 
ventricle  

Survived 
around 60 days 

Bones, 
brains, lungs 

c-�0�H�W��������
complex 
promotes 
breast cancer 
cell 
intravasation, 
osseous 
metastasis, 
and reduced 
survival 

290 

MCF-7-D1b 
MDA-MB-231 

HR+ 
TN 

BALB/c 
athymic 
nude  

Tail vein Sacrificed at 28 
days Lungs 

Cyclin D1b 
promotes 
breast cancer 
metastasis by 
inducing 
macrophage 
polarization 

291 
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to M2 
phenotype 

MDA-MB-231 
MCF-7 

TN 
HR+ 

BLAB/c 
nude  Tail vein Sacrificed at 42 

days Lungs 

Notch-1 
signaling 
enhances 
micro 
tentacle 
formation, 
promoting 
metastasis 

292 

MDA-MB-231 TN BALB/c  Tail vein Sacrificed at 2 
weeks Lungs 

PPECS 
deactivates 
CTCs, 
reducing 
metastasis 
and 
improving 
survival in 
mice models 

259 

CDX-BR16 HR+ NSG  Intracranial 

N/A 

Bones, 
brains, 
livers, lymph 
nodes 

CRISPR 
screen in 
CTC-derived 
xenografts 
identifies 
genes 
essential for 
metastatic 
progression 
in breast 
cancer 

293 

MDA-MB-231-LM2 TN  Mammary 
fat pad  

MDA-MB-231-LM2 TN NSG  Mammary 
fat pad 4 weeks Lungs 

AST factors 
promote 
breast cancer 
metastasis  

294 

NLR-MDA TN SCID/Bei
ge  SC (Back) 

3 weeks 

Lungs 
  

 
Novel TNBC 
models 
produce 
viable CTCs, 
rapidly 
metastasize 
to lungs and 
bone marrow 

295 

NLR-JIM HER2+  Tail vein No 
metastasis 

MSC  

Mesenc
hymal 
Stromal 
Cells 

 
Co-injected 
with the 
other cells 

 

LMC3 
CTC3 TN NSG  Tail vein Lungs, bone 

marrow  

MDA-MB-231-
shCTL  
MDA-MB-231-sh 
TNFRSF11B 

TN Humaniz
ed NSG 

Mammary 
fat pad N/A 

Lungs 
 
No 
metastasis 

Humanized 
TNBC PDX 
models 
reveal 
TNFRSF11B 
promotes 
tumor growth 

296 
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and lung 
metastasis 

MDA-MB-231 

TN 

NOD/SCI
D  

Mammary 
fat pad 
Tail vein 

Sacrificed at 14 
weeks 

Lungs, 
brains 

MIR4500HG 
promotes 
TNBC 
metastasis 
through miR-
483-3p-
MMP9 axis, 
increasing 
invasion and 
migration 

297 

MDA-MB-231  
1-0  Tail vein 

Sacrificed at 4 
weeks 

 

MDA-MB-231  
1-5  

Left 
intracardiac 
ventricle 

 

MDA-MB-231 TN NOD/SCI
D  Tail vein Sacrificed at 21 

days Liver 

SIVA-D160N 
mutation 
promotes 
breast cancer 
metastasis, 
increasing 
cell invasion 
and tumor 
growth in vivo 

268 

231-HM TN NSG  

Mammary 
fat pad 

Sacrificed at 15 
days 

Lungs, livers, 
spines BMP4 

suppresses 
metastasis; 
MYO1F gene 
potent 
metastasis 
suppressor 

267 
468-GIL TN  Sacrificed at 69 

days 

L
u
n
g
s, 
liv
er
s 

Table 3. Summary of major findings on metastasis in cell line -derived xenograft models 
of breast cancer  
 
