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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.



List of abbreviations

AF-2, activation function-2 (ER ligand-binding domain);
APC, adenomatous polyposis coli;

% /* -lactoglobulin;

CDKA4/6, cyclin-dependent kinase 4/6;

CDX/CDXs, cell line #erived xenograft(s);

CKS5, 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;

GEMNMSs, genetically engineered mouse models;



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/ inegative;

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;

16* 12' 6&," FKé&fiiciént (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;



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;

SEMMSs, somatically engineered mouse models;

SCID, severe combined immunodeficiency;

STATS3, 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;

TDLUSs, terminal ductal lobular units;

Tetracycline, Tet;

TGF- WUDQVIRUPLQJ JURZWK IDFWRU EHWD
TGFBR, transforming growth factor beta receptor;

TME, tumor microenvironment;

TN, triple-negative;

TNBC, triple-negative breast cancer;

WAP, whey acidic protein;

Whnt, 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



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.

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 #. 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 #. 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 *.

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 °. 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 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 &°. These

models allow researchers to study the mechanisms of breast cancer metastasis and evaluate



potential therapeutic interventions. The development of diverse models, including mutagen-
induced models, genetically engineered mouse models (GEMMs) 19, cell line-based syngeneic
and xenograft models, patient-derived xenografts (PDX) 8, and further animal models like rat *
and zebrafish models 2, 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 1314, These
models have since been extensively utilized to study hormone receptor-positive (HR+) breast

cancer in both mice 5 and rats 6. Subsequently, mammary tumors are induced in rats or mice



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 °48, 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 1929,

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 222, 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 Pik3ca104LR 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 ?*. 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 2527, Compared with DMBA, NMU is more
potent at inducing activating Hras mutations 2325, 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 2°. It is worth noting
that activating mutations in HRAS and BRAF occur at very low frequency in human breast cancer
(<1 £%), particularly in ER+ disease *°, 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) 3! and respond to hormonal stimulation or deprivation 223233, |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-



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 3%, The absence of macrometastases does not necessarily indicate a complete lack
of PHWDVWDWLF GLVVHPLQDWLRQ DV VPDOO FOXVWHUV RI PHWDVW
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 203233, 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 3637, 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 8. 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



system 22, and ovarian epithelium 2. 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 4°.
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 2324, 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 841 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 “3. 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 (GEMMSs)
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



have been extensively used to study breast cancer metastasis (Table 1). Coupling mammary
epithelium-VSHFLILF SURPRWHUV VXFK DV WKH PRXVH-IRdbglébDIid\ WXPRU
(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 6. The activity of the MMTV promoter is upregulated by steroid
hormones during puberty and pregnancy 4’. Shortly after, the MMTV-Hras GEMM was established
48 followed by the MMTV-cneu #°, Polyoma Middle T antigen (PyMT) GEMM %0, MMTV-ErbB2
and its mutant form Neu 5!, and C3(1)SV40 Tag GEMM ®2. 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 Statl-deficient mice, which develop ER+ mammary carcinomas that respond to estrogen
supplementation and exhibit features similar to their human counterparts 5. 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 4. 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,



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 maotility, invasion, and metastatic dissemination 5. 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 Zebl in metastasis %657, other reports suggested EMT is dispensable but contributes to
chemoresistance 8. The latter study was subsequently criticized by the Weinberg group for
relying on incomplete EMT markers °. 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 . Attempts to introduce conditional ER expression in
mammary epithelial cells under the MMTYV promoter resulted in limited growth, with no metastases
reported 6%.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 #°. 14-3-3 proteins are a family of conserved phospho-
binding adaptor molecules that regulate key cellular processes, including proliferation, apoptosis,
and signal transduction ®® 2YHUH[SUHVVLRQ R 14\8-K fHundér\tte NRATY 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 4. 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 % This same population maintains a ZFP281-mediated EMT state in the lungs before

switching to a more epithelial/proliferative state .



Similar to the MMTV GEMMSs, the WAP promoter-driven GEMMSs 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 ¢86°. Consequently, it has been
widely used to express oncogenes in the mammary epithelium. Using WAP-driven mouse models,
studies demonstrated that expression of HGF 7° and c-Myc “! induces aggressive mammary tumor
phenotypes. Similar observations were reported in WAP-Cre-based models combining Pten loss
with expression of mutant Trp53R?70" 72 Other studies have focused on EMT 73, the immune
microenvironment 74, and transcriptional regulation 7, and their contribution to metastasis.

Most metastases arise in the lungs, and less frequently in the liver "%7¢, lymph nodes ’¢, and
ovaries 7. The Wap-myc model ® was the first to be developed, followed by the WAP-ras GEMM
7, WAP-TGF-. *(00 8, WAP-Int3 75, WAP-Cre GEMM 8%, and the WAP-SV40 model 8. These
models provide invaluable insights into molecular pathways influencing tumor development and
metastasis %717 in triple-negative (TN) and HR+ mammary carcinoma metastasis, thereby
complementing MMTV models.

The C3(1)/SV40 T-antigen %2 and C3(1)-Tag 8 GEMMSs 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 5284, 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,



Keratin-based models, such as K14-Cre; Cdh1"; Trp53% express Cre recombinase
constitutively under the keratin-14 promoter, which is active in basal cytokeratins expressed in
stratified epithelia 8, including the basal/myoepithelial compartment of the mammary gland . 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 8. In the context of
Cdhl 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 °!. 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,

Mosaic and conditional GEMMs enable spatially and temporally controlled genetic manipulation
through inducible recombinase systems such as Cre-lox and Flippase-FIp recognition target (Flp-
Frt). Cre can be delivered to somatic cells with a virus %49, generating genetic mosaics that better
model sporadic tumor initiation and reduce tumor burden °, or by tamoxifen-inducible CreERT
systems under the control of tissue-specific promoters 979,

One application of this latter strategy is the induction of oncogenic PIK3CA mutations, particularly
PIK3CAM047R " in mammary epithelial cells in a precise temporal and spatial manner. The
PIK3CAH147R muytation 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 . Lineage-tracing studies demonstrated that Pik3ca™%4’R expression in lineage-
restricted basal (K5+/Lgr5+) or luminal (K8+) mammary epithelial cells induces dedifferentiation
into multipotent, stem-like states 199101, 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 109101 Together, these findings highlight that



PIK3CAM047R 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; Pik3caM94R; Trp53" 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 2.
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 19, 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 %.

3.2. Advantages
The primary strength of GEMM s 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 4546, 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
100402 These models faithfully recapitulate the multistep metastatic cascade, from early
dissemination driven by Wnt and EMT signaling, to organ colonization %7, 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



MMTV-driven lines, eventually lose HR expression and progress to aggressive TN or HER2+
mammary tumors. While rare models such as Statl-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 .
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 %%, 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 Cdhl
and Cas9 expression, efficiently induced ILC . 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 1%, 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
PIK3CAM04"R mutation into mammary epithelial cells, leading to mammary tumor formation 07,
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 °4. In addition, it remains unclear



whether SEMMs reliably establish distant metastases or fully recapitulate the molecular and
histopathological features of human disease. Therefore, SEMMSs represent a complementary, not

a substitute, platform to GEMMs in modeling tumor biology.

4. Syngeneic Mouse Models
41. 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 %8, Building on this
foundation, several additional murine mammary tumor cell lines have been established, including
KHJJ and EMT®6, the latter of which has been extensively characterized and propagated both in
vitro and in vivo 1. 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 112414, In contrast, injections into the
portal vein result in liver metastases 1°. Injection of the ER+ mammary tumor cells, D2.0R, into

the tail vein leads to dormant cells that fail to form overt metastases '3, thus providing a valuable



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 116117,
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 118420, 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 118119121 byt also in axillary lymph nodes and liver 2!
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 !23. 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.



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 25, while necroptosis-driven
shedding of tumor surface proteins promotes metastasis by dampening anti-tumor T cell
responses %%, Beyond immune regulation, these models have helped identify systemic
determinants of dissemination, including circadian rhythms, where metastatic dissemination
peaks during the sleep phase *?7, and metabolic states such as hyperinsulinemia, which enhances
metastatic burden through cytoskeletal reprogramming *28. 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 18109, The implantation sites dictate metastatic propensity
and site-specific colonization 110111118 These models have allowed researchers to dissect drivers
of metastasis, as well as microenvironmental cues governing dormancy !*3. 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 129130,
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 **1. 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 . Furthermore, standard injection protocols frequently result in preferential



lung metastasis 132434 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 *23. However, more refined models focusing on
specific organotropism have also emerged, albeit relatively scarce 115417, 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 1%
Specifically, the rat mammary gland exhibits a more complex ductal-lobular organization, with
terminal ducts that closely resemble the human terminal ductal lobular units (TDLUSs), and are
embedded within a dense stromal matrix 135136, Furthermore, female rats display higher circulating
OHYHOV -attadiol (E2) compared to mice, and these levels are more similar to those
observed in humans, albeit still lower overall 11137138 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 3. 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 40. CaMa-15 and Mano-4 displayed particularly aggressive phenotypes, with



dissemination to additional sites such as the peritoneum, retroperitoneum, and pleura 4°.
Importantly, ER+ cell lines including MCF-7, T47D, and ZR-75-1, required exogenous E2
supplementation for tumor growth 40141 and xenografted MCF-7 cells were later shown to
metastasize to the lung, liver, and spleen in nude mice 42.

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 43144, Mammary fat pad injection of the TNBC cell
line, MDA-MB-231 1%, 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 43. Selection of
metastatic variants further demonstrated organ-specific tropism; only sublines derived from lung
metastases showed increased lung colonization efficiency 3. 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 4¢. 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-HBECSs 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 4’. 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 4. 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



similarity to basal-like metastatic TNBC patient samples 4°. Additional in vivo models of bone,
lung, brain and liver metastasis emerged, as summarized in recent reviews 0. 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 15!, 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 %2, Disseminated cells
retained an epithelial phenotype and were independent of TGF- VL J Q Dtbugh 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 %3154 |n 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 1%,
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 %6, while in bone, ER+ PDXs and cell lines (MCF-7, ZR-751)

transiently lost ER expression through EZH2-mediated epigenetic silencing, conferring endocrine



resistance that could be reversed by EZH2 inhibition 157. Together, these studies underscore that
dormancy and awakening are highly context-dependent %8, 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 1%°. 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) . 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 0, Similarly, Sebesteny et al. reported low engraftment
efficiency, with only 3 out of 19 primary breast tumors establishing transplantable xenografts 162,
In the early 1980s, several methodological refinements improved engraftment rates. As described
HDUOLHU 3RUWKRWRSLF" LPSODQWDWLRQ LQWR WKH PDPPDU\ IDW
increased tumor take rates and produced more clinically relevant metastatic patterns 143144,
Estrogen supplementation enabled stable growth of ER+ tumors 14%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) %2, Baylor/MD

Anderson collections %, and European consortia began to assemble subtype-specific PDX



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 &.

In the 2010s, the field expanded further with the establishment of global biobanks (e.g., EurOPDX
(https:/leuropdx.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 %3, Notably, hormone-
dependent PDXs proved useful for investigating endocrine resistance mechanisms 166167 while
TNBC PDXs facilitated preclinical drug testing 8. To date, most PDX research has focused on
establishing and characterizing primary tumors 16, with fewer efforts devoted to studying the
metastases that develop in these models 7. 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 11, 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 73, and the need for models of ER+ disease and metastatic dormancy.



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 >4, 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 54, 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 1> (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 4. 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 20,000 430,000, 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
174175 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 '8, The intraductal model equally improved the take rates of genetically
engineered preneoplastic HBECs '77. Interestingly, expressing the PIK3CAH47R 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) 7. We demonstrated that this

approach was effective for ER+ breast cancer cell lines of both the NST histological subtype



(MCF-7, T47D, and HCC1428), and the lobular subtype (SUM44 and MDA-MB-134). This finding
also extended to molecular apocrine tumors 17 and patient-derived primary breast cancer and
normal cells, all of which demonstrated improved tumor take rates without the need for E2
supplementation 6178180181 'Eqor ER+ NST tumor cells, spontaneous and early onset of metastases
was reported in the brain, lungs, liver, and bones of tumor-bearing mice 18, 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 83, 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 4. This highlights the significant advantages of
the intraductal model, which closely mirrors the clinical scenario and faithfully recapitulates the
biology of ER+ human disease 85, 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 18, 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 87, Notably, response and sensitivity to hormones differed between PDXs,

suggesting the need for a more personalized and patient-centric therapy .



