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Abstract 

Metastasis is the predominant cause of cancer mortality, primarily driven by complex 

tumor–host interactions within specialized metastatic niches. Recent advances in 

single-cell technologies have provided unprecedented insights into metastatic niche 

formation, evolution and function, including how primary tumors precondition dis-

tant organs for metastases and how disseminated tumor cells dynamically interact 

with host cells to modulate their environments. Integrated single-cell studies across 

multiple cancer types have also revealed divergent and convergent metastatic 

adaptation strategies. These findings collectively highlight metastasis as a dynamic, 

cooperative process shaped by intricate tumor–host interactions, and provide a 

foundation for novel therapeutic strategies targeting components of the metastatic 

microenvironment.

Introduction

Metastasis is the leading cause of cancer-related mortality, accounting for the vast 
majority of cancer deaths [1,2]. The poor prognosis associated with metastasis arises 
from its complex, multi-step nature and the essential role played by the tumor micro-
environment in supporting disseminated tumor cells (DTCs) in forming secondary 
lesions. This metastatic niche—initially proposed as a permissive tissue microenvi-
ronment in secondary organs—provides essential support for circulating tumor cells 
to survive, evade immune detection and proliferate into overt metastatic lesions [3–6].

Metastatic niches exhibit significant cellular and molecular heterogeneity, reflecting 
diverse and dynamic interactions among tumor cells and stromal cell populations. 
Traditional bulk tissue analyses have contributed valuable insights into metastatic 
niches, but lack the resolution to dissect their complexity, as bulk profiling averages 
signals from heterogeneous populations, obscuring key interactions and rare cell 
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states. By contrast, single-cell technologies and other high-dimensional analyses 
(Box 1) enable researchers to identify unique cellular states, map intercellular com-
munication networks, and trace the evolution of metastatic lesions at unprecedented 
resolution.

Box 1  Advanced single-cell and high-dimensional technologies and 
analytic methods for metastasis research.

Single-cell RNA sequencing (scRNA-seq)

scRNA-seq captures gene expression from individual cells, starting with single-
cell isolation, mRNA conversion to cDNA, and sequencing. It enables the 
identification of diverse cell types, rare populations, and cellular states that are 
obscured by bulk analysis. Researchers use scRNA-seq to infer cell differen-
tiation, immune responses, and cell–cell communication by analyzing ligand–
receptor interactions [7].

Single-cell ATAC sequencing (scATAC-seq)

scATAC-seq measures chromatin accessibility in single cells using a Tn5 en-
zyme that tags accessible DNA regions with sequencing adapters. It enables the 
identification of active regulatory regions (promoters, enhancers, etc.) controlling 
gene expression in specific cells. Integrating scATAC-seq with scRNA-seq links 
gene expression to chromatin regulation, clarifying how regulatory elements 
drive cell type differences [8].

Spatial transcriptomics

Spatial transcriptomics measures gene expression directly within intact tissues, 
preserving spatial information lost in conventional scRNA-seq. Tissue sections 
are placed on slides coated with spatial barcodes that capture mRNA for se-
quencing, linking gene expression profiles to precise locations. This enables 
mapping of local molecular signals, cell distributions, and niche interactions 
essential for understanding tumor biology [9].

Multimodal single-cell analysis

Multimodal approaches combine multiple data types (e.g., transcription, chroma-
tin accessibility, protein expression) from the same cells or samples. Examples 
include paired scRNA-seq and scATAC-seq or CITE-seq, which measure pro-
teins alongside RNA. Such integration improves cell type definitions, reduces 
noise, and provides deeper insights into complex cellular states, which can be 
unclear when using a single method [10].

Multiplexed imaging

Multiplexed imaging spatially maps dozens of proteins within tissue sections. 
Co-detection by indexing (CODEX) employs iterative fluorescent labeling with 

Abbreviations: AI, artificial intelligence; BBB, 
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ECM, extracellular matrix; ER, estrogen recep-
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granulocyte-monocyte progenitor; LOX, lysyl 
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DNA-tagged antibodies, enabling visualization of ~60 proteins per cell. Imaging mass cytometry labels proteins with 
metal-tagged antibodies, analyzed by mass spectrometry, achieving similar multiplexing. Both preserve tissue archi-
tecture, clarifying spatial interactions and cellular niches [11–13].

Tumor niche labeling

Both mCherry (fluorescent)-based and Sortase-A-based methods label tumor-adjacent cells (i.e., the niche). 
mCherry-based methods secrete fluorescent proteins, passively labeling nearby stromal and immune cells. By con-
trast, Sortase-A-based microenvironment niche tagging (SAMENT) uses the bacterial Sortase A enzyme to actively 
and covalently tag adjacent cells upon direct contact. While mCherry labeling is simpler, SAMENT provides higher 
specificity and control, ideal for precise niche cell identification and isolation [14,15].

Lineage tracing

Lineage tracing tags individual cancer cells with unique genetic barcodes, enabling researchers to track their descen-
dants during tumor progression. Sequencing barcodes in tumors and metastases allows the identification of clonal re-
lationships, clarifying how metastases originate, evolve, and spread. Barcoding helps answer the questions of whether 
metastases are monoclonal or polyclonal, their clonal origins and which subpopulations drive metastasis [16–18].

Single-cell sequencing has been instrumental in uncovering previously unrecognized cellular genomic and transcrip-
tomic diversity within metastatic niches, revealing distinct gene expression programs in both tumor and stromal cell 
populations. Recent technological advances, including high-dimensional multiplexed imaging and spatial transcriptomics, 
enhance these insights by providing spatial context, capturing dynamic interactions between DTCs and surrounding host 
cells within the tissue microenvironment. Table 1 summarizes recent technological developments and their applications 
in metastasis research. Together, single-cell sequencing and spatial and multiplexed imaging allow direct visualization of 
molecular changes and functional behaviors at the single-cell level, and have profoundly enhanced our understanding of 
metastasis biology.

Advanced high-resolution omics analyses and models have increasingly been employed as discovery approaches 
to initiate investigations, validate methods to translate findings from animal models to human patients, or to conduct 
detailed mechanistic studies in animal systems informed by clinical observations. Specifically, single-cell analyses have 
been critical in resolving cellular heterogeneity, identifying rare but biologically significant subpopulations and elucidating 
precise cell-state transitions typically obscured in bulk sequencing approaches. These technologies have enabled detailed 
mapping of cell–cell interactions, delineation of distinct immune, stromal and tumor cellular subsets, and revealed how 
these interactions establish immunosuppressive niches, drive metabolic adaptations, and promote metastatic progression. 
Studies at single-cell resolution have also uncovered subtle molecular programs and ligand–receptor interactions, provid-
ing essential insights for therapeutic targeting (Table 1).

In this Essay, we highlight key discoveries that have characterized the metastatic niche’s cellular and molecular land-
scape, explore the applications of cutting-edge single-cell technologies in mapping and analyzing metastatic niches and 
discuss the limitations of these approaches. We also consider future developments and emerging strategies to further 
dissect the metastatic niche, including integrative and spatial methods, and how to harness these insights to inform novel 
therapeutic interventions.

Adaptive strategies and microenvironmental cross-talk in metastatic colonization

Successful metastatic colonization requires tumor cells to deploy adaptive strategies that enable them to survive and pro-
liferate within distinct microenvironments at distant sites. In this section, we outline key mechanisms underlying metastatic 
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Table 1.  Milestones in high-resolution/throughput technologies in metastasis research.

Year Method/topic Significant insight/advance

1972 Flow cytometry and FACS FACS enables the isolation and analysis of cells of interest, facilitating early metastasis 
studies [19].

1996 Laser capture microdissection Allows precise extraction of individual cells of interest from tissues for downstream 
analysis [20].

2002 Single-cell genomic hybridization Analysis of DTCs reveals high genetic heterogeneity and post-dissemination selection 
[21].

2007 CTC capture chip Microfluidic CTC-chip captures CTCs from patient blood, enabling real-time metastasis 
monitoring [22].

2008 Single-cell analysis of DTCs HER2 amplification in metastasis-initiating cells is spotted, which had been missed by 
bulk tumor analysis [23].

2011 Single-cell genome sequencing of cancer Reveals clonal evolution and selection of metastatic founder cells in breast cancer [24].

2014 CTC clusters drive metastasis CTC clusters are highly metastatic, demonstrating that collective migration enhances 
metastasis [25].

2014–2015 Intra-tumoral transcriptomic heterogeneity Studying glioblastoma tumors reveals coexisting molecular subtypes, emphasizing 
intra-tumoral heterogeneity [26].

High-dimensional tissue imaging IMC is introduced, allowing high-dimensional spatial analysis of metastatic TMEs [11].

Droplet microfluidics in scRNA-seq Droplet microfluidics scales up scRNA-seq, enabling the simultaneous profiling of thou-
sands of tumor and immune cells [27].

2015–2016 scATAC-seq scATAC-seq helps reveal clonal evolution and selection of metastatic founder cells in 
breast cancer [8].

scRNA-seq in dissecting a metastatic mela-
noma ecosystem

scRNA-seq enables the identification of invasive and drug-resistant cell states within 
tumors [28].

2016–2017 Spatial transcriptomics Spatial transcriptomics maps gene expression in situ, preserving the spatial context of 
metastatic niches [29].

Single-cell multi-omics CITE-seq integrates transcriptomics and surface protein profiling, improving metastatic 
cell classification [30].

2017–2018 Immune cells facilitating metastasis CTC–neutrophil clusters are discovered, showing how immune cells aid CTC survival 
and enhance metastasis [31].

Highly multiplexed immuno-imaging of tumors CODEX and MIBI reveal structured TME within metastatic TNBC [12,13].

2019 Fluorescent-based metastatic niche labeling Cancer-associated parenchymal cells exhibit stem-like traits and support tumor growth 
[15].

2020 Lineage tracing of metastasis CRISPR-based lineage tracing reconstructs the evolutionary paths of metastatic clones 
in vivo [17].

2020–2025 Single-cell/special-resolved atlases of meta-
static tumors

Single-cell atlases of metastatic cancers provide high-resolution maps of tumor hetero-
geneity and immune interactions [32–35].

2021 Lineage tracing and transcriptome recording Metastatic pancreatic cancer cells arise from a rare hybrid EMT state, balancing growth 
and invasion [36].

2023 Spatial immune landscape of brain 
metastases

IMC analysis of brain metastases reveals distinct immune microenvironments compared 
to primary brain tumors [37].

2024 Multi-modal single-cell and spatial map of 
metastatic breast cancer

Multi-modal single-cell and spatial transcriptomics map metastatic breast cancer across 
multiple organ sites, identifying conserved metastatic cell states [38].

2024–2025 Fluorescent-based metastatic niche labeling in 
brain metastasis

TNBC forms perivascular sheaths, and HER2-positive breast cancer forms spheroids, 
evoking distinct microglial and stromal responses in brain metastasis [39].