Abbreviations: AR, androgen receptor; CAF, cancer-associated fibroblasts; CTC, circulating tumor cells; 
CTL, control; EMT, epithelial�±�P�H�V�H�Q�F�K�\�P�D�O���W�U�D�Q�V�L�W�L�R�Q�����(�5�����H�V�W�U�R�J�H�Q���U�H�F�H�S�W�R�U�����(�5������ estrogen receptor 
�E�H�W�D���������)�/�X�F�����I�L�U�H�I�O�\���O�X�F�L�I�H�U�D�V�H�����)�3�����I�R�R�W�S�D�G�����)�5�*�����)�D�K�í���í�����5�D�J���í���í�����,�O���U�J�í���í�����*�)�����J�U�H�H�Q���I�O�X�R�U�H�V�F�H�Q�W��
protein; HSCs, hematopoietic stem cells; HR, hormone receptor; HTM, human tumor model; ICAM1, 
intercellular adhesion molecule 1; IEGs, immediate early genes; IIA, intra-iliac artery; IV, intravenous; KD, 
knockdown; KO, knockout; MET, mesenchymal�±epithelial transition; MPI, magnetic particle imaging; 
MSC, mesenchymal stromal cells; MNCs, mononuclear cells; MSK1, mitogen- and stress-activated 
protein kinase 1; N/A, not applicable; NOD, non-obese diabetic; NR4A1, nuclear receptor subfamily 4 
group A member 1; NSG, NOD scid gamma; SC, subcutaneous; SCID, severe combined 
immunodeficiency; SPIO, superparamagnetic iron oxide; TN, triple negative; TNBC, triple-negative breast 
cancer; WASF3, Wiskott�±Aldrich syndrome protein family member 3. 
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Table 4. Summary of major findings on metastasis in patient -derived xenograft models of breast 
cancer  
 
Abbreviations: CD44+, cluster of differentiation 44 positive; ESR1, estrogen receptor 1; HER2+, human 
epidermal growth factor receptor 2 positive; HR+, hormone receptor positive; NOD-SCID, non-obese 
diabetic/severe combined immunodeficient; NRG, NOD Rag gamma; NSG, NOD-SCID gamma; PDO, 
patient-derived organoid; PDX, patient-derived xenograft; SCID/Beige, severe combined immunodeficient 
beige; TN, triple negative. 
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Cell  line /PDX  Breast 
cancer 
subtype  

Mouse 
Model  

Time of 
metastasi
s  

Metastasis 
site(s)  

Major 
Findings  

Reference
s 

MCF-7 and 
T47D  

HR+ nu/nu 12 weeks Lymph 
nodes and 
lungs  

Tumor growth 
and metastasis 
are estrogen-
dependent; 
lymph node 
metastases 
have reduced 
hormonal 
sensitivity  

154  

SUM-225, 
DCIS.COM, 
and FSK -H7 

SUM-225 
and FSK-
H7, 
HER2+; 
DCIS.COM
, TN  

SCID/Beig
e  

N/A N/A The mouse 
intraductal 
model allows 
the study of 
DCIS 
progression 
and 
recapitulates 
features of the 
human disease 

174 

12 DCIS lines 
and 2 
atypical 
hyperplasia  

HR+ and 
HER2+  

SCID/Beig
e and NSG 

N/A N/A 175  

Genetically 
engineered 
preneoplasti
c HBECs   

HR+  NSG N/A N/A Concomitant 
expression of 
TERT, BMI1, 
MYC and 
CCND1 and 
loss of p53 are 
sufficient to 
replace the 
mouse luminal 
cells. Mutations 
in PI3K in 
these cells 
confers an 
invasive 
phenotype 

177 

31 primary 
lines  

ER+ and 
molecular 
apocrine 
(ER-, PR-, 
HER2-, 
AR+) 

NSG N/A N/A High tumor 
take rates of 
primary lines 
that can be 
serially 
passaged while 
maintaining 
key clinical 
features. 
These models 
can be tested 
for endocrine 
therapy and 
cell cycle 
inhibitors 

179 

MCF-7, T47D, 
HCC1428, 
BT474, and 

HR+  SCID/Beig
e and NSG  

As early as 
2 months  

Brain, 
lungs, liver, 
and bones   

The intraductal 
model 
improves the 
engraftment of 

178 
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11 primary 
lines  

ER+ breast 
cancer cells 
and 
recapitulates 
important 
clinical features 
of the disease 
namely, 
metastasis  

21 ER+ 
patient -
derived 
primary cells  

HR+ NSG  N/A Brain, 
lungs, liver, 
and bones   

Micro-
metastases are 
detected in 
clinically 
relevant organs 
when tumor 
lesions appear 
to be in situ  

180  

CTC-ITB-01 HR+ NSG 255 days Brain, 
lungs, liver, 
and bones   

In vivo 
characterizatio
n of a novel 
CTC-derived 
breast cancer 
cell line 
recapitulates 
the metastatic 
potential 
observed in the 
patient   