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 . 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 18, 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 1841 7KHVH ILQGLQJV KLJKOLJKW WKH LQ\

capacity to faithfully recapitulate the biological characteristics of diverse histological and
molecular breast cancer subtypes 1, 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_1°%.
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 88192, 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



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 19,
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 4.
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 19519,

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'; PRGHOV SUHVHUYH WKH RULJLQDO WXPRUfV KHYV
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 %3, inflammation 56, epigenetic reprogramming %7, and EMT 158188 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 ©. 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



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 73, 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 8, In addition, tumors that were invasive in patients regress to an
in situ phenotype in approximately two-thirds of intraductal PDXs . Whether this regression
reflects suppressive cues from the naive 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 °7:1%,

6. The future of xenografts: Towards humanized models

6.1. Overview of the breast cancer tumor microenvironment
31R WXPRU LV B @ptly ¢aptirésGhe 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 200201, Breast
cancers, while not devoid of immune infiltration 2°2, harbor diverse immune cell populations whose

composition, spatial organization, and functionality evolve during tumor progression, as reviewed



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 2°3, The breast cancer TME
tends to be immunosuppressive, rendering tumors unresponsive to immunotherapy 2°2.
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 29429, |n 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 2%, 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 2%,

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 172211, Treatment with pembrolizumab significantly inhibited tumor growth in



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 172211,
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 22213, Importantly, xenografts retained
their lung metastatic capacity in humanized mouse models 72.

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 24, 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 2,
suboptimal myeloid and adaptive immune maturation 27, and challenges related to human
leukocyte antigen (HLA) mismatch 28, 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



regulation and immune-hormonal crosstalk add additional layers of complexity that remain
insufficiently explored 2%°. 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 22°. Their model
uncovers a protective role of myoepithelial remodeling and underscores the TME as a key
determinant of invasive progression. /RRNLQJ DKHDG WKH pLGHDOY [HQRJUDIW P
tumor engraftment within its correct anatomical niche with faithful reconstitution of the relevant
TME. With regard to the choice of animal model, humanizing rats 2! 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 1%,
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



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 222224 [ikely 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 22>. Compared to HR+ and normal-like breast epithelial
cell line, TNBC and mammary tumor cells exhibited a more aggressive metastatic behavior
224,226,221 which is observed in preclinical ¥ and clinical settings *°'. 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 222222232 a5 well as
the brain and head region 224226228233 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 . Yintegrin
activity 224, 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 23°, PARP inhibitors, like olaparib, induce apoptosis in TNBC models without affecting

micrometastases formation 2%. Environmental factors like the pollutant TCDD, increase the



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 231236, 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 222224
(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



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 1,
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 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



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 8, |t 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 23°.

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,



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



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 1’8, with more than 90% take rates reported for PDXs €0,
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 8. 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 24242, This has warranted the development and refinement of humanized
mouse models with functional human immune systems 1'% 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-



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 1*. To date,

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

9. Concluding 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.

Acknowledgments



N.D. and C.B. received funding from "the Leading House for the Middle East and North Africa
Research Partnership Grants by the Swiss State Secretariat for Education, Research and
Innovation." The funder had no role in the conception, writing, or decision to publish this review.

No funding was received specifically for this article.

Author Contributions

P.A. and N.D. conceptualized the review. P.A. and K.H. wrote the manuscript text. P.A. prepared
Figures 1-3. P.A. implemented revisions following peer review. P.A. performed the intraductal
inoculation in Supplementary Video 1. N.D., C.M., P.A., K.H., B.H., G.S., C.B. reviewed and edited

the manuscript. All authors read and approved the final version of the paper.

Competing interests

Authors P.A. and C.M. are Genentech/Roche employees; C.M. owns shares of Roche. C.B.

serves as a guest editor for npj Breast Cancer (Collection: Advances in Modeling), and was not
LQYROYHG LQ WKH MRXUQDOTTV UHY L mhaniRdripRTheGermBihivLaBtoxs UHO D W H

declare no competing financial or non-financial interests.

References

1. Siegel, R. L., Giaquinto, A. N. & Jemal, A. Cancer statisticsC2084Cancer Journal for
Cliniciang74, 12t49 (2024).

2. Park, Met al.Breast Cancer Metastasis: Mechanisms and Therapeutic Implications.
International Journal of Molecular Scien@8s 6806 (2022).

3. Malhotra, G. K., Zhao, X., Band, H. & Band, V. Higtalpgolecular and functional

subtypes of breast cancerSancer Biol Thd0, 955t960 (2010).



4. Soni, Aet al.Breast Cancer Subtypes Predispose the Site of Distant MetastasekClin
Pathol143 471t478 (2015).

5. Vlug, E., Ercan, C., van der Wall, E., van Diest, P. J. & Derksen, P. W. B. Lobular Breast
Cancer: Pathology, Biology, and Options for Clinical Interveriah. Immunol. Ther.
Exp.62, 7t21 (2014).

6. Sflomos, Get al.Intraductal xenografts show lobad carcinoma cells rely on their own
extracellular matrix and LOXIEMBO Molecular Mediciri3, €13180 (2021).

7. Mathew, A.et al. Distinct Pattern of Metastases in Patients with Invasive Lobular Carcinoma
of the BreastGeburtshilfe FrauenheilkelZ, 660t666 (2017).

8. Dobrolecki, L. Eet al. Patientderived xenograft (PDX) models in basic and translational
breast cancer researcRancer Metastasis R8%, 547t573 (2016).

9. Fantozzi, A. & Christofori, G. Mouse models of breast cancer metagissastCancer
Researcl8, 212 (2006).

10. Kersten, K., de Visser, K. E., van Miltenburg, M. H. & Jonkers, J. Genetically engineered
mouse models in oncology research and cancer medi&iRHBO Molecular Medicirgg
1371153 (2017).

11. Nicotra, R., Lutz, C., MessHl A. & Jonkers, J. Rat Models of Hormone Rec&usitive
Breast Canced Mammary Gland Biol Neoplag8, 12 (2024).

12.t AGEpel IU XU KI}wU X - pl]IU <X Av uvse]ve E (]*Z D}
Research: Unveiling Biomarkers, Targelbérapies, and Personalized Medicived Sci

Monit 29, e9405561-e94055012 (2023).



13. Shay, H., Aegerter, E. A., Gruenstein, M. & Komarov, S. A. Development of Adenocarcinoma
of the Breast in the Wistar Rat Following the Gastric Instillation of Mdibidathrenel.J
Natl Cancer Inst0O, 255t266 (1949).

14. Wilson, R. H., DeEds, F. & Cox, A. J., Jr. The Carcinogenic Actixitetain@nofluorene. Il.
Effects of Concentration and of Duration of Expos@&ncer Resg, 4441449 (1947).

15. Medina, D., Btel, J. S., Socher, S. H. & Miller, F. L. Mammary tumorigenesis4in 7,12
dimethybenzanthracen¢reated C57BL x DBA/2f F1 mi€ancer Re40, 368t373 (1980).

16. Huggins, C., Morii, S. & Grand, L. C. Mammary cancer induced by a single dose of
polynuclear hgrocarbons: routes of administratiodnn Surdl54(6)Suppl315t318
(1961).

17. Gullino, P. M., Pettigrew, H. M. & Grantham, F. #llilkosomethylurea as Mammary Gland
Carcinogen in Ratd.Natl Cancer Ins4, 401t414 (1975).

18. Perse, M., Cerar, A., &g, R. & Strukelj, B -Methylnitrosourea induced breast cancer in
rat, the histopathology of the resulting tumours and its drawbacks as a medtiol
Oncol Re45, 115t121 (2009).

19. Stoica, G., Koestner, A. & Capen, C. C. Neoplasms induced witmglgldeses of Mthyl-
N-nitrosourea in 3@day-old SpragueDawley rats, with special emphasis on mammary
neoplasiaAnticancer Re4, 5t12 (1984).

20. Stoica, G., Koestner, A. & Capen, C. C. CharacterizatieetloyINN-nitrosourea-induced

mammary tumorsn the rat.Am J Pathal10, 161t169 (1983).



21. Buters, J. T. Met al. Cytochrome P450 CYP1B1 determines susceptibility te 7,12
dimethylbenz[a]anthracenéenduced lymphomasProc Natl Acad Sci U 9@, 1977t1982
(1999).

22. Ledet, M. M., Oswald, M., Aatson, R. & Walle, G. R. V. de. Differential signaling pathway
activation in 7,12dimethylbenz[a] anthracene (DMB#&gated mammary stem/progenitor
cells from species with varying mammary cancer incide@oeotargetd, 32761t32774
(2018).

23. Kito, Ket al. Incidence of p53 and Has gene mutations in chemically induced rat
mammary carcinomadlolecular Carcinogenesly, 78t83 (1996).

24. Abba, M. Cet al. DMBA induced mouse mammary tumors display high incidence of
activating Pik3ca H1047 and lossuidtion Pten mutationsOncotarget7, 6428964299
(2016).

25. Sukumar, S., Notario, V., Mard#tanca, D. & Barbacid, M. Induction of mammary
carcinomas in rats by nitrosmethylurea involves malignant activation ofrbis-1 locus by
single point mutationsNature 306, 658t661 (1983).

26. Zarbl, H., Sukumar, S., Arthur, A. V., Maztamca, D. & Barbacid, M. Direct mutagenesis of
Haras1 oncogenes by Nitroso-N-methylurea during initiation of mammary
carcinogenesis in ratdlature315, 382t385 (1985).

27. Sibuya, T. & Morimoto, K. A review of the genotoxicity -@thyl-1-nitrosourea.Mutation

Research/Reviews in Genetic Toxicolgjg 3t38 (1993).



28. Swanson, S. Mt al. N-EthyEN-nitrosourea induces mammary cancers in the pituitary
isografted mouse wish are histologically and genotypically distinct from those induced by
N-methyFN-nitrosourea.Cancer Letter02, 159t165 (1996).

29. Keller, R. Ret al. Carcinogerspecific mutations in preferred R&af pathway oncogenes
directed by strand biagCarcimgenesis37, 810t816 (2016).

30. Razavi, Ret al. The Genomic Landscape of Endociitesistant Advanced Breast Cancers.
Cancer Ce84, 427-438.e6 (2018).

31. Alvarado, Aet al. Prognostic factors in MNU and DMB&luced mammary tumors in
female ratsPathology- Research and Practi@4.3 4411446 (2017).

32. Thordarson, Cet al. Growth and characterization of-dethyl-N-nitrosoureainduced
mammary tumors in intact and ovariectomized ra@arcinogenesi®2, 2039t2047 (2001).

33. Williams, J. Gat al. N-methyFN-Nitrosourealnduced Rat Mammary Tumors. Hormone
Responsiveness but Lack of Spontaneous Metastakidatl Cancer In§6, 147t155
(1981).

34. Zarbl, H., Sukumar, S., Arthur, A. L., Mattamca, D. & Barbacid, M. Activation efdd-1
oncogenea by chemical carcinogerBasic Life S88, 385t397 (1986).

35. Barros, A. C. S. Bt al.Induction of experimental mammary carcinogenesis in rats with
7,12-dimethylbenz(a)anthracend&kev. Hosp. CliB9, 257t261 (2004).

36. Tsukamoto, Ret al. N-methyl-N-nitrosoureainduced mammary carcinogenesis is promoted
by shortterm treatment with estrogen and progesterone mimicking pregnancy in aged

female Lewis rat€Oncol Re[d8, 337t342 (2007).



37.

38.

39.

40.

41.

42.

43.

44,

Medina, D. & Smith, G. H. Chemical Carcindgdnced Tumorignesis in Parous, Involuted
Mouse Mammary Glands.Natl Cancer In8tl, 967t969 (1999).

Gil Del Alcazar, C. &.al.Insights into Immune Escape During Tumor Evolution and
Response to Immunotherapy Using a Rat Model of Breast CaPeecer ImmundReslO,
6801697 (2022).

Crist, K. Aet al. Characterization of rat ovarian adenocarcinomas developed in response to
direct instillation of 7,12dimethylbenz[a]Janthracene (DMBA) coated suture.
Carcinogenesig6, 951t957 (2005).

Kerdelhué, B., ForesC. & Coumoul, X. Dimethgkenz(a)anthracene: A mammary
carcinogen and a neuroendocrine disruptBrochimie Opef, 49 (2016).

Liska, J., Galbavy, S., Macejova, D., Zlatos, J. & Brtko, J. Histopathology of mammary
tumours in female rats treated witl-methyl1-nitrosourea.Endocr Regud4, 91t96
(2000).