Sortase-A mediated niche labeling SAMENT niche labeling revealed that ERα+ macrophages exclude T cells in metastatic 
niches, promoting cancer colonization across multiple organs [14].

Fluorescent-based metastatic niche labeling in 
bone metastasis

Bone marrow macrophages essential for erythropoiesis are hijacked by metastatic tumor 
cells to acquire iron, impairing blood cell production, promoting cancer growth, and 
driving anemia in metastatic niches [40].

This table summarizes key technological advances that have deepened our understanding of tumor metastasis by enabling detailed investigation of 
cellular and molecular heterogeneity and interactions within metastatic environments. CITE-seq, cellular indexing of transcriptomes and epitopes by 
sequencing; CODEX, co-detection by indexing; CRISPR, clustered regularly interspaced short palindromic repeats; CTC, circulating tumor cell; DTC, 

(Continued)
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adaptation, focusing on how tumor cells communicate with host tissues to establish pre-metastatic niches, regulate dor-
mancy, remodel immune responses, and undergo metabolic reprogramming.

Micrometastases and pre-metastatic niche formation

Before metastases become clinically apparent, primary tumors alter distant microenvironments, creating specialized 
‘pre-metastatic niches’ that support DTCs (Fig 1). Early studies identified bone marrow-derived myeloid cells infiltrating 
future metastatic sites, secreting factors that remodel local vasculature and extracellular matrix (ECM) [6]. Tumor-derived 
exosomes contribute to niche formation by inducing pre-metastatic changes in distant tissues [41]. These findings intrigu-
ingly demonstrate the systemic communication capabilities of tumors via exosomes, underscoring their potential as 
therapeutic targets or biomarkers for early metastatic detection. Additionally, tumor-secreted factors such as lysyl oxidase 
(LOX) initiate ECM remodeling via collagen crosslinking and monocyte recruitment, enhancing niche readiness [42]. 

disseminated tumor cell; EMT, epithelial–mesenchymal transition; ERα, estrogen receptor-α; FACS, fluorescence-activated cell sorting; HER2, human 
epidermal growth factor receptor 2; IMC, imaging mass cytometry; MIBI, multiplexed ion beam imaging; SAMENT, Sortase-A-based microenvironment 
niche tagging; scATAC-seq, single-cell assay for transposase-accessible chromatin with high-throughput sequencing; scRNA-seq, single-cell RNA se-
quencing; TNBC, triple negative breast cancer; TME, tumor microenvironment.

https://doi.org/10.1371/journal.pbio.3003299.t001

Table 1.  (Continued)

Fig 1.  Single-cell insights into pre-metastatic niche formation, tumor dormancy, and reactivation dynamics. Schematic representation illustrat-
ing critical events in metastatic niche formation and progression revealed by single-cell analyses. Primary tumors initiate the creation of pre-metastatic 
niches (PMNs) through the release of tumor-derived exosomes and factors, which recruit myeloid-derived cells and induce stromal remodeling in distant 
tissues, establishing an immunosuppressive and fibrotic microenvironment prior to tumor cell arrival. Upon arrival, disseminated tumor cells may enter 
dormancy, regulated by niche interactions involving immune and vascular cells. Dormant cells are maintained by interactions with stable vasculature, 
immune surveillance, and signaling pathways such as Jagged-1/Notch, but can reactivate when interacting with niche cells. ECM, extracellular matrix; 
MMP, matrix metalloproteinase; NET, neutrophil extracellular trap.

https://doi.org/10.1371/journal.pbio.3003299.g001

https://doi.org/10.1371/journal.pbio.3003299.t001
https://doi.org/10.1371/journal.pbio.3003299.g001
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LOX-driven ECM remodeling is also a potential therapeutic target, given its essential role in physically reshaping tissues 
to accommodate tumor growth. VEGFR1-expressing myeloid cells from bone marrow also play crucial roles, underscoring 
the complexity of cellular interactions during metastatic niche formation [43]. Identifying these VEGFR1+ cells suggests 
possible utility in targeting this cell population specifically to prevent or limit metastasis.

The advent of single-cell analyses has significantly refined our understanding of pre-metastatic niches, uncovering pre-
viously unrecognized cellular heterogeneity and molecular interactions at single-cell resolution. For example, single-cell 
RNA sequencing (scRNA-seq) of pre-metastatic lung microenvironments revealed expansions of pro-inflammatory 
neutrophils that orchestrate early niche formation, remodeling the ECM and promoting the outgrowth of dormant DTCs 
[44] (Fig 2A). A recent study using scRNA-seq uncovered a previously unknown tumor-induced interaction between 
osteoprogenitor (OP) cells and granulocyte-monocyte progenitor (GMP) cells within the bone marrow ecosystem [45]. 
Extracellular vesicles containing HTRA1 drive OPs to overexpress matrix metalloproteinase 13, promoting GMP expan-
sion and systemic immunosuppression. Single-cell approaches were crucial in these studies for identifying specific cellular 
populations and their molecular interactions, demonstrating a complex, systemic remodeling initiated long before overt 
metastasis. Critically, this abnormal tumor-induced myelopoiesis and the resulting immunosuppressive environment are 

Fig 2.  Divergent and convergent mechanisms in metastatic colonization. A. Tissue-specific mechanisms underlying metastatic colonization. 
Disseminated tumor cells (DTCs) engage in distinct interactions with organ-resident cells upon arrival at distant sites. Cancer cells adaptively reprogram 
the local environment to facilitate survival and expansion. For example, in bone, tumor-secreted cytokines disrupt osteoblast–osteoclast homeostasis, 
promoting a cycle of bone remodeling and tumor growth. Such adaptations depend on both tissue-specific features and intrinsic tumor properties. B. 
Shared mechanisms facilitating metastatic colonization. DTCs commonly employ strategies to evade immune detection, including recruitment of immu-
nosuppressive cell populations, suppression of natural killer and T cell functions, and intrinsic metabolic reprogramming. These shared mechanisms are 
broadly conserved across diverse cancer types and metastatic sites. BBB, blood–brain barrier; CTL, cytotoxic T lymphocyte; ECM, extracellular matrix; 
MDSC, myeloid-derived suppressor cell; MMP, matrix metalloproteinase; NET, neutrophil extracellular trap; OXPHOS, oxidative phosphorylation; T

H
1, T 

helper 1 cell; TME, tumor microenvironment; Treg, regulatory T cell.

https://doi.org/10.1371/journal.pbio.3003299.g002

https://doi.org/10.1371/journal.pbio.3003299.g002
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therapeutically targetable through IL-1β inhibition, which effectively normalized myeloid differentiation and significantly 
reduced metastatic spread [45,46]. These findings underscore the importance of the tumor-driven microenvironmental 
alterations preceding overt metastatic colonization.

Dormancy and reactivation of disseminated cells

DTCs frequently enter a dormant state within distant organs, surviving as microscopic lesions for prolonged periods 
before reactivating into overt metastases. A study that used 3D co-culture models and intravital imaging demonstrated that 
DTCs remain in a growth-arrested state when positioned on stable capillaries but transition to active proliferation upon 
association with angiogenic vessels [47]. Thus, the condition of the local vasculature has emerged as a critical regulator of 
tumor dormancy. Conversely, distinct niche-derived signals can initiate the reactivation of dormant cells. Several semi-
nal single-cell-informed studies have neutrophils and neutrophil extracellular traps (NETs) as essential triggers for DTC 
reactivation. Specifically, NETs deposit proteases and pro-inflammatory mediators, degrade dormancy-maintaining ECM 
components and reactivate dormant tumor cells [48] (Fig 1). Clinically, these findings align with observations linking pro-
inflammatory responses or tissue injury to subsequent metastatic flare-ups [49,50].

Various molecular mechanisms underlying DTC dormancy and reactivation in bone have been explored using high-
resolution imaging combined with mouse models. Bone metastasis initiation closely couples with bone remodeling pro-
cesses, particularly involving NG2+ mesenchymal stem/stromal cells. NG2+ cells promote cancer cell proliferation and 
migration through direct cell–cell interactions mediated by N-cadherin [51]. Importantly, osteogenic niches within the bone 
microenvironment transiently reduce estrogen receptor (ER) expression in micrometastases of ER+ breast cancer cells via 
epigenomic reprogramming mediated by EZH2, facilitating endocrine resistance and enhanced cellular plasticity, which 
can potentially reactivate the dormant cancer cells [52]. Furthermore, heterotypic adherens junctions formed between 
cancer and osteogenic cells activate mTOR signaling, which is crucial for progressing from micrometastases to macrome-
tastases [53]. Lastly, osteogenic cells act as calcium reservoirs, directly transferring calcium to cancer cells through gap 
junctions, thereby boosting intracellular calcium signaling, further promoting dormant metastatic tumor exit latency and 
aggressive progression [54].

Dormancy is increasingly being recognized not as a passive state, but rather as an actively maintained balance mod-
ulated by precise niche-derived signals, including local vasculature stability, NET production, NG2+ mesenchymal stem/
stromal cell interactions, osteogenic niche-driven epigenomic reprogramming, and calcium signaling through heterotypic 
cell junctions. Disruption of this equilibrium by pro-inflammatory, stromal, or cellular cues prompts metastatic reactivation. 
Understanding these intricate cellular and molecular interactions opens promising therapeutic avenues to maintain dor-
mancy, inhibit reactivation, and ultimately prevent metastatic progression.

Metabolic adaptations in metastatic outgrowth

Colonization of distant organs requires significant metabolic flexibility from DTCs. Metastatic cells commonly reprogram 
their metabolic activities to accommodate distinct nutrient availability and oxygenation status at new metastatic sites; for 
instance, metastatic tumor cells frequently shift towards oxidative metabolism. Analysis of breast cancer patient-derived 
xenograft models has demonstrated that primary tumor cells predominantly activate hypoxia and glycolysis pathways, while 
their corresponding lung metastases exhibit enrichment in oxidative phosphorylation and MYC-regulated metabolic pro-
grams [55] (Fig 2B). A compelling illustration of organ-specific metabolic adaptation arises from brain metastases. Breast 
cancer cells metastasizing to the brain adopt neuronal metabolic characteristics, specifically utilizing the neurotransmitter 
gamma-aminobutyric acid (GABA) as an energy source. High-resolution imaging with biochemical assays have revealed 
that brain-tropic breast cancer cells significantly overexpress GABA transporters and related metabolic enzymes, facili-
tating GABA import from the neural microenvironment and subsequent catabolism into succinate and NADH for energy 
production [56]. This specialized metabolic strategy, involving the exploitation of a brain-specific metabolite, exemplifies 
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how metastatic cells adapt metabolically to the organ-specific microenvironment. These findings collectively emphasize that 
metastatic tumor cells undergo metabolic reprogramming—exploiting niche-specific nutrients such as neural-derived GABA 
to enhancing antioxidant production—to support survival and proliferation in distal tissue contexts.

