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Abstract

BACKGROUND: Metastasis is the primary cause of mortality in cancer patients. Therefore, 

elucidating the genetics and epigenetics of metastatic tumor cells and the mechanisms by which 

tumor cells acquire metastatic properties constitute significant challenges in cancer research.

OBJECTIVE: To summarize the current understandings of the specific genotype and phenotype 

of the metastatic tumor cells.

METHOD and RESULT: In-depth genetic analysis of tumor cells, especially with advances in 

the next-generation sequencing, have revealed insights of the genotypes of metastatic tumor cells. 

Also, studies have shown that the cancer stem cell (CSC) and epithelial to mesenchymal transition 

(EMT) phenotypes are associated with the metastatic cascade.

CONCLUSION: In this review, we will discuss recent advances in the field by focusing on the 

genomic instability and phenotypic dynamics of metastatic tumor cells.
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Background

The spread of tumor cells or “metastasis” has been considered the most advanced stage of 

tumor progression. Usually revealed as disease at multiple secondary sites, metastases cause 

the majority of cancer-related death in patients(Lambert et al., 2017). For metastasis to 

occur, a series of sequential steps must be achieved by tumor cells. At the primary site, the 

tumor cells proliferate, invade the surrounding stroma and enter the circulation directly 

through blood vessels or indirectly through the lymphatic system. The metastatic tumor cells 

will then be required to survive in the circulation, to adapt to the novel microenvironment of 

secondary organs and colonize these organs to become metastatic lesions. These 

overwhelming challenges constrain metastasis from being an efficient process(Luzzi et al., 
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1998; Valastyan and Weinberg, 2011; Lambert et al., 2017). Only a limited number of 

disseminated tumor cells are capable of forming secondary tumors. Metastatic inefficiency is 

determined by both intrinsic properties of tumor cells and extrinsic factors in the 

microenvironment. The intrinsic properties of tumor cells constitute the driving force for 

invasion into local tissue, survival in the circulation, and stem-like abilities to seed 

secondary tumors (Lambert et al., 2017; Liu and Cao, 2016). Moreover, specific intrinsic 

tumor-derived factors may also orchestrate the metastatic microenvironment by remodeling 

extracellular matrix, regulating angiogenesis, and recruiting immune cells in both the 

primary and metastatic organs (Liu and Cao, 2016). Therefore, in this review, we will focus 

on the intrinsic properties of tumor cells, including the genotypic and phenotypic features 

that define their metastatic abilities.

An unanswered question is whether metastatic tumor cells represent a unique subpopulation 

of the bulk primary tumor cells (Nguyen and Massague, 2007; Martinez-Cardus et al., 2016; 

Patel and Vanharanta 2016). It is known that primary tumor cells are heterogeneous at the 

genomic, epigenomic and phenotypic levels. Recent evidence regarding the complexity of 

intratumor heterogeneity suggested that multiple clones of cancer stem cells (CSCs) sharing 

the original oncogenic mutations may co-exist in the primary tumor. Each CSC subcolony 

individually accumulate unique mutations, allowing sequential selection of more aggressive 

subclones during tumor progression. Also, the differentiation of CSCs may be transient, 

bidirectional, and profoundly affected by microenvironmental factors and therapeutic 

regimens. The hypothesis of CSC plasticity and phenotypic dynamics fundamentally shapes 

our understanding of tumor progression.

The identity of a metastatic tumor cell is still considered in terms of the CSC concept and 

clonal evolution theory. On the one hand, metastatic cells inherit critical driver mutations 

from their parental tumors allowing the persistence of tumorigenic ability. On the other 

hand, metastatic cells develop new mutations to adapt to emerging challenges during 

metastasis or treatment. It is imperative to determine the genetic, epigenetic and phenotypic 

characteristics that define metastatic tumor cells (Fig. 1); and whether such metastatic 

features are inherited or acquired transiently at a later stage during metastasis. More 

importantly, it is critical to determine whether these features are targetable for therapy.

Genetics and genomics of metastatic tumor cells

In-depth genetic analysis of cancer cells has revealed cancer to be a complex genetic disease 

involving nearly 1,000 known cancer-related genes (~250 oncogenes, ~700 tumor 

suppressors)(Wishart, 2015). Alterations of these cancer-related genes include single 

nucleotide variants (SNVs), copy number alterations (CNAs), genomic rearrangements and 

epigenetic modulations. Of note, the genomic variations not only serve as markers of 

evolution but also support tumor progression by altering the expression levels and biological 

functions of the cancer-related genes. Particular genetic and genomic alterations may be 

specifically required for metastasis formation.

