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Historically, therapy of metastatic disease has essentially been limited to using strategies that were identified and established
to shrink primary tumors. The limited efficacy of such treatments on overall patient survival stems from diverging intrinsic and
extrinsic characteristics of a primary tumor and metastases originating therefrom. To develop better therapeutic strategies
to treat metastatic disease, there is an urgent need to shift the paradigm in preclinical metastasis research by conceptualizing
metastatic dissemination, colonization, and growth as spatiotemporally dynamic processes and identifying rate-limiting
vulnerabilities of the metastatic cascade. Clinically, while metastatic colonization remains the most attractive therapeutic
avenue, comprehensive understanding of earlier steps may unravel novel metastasis-restricting therapies for presurgical
neoadjuvant application. Moving beyond a primary tumor-centric view, this review adopts a holistic approach to understanding
the spatial and temporal progression of metastasis. After reviewing recent developments in metastasis research, we
highlight some of the grand challenges and propose a framework to expedite mechanism-based discovery research feeding
the translational pipeline.

Introduction
Cancer is an evolutionary disease in which, most often, a spo-
radic genetic alteration bestows a growth advantage to an oth-
erwise physiologically normal cell (Hanahan and Weinberg,
2011). Over time, mutations accumulate, resulting in a neo-
plastic lesion that subsequently, although rarely, turns malig-
nant. The early 1900s witnessed advances in surgical techniques
and development of aggressive chemo- and radiotherapies for
treating primary tumors. The declaration of the “war on cancer”
in 1971 led researchers to discover cancer-causing genes,
including oncogenes and tumor suppressors, and to develop
strategies to therapeutically target them in the hope of re-
stricting cancer growth (Wheeler and Wang, 2013). With the
turn of the century and successful realization of the Human
Genome Project, global oncology research entered the new era of
genomic medicine.

The availability of a reference genome and affordable tech-
nological platforms to undertake next-generation sequencing
fueled large-scale intercontinental consortia such as The Cancer
Genome Atlas, the Catalogue of Somatic Mutations in Cancer, the
Encyclopedia of DNA Elements, the International Cancer Genome
Consortium, and the recently concluded Pan-Cancer Analysis of
Whole Genomes Consortium (ICGC/TCGA Pan-Cancer Analysis of
Whole Genomes Consortium, 2020; Garraway and Lander, 2013;

Shaw and Maitra, 2019). These large-scale concerted efforts
have revolutionized our understanding of the genetic makeup
of cancer and expanded our knowledge from a few hundred
genes to instead mapping genetic interactions at the whole-
genome level. The explosion of genomic data also led to a
comprehensive characterization of different subtypes and
grades of cancers relying on the underlying mutational land-
scape and maladapted signal transduction pathways (Garraway
and Lander, 2013; Suhail et al., 2019). These research efforts
have enormously expanded the mechanistic understanding of
interpatient and intratumor heterogeneity and have diversified
clinicians’ armamentarium to curtail cancer growth. Alongside
these developments, changes in lifestyle and medical practices,
including large-scale screening approaches to identify asymp-
tomatic patients, resulted in a decline of cancer incidence from
the peak observed in 1991 (Siegel et al., 2020). Today, despite
achieving multiple clinical milestones in curbing primary dis-
ease, metastasis remains the primary cause of cancer-related
mortality.

Distant metastasis may be considered the pinnacle of tumor
cell evolution. Individual cells or a subset of cancer cells break
the physical boundaries of a primary tumor and manage to ex-
ecute a series of rate-limiting steps to eventually colonize sec-
ondary sites (Welch and Hurst, 2019). Metastasis-initiating cells
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(MICs; reviewed in Celià-Terrassa and Kang, 2016; Oskarsson
et al., 2014) potentially colonize distant sites in cancer patients
already at the time of initial diagnosis. MICs often exhibit very
distinct transcriptomic and phenotypic characteristics when
compared with the originating primary tumor (Celià-Terrassa
and Kang, 2016). Hence, it comes without surprise that meta-
static tumors are much more resistant to therapies effective in
debulking the originating primary tumor (Brabletz et al., 2013).
Indeed, the ever-growing repertoire of oncology drugs has only
modestly prolonged overall survival (OS) of metastatic patients
during the past two decades, and the 5-yr survival of stage IV
cancer patients remains <20% for the majority of solid tumors to
this day (Siegel et al., 2020). Hence, there is an urgent need to
better understand the pathogenesis of metastasis to identify
bottlenecks in themetastatic process, thereby developingmechanism-
based therapies for restrictingmetastatic progression.Moreover,
it is imperative to perceive a metastatic tumor as an independent
entity rather than treat it as an extension of the primary tumor.
Along with reviewing the recent developments in the field of
metastasis, this review aims at recognizing grand challenges and
providing a framework to stimulate discussion on possible ave-
nues to overcome these bottlenecks in order to identify targets
for antimetastatic therapy.

Status quo and challenges
Successful metastatic growth reflects the survival of MICs
through a series of rate-limiting steps over the duration of
months to years (Welch and Hurst, 2019). While the majority of
tumors remain focally confined and benign, a minority turn
malignant when tumor cells break through local boundaries to
invade adjacent normal tissue. Subsequently, malignant cells
may penetrate into blood and lymphatic vessels to spread
throughout the body. Rarely, these disseminated tumor cells
manage to evade the biophysical stress in the circulation and the
local immune attack at a secondary site to progress to macro-
metastatic lesions. This multistep sequential process of malig-
nant cells disseminating from a primary tumor to colonize a
noncontiguous site is referred to as the “metastatic cascade.” The
limited mechanistic knowledge and the overwhelming com-
plexity of the process make metastasis an unresolved enigma to
this day. In the following section, we highlight recent seminal
discoveries that contributed to the limited understanding of the
metastatic cascade.