Loscher, W., Mevissen, M. & Haussler, B. Seasonal influence en 7,12
dimethylbenz[a]anthracenenduced mammary carcinogenesis in Sprafaavley rats
under controlled laboratory condition®harmaco ToxicoB1, 265t270 (1997).

Lu, J., Jiang, C., Mitrenga, T., Cutter, G. & Thompson, H. J. Pathogenic characterization of 1
methyl-1-nitrosoureainduced mammary carcinomas in the r@arcinogenesi9, 223t
227 (1998).

FaustineRocha, A. I., Ferira, R., Oliveira, P. A., Gama, A. & Ginja, WMilethyl-N-

nitrosourea as a mammary carcinogenic agéimor Biol36, 9095t9117 (2015).



45. Regua, A. T., Arrigo, A., Doheny, D., Wong, G. L. &6, Hlansgenic mouse models of
breast cancerCancer Le#rs516, 73t83 (2021).

46. Stewart, T. A., Pattengale, P. K. & Leder, P. Spontaneous mammary adenocarcinomas in
transgenic mice that carry and express Mify¢£fusion genesCell38, 6271637 (1984).

47. Stewart, T. A., Hollingshead, P. G. & Pitts, S. ltipMulegulatory domains in the mouse
mammary tumor virus long terminal repeat revealed by analysis of fusion genes in
transgenic miceMol Cell Bio8, 473t479 (1988).

48. Sinn, Eet al. Coexpression of MMTV/MMarasand MMTV/emycgenes in transgenic ioe:
Synergistic action of oncogenes in vi@all49, 465t475 (1987).

49. Muller, W. J., Sinn, E., Pattengale, P. K., Wallace, R. & Leder, Pst8mgiduction of
mammary adenocarcinoma in transgenic mice bearing the activatexliconcogenecell
54, 10515 (1988).

50. Guy, C. T., Cardiff, R. D. & Muller, W. J. Induction of mammary tumors by expression of
polyomavirus middle T oncogene: a transgenic mouse model for metastatic disease.
Molecular and cellular biology2, 9541961 (1992).

51. Andrechek, ER.et al. Amplification of the neu/erbE oncogene in a mouse model of
mammary tumorigenesifroceedings of the National Academy of Scie@@e8444t3449
(2000).

52. Green, J. et al. The C3(1)/SVv40dntigen transgenic mouse model of mammary cancer:
ductal epithelial cell targeting with multistage progression to carcind@raogenel9,

1020t1027 (2000).



53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

Chan,S.Rtal.STATL (] ] v8 u] *%}vS v }ueoC A 0}% -pesite}P v E
luminal mammary carcinomaBreast Cancer Réad, R16 2012).

Attalla, S., Taifour, T., Bui, T. & Muller, W. Insights from transgenic mouse models ef PyMT
induced breast cancer: recapitulating human breast cancer progression irQricogene
40, 475t491 (2021).

Brabletz, T., Kalluri, R., Nieto, M.&Weinberg, R. A. EMT in canddat Rev Cancdsg,
128134 (2018).

Ni, T.et al. Snailtdependent p53 repression regulates expansion and activity of tumour
initiating cells in breast cancedature cell biologyt8, 1221t1232 (2016).

Jiang, Het al. JaggediNotchl-deployed tumor perivascular niche promotes breast cancer
stem cell phenotype through Zeblllature communicationl, 5129 (2020).

Fischer, K. Rt al. Epithelialtto-mesenchymal transition is not required for lung metastasis
but contributes to chemoresistancéature527, 472t476 (2015).

Ye, Xet al. Upholding a role for EMT in breast cancer metastasure547, ELtE3 (2017).

Fu, Aet al. Tumorresident intracellular microbiota promotes metastatic colonization in
breast cancerCell185, 13561372.e26 (2022).

Frech, M. Setal. €& Ppupo 8 *SEIP V Z %S}E T A%E *]}v ]Jv D uu
of Transgenic Mice Results in the Biepment of Ductal Carcinoma In sitDancer Re&5,
6811685 (2005).

Tilli, M. Tet al.Introduction of Estrogen Receptar |vS§} §Z 38d Id P }v ]S]}v o D}pue
Model Precipitates the Development of Estrogeasponsive Mammary Adenocarcinoma.

Am J Pathiol63, 1713t1719 (2003).

%



63.

64.

65.

66.

67.

68.

69.

70.

71.

Hermeking, H. The 133 cancer connectiorNat Rev Cance}; 9311943 (2003).

Rehman, S. Kkt al.14-3-7z }@E Z *SE S « u uu EC SPU}E& }ve S -v % E}PE
221-mediated cell proliferationCancer Reg4, 363t373 (2A.4).

Harper, K. Let al. Mechanism of early dissemination and metastasis in Her2+ mammary
cancer.Nature540, 588t592 (2016).

Hosseini, Het al. Early dissemination seeds metastasis in breast caiNagure540, 552t
558 (2016).

Nobre, A. Ret al. ZFP281 drives a mesenchyriké dormancy program in early
disseminated breast cancer cells that prevents metastatic outgrowth in the Natdg.

Cancei3, 1165t1180 (2022).

Hennighausen, L. & Robinson, G. W. Information networks in the mamman) yiat Rev
Mol Cell Bio6, 715t725 (2005).

Robinson, G. W., McKnight, R. A., Smith, G. H. & Hennighausen, L. Mammary epithelial cells
undergo secretory differentiation in cycling virgins but require pregnancy for the
establishment of terminal differgiation. Developmenii21, 2079t2090 (1995).

Gallego, M. I., Bierie, B. & Hennighausen, L. Targeted expression of HGF/SF in mouse
mammary epithelium leads to metastatic adenosquamous carcinomas through the
activation of multiple signal transduction gatays.Oncogene?2, 8498t8508 (2003).

Kundel, D. Wet al. Molecular characterizations of Nop16 in murine mammary tumors with

varying levels of-dyc. Transgenic Re&l, 393t406 (2012).



72.Wang, S., Liu, J. C., Kim, D., Datti, A. & Zacksenhaugydied &ten deletion plus p53
R270H mutation in mouse mammary epithelium induces aggressive clawdsnd basal
like breast canceBreast Cancer Ré8, 9 (2016).

73. Wegwitz, Fet al. CEACAML1 controls the EMT switch in murine mammary carcinoma in vitro
and in vivoOncotarget7, 63730t63746 (2016).

74.Utz, B., Turpin, R., Lampe, J., Pouwels, J. & Klefstrom, J. Assessment of-tilgdviddRise
mammary tumor model for spontaneous metastsSci Refd0, 18733 (2020).

75. Gallahan, Det al. Expression of a Truncated Int3 Gene in Developing Secretory Mammary
Epithelium Specifically Retards Lobular Differentiation Resulting in Tumorigebascer
Researclb6, 1775t1785 (1996).

76. Shi, HY .et al. Modeling human breast cancer metastasis in mice: maspin as a paradigm.
Histol Histopathol8, 201t6 (2003).

77. Regan Anderson, T. Mt al. Breast tumor kinase (Brk/PTK®6) is a mediator of hypoxia
associated breast cancer progressi@ancer Res3, 5810t20 (2013).

78. Schoenenberger, C. ét al. Targeted emyc gene expression in mammary glands of
transgenic mice induces mammary tumours with constitutive milk protein gene
transcription.Embo j7, 169t75 (1988).

79. Andres, AC.et al. Haras ad cmyc oncogene expression interferes with morphological
and functional differentiation of mammary epithelial cells in single and double transgenic

mice.Genes & developmet 148611495 (1988).



80.

81.

82

83.

84.

85.

86.

87.

88.

Sandgren, E. Bt al. Inhibition of Mammary Gland Inuation Is Associated with
dE ve(}EuU]vP 'E}ASZ &-my¢i@ucedTE8mofigenesis in Transgenic Micel.
Cancer Researdb, 3915t3927 (1995).

Wagner, kU. et al. Cremediated gene deletion in the mammary glamdlicleic Acids

Researcl25, 4323t4330 (1997).

. Husler, M. Ret al. Lactatiorinduced WAFSV40 Tag Transgene Expression in C57BL/6J

Mice Leads to Mammary Carcinonfaansgenic Reg 253t263 (1998).

Padmanaban, \ét al. Ecadherin is required for metastasis in multiple models @afast
cancer.Nature573, 439t444 (2019).

Maroulakou, I. G., Anver, M., Garrett, L. & Green, J. E. Prostate and mammary
adenocarcinoma in transgenic mice carrying a rat C3(1) simian virus 40 large tumor
antigen fusion geneRProc Natl Acad Sci U A 11236t11240 (1994).

Gaspar, Get al. A Targeted Constitutive Mutation in the Apc Tumor Suppressor Gene
Underlies Mammary But Not Intestinal TumorigeneBisOS Genetié e1000547 (2009).

Cheng, Xet al. Breast Cancer Mutations HER2V777L an8@NK1047R Activate the p21
CDKA4/eCyclin D1 Axis to Drive Tumorigenesis and Drug Resis@aceer Re83, 2839t
2857 (2023).

Vassar, R., Rosenberg, M., Ross, S., Tyner, A. & Fuchs, EspEs#iceand differentiation
specific expression of a hum#i4 keratin gene in transgenic mié&roceedings of the
National Academy of Sciend®@8 1563t1567 (1989).

Stingl, Jet al. Purification and unique properties of mammary epithelial stem clliddure

439, 993t997 (2006).



89. Liu, Xet al. Somatic loss of BRCA1 and p53 in mice induces mammary tumors with features
of human BRCAmutated basalike breast canceiRProceedings of the National Academy
of Science$04, 12111t12116 (2007).

90. Varela, let al. Somatic structural rearrangementsgenetically engineered mouse
mammary tumorsGenome Biall, R100 (2010).

91. Derksen, P. Wet al. Somatic inactivation of-Eadherin and p53 in mice leads to metastatic
lobular mammary carcinoma through induction of anoikis resistance and angiogenesis.
Cancer cell0, 4371449 (2006).

92. An, Yet al. Cdhland Pik3caMutations Cooperate to Induce ImmusiRelated Invasive
Lobular Carcinoma of the Brea€tell Report&5, 702714.e6 (2018).

93. Boelens, M. Get al. PTEN Loss in@adherirDeficient Mouse Mmmary Epithelial Cells
Rescues Apoptosis and Results in Development of Classical Invasive Lobular Carcinoma.
Cell Reports6, 2087t2101 (2016).

94. Rohlmann, A., Gotthardt, M., Willnow, T. E., Hammer, R. E. & Herz, J. Sustained somatic
gene inactivation ¥ viral transfer of Cre recombinadgat Biotechnoll4, 1562t1565
(1996).

95. Wang, Y., Krushel, L. A. & Edelman, G. M. Targeted DNA recombination in vivo using an
adenovirus carrying the cre recombinase gePmceedings of the National Academy of
Sciencs 93, 3932t3936 (1996).

96. Heyer, J., Kwong, L. N., Lowe, S. W. & Chin, kgé&tarline genetically engineered mouse

models for translational cancer researdtat Rev Cancdi0, 470t480 (2010).



97. Feil, Ret al.Ligandactivated sitespecific recombinabn in miceProc Natl Acad SciU S A
93, 10887t10890 (1996).

98. Brocard, Jet al. Spatioctemporally controlled sitespecific somatic mutagenesis in the
mouse.Proc Natl Acad Sci U 94 1455914563 (1997).

99. Koboldt, D. Cet al. Comprehensive moletar portraits of human breast tumourblature
490, 61170 (2012).

100. Koren, Set al. PIK3CAH1047R induces multipotency and rlinktiage mammary tumours.
Nature525, 1141118 (2015).

101. Van Keymeulen, A&t al. Reactivation of multipotency by oncogemtK3CA induces breast
tumour heterogeneityNature525, 119t123 (2015).

102. Pastushenko, kt al.ldentification of the tumour transition states occurring during EMT.
Nature556, 463t468 (2018).

103.Utomo, A. R., Nikitin, A. Y. & Lee, W. H. Tempquatjad, and cell typespecific control of
Cremediated DNA recombination in transgenic misiat BiotechnolL7, 1091t1096
(1999).

104.Lima, A. & Maddalo, D. SEMMs: Somatically Engineered Mouse Models. A New Tool for In
Vivo Disease Modeling for Basic drrdnslational Researchront. Oncolll, (2021).

105. Annunziato, Set al. Modeling invasive lobular breast carcinoma by CRISPRfGed@ted
somatic genome editing of the mammary gla@knes & developmeBD, 1470t1480
(2016).