The genetic origins of a primary tumor could significantly impact its metastatic outcome. 

For example, using conditional mouse lung cancer models, expression of the activating 
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KrasG12D mutation initiated tumors that remained localized in mice, whereas combination 

with Trp53 deletion triggered metastasis (DuPage et al., 2009). Similarly, in the prostate 

adenocarcinoma model initiated by Pten mutation, further loss of Rb1 leads to metastasis 

formation (Ku et al., 2017). Using a genome-wide association study (GWAS) approach, Zhu 

et al. (2017) found that expression of LIM-domain-only gene (LMO1) in a zebrafish model 

promoted metastatic neuroblastoma driven by the MYCN oncogene. Together, these studies 

suggest that cooperation of multiple genomic variations could promote the metastatic 

abilities of tumor cells. It is thereby not surprising that metastasis or recurrence may be 

predicted using the genomic hallmarks of the primary tumor. A comprehensive study of the 

molecular characteristics of pheochromocytomas and paragangliomas identified a unique 

pattern of somatically mutated driver genes including CSDE1, HRAS, RET EPAS1 and NF1 
(Fishbein et al., 2017). Interestingly, a MAML3 fusion gene, which plays a role in Wnt 

signaling, was correlated with the metastatic phenotype in these rare tumor types, suggesting 

that metastasis-driving mutations could be tumor type-dependent.

To globally characterize the genetic alterations required for metastasis, the MSK-IMPACT 

project was initiated at Memorial Sloan Kettering Cancer Center (Zehir et al., 2017). This 

project involved the large-scale, prospective sequencing of cancer-related genes performed 

with specimens from more than 10 000 patients with advanced cancer (341 genes in 2 809 

tumors and 410 genes in 8 136 tumors). In contrast to previous cancer deep-sequencing 

projects (e.g. the Cancer Genome Atlas (TCGA)) that were focused mainly on untreated 

primary cancers, the MSK-IMPACT cohort included patients receiving treatment before 

sequencing, with 43% of the specimens obtained from metastatic tumors. The MSK-

IMPACT data revealed the consistently crucial roles of TP53, KRAS, PIK3CA, and BRAF 
in the metastatic tumors. Another recent whole-exome sequencing analysis of ~500 patients 

with metastatic tumors also discovered that TP53, CDKN2A, PTEN, PIK3CA, and RB1 
were the most prevalent genes altered somatically in metastatic cancer (Robinson et al., 

2017). In addition to somatic mutations, germline mutations in genes including BRCA1, 

BRCA2, CHEK2, and MUTYH, were also identified to be specifically associated with 

metastatic tumors. These mutated genes are commonly involved in DNA-repair pathways, 

indicating that genomic instability and the continuous accumulation of mutations may offer 

survival advantages to metastatic tumor cells.

The genetic features of metastatic tumors have also been studied by comparing serial biopsy 

specimens during tumor progression in the same patient (Campbell et al., 2010; Brastianos 

et al., 2015; Makohon-Moore and Iacobuzio-Donahue 2016; Yates et al., 2017). These 

studies have revealed a branched evolution of tumor cells, in which the primary tumors and 

metastases share a common ancestor, yet diverge to evolve independently later(Brastianos et 

al., 2015; Makohon-Moore and Iacobuzio-Donahue 2016). In pancreatic cancer patients, 

genomic rearrangements indicative of telomere dysfunction and abnormal cell-cycle control 

were demonstrated to occur predominantly in early cancer development and inherited by 

metastatic lesions (Campbell et al., 2010). Additional mutations that were absent in the 

primary tumors were identified in metastases, with an organ-specific pattern. By sequencing 

serial specimens of primary, locally relapsed, and metastatic breast cancers, it was recently 

showed that metastatic clones were disseminated late from primary tumors and continued to 

acquire mutations(Yates et al., 2017). The metastasis-specific mutations include clinically 
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actionable alterations and mutations that inactivate the SWI/SNF and JAK2- STAT3 

pathways. These results suggest that the metastases are genetically distinct from their 

parental tumors, although it is still not clear whether the additional mutations are 

prerequisites for metastasis.

In a recent study of pancreatic cancer metastases, it was shown that the same mutation in 

driver genes (genes that promote cancer development or progression) was shared between 

the primary and all metastatic lesions in the same patient (Makohon-Moore et al., 2017). 