Go versus grow state of malignant cells
The epithelium consists of differentiated epithelial cells tightly
woven in continuous sheets that rely on the underlying stroma
for nourishment and growth cues. Cancerous transformation of
an epithelial cell makes it independent of external growth fac-
tors and offers unrestricted proliferation to yield a tumor
(Hanahan and Weinberg, 2011). Successively, a subset of tumor
cells may undergo so-called epithelial-to-mesenchymal transi-
tion (EMT), a developmental process that fosters cellular mo-
bility (Fig. 1 A; Kalluri and Weinberg, 2009). The induction of
the EMT signaling program results in (1) repressing epithelial
adhesion genes, allowing tumor cells to detach from the epi-
thelial sheet, and (2) activatingmesenchymal migratory genes to

assist the invasion of tumor cells into the basement membrane
and surrounding tissues (Aiello and Kang, 2019). Moreover,
EMT bestows stem cell–like properties on the tumor cells,
thereby promoting their ability to rapidly adapt and survive in a
hostile environment (Mani et al., 2008). While the EMT pro-
gram aids the initial steps of the metastatic cascade—namely
invasion, intravasation, survival in the circulation and, poten-
tially, extravasation—the reverse program, mesenchymal-to-
epithelial transition (MET), has been implicated in facilitating
the outgrowth of seeded malignant cells (Chaffer et al., 2007;
Tsai et al., 2012). Concurrently, EMT features are prominently
visible in micrometastases, whereas macrometastases largely
display epithelial characteristics (Aiello et al., 2016), suggesting
that the reversal of EMT is crucial for successful metastatic
colonization (Fig. 1 B). The transient nature of the EMT andMET
processes are an inherent major contributor to tracing these
processes in archived pathology specimens.

The fate of tumor cells undergoing EMT/MET is regulated by
several key EMT-inducing transcription factors (EMT-TFs),
such as SNAIL, TWIST, and ZEB (Brabletz, 2012). Diverging
phenotypes have been observed in the genetic knockouts of
individual EMT-TFs. For example, while the genetic deletion of
either SNAIL or TWIST did not influence tumor progression and
metastasis (Fischer et al., 2015; Zheng et al., 2015), depletion of
the EMT activator ZEB1 resulted in a reduced fraction of tumors
progressing to high-grade cancers and consequently impeded
the formation of distant metastases (Krebs et al., 2017). These
controversies stem not only from technical issues such as in-
complete deletion efficacy but also compensatory mechanisms
and overall difficulties in proving that an epithelial metastasis
actually underwent EMT (Williams et al., 2019). In an attempt
to induce a mesenchymal state, scientists genetically deleted
E-cadherin in tumor cells. E-cadherin–depleted cancer cells
showed a multifold reduction in the number of metastatic foci as
compared with control cells (Padmanaban et al., 2019). Mecha-
nistically, loss of epithelial identity rendered tumor cells vul-
nerable to environmental stress and induced apoptotic signals,
suggesting a crucial dependence of seeded metastatic cells on
MET for successful colonization. Together, these observations
have instigated intense research effort to decipher the under-
lying molecular mechanisms that control the temporal regula-
tion of EMT/MET during metastasis.

To explain these findings, EMT/MET, rather than being a
binary event (comprising the epithelial and mesenchymal phe-
notypes), was proposed to reflect a spectrum of hybrid pheno-
types where cancer cells may activate the EMT/MET program to
various degrees in a contextual manner (Brabletz et al., 2018;
Nieto et al., 2016; Williams et al., 2019). Indeed, screening a large
panel of cell surface markers identified subpopulations of cells
displaying different extents (partial to full) of EMT coexisting in
a primary tumor (Pastushenko and Blanpain, 2019; Pastushenko
et al., 2018). Overall, the induction of the EMT program endows
malignant cells to enter a migratory “go” state to enable their
body-wide spread at a compromise of their proliferative capac-
ity, whereas theMET program allows a seeded cell to “grow” and
colonize a distant organ (Nieto, 2017; Suhail et al., 2019). Re-
cently, the EMT International Association published a white
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paper to guide research on EMT/MET with the goals to reduce
misinterpretation of published scientific data and to provide
a framework for propelling international collaboration (Yang
et al., 2020a). With an increasing understanding of tumor cell
plasticity and its vital importance during metastasis and re-
sponse to therapy, it is critical to answer questions such as what
factors control the extent of EMT induction in tumor cells,
whether different tissue microenvironments instigate different
EMT-TFs in metastasizing cancer cells, and if disseminated tu-
mor cells can be kept dormant by restricting them in their
mesenchymal state.

