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Abstract
Metastatic cancer remains the leading cause of cancer-related mortality and is increasingly associated with a 
subpopulation of cancer stem cells (CSCs). These cells exhibit self-renewal capacity, tumor initiation potential, and the 
ability to generate intratumoral heterogeneity. Emerging evidence suggests that metastatic dissemination and colonization 
may be driven by CSCs capable of surviving systemic spread and adapting to distant microenvironments. Although the 
CSC model provides a useful framework for explaining tumor recurrence and therapeutic resistance, its universality 
across cancer types remains debated. Key signaling pathways, including WNT/β-catenin, NOTCH, Hedgehog, BMI1, 
and EZH2, are implicated in CSC maintenance and metastatic behavior. In addition, epithelial–mesenchymal transition 
(EMT) and pre-metastatic niche formation further support the link between stemness and metastasis. Collectively, these 
findings suggest that CSCs play a critical role in tumor progression and represent promising therapeutic targets for 
preventing metastasis and improving cancer outcomes.
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1. Introduction (Short communication)
The concept that metastases originate from a limited number of cell 
clones, representing only a minor fraction of disseminated tumor 
cells, has led to the hypothesis that metastatic outgrowth may be 
driven by a specialized subpopulation known as metastatic cancer 
stem cells (CSCs). This hypothesis has gained substantial attention 
in recent years and is supported by accumulating experimental 
evidence [1,2]. The cancer stem cell model proposes a hierarchical 
organization within tumors that closely resembles the architecture 
of normal tissues. At the apex of this hierarchy resides a population 
of CSCs characterized by their ability to undergo asymmetric 
division, thereby maintaining a self-renewing stem cell pool while 
generating rapidly proliferating progenitor cells. These progenitors 
subsequently differentiate into more mature tumor cells with 
limited proliferative capacity, ultimately constituting the bulk of 
the tumor mass.

A defining feature of CSCs is their long-term self-renewal capacity 
and sustained tumorigenic potential. Experimental evidence from 
serial transplantation assays demonstrates that CSC-enriched 
populations possess significantly greater tumor-initiating capacity 
compared with unselected tumor cell populations. CSCs were 
initially identified in hematological malignancies, such as acute 

myeloid leukemia, and have since been reported in a wide range 
of solid tumors, including melanoma, as well as breast, brain, 
prostate, pancreatic, and colorectal cancers [2,3]. Despite these 
findings, the cellular origin of CSCs remains a subject of debate. 
One prevailing theory suggests that CSCs arise from normal tissue 
stem cells that acquire oncogenic mutations while retaining their 
intrinsic self-renewal properties. Alternatively, accumulating 
evidence supports the notion that more differentiated progenitor or 
even mature tumor cells may undergo dedifferentiation following 
genetic or epigenetic alterations, thereby reacquiring stem cell-like 
properties [1,4-6].

The ability of CSCs to self-renew and generate heterogeneous 
tumor cell populations provides a compelling explanation for 
tumor recurrence following apparently successful treatment. 
Conventional therapies often eliminate the rapidly proliferating 
bulk tumor cells but fail to eradicate the more therapy-resistant CSC 
population, allowing tumors to re-emerge. Nevertheless, the CSC 
hypothesis remains controversial. Notably, studies by the Morrison 
group demonstrated that optimization of xenotransplantation 
conditions significantly increased the apparent frequency of 
tumor-initiating cells in human melanoma, suggesting that tumor-
initiating capacity may not be restricted to a rare subpopulation 
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in all cancers [7,8]. These findings challenge the universality of 
the CSC model and indicate that its applicability may vary across 
tumor types.

With respect to metastasis, the relationship between CSCs and 
metastatic competence remains largely circumstantial and is 
predominantly supported by correlative evidence. However, 
the hypothesis that the rare cells capable of forming metastases 
correspond to CSCs is biologically appealing. Such cells would 
inherently possess the capacity to initiate secondary tumors that 
recapitulate the histological complexity and cellular heterogeneity 
of the primary lesion [9]. Importantly, both normal and cancer stem 
cells critically depend on specialized microenvironments, referred 
to as stem cell niches, which regulate their survival, self-renewal, 
and differentiation. In the context of metastasis, Kaplan et al. 
described the existence of pre-metastatic niches that are essential 
for metastatic colonization [10]. The requirement for disseminated 
tumor cells to remodel or establish a supportive niche at distant 
sites may explain the prolonged latency and frequent failure of 
metastatic outgrowth observed clinically [11].