182 

T47D HR+ NSG 42 days  Brain, 
lungs, liver, 
and bones   

Overexpressio
n of IL6 in 
T47D 
increases 
primary tumor 
growth and 
lung 
metastases  

186 

MCF-7 WT, 
Y537S, and 
D538G 
mutant  

HR+ NSG 12 weeks  Brain, 
lungs, liver, 
and bones 

Lasofoxifene 
alone or in 
combination 
with CDK4/6 
inhibitors, 
reduce tumor 
burden and 
metastasis 
formation 

192 

MDA-MB-
134-VI and 
SUM-44PE 

HR+ NSG  6 months  Brain, 
lungs, 
ovaries, 
adrenal 
glands  

Invasive 
lobular 
carcinoma cells 
rely on LOXL1 
for growth and 
metastasis  

6 

MCF-7, T47D, 
HCC1428, 
MDA-MB-134 
VI, and 9 
primary lines  

HR+ SCID/Beig
e and NSG  

2 months Brain, 
lungs, liver, 
and bones   

Hormone 
exposure 
increases 
metastatic 
spread of ER+ 

187 
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breast cancer 
cell lines and 
primary lines  

MCF-7, T47D, 
and 2 
primary lines  

HR+ NSG As early as 
2 months 

Brain, 
lungs, liver, 
and bones   

Micro-
metastases in 
distant organs 
are dormant 
and in a 
mesenchymal-
like state. Re-
acquisition of 
epithelial traits 
drive 
proliferation 
and recurrence 

188 

BT20, 
HCC1806, 
and 1 
primary line  

TNBC NSG As early as 
1 week 

Brain, 
lungs, liver, 
and bones   

Disseminated 
tumor cells 
from TNBC 
intraductal 
xenografts 
form big 
lesions in 
distant organs  

188 

IPH-926 TN lobular 
carcinoma  

NSG 3 months  Lungs, 
peritoneum
, ovaries, 
and GI 
tract  

Intraductal 
xenografts of 
triple negative 
ILC 
recapitulate the 
in situ, 
invasive, and 
metastatic 
stages 

189 

130 DCIS 
primary lines  

All 
subtypes  

NSG  N/A N/A High grade, 
HER2 
amplification, 
high burden 
copy number 
alterations and 
expansive 3D 
imaging are all 
prognostic 
factors for 
high-risk DCIS  

176 

24 autopsy 
samples 
from 3 
patients  

Invasive 
lobular 
carcinoma  

NSG  N/A Lungs, 
liver, 
peritoneum
, GI tract, 
and ovaries 

Autopsy 
samples 
engraft in the 
intraductal 
niche, and 
metastasize to 
clinically-
relevant organs  

184 

20 cell lines  All 
subtypes  

NSG  N/A Sites of 
metastasis 
are cell-line 
dependent  

�7�*�)�����6�0�$�'����
are key 
regulators of 
tumor 
morphology 

190 
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Table 5. Summary of major findings on metastasis in intraductal cell line and patient -derived 
xenograft models of breast cancer  
Abbreviations: AR+, androgen receptor-positive; BALB/c, Bagg Albino laboratory-bred mouse strain c; 
BMI1, polycomb ring finger oncogene; CTC, circulating tumor cell; CCND1, cyclin D1; CDK4/6, cyclin-
dependent kinase 4/6; DCIS, ductal carcinoma in situ; ER+, estrogen receptor-positive; ER-, estrogen 
receptor-negative; FSK-H7, breast cancer cell line; GI, gastrointestinal; HBECs, human breast epithelial 
cells; HER2+, human epidermal growth factor receptor-2 positive; HER2-, human epidermal growth factor 
receptor-2 negative; HR+, hormone receptor-positive; HR-, hormone receptor-negative; IL6, interleukin 6; 
ILC, invasive lobular carcinoma; LOXL1, lysyl oxidase like 1; NSG, NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ 
mouse strain; nu/nu, athymic nude mouse; PI3K, phosphoinositide 3-kinase; PR-, progesterone receptor-
negative; PR+, progesterone receptor-positive; SCID, severe combined immunodeficiency; TERT, 
telomerase reverse transcriptase; �7�*�)�������W�U�D�Q�V�I�R�U�P�L�Q�J���J�U�R�Z�W�K���I�D�F�W�R�U-beta; TN, triple negative; TNBC, 
triple-negative breast cancer; WT, wild type; Y537S, ESR1 mutation at tyrosine 537; D538G, ESR1 
mutation at aspartic acid 538; 3D, three-dimensional imaging. 