Hematogenous versus lymphogenous route of
metastatic dissemination
Rapid expansion of the vascular network is essential to support
tumor growth. In turn, tumor-associated blood and lymphatic
vessels serve as escape routes from the primary site (Fig. 2),
because both routes give malignant cells access to the systemic
circulation and thereby to distant organs (Paduch, 2016). Lack
of interendothelial tight junctions and low-shear fluid flow

conditions present the lymphatic drainage as a favorable
route for dissemination. Indeed, clinical observations have
long reported a much higher frequency of melanoma- and
carcinoma-associated regional LNs (for diagnostic reasons,
also called sentinel LNs) to be positive for cancer cells, such as
in patients with sarcomas (Wong and Hynes, 2006). Further-
more, LNs have been proposed to assist in selecting cancer cells
with high metastatic potential, which may subsequently drain
into the blood either via the thoracic duct or by infiltrating LN
blood vessels (Krishnan et al., 2003). Yet, multicenter phase III
clinical trials reported no long-term survival advantage for
melanoma patients undergoing complete dissection of draining
LNs as compared with observation only (Faries et al., 2017;
Leiter et al., 2016). Similarly, lack of additional benefit was
reported for women with invasive breast cancer undergoing
additional axillary LN dissection compared with sentinel lym-
phadenectomy only (Giuliano et al., 2017). Concurrent with
lymphadenectomy trials, genomic comparison of matched pri-
mary and metastatic melanoma specimens unveiled that par-
allel seeding of genetically distinct tumor clones gives rise to

Figure 1. EMT. (A) During development, epi-
thelial cells undergo a set of reversible, yet
sequential, morphological changes to acquire
mesenchymal characteristics. (B) Tumor cells
activate similar developmental programs to at-
tain a mesenchymal state that not only bolsters
their migratory ability but also assists in the
survival of disseminated cells in the circulation
and upon extravasation at a noncontiguous site.
Seeded MICs revert to an epithelial state to ac-
tively proliferate and subsequently colonize the
metastatic site. The figure was generated with
BioRender.com.

Figure 2. Individual and collective dissemi-
nation of tumor cells.Neoplastic cells can enter
the circulation via either a hematogenous or
lymphogenous route. Tumor cells tend to cluster
together or may aggregate with immune cells to
survive in the circulation. While the sentinel LNs
often present a wide interlesion tumor cell het-
erogeneity, the clonal composition of metastases
at the distant organ site displays substantially
lower complexity. The figure was generated with
BioRender.com.
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regional and distant metastatic tumors (Sanborn et al., 2015).
Likewise, phylogenetic mapping of hypermutable genomic re-
gions revealed that lymphatic and distant organ metastases
originated from different primary tumor clones in nearly two-
thirds of colorectal cancer patients (Naxerova et al., 2017).
However, in the remaining one-third of patients, liver and LN
metastases shared a common tumor cell progeny, suggesting
either simultaneous dissemination of an individual tumor clone
via lymphatic and hematogenous routes or sequential seeding,
wherein LNs acted as a transient reservoir for distant liver
metastasis.

While clinical studies so far suggest no additional survival
advantage for patients undergoing sentinel LN removal, it re-
mains experimentally inconclusive whether distant metastases
originate solely from tumor cells disseminated via the hema-
togenous route with no contribution from the lymphogenous
route. In preclinical mouse models, focal photoconversion of
fluorescent protein Dendra2 in LN-seeded tumor cells allowed
researchers to trace the origin of distant metastases (Pereira
et al., 2018). Indeed, nearly 70% of lung-metastasized tumor
cells were mapped to the LN origin, indicating that LNs act as an
intermediary reservoir for distant metastases. Likewise, intra-
lymphatic inoculation of tumor cells led to rapid colonization of
LN and direct intravasation into LN blood vessels without in-
volving the thoracic duct (Brown et al., 2018). Concomitantly,
active lymphangiogenesis was observed at distant metastatic
sites, including the lungs. This was positively correlated with
metastatic burden, indicating that lymphatic vessels seed ma-
lignant cells to secondary sites (Ma et al., 2018). Furthermore,
genetic ablation of lymphatic vessels in tumor-bearing mice
strongly suppressed metastatic dissemination without influ-
encing the growth of primary tumors (Chen et al., 2018). Indeed,
performing lymphadenectomy at the time of primary tumor
resection resulted in long-term survival of mice in a spontane-
ously metastasizing melanoma model that relies on the lym-
phogenous route for distant metastases (Gengenbacher et al.,
2020). Moreover, exposure to the lymphatic environment was
described to protect disseminated melanoma cells from under-
going ferroptosis and facilitate distant metastasis (Ubellacker
et al., 2020).

While these preclinical studies solidly establish the impor-
tance of the lymphatic route for distant metastases, the contri-
bution of lymphogenous spread to fatal distant metastases
remains debated in clinical practice. Future research will need to
focus on investigating varying reliance of different cancer en-
tities on the lymphatic route for dissemination and whether
dissimilar levels of immunogenicity of tumor cells prime the
host immune cells and influence their cytotoxic response toward
tumor cells at distant organs. Another major question is the
biological relevance of peri- and intratumoral lymphatics and
whether the presence of either can predict the preferential route
of metastatic spread. The better mechanistic understanding of
hematogenous versus lymphogenous spread may have imme-
diate translational implications because it may lead to the de-
velopment of stratifying procedures to identify subpopulations
of patients likely to benefit from lymphadenectomy during
primary tumor surgery.