Genomic analysis of multiple metastases in breast cancer patients also revealed similarities 

in overall signatures of gene expression, DNA copy numbers, and somatic mutations across 

the primary tumor and its associated metastases (Hoadley et al., 2016). The mutations that 

developed during metastasis were considered more likely to be passengers (mutations that 

do not affect cancer development or progression) with great individual variations and 

metastatic organ specificities. Of note, the definitions of the driver and passenger mutations 

could be challenging based on the frequency-based or function-based approaches to identify 

them (Pon and Marra, 2015). Especially for metastases, their genetic landscape may be 

fundamentally altered by choice of therapy. For example, 21.5% of metastatic breast cancer 

patients acquired CYP19A1 gene (encoding aromatase) amplification after aromatase 

inhibitor (AI) treatment, while such mutations only accounted for a minor fraction of those 

found in patients who had undergone another therapy (Magnani et al., 2017).

The transcriptome and its regulation of metastatic tumor cells

Although genomic studies have so far not been able to identify driver mutations specific for 

metastasis, metastatic tumor cells usually display remarkable specificity at the 

transcriptional level. By using a conditional lung cancer model (KrasG12D/Trp53−/−), tumor 

cells with the same driver mutations were isolated from distinct stages of metastatic 

progression (Chuang et al., 2017). Systematic genomic analysis of metastatic versus 

nonmetastatic tumor cells revealed a transcriptional program involving the CD109-Jak-Stat3 

axis as a critical regulator of metastatic ability. Such transcriptome specificity of metastatic 

tumor cells suggests a special phenotypic rather than a genotypic requirement for metastasis 

formation.

Many genes strictly related to cell stemness and EMT phenotypes such as enhanced 

migration, invasion, anti-apoptosis, and self-renewal have been charaterized as metastasis-

related genes. By isolating breast tumor cells that metastasize to different organs (e.g. lung, 

bone and brain), transcriptome signatures driving organ-specific metastasis were identified 

(Kang et al., 2003; Minn et al., 2005; Bos et al., 2009). However, there is very limited 

overlap among these metastatic signatures, indicating the particular requirements for 

metastasis formation in different organ microenvironments. Moreover, multiple signaling 

pathways may be required to cooperate at critical steps of metastasis. Transcriptional 

analysis of different subtypes of breast cancer revealed a specific correlation between the 

loss of expression of RasGAP tumor suppressor genes and aggressive luminal B breast 

tumors (Olsen et al., 2017). Functionally, these RasGAP genes cooperatively regulate RAS 

and NF-kB signaling that enhance metastatic features such as invasion and EMT, 

respectively.
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Of note, the metastatic signatures were mostly identified by comparing the transcriptomes of 

non-metastatic and meta-static tumor cell lines, or primary tumors with different metastatic 

outcomes. However, paired analyses of the primary and established metastatic lesions 

typically revealed very similar transcriptomes (Brastianos et al., 2015; Yates et al., 2017), 

which may provide support for the dynamic phenotype theory. Metastatic features may be 

transiently gained by tumor cells during metastasis. As long as the metastatic tumor cells 

colonize the secondary organ, the cells could revert to their phenotypes of origin. Recently, 

using HMGA2 reporter mice, a transient subpopulation of pancreatic ductal adenocarcinoma 

(PDA) tumor cells (HMGA2 + ) was isolated with exceptionally high metastatic ability 

(Chiou et al., 2017). These metastatic cells highly expressed BLIMP1, a hypoxiainducible 

transcription factor, which was identified as a driver of PDA metastasis. Importantly, both 

HMGA2 and BLIMP1 were only expressed transiently in response to the hypoxic 

microenvironment of the primary tumor, and their expression was not detected in established 

metastatic lesions. These results provide evidence that a specific tumor microenvironment 

such as hypoxia may activate a dynamic metastatic phenotype of tumor cells.

