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In their seminal review published nearly two decades ago,
Hanahan and Weinberg introduced the “hallmarks of can-
cer” and typified essential biological abilities that are
acquired by human cancer [1], including sustained pro-
liferative signaling, resistance to apoptosis, evading growth
suppressors, induction of angiogenesis, enabling replicative
immortality, and invasion and metastasis. Eleven years
later, in 2011, the authors added two more emerging hall-
marks, reprogramming of energy metabolism and evading
immune destruction [2]. In their updated review, genomic
instability and tumor-promoting inflammation were also
added as enabling characteristics of tumorigenesis. Since
then, several authors attempted to define the complexities of
cancer biology in different ways and challenged the criteria
for inclusion of specific hallmarks [3].

Metastatic dissemination of malignant cells is the main
cause of cancer-related mortality. Metastasis is one of the
most enigmatic features of cancer biology, and is a complex
sequential and interrelated process leading to the formation
of distant secondary tumors, collectively termed the
invasion-metastasis cascade. The series of events is initiated
by migration and local invasion of cells into the surrounding
extracellular matrix. Subsequently, cells intravasate into the
vasculature, survive the rigorous conditions within the
bloodstream, arrest at distant sites, extravasate into the organ
parenchyma, adapt to the new microenvironment to form
dormant cells or multicellular micrometastases, and even-
tually thrive in the foreign milieu to establish clinically
detectable macroscopic metastases [2].

Growing understanding of hallmark principles leading to
metastasis has assisted knowledge-based therapeutic

development; however, despite the rapidly growing arma-
mentarium of targeted therapeutics (so-called magic bul-
lets), enduring disease-free responses for most forms of
cancer are rare, and cures are even rarer [4]. Unless detected
early and surgically excised, targeting specific hallmark
capabilities is only transiently effective. Eventually, resis-
tance emerges due to the adaptive and evasive resistance
strategies developed by cancer, enabling tumor progression,
often with renewed vigor. Successful invasion and metas-
tasis depend on all the other acquired hallmark capabilities
[1] to which different strategic approaches have been
developed [4].

However, the bigger question remains: what is the most
critical hallmark of cancer? In his essay [5], Lazebnik
pointed out that except for invasion and metastasis, all five
of the six original hallmarks are shared by both benign and
malignant tumors, and are therefore rather indistinctive of
“cancer”. This concept can be similarly expanded to the
updated hallmarks—metabolic reprogramming, genomic
instability, tumor-promoting inflammation and immune
evasion, which also prevails in benign tumors [6–10]. An
exception to this is endometriosis, a prevalent benign con-
dition among females, in which endometrial cells spread
and invade distant sites [3]. Excluding this one or possibly
other few exceptions, invasion and metastatic dissemination
are not characteristic of benign conditions. We would
therefore argue that the importance of the invasion and
metastasis hallmark derives from the most defining feature
of malignancy, which entails the ability to invade, to spread,
and to colonize distant tissues. Unfortunately, no approved
drugs have been specifically designed to block invasion or
metastasis, and instead current therapeutic approaches aim
at reducing tumor cell viability by targeting the other
hallmarks.

While the hallmarks model presents an excellent depic-
tion of what goes wrong in cancer cells, it does not answer
the question of what is the hierarchy of the hallmarks in the
broader perspective of therapeutic strategies. Here, we
propose a modified hallmarks model, in which invasion and
metastasis is shifted to the center of attention (Fig. 1),
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thereby emphasizing it as a potentially superior therapeutic
target. Since therapies aiming at most of the other hallmark-
specific mechanisms affect cell viability directly, the popu-
lation of cancer cells is subject to inevitable selection and
Darwinian evolution. Conversely, blocking invasion does not
directly affect cell survival, and thus imposition of a selective
pressure towards new resistant lineages is less likely [11].
Furthermore, blocking the metastatic cascade may prevent
seeding and subsequent unrestrained exponential growth of
unlimited number of distant metastatic colonies; therefore,
we would argue that anti-invasive therapy may be considered
an efficient tumor suppressing and “cytotoxic” treatment
without even killing a single tumor cell.