Single versus collective dissemination of metastatic cancer cells
A large number of circulating tumor cells (CTCs) may enter the
circulation. Yet, only a select few complete the journey to finally
give rise to metastatic colonies (estimated to be <0.02% based on
the experimental preclinical models; Luzzi et al., 1998; Micalizzi
et al., 2017; Strilic and Offermanns, 2017). While the primary
tumor offers an immunosuppressive environment for cancer
cells, CTCs face the host immune attack in the circulation.
Likewise, a combination of other stresses challenge the survival
of CTCs, including anoikis as well as high shear and oxidative
stress (Strilic and Offermanns, 2017). Circulating emboli of
multiple tumor cells and the association of CTCs with immune
cells may provide a survival advantage and enhance the meta-
static potential as compared with individual CTCs (Cheung and
Ewald, 2016; Micalizzi et al., 2017; Strilic and Offermanns, 2017).
Indeed, intravenous injection of tumor cell clumps resulted in
significantly higher numbers of pulmonary metastases com-
pared with single tumor cells (Liotta et al., 1976). Likewise,
breast cancer cells showed collective dissemination with ag-
gregated cells, forming a multifold higher number of lung
metastatic colonies compared with the injection of dissociated
cells (Cheung et al., 2013, 2016). Indeed, CTC clusters were de-
scribed to exhibit an altered epigenetic landscape when com-
pared with matched single CTCs, including enrichment of gene
pathways related to stemness and proliferation (Gkountela et al.,
2019). Likewise, association with neutrophils was found to be
highly advantageous for the survival of CTCs (Szczerba et al.,
2019). Mechanistically, neutrophil-associated CTCs expressed
higher levels of genes related to cell cycle progression and
benefited from various neutrophil-derived cytokines and
growth signals. Concomitantly, the presence of circulating
neutrophil–CTC clusters was positively correlated with disease
progression in patients with advanced breast cancer (Egeblad
and de Visser, 2019). Similarly, platelet aggregation not only
allowed CTCs to evade the innate immune response but also
facilitated transendothelial migration (Schumacher et al., 2013;
Stegner et al., 2014; Strilic and Offermanns, 2017). Platelet–
tumor cell contact promoted EMT-like transition and facilitated
metastatic progression (Labelle et al., 2011). Overall, collective
dissemination provides metastatic tumor cells a better chance to
survive in the circulation (Fig. 2).

Several lineage-tracing studies have shown that metastasis
arising from clustered CTCs is often oligoclonal in nature
(Cheung and Ewald, 2016). CTC clusters composed of genetically
distinct clones displayed a 50–100-fold higher probability than
individual clones of forming distant metastasis (Aceto et al.,
2014; Cheung et al., 2016). Intriguingly, while a large fraction
of peritoneal and diaphragm metastases were found to be pol-
yclonal, liver and lung metastases were largely monoclonal in a
genetically engineered mouse model of pancreatic cancer
(Maddipati and Stanger, 2015). Such organ-specific variations in
the clonal composition of metastatic tumors may arise from
differences in niche-specific tropic factors.

In line with preclinical studies, nearly 30% of patients with
melanoma, breast, and prostate cancer had detectable circulat-
ing CTC clusters (Sarioglu et al., 2015). Clinically, the presence of
circulating tumor emboli correlated with poor progression-free
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survival and OS of patients with small-cell lung cancer (Hou
et al., 2012). Further phylogenetic assessment of paired prima-
ry and metastatic tumor specimens revealed complex polyclonal
origins of metastatic tumors (Turajlic and Swanton, 2016). Pol-
yclonal seeding contributed to 59% of LN and 29% of distant
metastatic tumors (Hu et al., 2020). Correspondingly, a wide
interlesion tumor cell heterogeneity in draining LNs was hy-
pothesized to select the fittest tumor clones that will eventually
seed distant organ sites (Reiter et al., 2020). Metastatic cross-
seeding, where clones from a metastatic lesion seed secondary
sites, adds another layer of complexity in defining the origin and
clonality of resulting metastatic cancers in patients with ad-
vanced prostate cancer (Gundem et al., 2015).

The polyclonal nature of metastatic tumors poses a major
hurdle to treating them, because therapy-resistant clones
emerge and result in disease relapse (Massagué and Obenauf,
2016). Future research will need to deconvolute the alterations
in the clonality of metastatic tumors during therapy as well as
the mechanisms underlying site-specific bias in the clonality of
metastasis-initiating clusters. While preclinical studies have
unambiguously associated CTC clusters with poor prognosis,
future clinical studies will have to investigate if the variable
presence of tumor microemboli can be exploited as an inde-
pendent prognostic determinant to assess an individual patient’s
response to therapy, especially considering that metastatic
seeding may have occurred before initial diagnosis. Last, the
comprehensive multiomic analysis of CTCs may allow clinicians
to tailor personalized therapy aimed at eradicating seeded
metastatic cells.

Microenvironmental control of metastatic colonization
Disseminated tumor cells may stay undetected in a dormant
state for long periods (ranging from months to even deca-
des) at noncontiguous sites before beginning to actively grow
(Massagué and Obenauf, 2016). This two-step process, involv-
ing a forced dormancy followed by a reawakening of malignant
cells, remains the least well-understood step of the metastatic
cascade. The unprecedented complexity of metastatic coloni-
zation arises from a wide array of synergistically acting tumor
cell–intrinsic and tumor cell–extrinsic factors. While the ge-
netic evolution of tumor cells and intrinsic drivers have been
studied in much detail (as recently reviewed in Phan and Croucher,
2020; Summers et al., 2020), the notion that malignant cells rely
on the tissue microenvironment for colonization has gained
momentum only in the last decade (Liu and Cao, 2016). Host
cells, including vascular, mesenchymal, resident, and infil-
trating immune cells, together constitute a metastatic niche to
host disseminated cells and impose various molecular check-
points that an MIC must overcome for successful colonization
(Fig. 3; Peinado et al., 2017).