Given the similar genetic alterations between primary and metastatic lesions, such 

transcriptome specificity of metastatic tumor cells is more likely to have been gained via 

epigenetic reprogramming. In a mouse model, FOXA1 transcription factor was implicated in 

promoting global enhancer activity in cells, and may play an essential role in the metastatic 

transition of PDA (Roe et al., 2017). An analysis of PDA patient samples has also 

demonstrated large-scale reprogramming of chromatin modifications during metastasis in 

the absence of specific driver mutations (McDonald et al., 2017). In particular, the distant 

metastases were found to have co-evolved a dependence on the oxidative branch of the 

pentose phosphate pathway (oxPPP), which suggested a model of metabolic-epigenetic 

programs in metastasis development. Also, DNA methylation seems to play a negative role 

in regulating tumor metastasis. Unique DNA hypomethylation patterns were observed at 

enhancers in Ewing sarcoma, due to the expression of the disease-defining EWS-FLI1 

fusion protein (Sheffield et al., 2017). Interestingly, higher heterogeneity of intratumoral 

DNA methylation has been correlated to the metastatic status at diagnosis in Ewing sarcoma 

patients. Consistent with this, the deficiency of DNA methyltransferases, Dnmt3a and 

Dnmt3b, led to more aggressive and metastatic tumors in an epidermal carcinoma model 

(Rinaldi et al., 2017). Also, in patients with localized non-indolent prostate cancer, a 

combined genomic signature including ATM mutations, DNA methylation events, and MYC 
CNAs was highly discriminative of patients who would experience disease relapse (Fraser et 

al., 2017). This genomic signature even outperformed well-described prognostic biomarkers 

of prostate cancer.

Taken together, new advances in genomic and transcriptomic studies of metastatic tumors 

have revealed a complicated phylogenetic relationship with the primary tumors. The 

metastatic tumor usually shares the origin driver mutations and shows similar transcriptome 

profiles with the primary tumor. However, during the process of metastasis, tumor cells may 

accumulate additional passenger mutations due to genomic instability. Moreover, the 

overwhelming microenvironmental challenges could bestow the metastatic tumor cells 

specificity at the transcriptome level. These signatures of metastasis could be shaped by the 

different tumor types, organ-specific microenvironments and the anti-cancer treatments. 
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Importantly, epigenetic re-programming plays a significant role in the transcriptional 

regulation of metastatic tumor cells. Such mechanisms may be versatile, reversible and 

dynamic in response to microenvironmental factors. These findings also support the concept 

that it is the genomic instability and phenotypic plasticity, but not the genotype or phenotype 

itself, that determines the eventual survival of metastatic tumor cells,

Phenotypes of metastatic tumor cells

Phenotypically, metastatic tumor cells are supposed to fit well in the concepts of “cancer 

stem cell” (CSC), which describes a cancer cell’s ability to self-renew and establish 

secondary tumors (Cabrera et al., 2015; Peitzsch et al., 2017), and the epithelial-to-

mesenchymal transition (EMT), which represents a mechanism that confers migration/

invasion abilities to cells (Mani et al., 2008; Brabletz 2012; Ye et al., 2015). Therefore, 

considerable efforts have been made to investigate the hypothesis that tumor cells with 

unique EMT/CSC signatures seed metastasis (Yu et al., 2013; Aceto et al., 2014; Lawson et 

al., 2015). However, no significant enrichment of CSCs or EMT tumor cells was observed in 

established metastatic lesions especially from clinic samples (Lim and Thiery, 2012; Chui, 

2013;). Indeed, the stem and EMT features of tumor cells are concomitant with lower 

proliferation status, which represents a clear disadvantage for metastatic outgrowth (Lim and 

Thiery, 2012; Hecht et al., 2015). These findings indicate two possibilities: 1) metastatic 

cells dynamically change in phenotypes; 2) the CSC and EMT tumor cells may not be 

genuinely metastatic cells. In the following sections, we will discuss these discrepancies and 

controversies in interpreting the concepts of CSCs and EMT and their roles in metastasis.

Cancer stem cells and metastasis

CSCs were first described in acute myeloid leukemia as CD34+/CD38− cells, which 

resemble the normal hematopoietic stem cell phenotype (Lapidot et al., 1994). Since then, 

CSCs have been identified in solid tumors by different markers such as CD133, ALDH, 

OCT3/4, SOX2, PROCR, CD24, CD29, CD44, and NESTIN, (Cabrera et al., 2015; Nagare 

et al., 2017; Peitzsch et al., 2017). Notably, most of these markers are common to healthy 

adult stem cells. CSC markers may also be organ-specific, and there is a conspicuous lack of 

ubiquitous CSC markers for analyzing all tumor types.