Immune remodeling by metastatic cells

The ability to evade or suppress immune responses is a hallmark of successful metastatic progression. Single-cell res-
olution studies have revealed that metastatic sites frequently develop specialized immune microenvironments that favor 
tumor cell survival. Although immune surveillance can eliminate numerous DTCs, those cells that successfully form 
macrometastases typically do so within immunosuppressive niches. Such environments often exhibit dysfunctional or 
excluded cytotoxic immune cell activity, accompanied by an increased presence of regulatory and pro-tumoral immune 
populations.

Single-cell and spatial transcriptomic analyses of matched primary and metastatic colorectal cancer samples have 
uncovered an immunosuppressive niche in liver metastases, characterized by heterogeneous populations of macro-
phages and neutrophils. These analyses identified a distinct, metabolically active pro-tumoral macrophage subtype 
(MRC1+CCL18+) dominating the metastatic niche [57]. Another study identified osteopontin (SPP1)+ ‘foam cell’ macro-
phages and reactive fibroblasts that promoted immune suppression by enriching regulatory T cells and depleting cytotoxic 
T cells in colorectal liver metastases [58]. In breast and lung cancer brain metastases, resident microglia and macro-
phages adopt wound-healing states, resulting in excessive collagen deposition by reactive astrocytes and fibroblasts and 
transforming the normally ECM-poor brain tissue into a fibrotic, tumor-supportive environment [59] (Fig 2B). Lung cancer 
bone metastases create senescent, pro-angiogenic niches involving senescent-like tumor cells, stressed CD4+ T cells, 
and endothelial-to-mesenchymal transitions. Here, SPP1 facilitates communication among tumor cells, T cells, and endo-
thelial cells, enhancing angiogenesis and immune suppression via endothelial SOX18 activation [60]. Similarly, prostate 
cancer bone metastases establish an immunosuppressive bone marrow environment with exhausted T cells and special-
ized macrophages driven by the CCL20–CCR6 chemokine axis; targeting this pathway restored immune responses and 
inhibited tumor growth in mouse models [61].

Single-cell studies that focus on hematopoietic stem and progenitor cell subtypes have revealed that metastatic tumors 
rich in IL-6 alter bone marrow hematopoiesis, favoring immunosuppressive myeloid cell production at the expense of other 
lineages, creating a systemic pro-metastatic immune environment [62]. Furthermore, tumor-bearing mice exhibit inflamed 
endothelial cells, hypothalamic inflammation, and elevated appetite-suppressing factors such as lipocalin-2, linking met-
astatic tumors directly to altered central metabolism and appetite regulation [63]. Thus, metastases profoundly impact 
systemic physiology beyond local niches.

Stromal cell contributions to metastatic outgrowth

In addition to immune cells, various stromal cells—including fibroblasts, endothelial cells, pericytes, and astrocytes—are 
co-opted by metastatic tumors to establish a supportive niche. A population of cancer-associated parenchymal cells 
(CAPs) were discovered in breast cancer lung metastases using a fluorescent niche labeling approach and scRNA-seq 
[15]. The CAPs originated from normal lung alveolar epithelial cells that acquired stem-like and mesenchymal charac-
teristics under the influence of nearby tumor cells. These reprogrammed epithelial cells produced factors that supported 
metastatic growth, demonstrating the hijacking of non-immune stromal cells to favor colonization. Similarly, in brain metas-
tases, resident astrocytes become key niche players, forming gap junctions with tumor cells and secreting molecules (e.g., 
cytokines such as IL-6 and IGF-1) that enhance cancer cell survival and blunt T-cell attacks [64–66] (Fig 2A). Inhibition 
of the gap junction protein connexin 43, essential for astrocyte–tumor interactions, can effectively suppress metastatic 
growth in mouse models [67,68] suggesting that targeting astrocytes and their gap junctions with tumor cells could have 
therapeutic potential in treating brain metastasis.
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Endothelial cells can also significantly influence metastatic niches, depending on their activation state. As previously 
noted in the dormancy context, endothelial cells in a quiescent state maintain tumor dormancy, whereas activated, angio-
genic endothelial cells can stimulate metastatic cell proliferation [47]. New vasculature in metastases often expresses 
unique adhesion molecules, facilitating further cancer cell recruitment and immune cell trafficking. Furthermore, perivas-
cular cells such as pericytes secrete chemokines that result in tumor cell attraction [64–66] (Fig 2B). The results of these 
single-cell investigations collectively portray metastasis as a collaborative effort wherein metastatic tumor cells induce 
reprogramming of surrounding stromal cells, converting them into supportive niches. Each stromal cell type, whether fibro-
blast, epithelial cell, or astrocyte, is actively reshaped by metastatic tumor cells, reinforcing the concept of metastasis as a 
complex, cooperative process where local tissue components are remodeled to facilitate tumor growth.

Clonal heterogeneity underlies convergent and divergent metastatic patterns

Metastatic cancer cells encounter diverse ‘seed and soil’ conditions across various organs. Although only a small subset 
of circulating tumor cells colonizes distant sites successfully, those that do must adapt specifically to each organ’s unique 
microenvironment or niche. In this section, we first explore recent single-cell studies on organ tropism by using breast can-
cer as a primary example, detailing how distinct distal tissues (‘soil’) employ unique mechanisms to support DTCs. Next, 
we discuss the clonality of metastatic tumor cells (‘seeds’) from the viewpoint of polyclonal metastasis. Last, we highlight 
recent integrated single-cell sequencing analyses, illustrating divergent and convergent colonization strategies utilized by 
different cancers at common metastatic sites.

Organ tropism in metastasis

Breast cancer frequently metastasizes to bone, lung, liver, and brain, each providing specialized niches that tumor cells 
utilize during colonization (Fig 2A). In bone, breast cancer cells activate osteoclast-mediated bone resorption through the 
RANKL–RANK or TGF-β–PTHrP-driven cycle, releasing growth factors that further promote tumor growth [69,70]. This 
niche is characterized by fibrosis, immune suppression, and an abundance of cancer-associated fibroblasts (CAFs) [71]. 
The liver presents another challenge, as resident Kupffer cells rapidly clear circulating tumor cells [72]. Breast cancer-
derived integrin-rich exosomes contribute to hepatic niche formation, suppressing immune responses [73] and inducing 
hepatic stellate cells to differentiate into protective CAFs, creating a fibrotic and immunosuppressive environment [74]. 
In the lung, breast cancer cells must evade innate immune defenses such as natural killer cells and neutrophils [75,76]. 
Such immune evasion is mediated by tumor cells releasing pro-inflammatory and proteolytic factors, including COX2, 
MMPs, and angiopoietin-like 4, to enhance vascular permeability and extravasation [77–80]. Brain metastasis involves 
overcoming the blood–brain barrier (BBB), often facilitated by tumor-specific molecules such as alpha2,6-sialyltransferase 
[81]. Upon successful colonization, metastatic cells form gap junctions with astrocytes, altering astrocyte–immune signal-
ing pathways to foster tumor growth and resistance to apoptosis. Additionally, microglia adopt immunosuppressive roles, 
while adaptive immune infiltration remains limited due to the BBB [82–85].

These distinct niches in bone, liver, lung, and brain collectively exemplify how cancer cells exploit organ-specific 
strategies through tailored molecular adaptations, stromal cell engagement, and immune modulation. Researchers have 
employed rigorous experimental approaches to uncover these niche-specific mechanisms and to identify previously unrec-
ognized cellular subsets: sampling metastatic tissues from individual organs, profiling them using advanced single-cell 
sequencing and spatial imaging technologies, and performing comparative transcriptomic analyses. However, a notable 
gap remains in understanding the dynamic interplay between these diverse niches and how metastatic cells simultane-
ously adapt their strategies across multiple organ microenvironments. Future research should integrate multi-organ sam-
pling and longitudinal single-cell analyses to unravel how tumor cells dynamically coordinate these complex interactions 
over time. Such integrative studies hold significant promise for designing therapies targeting universal and niche-specific 
vulnerabilities, ultimately improving outcomes for patients with metastatic lesions.
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Polyclonal heterogeneity in metastasis

The ‘seed and soil’ hypothesis by Stephen Paget originally proposed that successful metastatic colonization occurs only 
when tumor cells (‘seeds’) encounter an organ microenvironment (‘soil’) conducive to their growth [86]. Modern genomic 
and lineage-tracing studies have expanded this theory, revealing that metastases frequently arise through polyclonal 
seeding, in which genetically heterogeneous tumor cell clusters jointly colonize distant sites, significantly enhancing 
metastatic efficiency compared to single-cell dissemination [87] (Table 1). Such cooperative colonization highlights that 
metastasis success depends equally on the microenvironmental conditions of the target organ and the intrinsic, collective 
properties of the DTCs.

Single-cell analyses have illuminated the role of tumor cell clonality and organ-specific colonization mechanisms in 
metastasis. Polyclonal heterogeneity has been found in gastric cancer metastases across multiple organs, revealing 
specific tumor subpopulations adapted to tissue-specific niches and underscoring the role of tumor heterogeneity in met-
astatic specificity [88]. Similarly, scRNA-seq and spatial transcriptomics have been used to show that colorectal cancer 
metastases to the liver and ovary involve distinct tumor subclusters with unique molecular interactions tailored to the 
respective organ microenvironments; tumor cells exhibiting DLL4–NOTCH signaling were associated with ovarian coloni-
zation, whereas tumor cells with similar expression patterns to cholangiocytes were associated with liver metastasis [89]. 
These studies integrate and expand upon Paget’s original ‘seed and soil’ theory, illustrating that polyclonal dynamics and 
specific cellular adaptations critically shape metastatic outcomes across diverse organs.

Convergent and divergent metastasis

We believe that the concepts of tumor polyclonal metastasis and convergent–divergent adaptation are closely intercon-
nected, representing complementary aspects of metastatic complexity. Polyclonal seeding implies that heterogeneous 
tumor cell populations cooperatively colonize distant organs, potentially enhancing metastatic success through diverse 
yet collaborative biological strategies. This intra-tumoral diversity enables metastatic clusters to flexibly exploit multiple 
adaptive pathways simultaneously, setting the stage for both convergent mechanisms (shared adaptations across differ-
ent tumors colonizing the same organ) and divergent strategies (reflecting specific traits shaped by their tissue of origin). 
Thus, polyclonal dynamics serve as a foundation for understanding how tumor cells achieve metastatic efficiency by 
simultaneously leveraging common niche-specific pathways and uniquely tailored adaptations.