Metastatic dissemination is responsible for most cancer
mortalities, yet its prevention per se receives very little
attention in the literature as opposed to treating primary
tumors or secondary lesions. We have previously mentioned
that most clinical investigation is not focused on invasion-
related outcomes, and instead, medical research is pre-
dominantly focused on other objectives such as disease
progression and tumor shrinkage [11]. Indeed, literature
search for publications associated with metastasis prevention
with antimetastatic drugs, out of all publications associated
with cancer therapy, revealed that only a minor fraction
(<4%) of publications is associated with metastatic preven-
tion therapy, indicating that most publications in cancer
therapy focus on the other hallmarks of cancer (Fig. 2).

Despite efforts being made by various groups [12–18],
the extraordinarily little weight given to antimetastasis
therapeutics raises a cause of concern. These observations
advocate the need to prioritize hallmark-based efforts and
therapeutics targeting differently, as proposed in Fig. 1,
centering one’s attention on metastasis. Along these lines,
since most successful treatments rely on early detection and
surgical excision to prevent future tumor dissemination,
arguably, metastatic-preventive care where the invasive
phenotype is completely blocked could be just as successful.

Other studies have referred to the misrepresentation of
invasion and metastasis [12, 19]; however, to our knowledge,
we are the first to evaluate it objectively in the literature. This
analysis, therefore, highlights the dissociation between the
well-accepted and unparalleled role of invasion and metastasis
in cancer mortality and the paradoxical underrepresentation of
research devoted to its prevention. This apparent contradiction
could be explained by the chronology of the metastatic cas-
cade whereby metastases would not develop without a

Fig. 1 Invasion- and metastasis-focused hallmarks of cancer. Illustra-
tion of the hallmarks of cancer with the invasion and metastasis
hallmark advanced to the center of the model, to emphasize its superior
role in malignancy

Fig. 2 Annual publications associated with antimetastatic drugs. Total
annual publications among cancer-related research in the years 1997
−2017 as obtained by Pubmed search. The search query used to
retrieve drugs-associated publications was: “Drug” | “Drugs” |
“Treatment” | “Treatments” | “Therapy” | “Therapies”. The search
query used to retrieve antimetastatic-associated publications was:
(“Anti metastatic” | “Antimetastatic” | “Anti metastasis” | “anti-
metastasis” | “Anti invasive” | “Anti invasion” | “Anti migratory” |
“Anti migration” | “Anti degradation” | “Antiproteolytic” | “Anti
proteolysis” | “Anti MMP” | “Anti matrix metalloproteinase” |
“Metastasis prevention” | “metastatic prevention” | “Anti invadopo-
dia”) OR (“Invasion” | “Invadopodia” | “Migration” | “Degradation” |
“Proteolysis” | “Proteolytic” | “MMP” | “Matrix metalloproteinase”)
AND (“Inhibitor” | “Inhibitors” | “Antagonist” | “Antagonists”). The
ratio between the queries is represented by a dashed line
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primary tumor; the intuitive association between growth and
spread that do not necessarily coincide and lead to profoundly
different clinical implications; and the misconception that
killing cancer cells and metastatic lesions are synonymous
with preventing metastasis [19, 20]. Therefore, the proposed
hierarchical model attempts to advance towards reconciliation
of this contradiction.

The hallmarks of cancer were proposed as a master plan
to guide research efforts that aim to understand the core traits
of cancer and derive treatments for this exceptionally com-
plex disease. One of the most persistent challenges in cancer
treatment involves the countervailing emergence of
advanced patterns of resistance that gradually overcome
existing and novel therapies. This challenge may be cir-
cumvented by shifting research focus and treatment para-
digms towards blocking the invasion and metastasis
hallmark, which serves as a natural candidate for the most
important and defining trait of malignancy. However, while
we are immensely engaged in using a continuously growing
arsenal of strategies for disrupting cancer viability, we may
easily miss the most critical and elusive property of them all.