In breast cancer, Al-Hajj et al., (Al-Hajj et al., 2003) first isolated CD44( + )CD24(-/

low)Lineage(−) cells from human breast cancers, and showed that these cells had enhanced 

efficiency to form secondary tumors in mice. Subsequent studies showed that the CD44+ 

CSC population from both primary breast tumor and lung metastases were highly enriched 

for tumor-initiating cells, suggesting a direct contribution of CSCs to metastasis (Liu et al., 

2010; Jaggupilli and Elkord, 2012). The identity and contributions of CSCs to tumor 

progression and metastasis have been investigated using numerous tumor models. A study 

using a TGF-beta receptor II gene (Tgfbr2)-deficient squamous cell carcinoma mouse model 

showed that ELMO1, a Rac-activating guanine exchange factor, was explicitly expressed in 

the CSCs in tumors at the transition zone (McCauley et al., 2017). Knocking down Elmo1 
expression significantly impaired lung metastasis in the mouse model. Recently, in a colon 

cancer mouse model, Lgr5 (the leucine-rich repeat-containing G-protein-coupled receptor 5) 
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was characterized as a reliable intestinal CSC marker (de Sousa e Melo et al., 2017). Of 

note, the Lgr5− population of tumor cells replenished Lgr5+ CSCs, and as a result, primary 

tumor regression was not observed upon specific ablation of Lgr5+ CSCs. Interestingly, the 

Lgr5+ CSCs were highly enriched in micro-metastatic lesions and were critical for 

metastasis formation. Depletion of Lgr5+ CSCs significantly impaired liver metastasis even 

in mice bearing established metastatic lesions. These results demonstrated a role for CSCs in 

metastasis, but also suggested that the specific organ microenvironment affected the 

requirement of CSCs for tumor maintenance.

Importantly, metastatic tumor cells may persist in a dynamic CSC state, in which they 

transition between a stem-cell and non-stem-cell state in response to microenvironmental 

factors. In long-term culture, CSCs and non-CSCs were able to repopulate each other, and 

both populations were capable of forming tumors (Gupta et al., 2009, Mani et al., 2008, 

Shackleton et al., 2009), suggesting that CSC marker expression could be transient and 

reversible. Indeed, a bivalent chromatin configuration in the promoter of ZEB1 (a key EMT 

regulator) plays an essential role in the switch between the CSC and non-CSC states in 

responding to microenvironmental signals (Chaffer et al., 2013). Since metastatic tumor 

cells are exposed to unpredictable challenges, their plasticity may better characterize 

metastatic cells than the presence of CSC markers.

Epithelial-to-mesenchymal transition and metastasis

EMT was initially observed in studies of embryo development, and described as a process 

whereby stationary epithelial cells transdifferentiate into motile mesenchymal cells (Thiery 

et al., 2009; Lim and Thiery, 2012). Through EMT, epithelial cells lose their tight 

connections with neighboring cells, exhibit resistance to apoptosis, and gain the ability to 

migrate and invade adjacent tissue. Also, the EMT program may bestow cancer cell 

stemness properties (Mani et al., 2008; Kalluri and Weinberg, 2009; Ye et al., 2015), thereby 

resembling the CSC phenotype. Since these EMT-associated features coincide substantially 

with the requirements for metastatic tumor cells, EMT has been proposed as an essential 

phenotype of metastasis.

EMT dynamics:

Continuous activation of the EMT program was shown to exhibit an inhibitory effect on 

metastasis. Overexpression of Twist1 (an EMT transcription factor) did not lead to 

outgrowth of macrometastases, although it promoted invasive primary tumor growth in a 

skin tumor model (Tsai et al., 2012). Instead, suppression of Twist1 expression was 

necessary for metastasis formation (Tsai et al., 2012). Similarly, SNAI1 (another EMT 

transcription factor) was found to be transiently expressed during breast cancer metastasis. 

Continuous SNAIL1 expression led to a significant decrease in number of lung metastases 

(Tran et al., 2014). The requirement for reversible expression of these EMT-promoting 

transcription factors supports a hypothesis of transient EMT, which could explain the 

observation that metastatic lesions usually mirror the epithelial phenotype of primary tumors 

(Valastyan and Weinberg, 2011; Lambert et al., 2017). Using a fluorescent-labeled patient-

derived xenograft (PDX) model of breast cancer, Lawson et al. (Lawson et al., 2015) 
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compared the transcriptomes of single metastatic tumor cells from animals with low versus 

high metastatic burden. Interestingly, gene expression signatures of stemness, EMT, pro-

survival and dormancy were found in metastatic tumor cells from tissue with low metastatic 

burden, while the cells from tissues with high metastatic burden displayed more 

differentiated luminal gene expression signatures. These findings also suggested that 

dynamic phenotypic changes in metastatic tumor cells occur during tumor progression.