Recent integrated single-cell analyses across different cancers colonizing the same organ have further revealed 
convergent and divergent adaptation strategies. A comprehensive transcriptomic meta-analysis across multiple cancer 
types revealed organ-specific metastatic gene expression programs that are consistently activated by diverse tumors 
metastasizing to the same site, such as neural signaling in brain metastases and hypoxia pathways in liver metastases 
[90]. Similarly, a direct comparison of brain metastases from lung adenocarcinoma and breast carcinoma at single-cell 
resolution revealed distinct tumor cell characteristics influenced by their tissues of origin; lung-derived tumor cells pre-
served alveolar lineage signatures, whereas breast-derived cells exhibited proliferative epithelial traits and stromal inter-
actions [84]. Moreover, shared and distinct adaptation strategies have been noted among bone metastases from multiple 
primary tumor types; different cancers frequently converge on similar metastatic microenvironments, such as niches 
characterized by osteoclast-mediated bone resorption. Conversely, individual cancer types (e.g., lung cancers) can 
diverge by forming distinct immune archetypes, ranging from osteoclast-mediated niches to environments enriched with 
immunosuppressive CD4+ regulatory T cells and exhausted CD8+ T cells, underscoring the complex interplay between 
tumor origin and immune microenvironment adaptations [35]. Niche-labeling and single-cell analyses have further clar-
ified convergent mechanisms used by diverse cancers metastasizing to bone. By using a Sortase A-based metastatic 
niche-labeling method (Box 1), ERα+ macrophages were identified that were specifically enriched in bone metastatic 
niches across multiple cancer types. Preprinted results suggest that these macrophages inhibited T cell infiltration via 
ERα signaling, promoting immune evasion and metastatic colonization [14]. Preprinted results of another study that 
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used fluorescence-based niche labeling integrated with single-cell investigations revealed that metastatic tumors exploit 
iron-regulating macrophages in bone marrow, diverting iron metabolism from erythropoiesis toward tumor growth and 
leading to anemia [40]. The convergence of this iron-metabolic pathway across diverse cancer metastases highlights 
its potential as a common therapeutic target. Without such single-cell resolution and novel niche-labeling techniques, 
these intricate cellular adaptations and interactions would likely have remained undiscovered. These studies have shown 
that different cancers colonize the same distant organ through shared molecular pathways and unique tissue-of-origin-
specific adaptations.

Knowledge gaps and roadmap for future studies

A significant challenge in metastasis research is the technological limitation in reliably detecting microscopic metastatic 
niches, both clinically and preclinically. Traditional clinical imaging modalities, including MRI, CT, and PET, struggle to 
identify metastatic lesions smaller than approximately 1 cm3, resulting in microscopic niches remaining undetectable until 
substantial growth has occurred [91]. Similarly, it can be challenging to detect microscopic lesions in animal models with-
out using invasive or terminal methodologies, complicating longitudinal studies on early metastatic events [92,93]. Con-
sequently, early metastatic dissemination remains difficult to study due to intrinsic sensitivity limitations and the stochastic 
nature of metastatic spread.

Identifying rare cell populations, essential for understanding the initiation and progression of metastasis, is also signifi-
cantly constrained by current technologies. Marker-based approaches such as fluorescence-activated cell sorting, imaging 
mass cytometry, and scRNA-seq depend on the use of predefined markers, meaning that rare or previously unidentified 
cell types can potentially be overlooked [94]. Additionally, single-cell transcriptomic data often display considerable spar-
sity and technical noise, obscuring subtle yet biologically relevant differences and possibly masking rare cells or unique 
functional states [95]. Although computational methods to overcome these limitations are continuing to evolve, significant 
improvements are still needed to resolve these technological constraints effectively [96].

Spatial and temporal limitations further hinder single-cell metastatic research. Current spatial transcriptomics technolo-
gies force trade-offs between resolution and transcriptomic depth; higher spatial resolution typically limits gene detection, 
whereas methods capturing comprehensive transcriptomic profiles lack actual single-cell resolution [97]. Additionally, the 
high cost and technical complexity of spatial technologies restrict their widespread adoption and hinder their application in 
longitudinal studies, leaving gaps in our understanding of time-resolved metastatic dynamics at the single-cell level [98]. 
There is thus a need for cost-effective, high-throughput spatial methodologies suitable for frequent longitudinal sampling 
to capture metastatic progression comprehensively.

Integrating multi-omics data also poses significant hurdles, primarily related to data sparsity, batch effects, and the 
risk of losing genuine biological variability during computational integration [99,100]. Effective integration of diverse data 
modalities, such as genomics, transcriptomics, epigenomics, and proteomics, demands sophisticated computational 
frameworks that preserve biological authenticity across heterogeneous datasets. Similarly, machine learning and artificial 
intelligence (AI) applications in single-cell analyses face constraints due to the requirement for large, accurately annotated 
datasets. The scarcity of high-quality annotated datasets often leads to biases or inaccuracies, particularly when distin-
guishing rare or previously uncharacterized cell states [96,101]. Enhancing the interpretability and biological relevance of 
AI models will be essential to maximize their utility in metastasis research.

Another issue to contend with is variability in tissue dissociation and harvesting protocols across laboratories, which 
can introduce batch effects that particularly impact complex tissues such as bone, which contains mineralized structures, 
or fatty tissues like the brain. These procedural differences may cause biased cell sampling and potentially mislead biolog-
ical interpretations. Additionally, single-nucleus RNA sequencing, often used due to its practicality, captures only nuclear 
transcripts rather than comprehensive cellular RNA profiles, limiting data completeness. Multiplexed imaging approaches 
such as CODEX (Box 1) involve repeated probe hybridization and wash cycles, potentially weakening or distorting 
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cell-surface marker signals. Furthermore, inconsistent data-processing standards can introduce analytical bias, complicat-
ing reproducibility across studies [102].

Addressing these limitations will necessitate innovative animal models and research methodologies explicitly designed 
for high-resolution metastasis studies. Engineered metastatic niches that attract DTCs into defined, accessible loca-
tions can facilitate the detection and analysis of early metastatic events without relying on invasive methods [36,91,103]. 
Additionally, niche-labeling techniques, in which tumor cells label adjacent niche cells, provide valuable spatial information 
and enable single-cell profiling independent of traditional spatial transcriptomics approaches [14,15,104]. Furthermore, 
advanced lineage-tracing methods utilizing CRISPR-based barcoding offer promising opportunities to dissect metastatic 
progression with unprecedented temporal resolution at the single-cell level [36,105,106].

These technological advances aim to help researchers to develop personalized metastasis prevention and treatment 
approaches. Utilizing high-resolution single-cell and spatial insights could allow for earlier and more accurate identifica-
tion of patient-specific metastatic risks and therapeutic vulnerabilities [94]. For example, analyzing circulating tumor cells 
and profiling metastatic niches could predict the onset of metastasis, enabling tailored preventive measures or therapies 
targeting specific metastatic cell populations [107]. Incorporating these advanced methodologies into clinical practice 
represents a promising future direction toward personalized oncology, potentially transforming clinical outcomes through 
precisely timed and targeted interventions.

Conclusions

Single-cell omics technologies have fundamentally transformed our understanding of metastatic niches, providing unprec-
edented insights into the complex cellular ecosystems underpinning cancer metastasis. By dissecting cellular hetero-
geneity at high resolution, these advanced methodologies have revealed the dynamic evolution of metastases through 
interactions between DTCs and diverse host cell populations. Techniques such as scRNA-seq and advanced imaging 
have enabled the identification of distinct cellular phenotypes and molecular states that characterize metastatic niches, 
highlighting that pre-metastatic niche formation, dormancy, immune evasion, and metabolic adaptation are actively 
orchestrated processes driven by intricate cellular communication within the microenvironment.

Despite remarkable progress, significant challenges persist. Current technologies often lack the sensitivity to detect 
early metastatic dissemination, hindering longitudinal studies focused on initial niche establishment and subsequent 
progression. Additionally, existing single-cell approaches encounter limitations due to dependence on predefined markers, 
data sparsity, technical noise, and restricted spatial-temporal resolution. Addressing these issues will necessitate novel 
multidisciplinary approaches integrating advanced spatial transcriptomics, lineage-tracing methodologies, and multiomics 
analyses enhanced by sophisticated computational frameworks and AI.

Looking forward, advancements in these technological domains will unlock unprecedented opportunities to investigate 
metastasis. These innovations will facilitate detailed mapping of niche dynamics across time, uncovering organ-specific 
and common metastatic adaptation mechanisms shared among various cancers. Clinically, such discoveries could enable 
personalized strategies for metastasis prevention and targeted treatment by revealing critical vulnerabilities within meta-
static cells and their niches. Single-cell techniques thus hold promise in bridging fundamental metastasis research with 
clinical oncology applications, paving the way for precise targeting of metastatic disease. By elucidating the complexities 
of metastatic niches at single-cell resolution, researchers are positioned to revolutionize metastasis prevention and treat-
ment, significantly enhancing cancer prognosis and transforming patient care.

Author contributions

Conceptualization: Fengshuo Liu, Xiang H.-F. Zhang.

Formal analysis: Fengshuo Liu.

Investigation: Fengshuo Liu.



PLOS Biology | https://doi.org/10.1371/journal.pbio.3003299  July 14, 2025 13 / 17

Project administration: Fengshuo Liu.

Resources: Fengshuo Liu.

Supervision: Xiang H.-F. Zhang.

Validation: Fengshuo Liu.

Visualization: Fengshuo Liu.

Writing – original draft: Fengshuo Liu.

Writing – review & editing: Fengshuo Liu, Xiang H.-F. Zhang.

References
	 1.	 Chambers AF, Groom AC, MacDonald IC. Dissemination and growth of cancer cells in metastatic sites. Nat Rev Cancer. 2002;2(8):563–72. https://

doi.org/10.1038/nrc865 PMID: 12154349

	 2.	 Dillekas H, Rogers MS, Straume O. Are 90% of deaths from cancer caused by metastases? Cancer Med. 2019;8(12):5574–6.

	 3.	 Auerbach R, Lu WC, Pardon E, Gumkowski F, Kaminska G, Kaminski M. Specificity of adhesion between murine tumor cells and capillary endothe-
lium: an in vitro correlate of preferential metastasis in vivo. Cancer Res. 1987;47(6):1492–6. PMID: 3815350

	 4.	 Greene HS, Harvey EK. The relationship between the dissemination of tumor cells and the distribution of metastases. Cancer Res. 1964;24:799–
811. PMID: 14190545

	 5.	 Schackert G, Fidler IJ. Site-specific metastasis of mouse melanomas and a fibrosarcoma in the brain or meninges of syngeneic animals. Cancer 
Res. 1988;48(12):3478–84. PMID: 3370643

	 6.	 Psaila B, Lyden D. The metastatic niche: adapting the foreign soil. Nat Rev Cancer. 2009;9(4):285–93. https://doi.org/10.1038/nrc2621 PMID: 19308068

	 7.	 Zhang X, Huang Y, Yang Y, Wang QE, Li L. Advancements in prospective single-cell lineage barcoding and their applications in research. Genome 
Res. 2024;34(12):2147–62.