Blood vessel–lining endothelial cells (ECs) serve as a docking
interface for CTCs, which eventually transmigrate to abluminal
vascular niches. Malignant cells rely on ECs not only for nour-
ishment but also for different growth cues, called “angiocrine
factors” (Butler et al., 2010; Pasquier et al., 2020; Singhal and
Augustin, 2020). In adults, resting ECs express the decoy che-
mokine receptor DARC, which may, by physically interacting

with KAI1/CD82 on CTCs, induce tumor cell dormancy
(Bandyopadhyay et al., 2006). Gene expression of DARC and KAI1
was found negatively correlated with metastatic progression for
different cancer entities. Likewise, vascular niche–expressed TSP1
promoted senescence of seeded tumor cells (Ghajar et al., 2013).
Similarly, EC-derived IGFBP7 acted as a tumor-suppressive
checkpoint. Consequently, the loss of IGFBP7 enhanced ag-
gressiveness and facilitated chemoresistance by activating
stemness-related gene signatures in disseminated cells (Cao
et al., 2017). In contrast to the resting vasculature, activated
vascular niches support the growth of metastatic tumors. For
example, the maladapted bone vasculature was recently shown
to promote metastatic colonization by instigating MET in breast
cancer CTCs in a SOX2/9-dependent manner (Esposito et al., 2019).
Overall, ECs impart instructive cues to dictate the fate of a seeded
malignant cell.

Tumor cells traveling to distant sites are trapped in the next
capillary bed that they encounter, simply because the diameter
of a capillary is smaller than the diameter of tumor cells. The
next capillary bed is therefore oftentimes the preferred site of
metastatic colonization (i.e., peripheral tumors giving rise to
lung metastases or gastrointestinal tumors metastasizing to the
liver). Yet, tumor cells may also pass through the first capillary
bed to colonize a distant site independent of anatomical trapping
(e.g., prostate tumors preferentially metastasizing bones or
melanomas to the brain). Such secondary colonization may be
driven largely by physiological compatibility of CTCs to an en-
vironment more conducive in some organs than in others. The
nonrandom metastatic pattern of many tumors was observed in
pathology specimens >130 yr ago and led to the seed-and-soil
hypothesis of metastasis; i.e., the seed (the tumor cell) must fall
on fertile soil (the target organ) in order to successfully form a
metastasis (Fidler, 2003; Peinado et al., 2017). The understand-
ing of the mechanisms driving site-specific metastatic patterns
of different cancer indications remains limited to this day
(reviewed in Celià-Terrassa and Kang, 2018; Obenauf and
Massagué, 2015).

Organotypic blood vessels have long been known to mitigate
selective infiltration of hematopoietic cells and orchestrate cy-
tokine amplification in different organs during pathological
conditions such as cancer (De Palma et al., 2017). Lung ECs
strongly up-regulate ANG2 during metastatic progression. In
turn, autocrine-acting ANG2, in a STAT3-dependent manner,
resulted in the up-regulation of chemoattractant molecules such
as IL-6, CCL2, and the adhesion molecule ICAM1 that facilitated
the recruitment of protumorigenic myeloid cells to the meta-
static niche (Srivastava et al., 2014). In a similar experiment,
sustained activation of endothelial NOTCH signaling resulted in
the overexpression of a plethora of inflammation-inducing
chemokines (Wieland et al., 2017). The enhanced secretion of
chemoattractant signals led to the infiltration of myeloid-
derived suppressor cells into the metastatic niche, thereby
generating a protumorigenic environment. Correcting the vas-
cular niche by either genetic deletion or pharmacological tar-
geting of EC-derived angiocrine factors suppressed metastatic
growth and prolonged OS of mice (Kim et al., 2017; Srivastava
et al., 2014; Wieland et al., 2017).
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Mesenchymal cells provide a scaffold for more specialized
epithelial cells to reside and perform their physiological func-
tions (Nelson and Bissell, 2006). Additionally, mesenchymal
cells secrete balanced amounts of soluble factors, including mi-
togens and morphogens, for maintaining tissue architecture.
These developmental programs are often hijacked by cancer-
associated fibroblasts to aid metastatic progression (Sahai
et al., 2020). In the presence of a primary tumor, lung mesen-
chymal/perivascular cells were shown to activate the pluri-
potency gene Klf4, thereby switching to a more proliferative
synthetic state (Murgai et al., 2017). Subsequently, an increased
number of perivascular cells results in the enhanced deposition
of extracellular matrix (ECM) and facilitates metastatic coloni-
zation of intravenously injected cancer cells. Furthermore,
integrin-β3low perivascular cells regulate metastatic growth via
paracrine release of various cytokines (Wong et al., 2020). In a
very compelling experiment, researchers implanted tumors in
young and aged mice and discovered that fibroblasts secrete the
WNT antagonist sFRP2 to drive melanoma metastasis and foster
resistance to targeted therapy such as vemurafenib (Kaur et al.,
2016). Likewise, the loss of fibroblast-secreted HAPLN1 was
associated with an increased risk of distant metastasis (Ecker
et al., 2019; Kaur et al., 2019).