The controversy regarding the requirement for EMT in metastasis:

Recent studies using EMT lineage tracing models have raised vigorous discussion about the 

requirement of the EMT phenotype in metastasis. To trace the transient EMT events and 

clarify their contribution to metastasis, mesenchymal-specific Cre-mediated fluorescent 

marker switchable systems were established in spontaneous breast tumor mouse models 

(Fischer et al., 2015). In these models, tumor cells that have undergone EMT displayed a 

permanent switch in fluorescent marker expression from RFP to GFP. As expected, primary 

tumors predominantly exhibited RFP + epithelial phenotypes. Surprisingly, lung metastases 

were also mainly derived from RFP+ epithelial cells, questioning the direct contribution of 

EMT in metastasis (Fischer et al., 2015). One possible explanation was that the EMT lineage 

tracing models failed to report a transient EMT process (Ye et al., 2017). However, 

consistent EMT events were detected in the primary tumor, in the circulation, and in early 

lung metastases (Fischer et al., 2015). These disseminated EMT tumor cells were surpassed 

by their epithelial counterparts during metastasis formation. Furthermore, EMT blockade by 

ectopic expression of the miR-200 family did not affect lung metastasis (Fischer et al., 

2015), indicating that EMT phenotype was not a prerequisite for metastasis-initiating cells. 

Also, using genetically engineered mouse models, Zheng et al.(2015) showed that genetic 

knockout of Snail or Twist (encoding EMT-inducing transcription factors) in mice did not 

alter the emergence of invasive PDA, its dissemination or liver metastasis. Both these studies 

(Fischer et al., 2015; Zheng et al., 2015) suggested that EMT was dispensable for metastasis, 

and proved contradictory to the prevailing hypothesis that EMT was essential for metastasis. 

Indeed, new lineage tracing systems and carcinogenesis models need to be evaluated to 

determine the generality of these observations.

Partial EMT:

The observations that cancer cells may harbor a spectrum of hybrid epithelial and 

mesenchymal states have led to the concept of partial EMT (Grigore et al., 2016; Yeung and 

Yang 2017). Unlike terminally differentiated epithelial cells, tumor cells have usually been 

observed to dedifferentiate with varying degrees of EMT phenotype (Kalluri and Weinberg, 

2009). A spectrum of EMT status also exists among the tumor cells within an individual 

tumor. Using single-cell sequencing technology, the transcriptomes of hundreds of tumor 

cells from glioblastoma patients were profiled (Patel et al., 2014). Interestingly, most tumor 

cells did not fit into the distinct epithelial or mesenchymal cell types proposed by classical 

EMT models. These transcriptional profiles of individual tumor cells displayed a spectrum 

of intermediate phenotypes. Also, by analyzing more than 2,000 head and neck squamous 

cell carcinoma (HNSCC) cells, activation of a partial EMT(p-EMT) program was observed 

at the tumor leading edge (Puram et al., 2017). Of note, the overall expression of epithelial 

markers was apparently maintained in all tumor cells. The p-EMT program predominantly 
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included genes encoding extracellular matrix proteins. Many classical EMT transcription 

factors such as SNAI1, TWIST1/2, and ZEB1/2 were not involved. Also, sequential analysis 

of sorted p-EMThigh and p-EMTlow cells further demonstrated that the activation of the p-

EMT program during metastasis likely represents a transient state, since the differential 

expression of the p-EMT signature was not detected by comparing tumor cells from the 

primary and metastatic lesions (Puram et al., 2017). However, there is still lack of criteria for 

the partial EMT definition. It is still an open question whether it represents a special type of 

EMT or a reflection of the plasticity of tumor epithelial cells.

EMT status quantification:

The controversy regarding the contribution of EMT in metastasis is partially due to a lack of 

a standard quantification system, which defines the threshold between epithelial and 

mesenchymal phenotypes. To address this issue, efforts have been made to develop 

algorithms for EMT status score by weighting the expression of EMT-related genes 

(including both epithelial and mesenchymal markers) (Tan et al., 2014; George et al., 2017). 

A spectrum of EMT status was found in various cancers. However, EMT status did not 

necessarily correlate with poorer survival of cancer patients. Intriguing results were 

observed wherein the mesenchymal phenotype was prognostic for worse survival in some 

cancer types and better survival in others. Interestingly, when investigating the correlation of 

the EMT score with metastasis potential in breast cancer patients (George et al., 2017), 

metastatic cancer was either categorized as epithelial or a hybrid phenotype, indicating that a 

complete EMT phenotype is unnecessary for metastasis.