	 8.	 Buenrostro JD, Wu B, Litzenburger UM, Ruff D, Gonzales ML, Snyder MP, et al. Single-cell chromatin accessibility reveals principles of regulatory 
variation. Nature. 2015;523(7561):486–90. https://doi.org/10.1038/nature14590 PMID: 26083756

	 9.	 Rodriques SG, Stickels RR, Goeva A, Martin CA, Murray E, Vanderburg CR, et al. Slide-seq: A scalable technology for measuring genome-wide 
expression at high spatial resolution. Science. 2019;363(6434):1463–7. https://doi.org/10.1126/science.aaw1219 PMID: 30923225

	10.	 Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM 3rd, et al. Comprehensive integration of single-cell data. Cell. 
2019;177(7):1888–902 e21.

	11.	 Giesen C, Wang HA, Schapiro D, Zivanovic N, Jacobs A, Hattendorf B, et al. Highly multiplexed imaging of tumor tissues with subcellular resolution 
by mass cytometry. Nat Methods. 2014;11(4):417–22.

	12.	 Goltsev Y, Samusik N, Kennedy-Darling J, Bhate S, Hale M, Vazquez G, et al. Deep profiling of mouse splenic architecture with CODEX multi-
plexed imaging. Cell. 2018;174(4):968–981.e15. https://doi.org/10.1016/j.cell.2018.07.010 PMID: 30078711

	13.	 Keren L, Bosse M, Marquez D, Angoshtari R, Jain S, Varma S, et al. A structured tumor-immune microenvironment in triple negative breast cancer 
revealed by multiplexed ion beam imaging. Cell. 2018;174(6):1373–87.e19. https://doi.org/10.1016/j.cell.2018.08.039 PMID: 30193111

	14.	 Xu Z, Liu F, Ding Y, Pan T, Wu YH, Liu J. Unbiased metastatic niche-labeling identifies estrogen receptor-positive macrophages as a barrier of T 
cell infiltration during bone colonization. bioRxiv. 2024:2024.05.07.593016.

	15.	 Ombrato L, Nolan E, Kurelac I, Mavousian A, Bridgeman VL, Heinze I, et al. Metastatic-niche labelling reveals parenchymal cells with stem fea-
tures. Nature. 2019;572(7771):603–8. https://doi.org/10.1038/s41586-019-1487-6 PMID: 31462798

	16.	 Maddipati R, Stanger BZ. Pancreatic cancer metastases harbor evidence of polyclonality. Cancer Discov. 2015;5(10):1086–97.

	17.	 Quinn JJ, Jones MG, Okimoto RA, Nanjo S, Chan MM, Yosef N, et al. Single-cell lineages reveal the rates, routes, and drivers of metastasis in 
cancer xenografts. Science. 2021;371(6532):eabc1944. https://doi.org/10.1126/science.abc1944 PMID: 33479121

	18.	 Zhang W, Bado IL, Hu J, Wan Y-W, Wu L, Wang H, et al. The bone microenvironment invigorates metastatic seeds for further dissemination. Cell. 
2021;184(9):2471-2486.e20. https://doi.org/10.1016/j.cell.2021.03.011 PMID: 33878291

	19.	 Herzenberg LA, Sweet RG, Herzenberg LA. Fluorescence-activated cell sorting. Sci Am. 1976;234(3):108–17. https://doi.org/10.1038/scientifi-
camerican0376-108 PMID: 1251180

	20.	 Emmert-Buck MR, Bonner RF, Smith PD, Chuaqui RF, Zhuang Z, Goldstein SR, et al. Laser capture microdissection. Science. 
1996;274(5289):998–1001. https://doi.org/10.1126/science.274.5289.998 PMID: 8875945

	21.	 Klein CA, Blankenstein TJF, Schmidt-Kittler O, Petronio M, Polzer B, Stoecklein NH, et al. Genetic heterogeneity of single disseminated tumour 
cells in minimal residual cancer. Lancet. 2002;360(9334):683–9. https://doi.org/10.1016/S0140-6736(02)09838-0 PMID: 12241875

	22.	 Nagrath S, Sequist LV, Maheswaran S, Bell DW, Irimia D, Ulkus L, et al. Isolation of rare circulating tumour cells in cancer patients by microchip 
technology. Nature. 2007;450(7173):1235–9. https://doi.org/10.1038/nature06385 PMID: 18097410

https://doi.org/10.1038/nrc865
https://doi.org/10.1038/nrc865
http://www.ncbi.nlm.nih.gov/pubmed/12154349
http://www.ncbi.nlm.nih.gov/pubmed/3815350
http://www.ncbi.nlm.nih.gov/pubmed/14190545
http://www.ncbi.nlm.nih.gov/pubmed/3370643
https://doi.org/10.1038/nrc2621
http://www.ncbi.nlm.nih.gov/pubmed/19308068
https://doi.org/10.1038/nature14590
http://www.ncbi.nlm.nih.gov/pubmed/26083756
https://doi.org/10.1126/science.aaw1219
http://www.ncbi.nlm.nih.gov/pubmed/30923225
https://doi.org/10.1016/j.cell.2018.07.010
http://www.ncbi.nlm.nih.gov/pubmed/30078711
https://doi.org/10.1016/j.cell.2018.08.039
http://www.ncbi.nlm.nih.gov/pubmed/30193111
https://doi.org/10.1038/s41586-019-1487-6
http://www.ncbi.nlm.nih.gov/pubmed/31462798
https://doi.org/10.1126/science.abc1944
http://www.ncbi.nlm.nih.gov/pubmed/33479121
https://doi.org/10.1016/j.cell.2021.03.011
http://www.ncbi.nlm.nih.gov/pubmed/33878291
https://doi.org/10.1038/scientificamerican0376-108
https://doi.org/10.1038/scientificamerican0376-108
http://www.ncbi.nlm.nih.gov/pubmed/1251180
https://doi.org/10.1126/science.274.5289.998
http://www.ncbi.nlm.nih.gov/pubmed/8875945
https://doi.org/10.1016/S0140-6736(02)09838-0
http://www.ncbi.nlm.nih.gov/pubmed/12241875
https://doi.org/10.1038/nature06385
http://www.ncbi.nlm.nih.gov/pubmed/18097410


PLOS Biology | https://doi.org/10.1371/journal.pbio.3003299  July 14, 2025 14 / 17

	23.	 Stoecklein NH, Hosch SB, Bezler M, Stern F, Hartmann CH, Vay C, et al. Direct genetic analysis of single disseminated cancer cells for predic-
tion of outcome and therapy selection in esophageal cancer. Cancer Cell. 2008;13(5):441–53. https://doi.org/10.1016/j.ccr.2008.04.005 PMID: 
18455127

	24.	 Navin N, Kendall J, Troge J, Andrews P, Rodgers L, McIndoo J, et al. Tumour evolution inferred by single-cell sequencing. Nature. 
2011;472(7341):90–4. https://doi.org/10.1038/nature09807 PMID: 21399628

	25.	 Aceto N, Bardia A, Miyamoto DT, Donaldson MC, Wittner BS, Spencer JA, et al. Circulating tumor cell clusters are oligoclonal precursors of breast 
cancer metastasis. Cell. 2014;158(5):1110–22. https://doi.org/10.1016/j.cell.2014.07.013 PMID: 25171411

	26.	 Patel AP, Tirosh I, Trombetta JJ, Shalek AK, Gillespie SM, Wakimoto H, et al. Single-cell RNA-seq highlights intratumoral heterogeneity in primary 
glioblastoma. Science. 2014;344(6190):1396–401. https://doi.org/10.1126/science.1254257 PMID: 24925914

	27.	 Macosko EZ, Basu A, Satija R, Nemesh J, Shekhar K, Goldman M, et al. Highly parallel genome-wide expression profiling of individual cells using 
nanoliter droplets. Cell. 2015;161(5):1202–14. https://doi.org/10.1016/j.cell.2015.05.002 PMID: 26000488

	28.	 Tirosh I, Izar B, Prakadan SM, Wadsworth MH 2nd, Treacy D, Trombetta JJ, et al. Dissecting the multicellular ecosystem of metastatic melanoma 
by single-cell RNA-seq. Science. 2016;352(6282):189–96. https://doi.org/10.1126/science.aad0501 PMID: 27124452

	29.	 Ståhl PL, Salmén F, Vickovic S, Lundmark A, Navarro JF, Magnusson J, et al. Visualization and analysis of gene expression in tissue sections by 
spatial transcriptomics. Science. 2016;353(6294):78–82. https://doi.org/10.1126/science.aaf2403 PMID: 27365449

	30.	 Stoeckius M, Hafemeister C, Stephenson W, Houck-Loomis B, Chattopadhyay PK, Swerdlow H, et al. Simultaneous epitope and transcriptome 
measurement in single cells. Nat Methods. 2017;14(9):865–8. https://doi.org/10.1038/nmeth.4380 PMID: 28759029

	31.	 Szczerba BM, Castro-Giner F, Vetter M, Krol I, Gkountela S, Landin J, et al. Neutrophils escort circulating tumour cells to enable cell cycle progres-
sion. Nature. 2019;566(7745):553–7. https://doi.org/10.1038/s41586-019-0915-y PMID: 30728496

	32.	 Kim N, Kim HK, Lee K, Hong Y, Cho JH, Choi JW, et al. Single-cell RNA sequencing demonstrates the molecular and cellular reprogramming of 
metastatic lung adenocarcinoma. Nat Commun. 2020;11(1):2285. https://doi.org/10.1038/s41467-020-16164-1 PMID: 32385277

	33.	 Wu SZ, Al-Eryani G, Roden DL, Junankar S, Harvey K, Andersson A, et al. A single-cell and spatially resolved atlas of human breast cancers. Nat 
Genet. 2021;53(9):1334–47. https://doi.org/10.1038/s41588-021-00911-1 PMID: 34493872

	34.	 Liu Y, Zhang Q, Xing B, Luo N, Gao R, Yu K, et al. Immune phenotypic linkage between colorectal cancer and liver metastasis. Cancer Cell. 
2022;40(4):424-437.e5. https://doi.org/10.1016/j.ccell.2022.02.013 PMID: 35303421

	35.	 Liu F, Ding Y, Xu Z, Hao X, Pan T, Miles G, et al. Single-cell profiling of bone metastasis ecosystems from multiple cancer types reveals convergent 
and divergent mechanisms of bone colonization. Cell Genom. 2025;100888. https://doi.org/10.1016/j.xgen.2025.100888 PMID: 40412393

	36.	 Simeonov KP, Byrns CN, Clark ML, Norgard RJ, Martin B, Stanger BZ, et al. Single-cell lineage tracing of metastatic cancer reveals selection of 
hybrid EMT states. Cancer Cell. 2021;39(8):1150-1162.e9. https://doi.org/10.1016/j.ccell.2021.05.005 PMID: 34115987

	37.	 Karimi E, Yu MW, Maritan SM, Perus LJM, Rezanejad M, Sorin M, et al. Single-cell spatial immune landscapes of primary and metastatic brain 
tumours. Nature. 2023;614(7948):555–63. https://doi.org/10.1038/s41586-022-05680-3 PMID: 36725935

	38.	 Klughammer J, Abravanel DL, Segerstolpe Å, Blosser TR, Goltsev Y, Cui Y, et al. A multi-modal single-cell and spatial expression map of meta-
static breast cancer biopsies across clinicopathological features. Nat Med. 2024;30(11):3236–49. https://doi.org/10.1038/s41591-024-03215-z 
PMID: 39478111

	39.	 Gan S, Macalinao DG, Shahoei SH, Tian L, Jin X, Basnet H, et al. Distinct tumor architectures and microenvironments for the initiation of breast 
cancer metastasis in the brain. Cancer Cell. 2024;42(10):1693-1712.e24. https://doi.org/10.1016/j.ccell.2024.08.015 PMID: 39270646

	40.	 Han Y, Sarkar H, Xu Z, Lopez-Darwin S, Wei Y, Hang X, et al. Niche macrophages recycle iron to tumor cells and foster erythroblast mimicry to 
promote bone metastasis and anemia. bioRxiv. 2025:2025.04.23.650120.