and 
aggressivenes
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Cell/ PDX 
line  

Breast 
cancer 
subtype  

Zebrafish 
injection 
site  

Time of 
metastasi
s                
(post - 
injection)   

Site(s) of 
Metastasis  

Major Findings  Reference
s 

BT474 HR+ and 
HER2+  

Yolk sac  9 days  Tail fin  Cells grown as 
mammospheres 
have enhanced 
proliferative and 
migratory 
capacities 
compared to 
monolayer cells  

229 

MDA-MB-
231 and 
4T1   

TNBC 
and TN 
mouse 
mammary 
carcinom
a 

Duct of 
Cuvier 

6 days   Trunk and tail 
fin  

Inhibition of 
VEGFR halted 
tumor 
vascularization 
and growth but 
promoted 
neutrophil 
infiltration 
resulting in more 
dissemination and 
micro-metastases 
formation  

230  

T47D, 
MDA-MB-
231, and 
MCF-
10AMI,II,III
, and IV  

T47D, 
HR+;  
MDA-MB-
231 and 
MCF-
10A, TN 

Perivitellin
e space  

MDA-MB-
231, 30 
hours; 
MCF-10A, 
60-120 
hours  

Tail and brain   MDA-MB-231 
cells are highly 
metastatic 
compared to 
T47D cells that fail 
to metastasize; 
MCF-10AM4 had 
the highest 
metastatic 
capacity 
compared to its 
lesser aggressive 
clones (M1-3)  

224 

MDA-MB-
231 and 
MCF-
10AM2 
and M4 

TNBC 
and 
normal-
like 
breast 
epithelial 
cells  

Duct of 
Cuvier  

12 hours  MDA-MB-231 
into the 
caudal tail; 
MCF-10A M2 
and M4 into 
the caudal 
hematopoieti
c tissue 

TGF-�����V�L�J�Q�D�O�L�Q�J��
axis is required for 
invasion and 
metastasis 

299 

MDA-MB-
231 
expressin
g 
Luciferase 
and MCF-
10AMIV 

TN Duct of 
Cuvier 

N/A MDA-MB-
231, the 
avascular tail 
fin; MCF-
10AM4, the 
caudal 
hematopoieti
c tissue  

Genetic 
�N�Q�R�F�N�G�R�Z�Q���R�I���.�Y��
integrin or its 
pharmacological 
inhibition reduce 
the invasive and 
metastatic 
capacity of tumor 
cells   

234 
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MCF-7 HR+ Yolk sac  N/A N/A The 
phytoestrogen 
Bakuchiol reduces 
mass formation in 
vivo  

300 

MDA-MB-
231 and 
MDA-MB-
231 bone 
metastatic 
line  

TN  Duct of 
Cuvier 

5 hours  Tail fin, head, 
and trunk 
vessels  

Genetic and 
pharmacological 
inhibition of 
CXCR4 blocks 
early 
dissemination  

228 

MCF-7, 
MDA-MB-
231, and a 
bone 
metastatic 
patient 
line  

MCF-7 
and 
patient 
line, HR+; 
MDA-MB-
231, TN 

Duct of 
Cuvier 

N/A Caudal 
hematopoieti
c tissue 

MCF-7 cells did 
not survive in the 
zebrafish embryo; 
MDA-MB-231 and 
the patient line 
metastasized  

223 

MDA-MB-
231, and 
MCF-
10AMII  

TN Duct of 
Cuvier 

6 days  Tail fin  Overexpression of 
Smad6 promotes 
invasion and 
metastasis of 
tumor cells; 
implication of 
BMP6 in cell 
aggressiveness   

236 

MDA-MB-
231, MCF-
10A M1 
and M2  

TN  Perivitellin
e space or 
duct of 
Cuvier 

1-6 days 
post-
injection 

Head and tail 
fin  

Each cell line 
displays a unique 
growth and 
invasive/metastati
c behavior  

227 

MDA-MB-
231 

TNBC Perivitellin
e space  

N/A N/A Macrophages are 
required for the 
vascularization of 
tumor grafts 
expressing high 
levels of VEGFA 

301 

MTLn3 TN rat 
mammary 
carcinom
a  

Perivitellin
e space  

N/A N/A Macrophages 
enhance the 
growth and 
dissemination of 
mammary 
carcinoma cells 
via nanotube 
formation  