However, the use of bulk tumor transcriptomes for EMT scoring analysis has the 

complication that variations may derive from the transcriptomes of different stromal 

components rather than the EMT status of tumor cells (Goossens et al., 2015). Advances in 

technologies such as single cell DNA and RNA sequencing may provide critical connections 

between genotypes and phenotypes (Navin et al., 2011; Navin 2015), offering new 

perspectives on the translational applications of EMT in prognosis and personalized therapy.

Taken together, the evolving concepts of dynamic EMT and partial EMT have spurred 

further research to yield a quantitative metric to define such hybrid states, so that their 

functional role in metastasis can be investigated. Future studies employing sensitive and 

multiple EMT reporters have the potential to address some of the conflicting findings in the 

EMT field.

CSC/EMT phenotypes in Circulating tumor cells:

En route to metastasis, tumor cells travel through the bloodstream as Circulating tumor cells 

(CTCs) to reach distal organs, thus the phenotype of CTCs may reflect metastatic features. 

The traditional technique of CTC isolation (using the CellSearch system) depending on an 

epithelial marker has been challenged due to the existence of CTCs with a mesenchymal 

phenotype. Using a cocktail of antibodies against epithelial marker EpCam, as well as 

EGFR, and HER2, Yu et al. (2013) captured CTCs using a microfluidic herringbone-chip. 

CTCs with both epithelial (keratins, EpCam, and E-cadherin) and mesenchymal (fibronectin, 

N-cadherin, and PAI1) markers were identified. Interestingly, CTCs with mesenchymal 
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phenotypes were enriched particularly in patients with triple negative breast cancer and 

associated with metastasis development (Yu et al., 2013). Also, stem-like markers (CD44+/

CD24−) have been used in isolating CTCs in breast cancer patients. It was clear that the 

enumeration of CTCs itself seems not adequate to predict the metastasis outcomes, while the 

phenotype of CTCs such as re-proliferation ability showed correlation with the presence of 

brain metastasis in patients (Boral et al., 2017).

Recently, attractive techniques were developed to distinguish CTC phenotypes on single cell 

level by nanoparticle-mediated magnetic ranking (Poudineh et al., 2017). Using 

nanoparticles coated with anti-EpCam antibody, CTCs in the whole blood could be 

recovered according to their EpCam expression levels in different magnetic zones. Similarly, 

using RNA probes that are conjugated to the magnetic nanoparticles, a quantification 

analysis of interested gene expression in CTCs could be achieved with high sensitivity and 

efficacy (Labib et al., 2018). In addition, novel technologies for analyzing the proteomics of 

CTCs, especially for the phosphorylation and proteolytic processing, were also under 

development (Sinkala et al., 2017). These techniques hold the potentials to reveal the 

dynamic phenotypes of CTCs that are required for the metastasis-seeding.

Therapeutic targeting of the CSC/EMT phenotypes

Study of the CSC/EMT phenotype in metastasis formation has been driven by the prospects 

of developing targeted therapies for metastasis. However, the complexities of the plasticity 

and dynamics of these phenotypes predict that targeting therapies may only provide 

temporary effects, since new CSC or EMT tumor cells may continue to arise from the 

remaining tumor cell population that has not been targeted (Davis et al., 2014; Dragu et al., 

2015). Also, complications occur due to the potentially reversible nature of the EMT process 

(Davis et al., 2014). Inhibiting EMT may impair the invasion and dissemination of tumor 

cells at the primary site, but may also promote cell proliferation and colonization at the 

metastatic site. This strategy would be unacceptable for patients, whose tumor cells may 

have already disseminated at the time of diagnosis.

Nevertheless, platforms that enable the discovery of specific cytotoxic agents or inhibitors of 

CSC/EMT tumor cells have been investigated. Using genetically modified human breast 

epithelial cells mimicking the CSC/EMT status of cancer cells, high-throughput screening 

for selective inhibitors of CSC growth has been investigated (Gupta et al., 2009; Carmody et 

al., 2010). Also, TGFβ, a major EMT-inducing factor, has been intensively studied as an 

anti-EMT target. Clinical trials using LY2157299, a TGFβRI inhibitor, either as 

monotherapy or in combination with standard chemotherapies, are ongoing in glioblastoma, 

pancreatic cancer and liver cancer patients (Giannelli et al., 2014; Rodon et al., 2015).