106. Annunziato, Setal. In situ CRISP®as9 base editing for the development of genetically

engineered mouse models of breast canddre EMBO Journa$, e102169 (2020).



107.Bu, W.et al. Efficient cancer modeling through CRISFR9/HDRased somatic precision
gene editingn mice.Science Advancé&s eade0059 (2023).

108.DeOme, K. B., Faulkin, L. J., Bern, H. A. & Blair, P. B. Development of Mammary Tumors
from Hyperplastic Alveolar Nodules Transplanted into Gfaeel Mammary Fat Pads of
Female C3H Micetancer Researd®, 515t520, NPNP (1959).

109. Rockwell, S. C., Kallman, R. F. & Fajardo, L. F. Characteristics of a Serially Transplanted
Mouse Mammary Tumor and Its TissGaltureAdapted DerivativeJNCI: Journal of the
National Cancer Instituté9, 735t749 (1972).

110. Aslakson, C. J. & Miller, F. R. Selective Events in the Metastatic Process Defined by Analysis
of the Sequential Dissemination of Subpopulations of a Mouse Mammary Tu@anter
Researclb2, 1399t1405 (1992).

111. Miller, F. R. Comparison of metastsi mammary tumors growing in the mammary
fatpad versus the subcutifivasion Metastasi$, 220t226 (1981).

112.Barkan, Det al.Inhibition of Metastatic Outgrowth from Single Dormant Tumor Cells by
Targeting the Cytoskeleto@ancer Resear@8, 6241t6250 (2008).

113. Montagner, M.et al. Crosstalk with lung epithelial cells regulates Sinpdiated latency
in breast cancer disseminatioNat Cell Bio22, 289t296 (2020).

114.Morris, V. L., Tuck, A. B., Wilson, S. M., Percy, D. & Chambers, A. Fpibgmession and
metastasis in murine D2 hyperplastic alveolar nodule mammary tumor cell Ghagal &
experimental metastasitl, 103t112 (1993).

115. Goddard, E. T., Fischer, J. & Schedidg¥E54903 (2016) doi:doi:10.3791/54903.



116.Gupta, P.& EJA 3 A U "X <X , ZTiu ] 8§ VIA} % E} p $]}v }( d'&

driven epithelialto-mesenchymal transition and metastasis of breast candetecular
Oncologys, 1532t1547 (2014).

117.Zhang, Wet al. The bone microenvironment invigorates metastatic seeds for further
disseminationcell 184, 24712486.e20 (2021).

118. Ghosh, Aet al. MIND model for triplenegative breast cancer in syngeneic mice for quick
and sequential progression analysis of lungastasisPLOS ONE3, e0198143 (2018).

119.Luo, XL.et al. Development and characterization of mammary intraductal (MIND)
spontaneous metastasis models for triplegative breast cancer in syngeneic misei
Repl0, 4681 (2020).

120. Steenbrugge, &t al. Comparative Profiling of Metastatic 4Ns. Nonmetastatic Py230
Based Mammary Tumors in an Intraductal Model for T+ipdgative Breast Cancer.
Frontiers in Immunology0, (2019).

121. Steenbrugge, &t al. Anti-inflammatory signaling by mammaryrhor cells mediates
prometastatic macrophage polarization in an innovative intraductal mouse model for
triple-negative breast cancedournal of Experimental & Clinical Cancer Res&#,ch91
(2018).

122. Kuang, Xet al. Distinct invasive patterns in sibbetween estrogen receptepositive and
triple-negative breast cancer through the intraductal tracking of carbon nanoparticles.

International Journal of Canc#&b3 1067t1079 (2023).



123. Abdelaziz, D. M., Stone, L. S. & Komarova, S. V. Osteolysis and pain due to experimental
bone metastases are improved by treatment with rapamyBireast Cancer Res Trda3,
2271237 (2014).

124.Yu, Cet al.Intra-iliac Artery Injection for Efficient aSelective Modeling of Microscopic
Bone Metastasislournal of Visualized Experiments (J@&3P82 (2016)
doi:10.3791/53982.

125. Wutschka, Jet al. JUNB suppresses distant metastasis by influencing the initial metastatic
stage.Clin Exp Metastasi8, 4111423 (2021).

126. Liu, Zet al. Tumor necroptosinediated shedding of cell surface proteins promotes
metastasis of breast cancer by suppressing-antior immunity.Breast Cancer R&$, 10
(2023).

127. Diamantopoulou, Zet al. The metastatic spreadf breast cancer accelerates during sleep.
Nature607, 156t162 (2022).

128. Zelenko, Zet al. Silencing vimentin expression decreases pulmonary metastases iR a pre
diabetic mouse model of mammary tumor progressiGmcogened6, 139411403 (2017).

129. Atiya, H. let al.Intraductal Adaptation of the 4T1 Mouse Model of Breast Cancer Reveals
Effects of the Epithelial Microenvironment on Tumor Progression and Metastasis.
Anticancer Resear@9, 2277t2287 (2019).

130. Li, Cet al. Exosomal Wnt7a from a low rastatic subclone promotes lung metastasis of a
highly metastatic subclone in the murine 4t1 breast canBeeast Cancer R@g, 60

(2022).



131.Holliday, D. L. & Speirs, V. Choosing the right cell line for breast cancer reBzasas.
Cancer Researds3, 215 (2011).

132.Pang, Set al. Molecular profiles of single circulating tumor cells from early breast cancer
patients with different lymph node statusehorac Cancet4, 156t167 (2023).

133. Rossi, Met al. PHGDH heterogeneity potentiates cancelt desssemination and
metastasisNature605, 747t753 (2022).

134.Zhang, Net al. The Interaction of the Senescent and Adjacent Breast Cancer Cells
Promotes the Metastasis of Heterogeneous Breast Cancer Cells through Notch Signaling.
Int J Mol S&@2, (2@1).

135. MasseWelch, P. A., Darcy, K. M., Star@kestor, N. C. & Ip, M. M. A Developmental Atlas
of Rat Mammary Gland HistologyMammary Gland Biol Neopla&ial65t185 (2000).

136.Russo, I. H. & Russo, J. Mammary gland neoplasia idiongodentstudies.Environ
Health Perspect04, 938t967 (1996).

137.Constantin, Cetal. DJu] IJvP A}u v[e v } GE]v u]o] p ]v u] - (}E A}u v[e
related studiesnpj Womens HealtB, 13 (2025).

138. Meijs-Roelofs, H. M. A., Uilenbroek, J. T. J., Jong,de. &Welschen, R. PLASMA
OESTRADIOLWGOt E /d™ Z > d/KE*,/W dK "~ZAIMULRAKRING HORMONE
IN IMMATURE FEMALE RATS. https://doi.org/10.1677/joe.0.0590295 (1973)
doi:10.1677/joe.0.0590295.

139. Ozzellcet al. Transplantation of a Human Mammary Caorna Cell Line (BT 20) Into Nude

Mice.JNCI: Journal of the National Cancer Instifizel669t1672 (1974).



140. Ozzello, L. & Sordat, M. Behavior of tumors produced by transplantation of human
mammary cell lines in athymic nude miéairopean Journal ola@cer (196516, 553t559
(1980).

141.Osborne, C. K., Hobbs, K. & Clark, G. M. Effect of estrogens and antiestrogens on growth of
human breast cancer cells in athymic nude m&ancer Re45, 584t590 (1985).

142. Shafie, S. M. & Liotta, L. A. Formation of metastasis by human breast carcinoma cells
(MCF7) in nude miceCancer Letl 1, 81t87 (1980).

143. Price, J. E., Polyzos, A., Zhang, R. D. & Daniels, L. M. Tumorigenicity and metastasis of
human breast carcinomeell lines in nude mic&€ancer ReS0, 717t721 (1990).

144.Unemori, E. N., Ways, N. & Pitelka, D. R. Metastasis of murine mammary tumour lines
from the mammary gland and ectopic sit&s.J Cancet9, 603t614 (1984).

145. Cailleau, R., Young, R., Olivé,& Reeves, W. J. Breast tumor cell lines from pleural
effusions.J Natl Cancer In88, 661t674 (1974).

146. Price, J. E. Metastasis from human breast cancer cell Bneast Cancer Res 39, 93t102
(1996).

147.Price, J. E. & Zhang, R. D. Studies of human breast cancer metastasis using nude mice.
Cancer Metast Re®; 285t297 (1990).

148.Dai, X., Cheng, H., Bai, Z. & Li, J. Breast Cancer Cell Line Classification and Its Relevance
with Breast Tumor Subtyping.Cacer8, 3131t3141 (2017).

149. Liu, Ket al. Evaluating cell lines as models for metastatic breast cancer through integrative

analysis of genomic datdlat Commuri0, 2138 (2019).



150. Nuckhir, M., Withey, D., Cabral, S., Harrison, H. & Clarke, R.8ofSta¢ Art Modelling of
the Breast Cancer Metastatic Microenvironment: Where Are \W/&fammary Gland Biol
Neoplasia29, 14 (2024).

151. Jatoi, I., Anderson, W. F., Jeond;.J& Redmond, C. K. Breast Cancer Adjuvant Therapy:
Time to Consider Its Tir@ependent EffectsJ Clin Oncd@9, 2301t2304 (2011).

152. Ganapathy, Vet al. Luminal breast cancer metastasis is dependent on estrogen signaling.
Clin Exp Metastasik9, 10.1007/s1058812-9466t4 (2012).

153. Ogba, Net al. Luminal breast cancer metastsand tumor arousal from dormancy are
promoted by direct actions of estradiol and progesterone on the malignant Beés.st
Cancer Researd®, 489 (2014).

154. Harrell, J. Gat al. Estrogen Receptor Positive Breast Cancer Metastasis: Altered Hormonal
Sensitivity and Tumor Aggressiveness in Lymphatic Vessels and LymphQéodes.Res
66, 9308t9315 (2006).

155. Gawrzak, St al. MSK1 regulates luminal cell differentiation and metastatic dormancy in
ER+ breast canceXat Cell BioR0, 211t221 (2018).

156. Albrengues, ket al. Neutrophil extracellular traps produced during inflammation awaken
dormant cancer cells in mic8cienc&61, eaao4227 (2018).

157.Bado, I. Let al. The bone microenvironment increases phenotypic plasticity of ER+ breast
cancercells.Developmental Cefi6, 11001117.e9 (2021).

158. Aouad, P., Quinn, H. M., Berger, A. & Brisken, C. Tumor dormancy: EMT beyond invasion

and metastasisggenesi®?2, e23552 (2024).



159. Shimosato, Yet al. Transplantation of Human Tumors in Nude Mi8e] Natl Cancer Inst
56, 1251t1260 (1976).

160. Sharkey, F. E. & Fogh, J. Metastasis of human tumors in athymic nudénteiceational
journal of canceR4, 733t738 (1979).

161. Sebesteny, Aet al. Primary Human Breast Carcinomas Transplantable in the Nude
Mouse?2.J Natl Cancer In§3, 1331t1337 (1979).

162. Marangoni, Eet al. A new model of patient tumaderived breast cancer xenografts for
preclinical assay€lin Cancer R4S, 3989t3998 (2007.

163. Zhang, Xet al. A renewable tissue resource of phenotypically stable, biologically and
ethnically diverse, patieatlerived human breast cancer xenograft mod€lancer Res3,
4885t4897 (2013).

164.Reyal, Fet al. Molecular profiling of patienrtlerived breast cancer xenografBreast
Cancer Re$4, R11 (2012).

165. DeRose, Y. 8t al. Tumor grafts derived from women with breast cancer authentically
reflect tumor pathology, growth, metastasis and disease outcomNas Med17, 1514t
1520 (2011).

166. EFBotty, Ret al. Oxidative phosphorylation is a metabolic vulnerability of endocrine
therapy and palbociclib resistant metastatic breast canddes.Commurid4, 4221 (2023).

167. Piggott, Let al. Acquired Resistance of #Rsitive Breast Cancer Endocrine Treatment
Confers an Adaptive Sensitivity to TRAIL through Posttranslational Downregulation of ¢

FLIPCIin Cancer R&sl, 2452t2463 (2018).



168. Guillen, K. Ret al. A human breast canceterived xenograft and organoid platform for
drug discoery and precision oncologiMat CanceB, 232t250 (2022).

169. Li, Set al. EndocrineTherapyResistanESRVariants Revealed by Genomic
Characterization of BreaslancefDerived Xenograftell Reportd, 1116t1130 (2013).

170.Lawson, D. Aet al. Sirgle-cell analysis reveals a sterell program in human metastatic
breast cancer cellfNature526, 131t135 (2015).