	41.	 Costa-Silva B, Aiello NM, Ocean AJ, Singh S, Zhang H, Thakur BK, et al. Pancreatic cancer exosomes initiate pre-metastatic niche formation in the 
liver. Nat Cell Biol. 2015;17(6):816–26. https://doi.org/10.1038/ncb3169 PMID: 25985394

	42.	 Joo YN, Jin H, Eun SY, Park SW, Chang KC, Kim HJ. P2Y2R activation by nucleotides released from the highly metastatic breast cancer cell 
MDA-MB-231 contributes to pre-metastatic niche formation by mediating lysyl oxidase secretion, collagen crosslinking, and monocyte recruitment. 
Oncotarget. 2014;5(19):9322–34. https://doi.org/10.18632/oncotarget.2427 PMID: 25238333

	43.	 Kaplan RN, Riba RD, Zacharoulis S, Bramley AH, Vincent L, Costa C, et al. VEGFR1-positive haematopoietic bone marrow progenitors initiate the 
pre-metastatic niche. Nature. 2005;438(7069):820–7. https://doi.org/10.1038/nature04186 PMID: 16341007

	44.	 Janghorban M, Yang Y, Zhao N, Hamor C, Nguyen TM, Zhang XH-F, et al. Single-cell analysis unveils the role of the tumor immune microenviron-
ment and notch signaling in dormant minimal residual disease. Cancer Res. 2022;82(5):885–99. https://doi.org/10.1158/0008-5472.CAN-21-1230 
PMID: 34965936

	45.	 Hao X, Shen Y, Chen N, Zhang W, Valverde E, Wu L, et al. Osteoprogenitor-GMP crosstalk underpins solid tumor-induced systemic immunosup-
pression and persists after tumor removal. Cell Stem Cell. 2023;30(5):648-664.e8. https://doi.org/10.1016/j.stem.2023.04.005 PMID: 37146584

	46.	 Garner H, Martinovic M, Liu NQ, Bakker NAM, Velilla IQ, Hau C-S, et al. Understanding and reversing mammary tumor-driven reprogramming of 
myelopoiesis to reduce metastatic spread. Cancer Cell. 2025:S1535-6108(25)00166-7. https://doi.org/10.1016/j.ccell.2025.04.007 PMID: 40345190

	47.	 Ghajar CM, Peinado H, Mori H, Matei IR, Evason KJ, Brazier H, et al. The perivascular niche regulates breast tumour dormancy. Nat Cell Biol. 
2013;15(7):807–17. https://doi.org/10.1038/ncb2767 PMID: 23728425

https://doi.org/10.1016/j.ccr.2008.04.005
http://www.ncbi.nlm.nih.gov/pubmed/18455127
https://doi.org/10.1038/nature09807
http://www.ncbi.nlm.nih.gov/pubmed/21399628
https://doi.org/10.1016/j.cell.2014.07.013
http://www.ncbi.nlm.nih.gov/pubmed/25171411
https://doi.org/10.1126/science.1254257
http://www.ncbi.nlm.nih.gov/pubmed/24925914
https://doi.org/10.1016/j.cell.2015.05.002
http://www.ncbi.nlm.nih.gov/pubmed/26000488
https://doi.org/10.1126/science.aad0501
http://www.ncbi.nlm.nih.gov/pubmed/27124452
https://doi.org/10.1126/science.aaf2403
http://www.ncbi.nlm.nih.gov/pubmed/27365449
https://doi.org/10.1038/nmeth.4380
http://www.ncbi.nlm.nih.gov/pubmed/28759029
https://doi.org/10.1038/s41586-019-0915-y
http://www.ncbi.nlm.nih.gov/pubmed/30728496
https://doi.org/10.1038/s41467-020-16164-1
http://www.ncbi.nlm.nih.gov/pubmed/32385277
https://doi.org/10.1038/s41588-021-00911-1
http://www.ncbi.nlm.nih.gov/pubmed/34493872
https://doi.org/10.1016/j.ccell.2022.02.013
http://www.ncbi.nlm.nih.gov/pubmed/35303421
https://doi.org/10.1016/j.xgen.2025.100888
http://www.ncbi.nlm.nih.gov/pubmed/40412393
https://doi.org/10.1016/j.ccell.2021.05.005
http://www.ncbi.nlm.nih.gov/pubmed/34115987
https://doi.org/10.1038/s41586-022-05680-3
http://www.ncbi.nlm.nih.gov/pubmed/36725935
https://doi.org/10.1038/s41591-024-03215-z
http://www.ncbi.nlm.nih.gov/pubmed/39478111
https://doi.org/10.1016/j.ccell.2024.08.015
http://www.ncbi.nlm.nih.gov/pubmed/39270646
https://doi.org/10.1038/ncb3169
http://www.ncbi.nlm.nih.gov/pubmed/25985394
https://doi.org/10.18632/oncotarget.2427
http://www.ncbi.nlm.nih.gov/pubmed/25238333
https://doi.org/10.1038/nature04186
http://www.ncbi.nlm.nih.gov/pubmed/16341007
https://doi.org/10.1158/0008-5472.CAN-21-1230
http://www.ncbi.nlm.nih.gov/pubmed/34965936
https://doi.org/10.1016/j.stem.2023.04.005
http://www.ncbi.nlm.nih.gov/pubmed/37146584
https://doi.org/10.1016/j.ccell.2025.04.007
http://www.ncbi.nlm.nih.gov/pubmed/40345190
https://doi.org/10.1038/ncb2767
http://www.ncbi.nlm.nih.gov/pubmed/23728425


PLOS Biology | https://doi.org/10.1371/journal.pbio.3003299  July 14, 2025 15 / 17

	48.	 Albrengues J, Shields MA, Ng D, Park CG, Ambrico A, Poindexter ME, et al. Neutrophil extracellular traps produced during inflammation awaken 
dormant cancer cells in mice. Science. 2018;361(6409):eaao4227. https://doi.org/10.1126/science.aao4227 PMID: 30262472

	49.	 Hibino S, Kawazoe T, Kasahara H, Itoh S, Ishimoto T, Sakata-Yanagimoto M, et al. Inflammation-induced tumorigenesis and metastasis. Int J Mol 
Sci. 2021;22(11).

	50.	 Deyell M, Garris CS, Laughney AM. Cancer metastasis as a non-healing wound. Br J Cancer. 2021;124(9):1491–502. https://doi.org/10.1038/
s41416-021-01309-w PMID: 33731858

	51.	 Zhang W, Xu Z, Hao X, He T, Li J, Shen Y, et al. Bone metastasis initiation is coupled with bone remodeling through osteogenic differentiation of 
NG2+ cells. Cancer Discov. 2023;13(2):474–95. https://doi.org/10.1158/2159-8290.CD-22-0220 PMID: 36287038

	52.	 Bado IL, Zhang W, Hu J, Xu Z, Wang H, Sarkar P, et al. The bone microenvironment increases phenotypic plasticity of ER+ breast cancer cells. 
Dev Cell. 2021;56(8):1100-1117.e9. https://doi.org/10.1016/j.devcel.2021.03.008 PMID: 33878299

	53.	 Wang H, Yu C, Gao X, Welte T, Muscarella AM, Tian L, et al. The osteogenic niche promotes early-stage bone colonization of disseminated breast 
cancer cells. Cancer Cell. 2015;27(2):193–210. https://doi.org/10.1016/j.ccell.2014.11.017 PMID: 25600338

	54.	 Wang H, Tian L, Liu J, Goldstein A, Bado I, Zhang W, et al. The osteogenic niche is a calcium reservoir of bone micrometastases and confers 
unexpected therapeutic vulnerability. Cancer Cell. 2018;34(5):823-839.e7. https://doi.org/10.1016/j.ccell.2018.10.002 PMID: 30423299

	55.	 Lawson DA, Bhakta NR, Kessenbrock K, Prummel KD, Yu Y, Takai K, et al. Single-cell analysis reveals a stem-cell program in human metastatic 
breast cancer cells. Nature. 2015;526(7571):131–5. https://doi.org/10.1038/nature15260 PMID: 26416748

	56.	 Neman J, Termini J, Wilczynski S, Vaidehi N, Choy C, Kowolik CM. Human breast cancer metastases to the brain display GABAergic properties in 
the neural niche. Proc Natl Acad Sci U S A. 2014;111(3):984–9.