In addition, the association of CSC/EMT phenotype and chemoresistant properties provided 

another rationale for targeting the CSC/EMT tumor cells, which may achieve a synergistic 

effect with traditional chemotherapy. Indeed, inhibiting the EMT process by expression of 

the miR-200 family led to significant reduction in chemoresistant metastasis formation in a 

breast tumor model (Fischer et al., 2015). Also, in a model of squamous cell carcinoma, 

genetic ablation of BMI1+ CSCs significantly inhibits lymph metastasis development, and 
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inhibition of BMI1 sensitized the tumor to cisplatin treatment (Chen et al., 2017). Therefore, 

the combination of anti-EMT/anti-CSC approaches with traditional chemotherapy may 

provide potential regimens to overcome chemoresistance and metastasis development.

Conclusions and perspectives

After years of searching for specific genetic, genomic, epigenetic and phenotypic features of 

metastatic tumor cells, it remains inconclusive whether metastatic tumor cells are as a 

special subpopulation within the bulk primary tumor cells. Although many genotypic and 

phenotypic markers specified for metastatic tumor cells have been proposed, these markers 

are vulnerable and cancer type dependent. Instead, the current findings suggest that 

metastases arise from multiple subclones of the primary tumor and share critical driver 

mutations (Fig. 2A). The genomic instability program of tumor cells leads to additional 

genomic alterations. However, such modifications are usually passenger mutations and are 

profoundly affected by the microenvironmental factors and treatments encountered during 

metastasis.

Phenotypically, metastatic tumor cells require stemness to rebuild the hierarchy of tumor cell 

populations in metastatic lesions. However, no consistent CSC marker has been identified 

among tumors, yet CSCs and non-CSCs can repopulate each other under specific conditions. 

Tumor cells may exhibit a reversible EMT process during metastasis, and there is a spectrum 

of intermediate phenotypes (Fig. 2B). Given that metastatic tumor cells encounter very 

different microenvironments in the primary tumor, in the circulation, and in secondary 

organs, either the CSC or the EMT phenotype could provide a survival or proliferative 

advantage. These findings also suggest that future metastasis studies should focus on factors 

controlling cellular plasticity of metastatic tumor cells rather than on the phenotype itself.

Unfortunately, defining, tracking or measuring the phenotypic plasticity of metastatic tumor 

cells is challenging, particularly in vivo. Important questions still remain unanswered, such 

as: 1) Are there genetic or epigenetic markers of cellular plasticity? 2) How do cells control 

their plasticity? 3) What are the crucial mediators of cellular plasticity? And more 

importantly, 4) is phenotypic plasticity targetable to achieve therapeutic benefit in patients 

with metastatic disease? Equipped with much advanced techniques including single-cell 

sequencing, in vivo imaging, genetic engineered mouse and patient-derived xenograft (PDX) 

models, we are poised to unravel the temporal/spatial mysteries of metastatic tumor cells. 

Clarification of the (epi)genotypes underlying the phenotypic behavior of metastatic tumor 

cells will take our understanding of metastasis further and should culminate in successful 

therapeutic strategies against metastasis.
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Figure 1. 
The genotypic and phenotypic properties that define the metastatic tumor cells. The specific 

features of metastatic tumor cells could be defined on genomic and phenotypic levels. Both 

germline and somatic alterations including SNVs, CNAs, chromosome rearrangement and 

epigenetic modulations would lead to changes in the transcriptome of metastatic tumor cells. 

These genomic changes would not only serve as evolution markers in metastasis, but also 

manifest functions of cell proliferation, migration, invasion, anti-apoptosis and stemness that 

would be closely related to the CSC and EMT phenotypes.
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Figure 2. 
The genotypic instability and phenotype dynamics of the metastatic tumor cells. A, 

Metastases could be derived from multiple subclones of the primary tumor cells. Genomic 

studies reveal a complicated phylogenetic relationship between the primary tumor and 

metastasis. Similar driving mutations and genetic alterations are shared between them, while 

additional passenger mutations are also detected in the metastases due to the genomic 

instability feature. B, The phenotype features of metastatic tumor cells could be transient, 

reversible between mesenchymal/stem like (Mes/CSC) and epithelial/non-stem like (Epi/

non-CSC), and highly affected by microenvironment factors. It might not be the genotype or 

phenotype itself, but the genomic instability and phenotypic plasticity that determines the 

eventual survival of metastatic tumor cells.
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