171. Dowst, Het al. Abstract P202-22: BCM PDX Insights Portal: An Intuitive Wabed Tool
for PatientDerived Xenograft Collection Managent to Facilitate Prelinical Studies in
Breast Canceflin Cancer R&4, P202122 (2025).

172.Rosato, R. Rt al. Evaluation of antPD1-based therapy against tripleegative breast
cancer patientderived xenograft tumors engrafted in humanized rmseumodelsBreast
Cancer Resear@®, 108 (2018).

173.Cassidy, J. W., Caldas, C. & Bruna, A. Maintaining Tumour Heterogeneity inPerivezd
Tumour Xenograft€Cancer Res5, 2963t2968 (2015).

174.Behbod, Fet al. An intraductal humanan-mouse tranplantation model mimics the
subtypes of ductal carcinoma in siBreast Cancer Researth R66 (2009).

175.Valdez, K. Et al. Human primary ductal carcinoma in situ (DCIS) subsgeeific
pathology is preserved in a mouse intraductal (MIND) xenograft mdtiel.Journal of
Pathology225, 565t573 (2011).

176.Hutten, S. Jt al. A living biobank of patieaterived ductal carcinma in situ mouse
intraductal xenografts identifies risk factors for invasive progressiamcer Ce#l1, 986

1002.€9 (2023).



177.Verbeke, Set al. Humanization of the mouse mammary gland by replacement of the
luminal layer with geneticallgngineered peneoplastic human cell8reast Cancer
Researcii6, 504 (2014).

178.Sflomos, Getal. W& o]v] o D }-PasitMedBreast Cancer Points to the Epithelial
Microenvironment as Determinant of Luminal Phenotype and Hormone RespOaseer
Cell29, 407 t422 (2016).

179. Richard, Eet al. The mammary ducts create a favourable microenvironment for
xenografting of luminal and molecular apocrine breast tumotire Journal of Pathology
240, 2561261 (2016).

180. Fiche, Met al.Intraductal patientderived £ v}P&E (S }( *SE}PoSitE %S} E r
breast cancer recapitulate the histopathological spectrum and metastatic potential of
human lesionsThe Journal of Patholo@#7, 287t292 (2019).

181. Ataca, Det al. The secreted protease Adamts18 links horm@ation to activation of the
mammary stem cell niché&lat Commuril, 1571 (2020).

182.Koch, Cet al. Characterization of circulating breast cancer cells with tumorigenic and
metastatic capacityeMBO Molecular Medicir, 11908 (2020).

183. Harris, M.et al. A comparison of the metastatic pattern of infiltrating lobular carcinoma
and infiltrating duct carcinoma of the brea&r J Cances0, 23t30 (1984).

184. Geukens, Tet al. Rapid autopsies to enhance metastatic research: the UPTIDER post
mortem tissue donation programmpj Breast Cancei0, 1t14 (2024).

185. Haricharan, S., Lei, J. & Ellis, M. Mammary Ductal Environment Is Necessary for Faithful

Maintenance of Estrogen Signaling in ER+ Breast Ca&lmecer Cell9, 249t250 (2016).



186.Siersbeek, Retal. />01rd di "]Pv o]JvP ,]i le SE}P v Z %S}E r vZ vV
Breast Cancer Metastas{Sancer Ce88, 412423.e9 (2020).

187. Scabia, Vet al. Estrogen receptor positive breast cancers have patient specific hormone
sensitivities and relyrprogesterone receptoMat Commurl3, 3127 (2022).

188. Aouad, Pet al. Epitheliatmesenchymal plasticity determines estrogen receptor positive
breast cancer dormancy and epithelial reconversion drives recurrétateCommuri3,
4975 (2022).

189. Sflomes, Get al. Optimized Modeling of Metastatic Tripegative Invasive Lobular
Breast Carcinoma&ancers (Baselp, 3299 (2023).

190. Lutz, Cet al.Largescale Characterization of Orthotopic Cell Ltiberived Xenografts
/ v8](] » d'&t "]Pv o]JvP ¢ < C Z Ppo S}E& }( & 8§ v & D}E
Aggressivenes§ancer Re85, 2608t2625 (2025).

191. Jeselsohn, Ret al. Emergence of Constitutively Aac¢ Estrogen Receptor DusS S]}ve v
Pretreated Advanced Estrogen Recepfositive Breast Cancetlinical Cancer Research
20, 1757t1767 (2014).

192.Lainé, Met al. Lasofoxifene as a potential treatment for theramsistant ERpositive
metastatic breascancer Breast Cancer R@8, 54 (2021).

193.Liang, Jetal. Zr Ce(uv S]}v e C "Zi ups SJ}ve v SZ E %o HS]
promotes lineage plasticity in ER+ breast candet. Canceb, 357t371 (2025).

194.Visser, K. E. de & Joyce, J. A. Thevenptumor microenvironment: From cancer initiation

to metastatic outgrowthCancer Celll, 374t403 (2023).



195. Kalscheuer, Het al. A Model for Personalized in Vivo Analysis of Human Immune
ResponsivenesScience Translational Medicide125ra30125ra30 (2012).

196.Yin, L., Wang, A., Chen, BX., Liu, XN. & Wang, XJ. Humanized mouse model: a review
on preclinical applications for cancer immunotherapyn J Cancer R&6, 4568t4584
(2020).

197. Acerbi, let al. Human breast cancer invasion aaggression correlates with ECM
stiffening and immune cell infiltrationnt Bio (Camy, 1120t1134 (2015).

198. Simdes, B. Met al. Anti-progestin therapy targets hallmarks of breast cancer h&kure
648, 7361745 (2025).

199.Kenny, P. A., Nelson, I@. & Bissell, M. J. The Ecology of Tum8csentis0, 30 (2006).

200. Lei, Xet al.Immune cells within the tumor microenvironment: Biological functions and
roles in cancer immunotherapZancer Letterd70, 126t133 (2020).

201. Gajewski, T. F., Scher, H. & Fu, YX. Innate and adaptive immune cells in the tumor
microenvironmentNat Immunoll4, 1014t1022 (2013).

202. GattrMays, M. Eet al.If we build it they will come: targeting the immune response to
breast cancempj Breast Cancéy, 37 (2019.

203. Goff, S. L. & Danforth, D. N. The Role of Immune Cells in Breast Tissue and Immunotherapy
for the Treatment of Breast Cancéllinical Breast Cancel, e63te73 (2021).

204. Scholten, Det al. Doublepositive T cells form heterotypic clusters with circulating tumor
cells to foster cancer metastasisClin Invest35, (2025).

205. Schuster, Eet al. Computational ranking identifies Plex@® in circulating tumor cell

clustering with monocytes breast cancer metastasidat Commuri6, 7649 (2025).



206. Szczerba, B. Mt al. Neutrophils escort circulating tumour cells to enable cell cycle
progressionNature566, 553t557 (2019).

207.Erler, J. Tet al. Hypoxialnduced Lysyl Oxidase Is a Critical Mediator of Bone Marrow Cell
Recruitment to Form the Premetastatic Nicl@ancer Cel5, 35t44 (2009).

208.Kaplan, R. Net al. VEGFRpositive haematopoietic bone marrow progenitors initiate the
pre-metastatc niche Nature438, 820t827 (2005).

209.Janssen, L. M. E., Ramsay, E. E., Logsdon, C. D. & Overwijk, W. W. The immune system in
cancer metastasis: friend or fogdmmunotherapy cances, 79 (2017).

210. Chuprin, Jet al. Humanized mouse models for inumo-oncology researchiNat Rev Clin
Oncol20, 192t206 (2023).

211.Wang, M.et al. Humanized mice in studying efficacy and mechanisms dif-Rilyeted
cancer immunotherapylhe FASEB Jouri3a 1537t1549 (2018).

212.RiosDoria, J., Stevens, C., Madda@e,Lasky, K. & Koblish, H. K. Characterization of
human cancer xenografts in humanized mig¢émmunother Cancé&; (2020).

213. Capasso, Aet al. Characterization of immune responses to a1 mono and
combination immunotherapy in hematopoietic humaad mice implanted with tumor
xenograftsj. immunotherapy cancef, 37 (2019).

214.Scherer, S. [2t al. An immunehumanized patientlerived xenograft model of estrogen
independent, hormone receptor positive metastatic breast canBeeast Cancer R@8,

100 (2021).



215. Watanabe, Yet al. The analysis of the functions of human B and T cells in humanized
NOD/shiscid/gammac(null) (NOG) mice (EC NOG micdht Immunol21, 843t858
(2009).

216. Ito, R.et al. Establishment of a Human Allergy ModelngsHuman H3/GM-CSR
Transgenic NOG MicgImmunoll91, 2890t2899 (2013).

217.Yu, Het al. A novel humanized mouse model with significant improvement of €lass
switched, antigerspecific antibody productiorBlood129, 959t969 (2017).

218.Danner, Ret al. Expression of HLA Class Il Molecules in Humanized NOD.Rag1KO.IL2ZRgcKO
Mice Is Critical for Development and Function of Human T and BR€DS ONg;
€19826 (2011).

219.Dieci, M. V., Griguolo, G., Miglietta, F. & Guarneri, V. The immune systenonolnia-
receptor positive breast cancer: Is it really a dead e@Gdficer Treatment Reviews, 9t
19 (2016).

220. Risom, Tet al. Transition to invasive breast cancer is associated with progressive changes
in the structure and composition of tumor strom@ell 185, 299310.e18 (2022).

221.Agarwal, Yet al. Development of humanized mouse and rat models withthitkness
human skin and autologous immune ce8gi Red0, 14598 (2020).

222.MartinezPena, let al. Dissecting Breast Cancer Circulating Tu@®ells Competence via
Modelling Metastasis in Zebrafisimternational Journal of Molecular Scien@2s9279

(2021).



223. Mercatali, Let al. Development of a PatierfDerived Xenograft (PDX) of Breast Cancer
Bone Metastasis in a Zebrafish Modeternational Journal of Molecular Sciend§s 1375
(2016).

224.Teng, Yet al. Evaluating human cancer cell metastasis in zebraiSf{C Cancel3, 453
(2013).

225. Bullock, Eet al. Cancerassociated fibroblast driven paracrine@ISTAT3 signaling
promotes migration and dissemination in invasive lobular carcindn@ast Cancer Res
27,121 (2025).

226.Paul, C. Det al. Tissue Architectural Cues Drive Organ Targeting of Tumor Cells in
Zebrafishcels9, 187206.e16 (2019).

227.Ren, J., Liu, S., C0Ii,& ten Dijke, P. Invasive Behavior of Human Breast Cancer Cells in
Embryonic Zebrafisi. Vis Exp5459 (2017) doi:10.3791/554509.

228. Tulotta, Cet al.Inhibition of signaling between human CXCR4 and zebrafish ligands by the
small molecule IT1t imparthe formation of triplenegative breast cancer early
metastases in a zebrafish xenograft modidk Model Mecl9, 141t153 (2016).

229. Eguiara, Aet al. Xenografts in zebrafish embryos as a rapid functional assay for breast
cancer sterdike cell identifcation.Cell Cycl&0, 3751t3757 (2011).

230. He, Set al. Neutrophitmediated experimental metastasis is enhanced by VEGFR inhibition
in a zebrafish xenograft model.PathoR27, 431t445 (2012).

231.Huang, Yet al. RNF12 is regulated by AKT phosphairgn and promotes TGE E]A v

breast cancer metastasi€ell Death Di$3, 1112 (2022).



232. Xiao, Jet al.ldentifying drivers of breast cancer metastasis in progressively invasive
subpopulations of zebrafiskenografted MDAVIB-231.Mol Biomed3, 16 022).

233.Koual, Met al. Aggressiveness and Metastatic Potential of Breast Cancer CéllsltDoed
with Preadipocytes and Exposed to an Environmental Pollutant Dioxin: An in Vitro and in
Vivo Zebrafish Studfnvironmental Health PerspectivEz9, 037002 (2021).

234.Li, Yetal.' v §] %0 3]}V V %Z Eu }o}P] o 8§ EP 3]vP }( rA ]Jvs
cells impairs metastasis in zebrafish and mouse xenograft mdélelast Cancer R4g,
28 (2015).

235.Varanda, A. B., Martidsogrado, A., @dinho Ferreira, M. & Fior, R. Zebrafish Xenografts
Unveil Sensitivity to Olaparib beyond BRCA St&aacerd 2, 1769 (2020).