Acknowledgements This work was supported by the Israel Cancer
Association and Estee Lauder Companies (grant number 20180089),
the Israel Science Foundation (grant number 1462/17), and the Israel
Cancer Research Fund (grant number 17-902-AG) (to HG-H), and by
Leir Foundation and the Ginzburg Foundation (to AOS). TM is sup-
ported by the Foulkes Foundation fellowship for MD/PhD students.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

References

1. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell.
2000;100:57–70.

2. Hanahan D, Weinberg RA. Hallmarks of cancer: the next gen-
eration. Cell. 2011;144:646–74.

3. Fouad YA, Aanei C. Revisiting the hallmarks of cancer. Am J
Cancer Res. 2017;7:1016.

4. Hanahan D. Rethinking the war on cancer. Lancet.
2014;383:558–63.

5. Lazebnik Y. What are the hallmarks of cancer? Nat Rev Cancer.
2010;10:232.

6. Chegini N. Proinflammatory and profibrotic mediators: principal
effectors of leiomyoma development as a fibrotic disorder. Semin
Reprod Med. 2010;28:180–203.

7. Marino-Enriquez A, Fletcher CD. Shouldn’t we care about the
biology of benign tumours? Nat Rev Cancer. 2014;14:701.

8. Monleón D, Morales JM, Gonzalez-Segura A, Gonzalez-Darder
JM, Gil-Benso R, Cerdá-Nicolás M, et al. Metabolic aggressive-
ness in benign meningiomas with chromosomal instabilities.
Cancer Res. 2010;70:8426–34.

9. Reiman JM, Kmieciak M, Manjili MH, Knutson KL. Tumor
immunoediting and immunosculpting pathways to cancer pro-
gression. Semin Cancer Biol. 2007;17:275–87.

10. Yigit R, Massuger LF, Zusterzeel PL, Pots J, Figdor CG, Torensma
R. Cytokine profiles in cyst fluids from ovarian tumors reflect
immunosuppressive state of the tumor. Int J Gynecologic Cancer.
2011;21:1241–7.

11. Meirson T, Gil-Henn H. Targeting invadopodia for blocking
breast cancer metastasis. Drug Resistance Updates. 2018;39:1–17.

12. Gandalovičová A, Rosel D, Fernandes M, Veselý P, Heneberg
P, Čermák V, et al. Migrastatics—anti-metastatic and anti-
invasion drugs: promises and challenges. Trends Cancer.
2017;3:391–406.

13. Hayes KE, Walk EL, Ammer AG, Kelley LC, Martin KH, Weed
SA. Ableson kinases negatively regulate invadopodia function and
invasion in head and neck squamous cell carcinoma by inhibiting
an HB-EGF autocrine loop. Oncogene. 2013;32:4766.

14. Linde N, Casanova-Acebes M, Sosa MS, Mortha A, Rahman A,
Farias E, et al. Macrophages orchestrate breast cancer early dis-
semination and metastasis. Nat Commun. 2018;9:21.

15. Meirson T, Genna A, Lukic N, Makhnii T, Alter J, Sharma VP,
et al. Targeting invadopodia-mediated breast cancer metastasis by
using ABL kinase inhibitors. Oncotarget. 2018;9:22158.

16. Paz H, Pathak N, Yang J. Invading one step at a time: the role of
invadopodia in tumor metastasis. Oncogene. 2014;33:4193.

17. Revach O-Y, Sandler O, Samuels Y, Geiger B. Cross-talk
between receptor tyrosine kinases AXL and ERBB3 regulates
invadopodia formation in melanoma cells. Cancer Res.
2019;79:2634–48.

18. Nemlich Y, Baruch EN, Besser MJ, Shoshan E, Bar-Eli M, Anafi
L. ADAR1-mediated regulation of melanoma invasion. Nat
Commun. 2018;9:2154.

19. Sleeman J, Steeg PS. Cancer metastasis as a therapeutic target. Eur
J Cancer. 2010;46:1177–80.

20. Karagiannis GS, Condeelis JS, Oktay MH. Chemotherapy-
induced metastasis: mechanisms and translational opportunities.
Clin Exp Metastasis. 2018;35:269–84.

2026 T. Meirson et al.


	Invasion and metastasis: the elusive hallmark of cancer
	Outline placeholder
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