An integrated multiomic analysis of human metastatic bi-
opsies of high-grade serous ovarian cancer revealed a matrix
index, an ECM-associated molecular signature, that profoundly
correlated with poor prognosis (Pearce et al., 2018). Further-
more, the matrix index was inversely correlated with the infil-
tration of CD8+ T cells, suggesting that a stiffened matrix may
limit the host immune response to invading malignant cells.
Indeed, the reversal of ECM stiffening in the liver improved the
efficacy of antiangiogenic therapies for metastatic colorectal

cancers (Shen et al., 2020). Looking forward, modifications in
the matrix composition at the metastatic site could prove ben-
eficial to enhance the efficacy of immune checkpoint (IC) in-
hibitors toward metastatic cancers. While the crucial role of
cancer-associated fibroblasts has been well recognized, future
research will also need to investigate the influence of dysfunc-
tional mesenchymal cells on ECM remodeling within the meta-
static niche and its influence on metastatic colonization.

The primary tumor offers an immunosuppressive envi-
ronment, largely composed of myeloid cells, for transformed
epithelial cells to evade the host immune response and to
proliferate unrestrictedly (Altorki et al., 2019; Lim et al., 2018;
Ritter and Greten, 2019). Metastasis can occur during early tu-
morigenesis, and similar modulation of the metastatic site can be
linked to the outgrowth of metastatic colonies (El-Kenawi et al.,
2020; Garner and de Visser, 2020; Swierczak and Pollard, 2020).
For example, malignant cells evoked a systemic inflammatory
response by granulocyte colony-stimulating factor–mediated
expansion of neutrophils, which, in turn, suppressed cytotoxic
CD8+ T cells and permitted disseminated tumor cells to establish
ectopic colonies (Coffelt et al., 2015). Postsurgical adjuvant ad-
ministration of low-dose epigenetic therapy could interfere with
the trafficking of myeloid cells into the metastatic site by down-
regulating key chemokine receptors, thereby resulting in long-
term disease-free survival in preclinical cancer models (Lu et al.,
2020). Similarly, natural killer cells actively pruned metastatic
colonies by eliminating single-seeded CTCs while sparing CTC
clusters (Lo et al., 2020). Malignant cells instigated regenerative
transcriptomic programs to escape natural killer cell–mediated
immunoediting in a SOX9-dependent manner (Laughney et al.,
2020). Likewise, multiplexed interrogation of clinical metastatic
specimens revealed that the evolution of tumor clones was

Figure 3. Metastatic niche–imposed molec-
ular checkpoints. Seeded tumor cells closely
interact with different stromal cells within the
metastatic niche. MICs escape dormancy by in-
ducing the angiogenic switch (activation of other-
wise quiescent ECs to induce sprouting angiogenesis),
remodel the ECM, and orchestrate an immu-
nosuppressive environment to collectively favor
the colonization process. The figurewas generated
with BioRender.com.
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closely associated with changes in the immune microenviron-
ment at the metastatic site (Angelova et al., 2018). Moreover,
ECM remodeling induced by neutrophil-extruded proteases
was sufficient to awaken otherwise dormant metastatic clones
(Albrengues et al., 2018). Neutrophil extracellular traps could
additionally facilitate the proliferation of seeded tumor cells in
an integrin-dependent manner (Yang et al., 2020b). Overall,
the past decade has witnessed major scientific discoveries ex-
panding the hitherto minimalistic understanding of the meta-
static niche and its contribution to the most deadly stages of
metastasis. Yet, recent knowledge has stimulated additional
questions and opened novel avenues for future research. En-
visioning an enormous potential of metastatic niche–targeted
therapies across the spectrum of cancer entities, it is crucial to
foster global research efforts to deconvolute the spatiotemporal
evolution of the metastatic niche and to explore potential ways
to correct it.

Perspectives
As cancer outpaces cardiovascular diseases to become the most
common cause of death in high-income and middle-income
nations (Dagenais et al., 2020), there is an urgent need for a
paradigm shift in the pursuit of metastasis-focused oncology
research from being largely fundamental discovery to rather
translational therapy oriented. The recent seminal discoveries
outlined in this review have identified molecular mechanisms
underlying different aspects of metastatic progression that offer
avenues for clinical translation. With a clear vision of transla-
tion, it is crucial to intensify preclinical efforts to expand the
existing portfolio of therapy targets to prevent not only the
formation of metastases but also the growth of established
metastatic lesions. In this section, we discuss focus areas that we
believe have the potential not only to expedite the pace of
metastatic research but also to bridge the gap between the bench
and the bedside.

Adopting latest technologies to advance metastasis research
As in the past, technology will continue to advance oncology
research. Next-generation sequencing has enormously ex-
panded the knowledge of tumor-intrinsic drivers as well as in-
terpatient heterogeneity and their differential response to
therapy (Shaw and Maitra, 2019). The increasing availability of
single-cell analysis platforms allows researchers to investigate
tumor heterogeneity and alterations in the metastatic micro-
environment at the highest possible resolution (Lim et al.,
2020). Recent benchmarking efforts have resulted in white pa-
pers to standardize single-cell transcriptomics, thereby guiding
individual laboratories as well as global consortia to generate
high-quality datasets that can be unified for large-scale meta-
analysis (Ding et al., 2020; Mereu et al., 2020; Rood et al., 2019;
Stuart et al., 2019). In addition to providing quantitative gene
expression information, spatial transcriptomics adds another
layer of information regarding the physical location of the an-
alyzed cell in the tissue microenvironment (Eng et al., 2019;
Rodriques et al., 2019; Ståhl et al., 2016).