236.de Boeck, Met al. Smad6 determines BMiegulated invasive behaviour of breast cancer
cells in a zebrafish xenograft mod8ti Res, 24968 (2016).

237.Stoica, G. & Koestner, A. Diverse spectrum of tumors in male Speyuey rats
following single high doses of&lhyl-N-nitrosourea (ENUAmM J Pathal16, 319t326
(1984).

238.Chen, W., Hoffmann, A. D., Liu, H. & Li@rganotropism: new insights into molecular
mechanisms of breast cancer metastasiy. Precision Onz, 4 (2018).

239.Hollern, D. P. & Andrechek, E. R. A genomic analysis of mouse models of breast cancer
reveals molecular features ofmouse models and retahips to human breast cancer.
Breast Cancer Ra$, R59 (2014).

240. Cottu, Pet al. Modeling of response to endocrine therapy in a panel of human luminal

breast cancer xenograftBreast Cancer Res Trda&3 595t606 (2012).



241. Xiao, Yet al. Cathepsin C promotes breast cancer lung metastasis by modulating
neutrophil infiltration and neutrophil extracellular trap formatioBancer Ce89, 423
437.e7 (2021).

242.Grant, G. & Ferrer, C. M. The role of the immune tumor microenvironment in ghapin
metastatic dissemination, dormancy, and outgrowimends in Cell Biolo@y (2025).

243.Liu, Jet al. Human iPS®Based breast cancer model identifies S1@@pendent cancer
stemness induced by BRCA1 mutatiSoience Advancéd, eadi2370 (2025).

244.de Visser, K. E., Eichten, A. & Coussens, L. M. Paradoxical roles of the immune system
during cancer developmeniat Rev Cancd, 24t37 (2006).

245.Guy, C. T., Muthuswamy, S. K., Cardiff, R. D., Soriano, P. & Muller, W. J. Activation of the c
Src tyroge kinase is required for the induction of mammary tumors in transgenic mice.
Genes De8, 23132 (1994).

246. Pochampalli, M. R., Bitler, B. G. & Schroeder, J. A. Transforming growth factor alpha
dependent cancer progression is modulated by Mu€adncer Bs67, 65918 (2007).

247.Rao, Tet al.Inducible and coupled expression of the polyomavirus middle T antigen and
Cre recombinase in transgenic mice: an in vivo model for synthetic viability in mammary
tumour progressionBreast Cancer Researth R112014).

248.Tran, H. Det al. Transient SNAIL1 expression is necessary for metastatic competence in
breast cancerCancer Researd, 6330t6340 (2014).

249. Pickup, M. Wet al. Deletion of the BMP receptor BMPR1a impairs mammary tumor

formation and metatasis.Oncotargets, 22890t904 (2015).



250. Xu, Yet al.Breast tumor celbpecific knockout of Twistl inhibits cancer cell plasticity,
dissemination, and lung metastasis in mieeoceedings of the National Academy of
Scienced14, 11494t11499 (2017).

251. He, Z., Khatib, A. M. & Creemers, J. W. M. Loss of Proprotein Convertase Furin in

Mammary Gland Impairs prolGF1R and prolR Processing and Suppresses Tumorigenesis in

Triple Negative Breast Canc@ancers (Baselp, (2020).

252.Na, T-Y., Schectersqm.., Mendonsa, A. M. & Gumbiner, B. M. The functional activity of E
cadherin controls tumor cell metastasis at multiple stdpoceedings of the National
Academy of Sciencé&d7, 5931t5937 (2020).

253. Sharma, Uet al. Heterotypic clustering of circulsig tumor cells and circulating caneer
associated fibroblasts facilitates breast cancer metast8seast Cancer Res Trdao,
63180 (2021).

254.Velazquez, F. Nt al. Loss of sphingosine kinase 1 increases lung metastases in the
MMTV-PyMT mouse modelf breast cance?LoS On&6, e0252311 (2021).

255.Ye, Zetal.Vacuolini JvZ] 18« v }e}u o SE ((] IJvP v uO%cegendes A]
40, 1775t1791 (2021).

256. Kopanja, Det al. Transcriptional Repression by FoxM1 Suppresses Tumor Differentiati
and Promotes Metastasis of Breast Can@Gancer Re®2, 2458t2471 (2022).

257.Majocha, M. Ret al.Resfl is a compound G4 quadrupessociated tumor suppressor for
triple negative breast cancelPLoS Gene0, €1011236 (2024).

258. Yang, Jet al. Twist, a master regulator of morphogenesis, plays an essential role in tumor

metastasiscell117, 927t939 (2004).

%00



259.

260.

261.

262.

263.

264.

265.

266.

267.

Ghaderinia, Met al. Capturefree deactivation of CTCs in the bloodstream; a metastasis
suppression method by electrostatic stimulatiof the peripheral bloodBiosens
Bioelectronl83 113194 (2021).

Kim, E. ket al. BAF155 methylation drives metastasis by hijacking sepbancers and
subverting anttumor immunity.Nucleic Acids Rd®, 12211t12233 (2021).

Wang, Y. Fet al. Overexpression of Stat3 increases circulating cfDNA in breast cancer.
Breast Cancer Res Trd&7, 69t80 (2021).

Yip, R. K. Het al. Mammary tumour cells remodel the bone marrow vascular
microenvironment to support metastasiat Commuri2, 6920(2021).

Lee, Cet al. TAMpepK Suppresses Metastasis through the Elimination efiM2Tumor
Associated Macrophages in Tripleegative Breast Cancént J Mol S@23, (2022).
Micalizzi, D. St al. Targeting breast and pancreatic cancer mesagt using a dual
cadherin antibodyProc Natl Acad Sci U 929, e2209563119 (2022).

Stravokefalou, et al. Heterodimeric IL15 (hetll:15) reduces circulating tumor cells and
metastasis formation improving chemotherapy and surgery in 4T1 mouselnddNBC.
Front Immunoll3, 1014802 (2022).

Chang, C. ¢t al. The Factin bundler SWAR0 promotes tumor metastasikife Sci
Alliance7, (2024).

Chi, L. Het al.Loss of tumoderived SMAD4 enhances primary tumor growth but not

metastasis dllowing BMP4 signallin@ell Communication and Signali2g 248 (2024).



268. VermehrenSchmaedick, Aet al. Mutation of SIVA, a candidate metastasis gene identified
from clonally related bilateral breast cancers, promotes breast cancer cell spre#ighin v
and in vivoPLoS Ong&9, e0302856 (2024).

269. Zou, Jet al. Systematic optimization and evaluation of culture conditions for the
construction of circulating tumor cell clusters using breast cancer cell B\€. Cancer
24, 507 (2024).

270.Mbalavele, G et al. Ecadherin expression in human breast cancer cells suppresses the
development of osteolytic bone metastases in an experimental metastasis ntcaleter
Researchh6, 4063t4070 (1996).

271.0nder, T. Tet al. Loss of ECadherin Promotes Metsasis via Multiple Downstream
Transcriptional Pathway&ancer Resear@8, 3645t3654 (2008).

272.Kodack, D. Ret al. Combined targeting of HER2 and VEGFR2 for effective treatment of
HER2amplified breast cancer brain metastassoceedings of thBational Academy of
Science409, E3119E3127 (2012).

273.Wege, A. Ket al. Cotransplantation of human hematopoietic stem cells and human
breast cancer cells in NSG mice: a novel approach to generate tumor cell specific human
antibodies. in vol. 6 96877 (Taylor & Francis, 2014).

274.Si, W et al. Dysfunction of the reciprocal feedback loop between GAaA® ZEB2
nucleated repression programs contributes to breast cancer metast@aiscer cel7,
8221836 (2015).

275. Rikhi, Ret al. Murine model othepatic breast canceBiochemistry and Biophysics Reports

8, 115 (2016).



276.Song, Wetal. Zti JvZ] ]S u § <3 ]« }( Vv @oOsRive tripleneyativie®
breast cancer by suppressing ZERiurnal of experimental & clinical cancer rese&gh
113 (2017).
277.Hugo, H. Xkt al. Epithelial requirement for in vitro proliferation and xenograft growth and
metastasis of MDAMVIB-468 human breast cancer cells: oncogenic rather than tumor
suppressive role of-BEadherin.Breast Cancer Researtt 1125 (2017).
278.Zhang, Getal. >}vP v}vr } JvVP ZE ¢ 1r i % @E}u}sS » SZ % E}o]( & S]
%]3Z 0] o u e v ZCu 0o SE ve]8]}v Jv §E]%o0 rv P 8]A & +3§ v
activating ZEBJournal of Cellular and Molecular Medicie 3271t3279 (2019).
279. Taftaf, Ret al.ICAML1 initiates CTC cluster formation and trenslothelial migration in
lung metastasis of breast cancélfat Commuri2, 4867 (2021).
280.Guo, Het al. NR4A1 regulates expression of immediate early genes, suppressing
replication stress in cancevlol Cell81, 40414058.e15 (2021).
281.Hapach, L. et al. Phenotypic Heterogeneity and Metastasis of Breast Cancer Cells.
Cancer Re81, 3649t3663 (2021).
282.Yang, Bet al. Aiduging formula suppresses breast cancer megisis via inhibiting CXGL1
mediated autophagyPhytomedicin®0, 153628 (2021).
283.Fish, Let al. A prometastatic splicing program regulated by SNRPAL interactions with
structured RNA element&cienc&72, (2021).
284.Li, Cet al.ImmunoPET of CD146 Orthotopic and Metastatic Breast Cancer Models.

Bioconjug Cher82, 1306t1314 (2021).



285.Hou, Qetal. £ASE o0pO0 E ,*%0ir WE}U}S ¢« dpul®E®E >Cu%Z vP]}P v
Metastasis in Breast Cancémt J Mol S@2, (2021).

286. Feinauer, M. Rt al. Local blood coagulation drives cancer cell arrest and brain metastasis
in a mouse modeBlood137, 1219t1232 (2021).

287.Li, Let al.Long noncoding RNA ENST00000508435 promotes migration of breast cancer
via FXR LCell Adh Migfl5, 140t151 (2021).

288.Teng, Yet al. SHOX2 cooperates with STAT3 to promote breast cancer metastasis through
the transcriptional activation of WASRBEXxp Clin Cancer R€s274 (2021).

289. Parkins, K. M., Melo, K. P., Chen, Y., Ronald, J. A. & Foster, P. Jnyitwalzir sek
homing with magnetic particle imaginyanoscalel3, 601616023 (2021).

290.Lau, Detal.Role of eD SIti Jv8 PE]v }u%o A ]Jv 8Z u § 3§ §] . lv
JCI Insigh®, (2021).

291.Wang, Yet al.Cyclin D1b induces changes in the macrophage phenotype resulting in
promotion of tumor metastasi€xp Biol Med (Maywoo@¥6, 2559t2569 (2021).

292.Li, Pet al.Notch1 signaling promotes reattachment of suspended cancer cells by €dc42
dependent microéntacles formationCancer Sdi12, 4894t4908 (2021).

293. Scheidmann, M. @t al. An In Vivo CRISPR Screen Identifies Stepwise Genetic
Dependencies of Metastatic Progressi@ancer Re82, 6811694 (2022).

294.Huh, H. Det al. Reprogramming anchoragegendency by adherertb-suspension

transition promotes metastatic disseminatiodol Cancef?2, 63 (2023).



295. Plava, Jet al. Novel model of triplenegative breast cancer produces viable circulating
tumor cells and rapid lung metastasis for functiotesting in vivoNeoplasma/0, 514t
525 (2023).

296. Her, Yet al. Potential Perturbations of Critical Cangegulatory Genes in Triplegative
Breast Cancer Cells Within the Humanized Microenvironment of Patenited Xenograft
Models.J Breast Cance7, 37t53 (2024).

297.Lin, W. Det al. A novel long nortoding RNA MIR4500HG003 promotes tumor metastasis
through miR483-3p-MMP9 axis in triplenegative breast cance€ell Death Di5, 310
(2024).

298. Liu, Het al. Cancer stem cells from human betaumors are involved in spontaneous
metastases in orthotopic mouse modelroc Natl Acad Sci U S6v, 18115t18120
(2010).

299.Drabsch, Y., He, S., Zhang, L., Siagalska, B. E. & ten Dijke, P. Transforming growth
factor-t *]Pv oo0]vP }vSkEhstcahpar metastasis in a zebrafish xenograft
model.Breast Cancer R&$, R106 (2013).

300. Li, Let al. Phytoestrogen Bakuchiol Exhibits In Vitro and In Vivolgmetast Cancer Effects
by Inducing S Phase Arrest and Apoptdsisnt. Pharmacolz, (2016).