	57.	 Wu Y, Yang S, Ma J, Chen Z, Song G, Rao D, et al. Spatiotemporal immune landscape of colorectal cancer liver metastasis at single-cell level. 
Cancer Discov. 2022;12(1):134–53. https://doi.org/10.1158/2159-8290.CD-21-0316 PMID: 34417225

	58.	 Sathe A, Mason K, Grimes SM, Zhou Z, Lau BT, Bai X, et al. Colorectal cancer metastases in the liver establish immunosuppressive spatial net-
working between tumor-associated SPP1+ macrophages and fibroblasts. Clin Cancer Res. 2023;29(1):244–60. https://doi.org/10.1158/1078-0432.
CCR-22-2041 PMID: 36239989

	59.	 Song Q, Ruiz J, Xing F, Lo H-W, Craddock L, Pullikuth AK, et al. Single-cell sequencing reveals the landscape of the human brain metastatic 
microenvironment. Commun Biol. 2023;6(1):760. https://doi.org/10.1038/s42003-023-05124-2 PMID: 37479733

	60.	 Wang S, Ao L, Lin H, Wei H, Wu Z, Lu S, et al. Single-cell transcriptomic analysis of the senescent microenvironment in bone metastasis. Cell 
Prolif. 2025;58(1):e13743. https://doi.org/10.1111/cpr.13743 PMID: 39231761

	61.	 Kfoury Y, Baryawno N, Severe N, Mei S, Gustafsson K, Hirz T, et al. Human prostate cancer bone metastases have an actionable immunosuppres-
sive microenvironment. Cancer Cell. 2021;39(11):1464–78.e8. https://doi.org/10.1016/j.ccell.2021.09.005 PMID: 34719426

	62.	 Magidey-Klein K, Cooper TJ, Kveler K, Normand R, Zhang T, Timaner M, et al. IL-6 contributes to metastatic switch via the differentiation of monocytic-
dendritic progenitors into prometastatic immune cells. J Immunother Cancer. 2021;9(6):e002856. https://doi.org/10.1136/jitc-2021-002856 PMID: 
34140316

	63.	 Huisman C, Norgard MA, Levasseur PR, Krasnow SM, van der Wijst MGP, Olson B, et al. Critical changes in hypothalamic gene networks in 
response to pancreatic cancer as found by single-cell RNA sequencing. Mol Metab. 2022;58:101441. https://doi.org/10.1016/j.molmet.2022.101441 
PMID: 35031523

	64.	 Molnár K, Mészáros Á, Fazakas C, Kozma M, Győri F, Reisz Z, et al. Pericyte-secreted IGF2 promotes breast cancer brain metastasis formation. 
Mol Oncol. 2020;14(9):2040–57. https://doi.org/10.1002/1878-0261.12752 PMID: 32534480

	65.	 Wang Y, Sun Q, Ye Y, Sun X, Xie S, Zhan Y, et al. FGF-2 signaling in nasopharyngeal carcinoma modulates pericyte-macrophage crosstalk and 
metastasis. JCI Insight. 2022;7(10):e157874. https://doi.org/10.1172/jci.insight.157874 PMID: 35439170

	66.	 Carlson P, Dasgupta A, Grzelak CA, Kim J, Barrett A, Coleman IM, et al. Targeting the perivascular niche sensitizes disseminated tumour cells to 
chemotherapy. Nat Cell Biol. 2019;21(2):238–50. https://doi.org/10.1038/s41556-018-0267-0 PMID: 30664790

	67.	 Cheng Y, Xu M, Wu J, Qian K, Yang P, Zhou L, et al. Carcinoma-astrocyte gap junction interruption by a dual-targeted biomimetic liposomal system 
to attenuate chemoresistance and treat brain metastasis. ACS Nano. 2024;18(50):34107–25. https://doi.org/10.1021/acsnano.4c09996 PMID: 
39626120

	68.	 Priego N, de Pablos-Aragoneses A, Perea-García M, Pieri V, Hernández-Oliver C, Álvaro-Espinosa L, et al. TIMP1 mediates astrocyte-dependent 
local immunosuppression in brain metastasis acting on infiltrating CD8+ T cells. Cancer Discov. 2025;15(1):179–201. https://doi.org/10.1158/2159-
8290.CD-24-0134 PMID: 39354883

	69.	 Li H, Bräunig S, Dhapolar P, Karlsson G, Lang S, Scheding S. Identification of phenotypically, functionally, and anatomically distinct stromal niche 
populations in human bone marrow based on single-cell RNA sequencing. Elife. 2023;12:e81656. https://doi.org/10.7554/eLife.81656 PMID: 
36876630

	70.	 Bandyopadhyay S, Duffy MP, Ahn KJ, Sussman JH, Pang M, Smith D, et al. Mapping the cellular biogeography of human bone marrow niches 
using single-cell transcriptomics and proteomic imaging. Cell. 2024;187(12):3120-3140.e29. https://doi.org/10.1016/j.cell.2024.04.013 PMID: 
38714197

	71.	 Li X, Gao Z, Yang M, Yang C, Yang D, Cui W, et al. Unraveling the metastatic niche in breast cancer bone metastasis through single-cell RNA 
sequencing. Clin Transl Oncol. 2025;27(2):671–86.

https://doi.org/10.1126/science.aao4227
http://www.ncbi.nlm.nih.gov/pubmed/30262472
https://doi.org/10.1038/s41416-021-01309-w
https://doi.org/10.1038/s41416-021-01309-w
http://www.ncbi.nlm.nih.gov/pubmed/33731858
https://doi.org/10.1158/2159-8290.CD-22-0220
http://www.ncbi.nlm.nih.gov/pubmed/36287038
https://doi.org/10.1016/j.devcel.2021.03.008
http://www.ncbi.nlm.nih.gov/pubmed/33878299
https://doi.org/10.1016/j.ccell.2014.11.017
http://www.ncbi.nlm.nih.gov/pubmed/25600338
https://doi.org/10.1016/j.ccell.2018.10.002
http://www.ncbi.nlm.nih.gov/pubmed/30423299
https://doi.org/10.1038/nature15260
http://www.ncbi.nlm.nih.gov/pubmed/26416748
https://doi.org/10.1158/2159-8290.CD-21-0316
http://www.ncbi.nlm.nih.gov/pubmed/34417225
https://doi.org/10.1158/1078-0432.CCR-22-2041
https://doi.org/10.1158/1078-0432.CCR-22-2041
http://www.ncbi.nlm.nih.gov/pubmed/36239989
https://doi.org/10.1038/s42003-023-05124-2
http://www.ncbi.nlm.nih.gov/pubmed/37479733
https://doi.org/10.1111/cpr.13743
http://www.ncbi.nlm.nih.gov/pubmed/39231761
https://doi.org/10.1016/j.ccell.2021.09.005
http://www.ncbi.nlm.nih.gov/pubmed/34719426
https://doi.org/10.1136/jitc-2021-002856
http://www.ncbi.nlm.nih.gov/pubmed/34140316
https://doi.org/10.1016/j.molmet.2022.101441
http://www.ncbi.nlm.nih.gov/pubmed/35031523
https://doi.org/10.1002/1878-0261.12752
http://www.ncbi.nlm.nih.gov/pubmed/32534480
https://doi.org/10.1172/jci.insight.157874
http://www.ncbi.nlm.nih.gov/pubmed/35439170
https://doi.org/10.1038/s41556-018-0267-0
http://www.ncbi.nlm.nih.gov/pubmed/30664790
https://doi.org/10.1021/acsnano.4c09996
http://www.ncbi.nlm.nih.gov/pubmed/39626120
https://doi.org/10.1158/2159-8290.CD-24-0134
https://doi.org/10.1158/2159-8290.CD-24-0134
http://www.ncbi.nlm.nih.gov/pubmed/39354883
https://doi.org/10.7554/eLife.81656
http://www.ncbi.nlm.nih.gov/pubmed/36876630
https://doi.org/10.1016/j.cell.2024.04.013
http://www.ncbi.nlm.nih.gov/pubmed/38714197


PLOS Biology | https://doi.org/10.1371/journal.pbio.3003299  July 14, 2025 16 / 17

	72.	 Liu W, Zhou X, Yao Q, Chen C, Zhang Q, Ding K, et al. In situ expansion and reprogramming of Kupffer cells elicit potent tumoricidal immunity 
against liver metastasis. J Clin Invest. 2023;133(8):e157937. https://doi.org/10.1172/JCI157937 PMID: 36821387

	73.	 Huang H-Y, Chen Y-Z, Zhao C, Zheng X-N, Yu K, Yue J-X, et al. Alternations in inflammatory macrophage niche drive phenotypic and functional 
plasticity of Kupffer cells. Nat Commun. 2024;15(1):9337. https://doi.org/10.1038/s41467-024-53659-7 PMID: 39472435

	74.	 Tong W, Wang T, Bai Y, Yang X, Han P, Zhu L, et al. Spatial transcriptomics reveals tumor-derived SPP1 induces fibroblast chemotaxis and activa-
tion in the hepatocellular carcinoma microenvironment. J Transl Med. 2024;22(1):840.

	75.	 Ichise H, Tsukamoto S, Hirashima T, Konishi Y, Oki C, Tsukiji S, et al. Functional visualization of NK cell-mediated killing of metastatic single tumor 
cells. Elife. 2022;11:e76269. https://doi.org/10.7554/eLife.76269 PMID: 35113018

	76.	 Park J, Wysocki RW, Amoozgar Z, Maiorino L, Fein MR, Jorns J, et al. Cancer cells induce metastasis-supporting neutrophil extracellular DNA 
traps. Sci Transl Med. 2016;8(361):361ra138. https://doi.org/10.1126/scitranslmed.aag1711 PMID: 27798263

	77.	 Winkler J, Tan W, Diadhiou CM, McGinnis CS, Abbasi A, Hasnain S, et al. Single-cell analysis of breast cancer metastasis reveals epithelial-
mesenchymal plasticity signatures associated with poor outcomes. J Clin Invest. 2024;134(17):e164227. https://doi.org/10.1172/JCI164227 PMID: 
39225101

	78.	 Eng JR, Bucher E, Hu Z, Walker CR, Risom T, Angelo M, et al. Highly multiplexed imaging reveals prognostic immune and stromal spatial biomark-
ers in breast cancer. JCI Insight. 2025;10(3):e176749. https://doi.org/10.1172/jci.insight.176749 PMID: 39808504

	79.	 Weidle UH, Birzele F, Kollmorgen G, Rüger R. Dissection of the process of brain metastasis reveals targets and mechanisms for molecular-based 
intervention. Cancer Genomics Proteomics. 2016;13(4):245–58. PMID: 27365375

	80.	 Padua D, Zhang XH-F, Wang Q, Nadal C, Gerald WL, Gomis RR, et al. TGFbeta primes breast tumors for lung metastasis seeding through 
angiopoietin-like 4. Cell. 2008;133(1):66–77. https://doi.org/10.1016/j.cell.2008.01.046 PMID: 18394990

	81.	 Bos PD, Zhang XH-F, Nadal C, Shu W, Gomis RR, Nguyen DX, et al. Genes that mediate breast cancer metastasis to the brain. Nature. 
2009;459(7249):1005–9. https://doi.org/10.1038/nature08021 PMID: 19421193

	82.	 Obenauf AC, Massagué J. Surviving at a distance: organ-specific metastasis. Trends Cancer. 2015;1(1):76–91. https://doi.org/10.1016/j.tre-
can.2015.07.009 PMID: 28741564

	83.	 Valiente M, Obenauf AC, Jin X, Chen Q, Zhang XH-F, Lee DJ, et al. Serpins promote cancer cell survival and vascular co-option in brain metasta-
sis. Cell. 2014;156(5):1002–16. https://doi.org/10.1016/j.cell.2014.01.040 PMID: 24581498

	84.	 Sajjadi SF, Salehi N, Sadeghi M. Comprehensive integrated single-cell RNA sequencing analysis of brain metastasis and glioma microenviron-
ment: contrasting heterogeneity landscapes. PLoS One. 2024;19(7):e0306220. https://doi.org/10.1371/journal.pone.0306220 PMID: 39058687

	85.	 Zhu L, Liu M, Shang Y, Cheng J, Zhao H, Zhang J, et al. Single-cell profiling transcriptomic reveals cellular heterogeneity and cellular crosstalk 
in breast cancer lymphatic node, bone, and brain metastases. Sci Rep. 2025;15(1):2217. https://doi.org/10.1038/s41598-025-85531-z PMID: 
39820531

	86.	 Mathot L, Stenninger J. Behavior of seeds and soil in the mechanism of metastasis: a deeper understanding. Cancer Sci. 2012;103(4):626–31. 
https://doi.org/10.1111/j.1349-7006.2011.02195.x PMID: 22212856

	87.	 Cheung KJ, Padmanaban V, Silvestri V, Schipper K, Cohen JD, Fairchild AN, et al. Polyclonal breast cancer metastases arise from collective dis-
semination of keratin 14-expressing tumor cell clusters. Proc Natl Acad Sci U S A. 2016;113(7):E854-63. https://doi.org/10.1073/pnas.1508541113 
PMID: 26831077

	88.	 Jiang H, Yu D, Yang P, Guo R, Kong M, Gao Y, et al. Revealing the transcriptional heterogeneity of organ-specific metastasis in human gastric 
cancer using single-cell RNA sequencing. Clin Transl Med. 2022;12(2):e730. https://doi.org/10.1002/ctm2.730 PMID: 35184420

	89.	 Li R, Liu X, Huang X, Zhang D, Chen Z, Zhang J, et al. Single-cell transcriptomic analysis deciphers heterogenous cancer stem-like cells in col-
orectal cancer and their organ-specific metastasis. Gut. 2024;73(3):470–84.