The field of imaging has similarly witnessed groundbreaking
discoveries in recent years. The growing repertoire of tissue

clearance techniques allows three-dimensional (3D) histopath-
ological analysis of both preclinical and clinical specimens (Ueda
et al., 2020). Whole-tissue 3D high-resolution imaging enabled
investigators to study intratumoral plasticity and precisely stage
clinical biopsies (Rios et al., 2019). Likewise, noninvasive whole-
body imaging relying on the differential refractive index of
malignant cells could trace micrometastases at single-cell reso-
lution (Kubota et al., 2017). The combination of tissue clearing
with a deep learning–based automated detection platform al-
lowed the mapping of dormant malignant cells that had escaped
therapy (Pan et al., 2019). More recently, with use of a lipid-
permeable fluorescent labeling system, metastatic niche cells in
the vicinity of a seeded tumor cell could be isolated to dissect
contact-based reprogramming of the metastatic microenviron-
ment (Ombrato et al., 2019).

Recapitulating every aspect of the multistep nature of human
tumor progression in preclinical researchmodels is probably the
most challenging bottleneck in the development of metastasis-
targeted therapies. 3D organoid cultures and zebrafish avatars
preserve tumor heterogeneity and have therefore rapidly
emerged as drug-screening platforms. Yet, the inherent lack or
mismatch of stroma limits their applicability for metastasis re-
search (Drost and Clevers, 2018; Fazio et al., 2020). While the
toolbox of cancer researchers has been expanding at a rapid
pace, mouse tumor models remain the most powerful and in-
dispensable tool for metastasis research (Gengenbacher et al.,
2017). Different strategies have been employed to capture dif-
ferent aspects of metastatic disease in the mouse (see text box).
Correspondingly, machine learning–based executable computa-
tional models can be established by integrating acquired knowl-
edge from experimental preclinical and clinical studies
(Clarke and Fisher, 2020). Such computational models are
anticipated to simulate already in the near future the dy-
namic multicellular cross-talk in the metastatic niche and will
not only accelerate preclinical research but also potentially
help clinicians to choose a therapy based on genomic data of a
patient’s tumor.

Elucidating the host response to metastatic progression
With the approval of stroma-targeting therapies including an-
tiangiogenic drugs and IC inhibitors as part of first-line therapy
for multiple metastatic cancers, the past decade has witnessed a
fundamental shift in the conception of the stroma from being
merely supportive of metastatic growth to actively guarding the
colonization of seeded cancer cells. The path forward will re-
quire the adoption of a holistic approach with a temporal
analysis of the metastatic process rather than focusing on end-
stage metastatic disease. Indeed, a comprehensive systems map
of the metastatic microenvironment, integrating dynamic evo-
lution of different cellular components, will identify disease
stage–specific critical nodes and facilitate the process of target
identification. Such an extensive database will serve as a ref-
erence resource for studying the multicellular molecular cross-
talk and will highlight signaling redundancies that may mediate
therapy resistance and disease relapse. Beyond the metastatic
site, tumor cell–derived factors perturb physiological homeo-
stasis of the hematopoietic system and profoundly affect distant
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organs such as skeletal muscle and adipose tissue (Alečković
et al., 2019; Biswas and Acharyya, 2020). These systemic alter-
ations are frequently associated with poor quality of a patient’s
life and reduced tolerance of antimetastatic therapies. Under-
standing factors that contribute to these systemic alterations will
allow designing innovative solutions to improve the healthspan of
a patient, not merely the lifespan.

Exploiting novel strategies to target metastasis
Most of the current clinically approved therapies have limited to
no efficacy in patients with late-stage cancers (Anderson et al.,
2019). Hence, there is an immediate necessity to identify bio-
logical mechanism–based therapies that can effectively restrict
metastatic disease. Keeping the clinical therapeutic window in
mind, ideal antimetastatic therapies should target invasive-
ness and migratory ability and/or limit the survival of dis-
seminated tumor cells at the secondary site (Yoo et al., 2018).
The term “antimigrastatics” refers to a class of drugs that do
not influence the proliferation of tumor cells, but rather in-
terfere with the invasiveness and motility of malignant cells
(Gandalovičová et al., 2017). For example, a Tie1 function–
blocking antibody was recently demonstrated to impede the
extravasation of CTCs at the metastatic site, thereby curtailing
metastatic progression in an antimigrastatic mode of action
(Singhal et al., 2020).

Exploiting the plasticity of cancer cells is another innovative
approach that has been exploited by combining the antidiabetic
drug rosiglitazone and trametinib (mitogen-activated protein
kinase kinase 1/2 inhibitor) to target metastasis in various breast
cancer models (Ishay-Ronen et al., 2019). Mechanistically, in-
tervention with rosiglitazone forced disseminated tumor cells to
transdifferentiate into postmitotic adipocytes, resulting in the
repression of metastases. Likewise, dysregulation of intracellu-
lar levels of reactive oxygen species via either timed inhibition
of MCT1 or destabilization of BACH1 had detrimental effects on
the survival of disseminated tumor cells and led to decreased
distant metastasis (Lignitto et al., 2019; Tasdogan et al., 2020;
Wiel et al., 2019).