301. Britto, D. Det al. Macrophages enhance Vegfiaiven angiogenesis in an embryonic
zebrafish tumour xenograft moddDisease Models & Mechanisihs dmm035998
(2018).

302.Hanna, S. &t al. Tunneling nanotubes, a novel mode of tumor ¢teldaophage

communication in tumor cell invasiodournal of Cell Scient82, jcs223321 (2019).



303.Yang, Yet al. Gomisin M2 from Baizuan suppresses breast cancer stem cell proliferation in
a zebrafish xenograft modehging (Albany NY)1, 8347t8361(2019).

304. SchwarzCruz y Celis, &t al. BasalType Breast Cancer Stem Cells €quress
Chromosomal Passenger Complex Proteledlsd, 709 (2020).

305. Garciavenzor, Aet al.IncMat2B regulated by severe hypoxia induces cisplatin resistance
by increasing DNA damage repair and tuanatiating population in breast cancer cells.

Carcinogenesil, 1485t1497 (2020).

Table Legends

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

Figure Legends



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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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/PTK®6, breast tumor kinase / protein tyrosine kinase 6; CAF, cancer-associated

ILEUREODVW <kdp@ng prdieinWedtasubunit; CBR, click beetle red luciferase; CEACAM1,
carcinoembryonic antigen-related cell adhesion molecule 1; CFP, cyan fluorescent protein; CERM,

FRQGLWLRQDO HVWURJHQ UHFHSWRU

LQ PDPPDU\ WLVVXH &5(

early disseminated cancer cells; EMT, epithelial-mesenchymal transition; ER+, estrogen receptor-

positive; ER-, estrogen receptor- QHIJDWLYH (5.
1; FoxM1, Forkhead box protein M1; GFP, green fluorescent protein; HGF, hepatocyte growth factor;

HVWURJHQ UHFH S WgdedificlpOt8iK D

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,

&UH

)VS

UHF

.



mouse mammary tumor virus promoter; MOLF/EiJ, mouse inbred strain MOLF/EiJ; mTmG, dual
fluorescent Cre reporter (membrane Tomato / membrane GFP); Mucl, 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; Resfl, regulator of metastasis 1; rtTA,
reverse tetracycline-controlled transactivator; SK1, sphingosine kinase 1; Snaill, 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.
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7 71 %$/% ODPPDU /XQJV DQG EORF +HWHUR
F IDW SD( GD\V ULF ,/
7DLO Y} FRPELQ
GD\V ZLWK
GR[RUXI
UHGXFH
PHWDVV
DQG
HIWHQG
VXUYLY

71 EUHEC
FDQFHU
PRGHO

7 71 %$/% 7DLO Yt IXQJIV &7&V U
F ZHHN HDUO\ E
FDQFHU
SDWLHQ
VKRZ
GLVWLQ
PHWDVV
SRWHQV
DQG
PROHFX
SURILO}




7 71 %%$/% ODPPDU 6DFU /XQJV %03 Table 2.
F IDW SD(t FHG | VXSSUH Summary
PHWDVVWV of major
GD\V 0<2) findings
JHQH on
SRWHQV
PHWDVW
VXSSUH
SURJQR
FRQWH]
GHSHQCGC
7 71 %$/% ODPPDU 6DFU /LYHU 6,9%
F IDW SDt FHG | 1
PXWDWL
GD\V SURPRW
EUHDVW
FDQFHU
PHWDVW
LQFUHD
FHOO
LQYDVL
DQG WX
JURZWK
YLYR
7 71 %$/% 7DLO YIF &HOC /XQJV 2SWLPL
F ORFD &7&
LQ W FOXVWH
0XQJ PLPLF
RQ G FOLQLFI
RQH PHWDVW
HQKDQF
FDQFHU
UHVHDU
DQG
WUHDW

metastasis in mouse syngeneic models of mammary carcinoma

Abbreviations: BAF155, BRG1-associated factor 155; BMP4, bone morphogenetic protein 4; Cdhl, 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 Rind@xible 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.

Breast Mouse Injection Metastasis Metastasis Major Refere
. . onset/observe . N
cancer strain site d site(s) findings nces

Cells injected



Subtyp

e
MDA-MB-231 N
MBA-MB-231 N
MCF-7 HR+
HMLER N
MCF-7-5624

HR+
MCF-7-5624A-GF
MCF-7-6012-ERE-
FLuc
BT474 HER2+

Nude

BALB/c-
nu/nu
athymic

NOD-
SCID

Nude

Ovariecto
mized
athymic
nude

Nude

Left cardiac
ventricle

Tail vein

Tail vein

Mammary

fat pad

Tibiae

Left cardiac
ventricle

Brain
parenchyma

3-4 weeks

Sacrifice after
2 weeks
Sacrifice after
9 weeks

8 weeks

N/A

12 weeks

1-5 weeks

Survival

Bones

Lungs
No
metastasis

Lungs

N/A

Fibula,
femur,
lymphatic
vessels and
lymph nodes
Spine,
pelvis, floor
of the mouth
and
mandible,
adrenal
glands, liver,
lungs, brain
and the
mammary
fat pad

Brains

E-cadherin
inhibits breast
cancer cells'
spread to
bones,
mitigating
detrimental
effects

ECM
influences the
growth of
tumor cells;
fibronectin is
associated
with
metastatic
outbreak
E-cadherin
loss in tumors
changes
gene
expression,
facilitating
metastasis

Luminal
breast cancer
metastasis
relies on
estrogen

Dual HER2
and VEGFR2
inhibition
significantly
delays HER2-
positive
breast cancer
brain
metastasis

270

112

271

152

272



MDA-MB-231
High HER2 MDA -
MB-231 (HH)

Luminal E3

MCF-7

Basal EWD8

MDA-MB-231

BT474 + human
CD34 tHSCs

SK-BR-3 + human
CD34 tHSCs

MDA-MB-231

MDA-MB-231

™ Athymic
nude
Ovariecto
mized
TN
HER2+ NSG
HER2+
Nude
TN
SCID
)5*CE
™ KO/NOD

Tail vein

Left cardiac
ventricle

Livers

Livers

Mammary
fat pad

Tail vein

Liver frontal
lobe

N/A

28 days

20 days

20 days

20 days

3 months

3 months

7 weeks

6 weeks

N/A

Lungs

Livers,
abdominal/in
testinal,
mammary
gland lymph
nodes,
renal, brains
and uterine

Extensive
macrometas
tases

Livers and
lungs

Lungs,
brains,
livers,
peritoneum,
testis

Livers

Lungs

Lungs

A new
process by
which HER2
contributes to
the
metastasis of
breast cancer
by de novo
production of
7*)
triggering
EMT

Hormones
drive luminal
breast cancer
metastases,
affecting
dormant
micrometasta
ses

No hormones
are needed
for
metastasis

HTM model
produces
human
tumor-
specific
antibodies,
controlling
HER?2 tbreast
cancer
growth and
metastasis
GATAS3 loss
in breast
cancer forms
a complex,
leading to
metastasis-
related gene
changes
Novel murine
model shows
hepatic
breast cancer
with lung
metastasis
and vascular
invasion

116

153

273

274

275



MDA-MB-231
Hs578T

MDA-MB-468

T47D

Si &#C/MDA231
MDA231/si B2 &

AS1 cells

MDA-MB-231

MCF-7
MCF7-SCP2

MDA-MB-231

PDX

MDA-MB-231

PDX

TN
AR+

TN

HR+

TN

TN

HR+

TN

TN

TN

HR+

BALB/c
athymic
nude

SCID

BALB/c
nude

SCID

Hsd:
Athymic
Nude-
Foxnlnu

NSG

NSG

Tail vein

Mammary
fat pad

Left cardiac
ventricle

Oxter
(Underarm)

Intra-iliac
artery
Intra-cardiac
Mammary
fat pad
Intraductal

Mammary
fat pad

Tail vein

Mammary
fat pad

Sacrificed at 8
weeks

N/A

N/A

7 weeks

4-8 weeks

N/A

2-30 days

Lungs

Lungs,
lymph nodes

Bones

Lungs

Bones,
lungs, livers,
kidneys,
brains

Lungs

Brains

(5 KDV I

potential role
in metastasis
of AR-
positive
TNBC
E-cadherin's
role in breast
tumor growth
suggests
potential MET
involvement
in metastasis
MSK1
activates
genes
preventing
metastatic
progression
in ER+ breast
cancer
LncRNA-
ZEB2-AS1
promotes
TNBC
metastasis
via the
PI3K/AK/GS
. =HE
pathway.
Bone
microenviron
ment
enhances
metastasis in
breast
cancer,
altering cell
behavior and
organotropis
m

ICAM1
promotes
CTC cluster
formation and
lung
metastasis in
TNBC
NR4A1
regulates
IEGsS,
affecting
metastasis
and genomic
stability in

276

277

155

L7/

279

280



MDA-MB-231

MDA-MB-
231/CXCL1

MDA-MB-231

MDA-MB-231-LM2

HCC1806-LM2

MDA-MB-435

MCF-7

MDA-MB-231
MCF-7

Jimtl

CAla-Fluc-mc

TN

TN

TN

HR+

TN
HR+

TN

TN

NOD/SCI
D

Balb/c-
nu-nu
NOD-
SCID

NSG

Balb/c-

nu-nu

BLAB/c
nude

Nu/nu

NSG

Mammary
fat pad

Mammary
fat pad
Tail vein

Tail vein

Mammary
fat pad

Tail vein

Mammary
fat pad

Left cardiac
ventricle

Tail vein

4 weeks

Sacrificed at 60
days

Sacrificed at 45
days

Sacrificed at 30
days

2 days

Sacrificed at 30
days

4 weeks

2 weeks

Lungs,
livers, bones

Lungs

Lungs

Lungs

Lymph
nodes

Brains

Lungs

breast cancer
models
Weakly
migratory
breast cancer
cells with
E-cadherin
drive
metastasis,
challenging
assumptions
Aiduging
formula
inhibits breast
cancer
metastasis by
suppressing
CXCL1-
mediated
autophagy
SNRPA1
drives a
premetastatic
splicing
program,
promoting
breast cancer
lung
metastasis
ImmunoPET
accurately
visualized
CD146
expression in
breast cancer
and lung
metastasis
Extracellular
+VS
promotes
lymph-
angiogenesis
and lymph
node
metastasis in
breast cancer
Local blood
coagulation
drives brain
metastasis in
breast cancer
Vacuolin-1
inhibits
endosomal
trafficking
and

281

282

283

284

285

286

255



MDA-MB-231

DT28 and CAF23
(co-injected)

DT28
CAF23

MCF7

MCF7 and CAF23
(col)
MDA-MB-231 and
CAF23 (col)

MDA-MB-231

MDA-MB-231
SHOX2 KD MDA -
MB-231

MDA-MB-231

MDA-MB-231BR

MDA-MB-231-
iDimerize -c-Met-
OXF
MDA-MB-231-BR
MDA-MB-231-BO
MDA-MB-231-LM2

MCF-7-D1b
MDA-MB-231

™ BALB/c
nude

- NSG

TN

Stromal

cells

HR+

TN

TN NSG
NSG

TN

TN Athymic

HR+ BALB/_c
athymic

TN
nude

Tail vein

Mammary
fat pad
Mammary
fat pad
Mammary
fat pad
Mammary
fat pad
Mammary
fat pad

Tail vein

Tail vein

Mammary
fat pad

Mammary
fat pad

Left ventricle

Left cardiac
ventricle

Tail vein

4 weeks

8 weeks
12 weeks
N/A

N/A

N/A

1 week

6 weeks

N/A

They waited 41
days post
injection to
implant next
cells

3 days

Survived
around 60 days

Sacrificed at 28
days

Lungs

Livers

Livers

No
metastasis
No
metastasis
No
metastasis

Lungs

Lungs

Lungs

Mammary
fat pads,
lungs,
abdomens

Bones,
brains, lungs

Lungs

metastasis
YLD &DS-=
suppressing
tumor spread
ENSTO000005
08435
promotes
breast cancer
cell migration
and lung
metastasis
via FXR1

Heterotypic
CTC-CAF
clusters
enhance
breast cancer
metastasis
more than
homotypic
clusters

SHOX2-
STAT3-
WASF3 axis
promotes
breast cancer
metastasis,

MPI detected
SPIO-labeled
CTCs self-
homing to
primary
breast tumors
c-OHW
complex
promotes
breast cancer
cell
intravasation,
0SSeous
metastasis,
and reduced
survival
Cyclin D1b
promotes
breast cancer
metastasis by
inducing
macrophage
polarization