302 

MDA-MB-
231,  
231BR-
GFP/Luc 
and 
231BO-
mKate  
4T1, 
4T1Br4,  
4T1BM2, 

MDA-MB-
231 and 
4T1, TN; 
BT474, 
HR+ and 
HER2+   

In the 
circulation 
via the 
posterior 
cardinal 
vein or in 
the 
hindbrain  

5 days  Brain and 
caudal vein 
plexus 

Different cell lines 
exhibit organ-
specific 
extravasation that 
can be inhibited 
�Y�L�D���,�Q�W�H�J�U�L�Q��������
and myosin 1B 
blockade  
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and 
BT474m1 

MDA-MB-
231 and 
HCC1806 

TNBC Yolk sac  N/A N/A The natural 
product Gomisin 
M2 reduces the 
proliferation of 
CD44+/CD24- 
breast cancer 
cells in vivo  

303 

MDA-MB-
468 

TNBC  Middle of 
the 
embryonic 
yolk sac 
region 

N/A  N/A   Overexpression of 
BIRC5 in MDA-
MB-468 led to 
more tumors 
enriched with 
cancer stem cell 
properties     

304 

MCF-7  HR+ Yolk sac  N/A Tail fin Overexpression of 
lncMat2B 
increases mass 
formation and 
invasion to the tail  

305 

Hs578T, 
MDA-MB-
468, and 
HCC1937  

TNBC Perivitellin
e space  

4 days  Caudal 
hematopoieti
c tissue 

Olaparib alone or 
in combination 
with irradiation 
cause apoptosis 
in xenografts, with 
little effect on 
micrometastases  

 
235 

MCF-7 and 
MDA-MB-
231 

MCF-7, 
HR+; 
MDA-MB-
231, TN 

Perivitellin
e space  

2 days  Tail and head 
regions   

Co-exposure to 
the environmental 
pollutant TCDD 
and preadipocytes 
increases the 
metastatic 
potential of tumor 
cells  

233 

MCF-7 and 
MDA-MB-
231 

MCF-7, 
HR+; 
MDA-MB-
231, TN 

Perivitellin
e space  

3 days  Tail  Single CTCs 
disseminated at a 
faster rate 
compared to 
cluster CTCs, but 
had lower survival 
and proliferative 
rates  

222 

MCF-7 and 
MDA-MB-
231 

MCF-7, 
HR+; 
MDA-MB-
231, TN 

Yolk sac  1 day  Tail  Isolation of MDA-
MB-231 cells from 
the tail are 
enriched for 
genes involved in 
epithelial-
mesenchymal 
transition 
activation   
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Table 6. Summary of major findings on metastasis in zebrafish xenograft models of breast cancer  
 
�$�E�E�U�H�Y�L�D�W�L�R�Q�V�����.�Y�����L�Q�W�H�J�U�L�Q���D�O�S�K�D���Y�����%�,�5�&�������E�D�F�X�O�R�Y�L�U�D�O���,�$�3���U�H�S�H�D�W-containing 5 (Survivin); BMP6, bone 
morphogenetic protein 6; CD44+/CD24-, breast cancer stem cell marker phenotype; CTC, circulating 
tumor cell; CXCR4, C-X-C chemokine receptor type 4; EMT, epithelial�±mesenchymal transition; ER+, 
estrogen receptor-positive; GFP, green fluorescent protein; HER2+, human epidermal growth factor 
receptor-2 positive; HER2-, human epidermal growth factor receptor-2 negative; IL-6, interleukin 6; 
lncMat2B, long non-coding RNA Mat2B; Luc, luciferase; mKate, monomeric far-red fluorescent protein; 
N/A, not applicable; PR+, progesterone receptor�±positive; RNF12, ring finger protein 12; Smad6, mothers 
against decapentaplegic homolog 6; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; TGF-�������W�U�D�Q�V�I�R�U�P�L�Q�J��
growth factor beta; TN, triple-negative; TNBC, triple-negative breast cancer; VEGFA, vascular endothelial 
growth factor A; VEGFR, vascular endothelial growth factor receptor. 
 

MDA-MB-
231 

TN Duct of 
Cuvier 

5 days  Tail RNF12 promotes 
extravasation and 
metastasis  

231 

SUM44PE HR+ Perivitellin
e space  

2 days Heart and 
head regions, 
caudal 
hematopoieti
c tissue, and 
tail fin  

IL-6 enhances the 
migration 
dissemination of 
SUM44PE cells  
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