	90.	 Zhang L, Fan M, Napolitano F, Gao X, Xu Y, Li L. Transcriptomic analysis identifies organ-specific metastasis genes and pathways across different 
primary sites. J Transl Med. 2021;19(1):31. https://doi.org/10.1186/s12967-020-02696-z PMID: 33413400

	91.	 Morris AH, Orbach SM, Bushnell GG, Oakes RS, Jeruss JS, Shea LD. Engineered niches to analyze mechanisms of metastasis and guide preci-
sion medicine. Cancer Res. 2020;80(18):3786–94. https://doi.org/10.1158/0008-5472.CAN-20-0079 PMID: 32409307

	92.	 Craft N, Bruhn KW, Nguyen BD, Prins R, Liau LM, Collisson EA, et al. Bioluminescent imaging of melanoma in live mice. J Invest Dermatol. 
2005;125(1):159–65. https://doi.org/10.1111/j.0022-202X.2005.23759.x PMID: 15982316

	93.	 Klusa D, Lohaus F, Furesi G, Rauner M, Benesova M, Krause M, et al. Metastatic spread in prostate cancer patients influencing radiotherapy 
response. Front Oncol. 2020;10:627379.

	94.	 van der Toom EE, Verdone JE, Gorin MA, Pienta KJ. Technical challenges in the isolation and analysis of circulating tumor cells. Oncotarget. 
2016;7(38):62754–66. https://doi.org/10.18632/oncotarget.11191 PMID: 27517159

	95.	 Zhang S, Li X, Lin J, Lin Q, Wong K-C. Review of single-cell RNA-seq data clustering for cell-type identification and characterization. RNA. 
2023;29(5):517–30. https://doi.org/10.1261/rna.078965.121 PMID: 36737104

	96.	 Brendel M, Su C, Bai Z, Zhang H, Elemento O, Wang F. Application of deep learning on single-cell RNA sequencing data analysis: a review. 
Genomics Proteomics Bioinformatics. 2022;20(5):814–35. https://doi.org/10.1016/j.gpb.2022.11.011 PMID: 36528240

https://doi.org/10.1172/JCI157937
http://www.ncbi.nlm.nih.gov/pubmed/36821387
https://doi.org/10.1038/s41467-024-53659-7
http://www.ncbi.nlm.nih.gov/pubmed/39472435
https://doi.org/10.7554/eLife.76269
http://www.ncbi.nlm.nih.gov/pubmed/35113018
https://doi.org/10.1126/scitranslmed.aag1711
http://www.ncbi.nlm.nih.gov/pubmed/27798263
https://doi.org/10.1172/JCI164227
http://www.ncbi.nlm.nih.gov/pubmed/39225101
https://doi.org/10.1172/jci.insight.176749
http://www.ncbi.nlm.nih.gov/pubmed/39808504
http://www.ncbi.nlm.nih.gov/pubmed/27365375
https://doi.org/10.1016/j.cell.2008.01.046
http://www.ncbi.nlm.nih.gov/pubmed/18394990
https://doi.org/10.1038/nature08021
http://www.ncbi.nlm.nih.gov/pubmed/19421193
https://doi.org/10.1016/j.trecan.2015.07.009
https://doi.org/10.1016/j.trecan.2015.07.009
http://www.ncbi.nlm.nih.gov/pubmed/28741564
https://doi.org/10.1016/j.cell.2014.01.040
http://www.ncbi.nlm.nih.gov/pubmed/24581498
https://doi.org/10.1371/journal.pone.0306220
http://www.ncbi.nlm.nih.gov/pubmed/39058687
https://doi.org/10.1038/s41598-025-85531-z
http://www.ncbi.nlm.nih.gov/pubmed/39820531
https://doi.org/10.1111/j.1349-7006.2011.02195.x
http://www.ncbi.nlm.nih.gov/pubmed/22212856
https://doi.org/10.1073/pnas.1508541113
http://www.ncbi.nlm.nih.gov/pubmed/26831077
https://doi.org/10.1002/ctm2.730
http://www.ncbi.nlm.nih.gov/pubmed/35184420
https://doi.org/10.1186/s12967-020-02696-z
http://www.ncbi.nlm.nih.gov/pubmed/33413400
https://doi.org/10.1158/0008-5472.CAN-20-0079
http://www.ncbi.nlm.nih.gov/pubmed/32409307
https://doi.org/10.1111/j.0022-202X.2005.23759.x
http://www.ncbi.nlm.nih.gov/pubmed/15982316
https://doi.org/10.18632/oncotarget.11191
http://www.ncbi.nlm.nih.gov/pubmed/27517159
https://doi.org/10.1261/rna.078965.121
http://www.ncbi.nlm.nih.gov/pubmed/36737104
https://doi.org/10.1016/j.gpb.2022.11.011
http://www.ncbi.nlm.nih.gov/pubmed/36528240


PLOS Biology | https://doi.org/10.1371/journal.pbio.3003299  July 14, 2025 17 / 17

	 97.	 Rao A, Barkley D, França GS, Yanai I. Exploring tissue architecture using spatial transcriptomics. Nature. 2021;596(7871):211–20. https://doi.
org/10.1038/s41586-021-03634-9 PMID: 34381231

	 98.	 Ding J, Sharon N, Bar-Joseph Z. Temporal modelling using single-cell transcriptomics. Nat Rev Genet. 2022;23(6):355–68.

	 99.	 Yu Y, Zhang N, Mai Y, Ren L, Chen Q, Cao Z, et al. Correcting batch effects in large-scale multiomics studies using a reference-material-based 
ratio method. Genome Biol. 2023;24(1):201. https://doi.org/10.1186/s13059-023-03047-z PMID: 37674217

	100.	 Athaya T, Ripan RC, Li X, Hu H. Multimodal deep learning approaches for single-cell multi-omics data integration. Brief Bioinform. 
2023;24(5):bbad313. https://doi.org/10.1093/bib/bbad313

	101.	 Tang Z, Chen G, Chen S, He H, You L, Chen CY-C. Knowledge-based inductive bias and domain adaptation for cell type annotation. Commun 
Biol. 2024;7(1):1440. https://doi.org/10.1038/s42003-024-07171-9 PMID: 39501016

	102.	 Zimmerman KD, Espeland MA, Langefeld CD. A practical solution to pseudoreplication bias in single-cell studies. Nat Commun. 2021;12(1):738. 
https://doi.org/10.1038/s41467-021-21038-1 PMID: 33531494

	103.	 He X, Yin X, Wu J, Wickström SL, Duo Y, Du Q, et al. Visualization of human T lymphocyte-mediated eradication of cancer cells in vivo. Proc Natl 
Acad Sci U S A. 2020;117(37):22910–9. https://doi.org/10.1073/pnas.2009092117 PMID: 32859758

	104.	 Pasqual G, Chudnovskiy A, Tas JMJ, Agudelo M, Schweitzer LD, Cui A, et al. Monitoring T cell-dendritic cell interactions in vivo by intercellular 
enzymatic labelling. Nature. 2018;553(7689):496–500. https://doi.org/10.1038/nature25442 PMID: 29342141

	105.	 Bowling S, Sritharan D, Osorio FG, Nguyen M, Cheung P, Rodriguez-Fraticelli A, et al. An engineered CRISPR-Cas9 mouse line for simul-
taneous readout of lineage histories and gene expression profiles in single cells. Cell. 2020;181(6):1410-1422.e27. https://doi.org/10.1016/j.
cell.2020.04.048 PMID: 32413320

	106.	 Li L, Bowling S, McGeary SE, Yu Q, Lemke B, Alcedo K, et al. A mouse model with high clonal barcode diversity for joint lineage, transcriptomic, 
and epigenomic profiling in single cells. Cell. 2023;186(23):5183-5199.e22. https://doi.org/10.1016/j.cell.2023.09.019 PMID: 37852258

	107.	 Lawrence R, Watters M, Davies CR, Pantel K, Lu Y-J. Circulating tumour cells for early detection of clinically relevant cancer. Nat Rev Clin Oncol. 
2023;20(7):487–500. https://doi.org/10.1038/s41571-023-00781-y PMID: 37268719

https://doi.org/10.1038/s41586-021-03634-9
https://doi.org/10.1038/s41586-021-03634-9
http://www.ncbi.nlm.nih.gov/pubmed/34381231
https://doi.org/10.1186/s13059-023-03047-z
http://www.ncbi.nlm.nih.gov/pubmed/37674217
https://doi.org/10.1093/bib/bbad313
https://doi.org/10.1038/s42003-024-07171-9
http://www.ncbi.nlm.nih.gov/pubmed/39501016
https://doi.org/10.1038/s41467-021-21038-1
http://www.ncbi.nlm.nih.gov/pubmed/33531494
https://doi.org/10.1073/pnas.2009092117
http://www.ncbi.nlm.nih.gov/pubmed/32859758
https://doi.org/10.1038/nature25442
http://www.ncbi.nlm.nih.gov/pubmed/29342141
https://doi.org/10.1016/j.cell.2020.04.048
https://doi.org/10.1016/j.cell.2020.04.048
http://www.ncbi.nlm.nih.gov/pubmed/32413320
https://doi.org/10.1016/j.cell.2023.09.019
http://www.ncbi.nlm.nih.gov/pubmed/37852258
https://doi.org/10.1038/s41571-023-00781-y
http://www.ncbi.nlm.nih.gov/pubmed/37268719