Molecular evidence further supports a connection between CSCs 
and metastasis. Metastatic tumors often exhibit overexpression 
of stem cell-associated genes, including the polycomb group 
proteins EZH2 and BMI1, which are key regulators of stem 
cell maintenance and epigenetic silencing [12]. Both EZH2 and 
BMI1 are overexpressed in multiple metastatic cancer types 
and are associated with tumor progression, poor prognosis, and 
reduced patient survival [13-16]. Gene expression signatures 
linked to BMI1 and EZH2 have been shown to predict metastasis 
and unfavorable clinical outcomes. Moreover, studies by Chang, 
Weinberg, and colleagues identified embryonic stem cell-like 
gene expression modules in diverse tumor types, which strongly 
correlate with metastatic potential and poor survival [17-20].

Functional evidence also implicates CSCs in invasion and 
metastasis. Stem cell-like subpopulations isolated from lung 
cancer cell lines exhibit enhanced invasive capacity in vitro 
compared with non-stem cell-like counterparts. In pancreatic 
cancer, Hermann et al. identified a subset of CSCs expressing 
the chemokine receptor CXCR4 at the invasive front of tumors. 
While all pancreatic CSCs were capable of tumor formation in 
xenograft models, only the CXCR4-positive fraction exhibited 
metastatic behavior, highlighting functional heterogeneity within 
the CSC compartment. Similar observations have been reported in 
colorectal cancer, where tumor cells at the invasive front display 
nuclear β-catenin localization, a hallmark of intestinal stem cells 
[21,22]. Although stemness was not directly assessed in these 
studies, WNT/β-catenin signaling is well established as a regulator 
of stem cell maintenance and has been shown to promote migration 
and invasion in human mesenchymal stem cells [23].

Additional evidence linking stem cell-associated pathways to 
metastasis is provided by the morphogen NODAL, a key regulator 
of pluripotency in embryonic stem cells [24]. NODAL is aberrantly 
expressed in aggressive melanomas, where it contributes to the 

maintenance of a dedifferentiated, stem-like phenotype and is 
required for efficient tumor formation in vivo [25]. Furthermore, 
a growing body of evidence indicates a strong mechanistic link 
between CSCs and epithelial–mesenchymal transition (EMT). 
The Weinberg group demonstrated that induction of EMT through 
transcription factors such as Twist or Snail confers stem cell-like 
properties upon breast epithelial cells [26]. Conversely, normal and 
malignant mammary stem cells exhibit molecular and phenotypic 
features characteristic of EMT.

Notably, several signaling pathways that govern stem cell 
self-renewal, including WNT, Sonic Hedgehog, NOTCH, and 
bone morphogenetic protein (BMP) signaling, are also potent 
inducers of EMT [27,28]. During embryonic development, 
neural crest cells undergo EMT to migrate extensively before 
differentiating into diverse cell lineages, including neurons, glial 
cells, melanocytes, and connective tissue. This process is tightly 
regulated by transcription factors such as Snail and Twist, which 
are also implicated in cancer invasion and metastasis [27,29-31]. 
Understanding the extent to which these developmental programs 
are co-opted by CSCs during metastatic dissemination remains an 
important area of investigation.

2. Conclusion
Metastatic cancer stem cells represent a key driver of tumor 
dissemination, recurrence, and therapeutic resistance through 
their self-renewal capacity and adaptive plasticity. Although the 
universality of the CSC model remains debated, accumulating 
molecular and functional evidence supports their involvement in 
metastasis. Targeting CSC-associated pathways and the tumor 
microenvironment may offer promising strategies to improve 
long-term treatment outcomes [32].
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