Despite the potentially unprecedented curative nature of IC
therapy, only small subsets of patients with advanced solid tu-
mors benefit from it. Preclinical studies suggest that anti-
angiogenic therapies can improve the efficacy of IC therapies
by promoting selective infiltration of cytotoxic CD8+ T cells
(Allen et al., 2017; Fukumura et al., 2018; Munn and Jain,
2019; Schmittnaegel et al., 2017). In a recently concluded
phase III trial, the combination of atezolizumab (anti–PD-L1)
and bevacizumab (anti–vascular endothelial growth factor)
was found superior to the current first-line therapy sor-
afenib for patients with unresectable (including metastatic)
hepatocellular carcinoma (Finn et al., 2020). In addition,
several angiogenic factors were found up-regulated in pre-
treatment tumor biopsies derived from metastatic melanoma
patients who failed to respond as compared with patients
who responded to anti–PD-1 treatment (Hugo et al., 2016),
suggesting that analysis of a panel of vascular markers may
help to preselect patients with a higher chance of responding
to IC therapies. Overall, these preclinical and clinical data
not only highlight the antimetastatic potential of combining
stroma-targeted drugs but also emphasize the underappre-
ciated role of stromal biomarkers in the stratification of
patients receiving IC therapies.

Concluding remarks
Driven by the inherent genomic instability, malignant cells
overcome multiple host-imposed checkpoints to establish dis-
tant colonies that frequently evade administered therapies and
present a nonpredictable disease progression trajectory. As
highlighted in this review, despite seminal discoveries of the last
decade, numerous key unanswered questions continue to make
metastasis largely a black box for researchers and clinicians
alike. It is becoming increasingly evident that tackling metas-
tasis requires a holistic approach that not only considers the
tumor ecosystem but also takes into consideration a plethora of
environmental confounding factors such as a person’s lifestyle.
Looking forward, the metastasis research community needs to
move beyond the candidate gene approach and invest in devel-
oping a multifactorial model that integrates existing experi-
mentally and clinically acquired data. In concert with artificial
intelligence, a comprehensive systems map of the metastatic
ecosystem will potentially allow clinicians to predict a patient’s
response to therapy in silico, thereby empowering them tomake
informed decisions.

Modeling metastasis in mice

Mouse tumor models are indispensable experimental tools for oncology re-
search because they truthfully capture the intimate cross-talk between
cancer cells and their local microenvironment. Autochthonous tumors in
genetically engineered and environmentally induced tumor models have
enormously expanded our understanding of the early steps of tumor pro-
gression. Yet, the heavy multifocal primary tumor burden often marks the
ethical endpoint of the experiment, thereby limiting the evaluation of
metastasis in such models. Contrastingly, grafted cell line–based or patient-
derived tumors grow focally and can therefore be surgically removed to
allow sufficient time for spontaneous metastasis formation to occur at
distant organs. For multifocal autochthonous models, a potential solution
might be tumor-derived allografts, which metastasize from single ortho-
topically transplanted tumor fragments or organoids that can subsequently
be surgically resected. In line with clinical practice, only surgical removal of
a primary tumor can truthfully make metastasis rate limiting for tumor
progression and mortality of mice.

In experimental metastasis models, cancer cell lines are systemi-
cally (mostly intracardially, intraperitoneally, intrasplenically, or intrave-
nously) injected for developing organ-specific metastasis. Experimental
metastasis models allow investigation of the colonization process at a
predetermined organ site, but in the absence of preconditioning of the met-
astatic niche by primary tumor-derived factors.

Abdul Pari et al. Journal of Experimental Medicine 8 of 12

Metastasis research: Quo vadis? https://doi.org/10.1084/jem.20190218

https://doi.org/10.1084/jem.20190218


Acknowledgments
The authors regret that, owing to space limitations, they could
not cite all original research articles and related references on
this topic.

Work in the authors’ laboratory is supported by funds from
the Deutsche Forschungsgemeinschaft, European Research
Council, the Helmholtz Association, and Heidelberg University.
Figures were generated with BioRender.com.

Author contributions: All authors researched data for the
article; substantially contributed to discussion of the con-
tent; and wrote, reviewed, and edited the manuscript before
submission.

Disclosures: A.A. Abdul Pari and H.G. Augustin reported a patent
to EP 19 190 563.7 pending. No other disclosures were reported.

Submitted: 25 June 2020
Revised: 17 September 2020
Accepted: 4 November 2020

References
Aceto, N., A. Bardia, D.T. Miyamoto, M.C. Donaldson, B.S. Wittner, J.A.

Spencer, M. Yu, A. Pely, A. Engstrom, H. Zhu, et al. 2014. Circulating
tumor cell clusters are oligoclonal precursors of breast cancer metas-
tasis. Cell. 158:1110–1122. https://doi.org/10.1016/j.cell.2014.07.013

Aiello, N.M., and Y. Kang. 2019. Context-dependent EMT programs in cancer
metastasis. J. Exp. Med. 216:1016–1026. https://doi.org/10.1084/jem
.20181827

Aiello, N.M., D.L. Bajor, R.J. Norgard, A. Sahmoud, N. Bhagwat, M.N. Pham,
T.C. Cornish, C.A. Iacobuzio-Donahue, R.H. Vonderheide, and B.Z.
Stanger. 2016. Metastatic progression is associated with dynamic
changes in the local microenvironment. Nat. Commun. 7:12819. https://
doi.org/10.1038/ncomms12819

Albrengues, J., M.A. Shields, D. Ng, C.G. Park, A. Ambrico, M.E. Poindexter, P.
Upadhyay, D.L. Uyeminami, A. Pommier, V. Küttner, et al. 2018. Neu-
trophil extracellular traps produced during inflammation awaken
dormant cancer cells in mice. Science. 361:eaao4227. https://doi.org/10
.1126/science.aao4227
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