287

253

288

289

290

291



MDA-MB-231
MCF-7

MDA-MB-231

CDX-BR16

MDA-MB-231-LM2

MDA-MB-231-LM2

NLR-MDA

NLR-JIM

MSC

LMC3
CTC3

MDA-MB-231-
shCTL
MDA-MB-231-sh
TNFRSF11B

N
HR+

TN

HR+

TN

TN

TN

HER2+

Mesenc
hymal
Stromal
Cells

TN

TN

BLAB/c
nude

BALB/c

NSG

NSG

SCID/Bei
ge

NSG

Humaniz
ed NSG

Tail vein

Tail vein

Intracranial

Mammary
fat pad

Mammary
fat pad

SC (Back)
Tail vein
Co-injected

with the
other cells

Tail vein

Mammary
fat pad

Sacrificed at 42
days

Sacrificed at 2
weeks

N/A

4 weeks

3 weeks

N/A

Lungs

Lungs

Bones,
brains,
livers, lymph
nodes

Lungs

Lungs

No
metastasis

Lungs, bone
marrow

Lungs

No
metastasis

to M2
phenotype

Notch-1
signaling
enhances
micro
tentacle
formation,
promoting
metastasis
PPECS
deactivates
CTCs,
reducing
metastasis
and
improving
survival in
mice models
CRISPR
screen in
CTC-derived
xenografts
identifies
genes
essential for
metastatic
progression
in breast
cancer

AST factors
promote

breast cancer

metastasis

Novel TNBC
models
produce
viable CTCs,
rapidly
metastasize
to lungs and

bone marrow

Humanized
TNBC PDX
models
reveal
TNFRSF11B
promotes

tumor growth

292

259

293

294

295

296



MDA-MB-231

MDA-MB-231
1-0

MDA-MB-231
1-5

MDA-MB-231

231-HM

468-GIL

TN

TN

TN

TN

Table 3. Summary of major findings

NOD/SCI
D

NOD/SCI
D

NSG

of breast cancer

Mammary
fat pad
Tail vein

Tail vein

Left
intracardiac
ventricle

Tail vein

Mammary
fat pad

Sacrificed at 14
weeks

Sacrificed at 4

weeks

Sacrificed at 21
days

Sacrificed at 15
days

Sacrificed at 69
days

on metastasis in cell line

Lungs,
brains

Liver

Lungs, livers,
spines

L

u

n

g

S,

liv

er
S

and lung
metastasis

MIR4500HG
promotes
TNBC
metastasis
through miR-
483-3p-
MMP9 axis,
increasing
invasion and
migration
SIVA-D160N
mutation
promotes
breast cancer
metastasis,
increasing
cell invasion
and tumor
growth in vivo

BMP4
suppresses
metastasis;
MYO1F gene
potent
metastasis
suppressor

268

267

-derived xenograft models

Abbreviations: AR, androgen receptor; CAF, cancer-associated fibroblasts; CTC, circulating tumor cells;
CTL, control; EMT, epithelial tPHVHQFK\PDO WUDQVLWLRQ

EHWD

) I XF

ILUHIO\ OXFLIHUDVH

)3

IRRWSDG

)5*

5DJ

protein; HSCs, hematopoietic stem cells; HR, hormone receptor; HTM, human tumor model; ICAM1,

intercellular adhesion molecule 1; IEGs, immediate early genes; llA, intra-iliac artery; IV, intravenous; KD,

knockdown; KO, knockout; MET, mesenchymal fepithelial 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; SPI10O, superparamagnetic iron oxide; TN, triple negative; TNBC, triple-negative breast

cancer; WASF3, Wiskott tAldrich syndrome protein family member 3.
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3'; %UHDV ORXVH 7\SH F ,QMHFV OHWD' OHWDV ODMRU S5HIHU
FDQFH VWUDL 7LVVX VLWH VLV VLV ILQGLQ FHV
VXEW\! RQVH' VLWH

REVH!
HG
3'; +5 1XGH OLQFH 6XEFXW 1 $ 1$ 2QH RX

IURP IUDJP HRXV WKLUW

SDWL WV EUHDV)

v FDUFLC

V ZDV
VXFFH\
0\
HVWDE
G

1RW 1XGH OLQFH BXEFXW IXQJV 3';V

PHWD GHILQI IUDJP HRXV PRQW O\PSK RULJLQ

DWLF WV QRGH IURP

3"V DQG EUHDV)

IURP PHGLD WXPRU

SDWL QXP PHWDYV

v ]JH PRU|

WKDQ F
WXPRU
W\SHV
+5 6ZLVV )UDJP B6XEFXVW 1 $ /IXQJV (VWDEC

3';V  +(5 QXGH QWV HRXV PHQW F

IURP DQG 3';

SDWL 71 ELREDC

v IRU

SUHFOI

GUXJ

HYDOXI
3V  +5 12 OLQFH ODPPDL /IXQJIV &'

IURP +(5 6&," IUDJP IDW SD PRQW O\PSK LVROD\

SDWL DQG DQG WV RL QRGH VHOHF)\

v 16* FHOO" OLYHU WXPRU

WKH F VSOHH LQLWLI
RI DQG FHOOV
SOHXI ERQHYV
HIIXVI

+5 12 YUDJP &OHDUI 1 $ /IXQJV (VWDEC

3;V  +5 +( 6&," QWV F PDPPDL O\PSK PHQW F

IURP 5 16* FHOO' IDW SD QRGH 3'; DQG

SDWL +(5 DQG WKH F SHULW 3'2

v DQG 7: 15* RI OL~ P ELREDC

VSHFL ERQHV WKDW
QV DQG UHFDSI
WK\PX HV NH\
WXPRU
FKDUDF
VWLFV
+5 6&, % OLQFH &OHDUI 1 $ IXQJV 3"V

3';V  +5 +( LJH IUDJP PDPPDI IDLWKI

IURP 5 16* WV RL IDW SD SUHVHI

SDWL +(5 DQG FHOO! WK H

i DQG 7 WKH F JHQRPL




KXPDC RI OL" ODQGV

HG 16’ VSHFL DQG
QV WKHUD
UHVSR(
RI SDW
WXPRU
+5 DQ 12 'LVVR &OHDUI 1 $ 1$ ,GHQWI
3V 71 6&," WHG F PDPPDL RQ RI
IURP PL[HG IDW SD (65
SDWL ZLWK PXWDW
v KXPDC DQG
ILEUR WUDQYV
WV RQV LQ
3';V WK
GLFWD'
UHVSR(
WR
HQGRF
WKHUD

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.



Cell line/PDX Breast Mouse Time of Metastasis  Major Reference
cancer Model metastasi site(s) Findings S
subtype S

SUM-225, SUM-225  SCID/Beig  N/A N/A The mouse 174

DCIS.COM, and FSK- e intraductal

and FSK -H7 H7, model allows
HER2+; the study of
DCIS.COM DCIS

, TN progression
and
recapitulates
features of the
human disease

Genetically HR+ NSG N/A N/A Concomitant
engineered expression of
preneoplasti TERT, BMI1,
¢ HBECs MYC and
CCND1 and
loss of p53 are
sufficient to
replace the

mouse luminal
cells. Mutations
in PI3K in
these cells
confers an
invasive
henotype

MCF-7, T47D, HR+ SCID/Beig  As early as Brain, The intraductal 178

HCC1428, e and NSG 2 months lungs, liver, model

BT474, and and bones  improves the
engraftment of



11 primary ER+ breast

lines cancer cells
and
recapitulates
important
clinical features
of the disease
namely,
metastasis

CTC-ITB-01 HR+ NSG 255 days Brain, In vivo 182
lungs, liver, characterizatio
and bones n of a novel

CTC-derived
breast cancer
cell line
recapitulates
the metastatic
potential
observed in the
atient

MCF-7 WT, 12 weeks Brain, Lasofoxifene
Y537S, and lungs, liver, alone orin
D538G and bones  combination
mutant with CDK4/6
inhibitors,
reduce tumor
burden and
metastasis
formation

MCF-7, T4A7D, HR+ SCID/Beig 2 months Brain, Hormone
HCC1428, e and NSG lungs, liver, exposure
MDA-MB-134 and bones  increases
VI, and 9 metastatic

primary lines spread of ER+



ARTICLE IN PRESS

breast cancer
cell lines and
rimary lines

BT20, As early as  Brain,
HCC1806, 1 week lungs, liver,
and 1 and bones

primary line int
%ograﬁs
Q.[ rm big
I

esions in
distant organs

130 DCIS All NSG N/A N/A High grade,
primary lines  subtypes Q‘ HER?2
?\ amplification,
high burden

copy number
alterations and
expansive 3D
imaging are all
prognostic
factors for
high-risk DCIS

20 cell lines All NSG N/A Sites of 7*) 609" 190
subtypes metastasis  are key
are cell-line regulators of
dependent  tumor

morphology




and
aggressivenes
S

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; Gl, 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 112rgtm1Wijl/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*) WUDQVIRUPL Q J-hethRTAIWidlel iegative; UNBC,
triple-negative breast cancer; WT, wild type; Y537S, ESR1 mutation at tyrosine 537; D538G, ESR1
mutation at aspartic acid 538; 3D, three-dimensional imaging.



Cell/ PDX  Breast Zebrafish Time of Site(s) of Major Findings Reference

line cancer injection metastasi Metastasis S
subtype site S
(post -
injection

MDA-MB-  TNBC Duct of 6 days Trunk and tail  Inhibition of 230
231 and and TN Cuvier fin VEGFR halted
4T1 mouse tumor
mammary vascularization
carcinom and growth but
a promoted
neutrophil
infiltration

resulting in more
dissemination and
micro-metastases
formation

MDA-MB-  TNBC Duct of 12 hours MDA-MB-231 TGF- VLJQDO °

231 and and Cuvier into the axis is required for
MCF- normal- caudal tail; invasion and
10AM2 like MCF-10A M2 metastasis
and M4 breast and M4 into

epithelial the caudal

cells hematopoieti

c tissue




MCF-7 HR+ Yolk sac N/A N/A The 300
phytoestrogen
Bakuchiol reduces
mass formation in
Vivo

MCF-7, MCF-7 Duct of N/A Caudal MCF-7 cells did

MDA-MB-  and Cuvier hematopoieti  not survive in the
231,anda patient c tissue zebrafish embryo;
bone line, HR+; MDA-MB-231 and
metastatic ~ MDA-MB- the patient line
patient 231, TN metastasized

line

MDA-MB- Perivitellin ~ 1-6 days Head and tail Each cell line

231, MCF- e space or  post- fin displays a unique

10A M1 duct of injection growth and

and M2 Cuvier invasive/metastati
¢ behavior

TN rat Perivitellin Macrophages

mammary e space enhance the

carcinom growth and

a dissemination of
mammary

carcinoma cells
via nanotube
formation




MDA-MB-  TNBC Yolk sac N/A N/A The natural

231 and product Gomisin

HCC1806 M2 reduces the
proliferation of
CD44*/CD24
breast cancer
cells in vivo

MCF-7 HR+ Yolk sac N/A Tail fin

Overexpression of
IncMat2B
increases mass
formation and
invasion to the tail

MCF-7and MCF-7, Perivitellin 2 days Tail and head Co-exposure to

MDA-MB-  HR+; e space regions the environmental

231 MDA-MB- pollutant TCDD

231, TN and preadipocytes

increases the
metastatic
potential of tumor
cells

MCF-7 and MCF-7, Yolk sac 1 day Tail Isolation of MDA- 232

MDA-MB-  HR+; MB-231 cells from

231 MDA-MB- the tail are

231, TN enriched for

genes involved in
epithelial-
mesenchymal
transition

activation




MDA-MB- TN Duct of 5 days Tail RNF12 promotes 3%

231 Cuvier extravasation and
metastasis
SUM44PE  HR+ Perivitellin 2 days Heart and IL-6 enhances the 2?5
e space head regions, migration
caudal dissemination of
hematopoieti SUM44PE cells
c tissue, and
tail fin

Table 6. Summary of major findings on metastasis in zebrafish xenograft models of breast cancer

$EEUHYLDWLRQV .Y LQWHJULQ DO SKD -d0onténjrigé (SED/IX BMPE,lbbhie O ,$3 UHSHELC
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;

IncMat2B, 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- WUDQVIRUPLQJ

growth factor beta; TN, triple-negative; TNBC, triple-negative breast cancer; VEGFA, vascular endothelial

growth factor A; VEGFR, vascular endothelial growth factor receptor.
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