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Abstract
Metastasis is the leading cause of cancer patient mortality. Metastasis suppressors are genes that, upon reexpression in meta-
static tumor cells to levels observed in their nonmetastatic counterparts, significantly reduce metastasis without affecting the 
growth of the primary tumor. Analysis of > 30 metastasis suppressors revealed complex mechanisms of action that include 
multiple signaling pathways, transcriptional patterns, posttranscriptional regulatory mechanisms, and potential contributions 
of genomic stability. Clinical testing of strategies to re-establish a validated metastasis suppressor pathway in tumors is best 
directed to the adjuvant setting, with the goal of inhibiting the outgrowth of occult micrometastases.
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The overwhelming majority of cancer deaths in patients with 
solid tumors are due to metastatic disease, either by direct 
organ compromise or consequences of treatment. Intuitively, 
it makes sense that gaining the ability to invade, travel, and 
colonize foreign tissues would lead to organ compromise by 
tumor cells, but the interplay of metastasis and other aspects 
of lethal cancer such as drug resistance remains incom-
pletely understood. Therapeutic advances directed towards 
signaling pathways operative in metastatic cancers have pro-
vided improvements in progression free and overall survival. 
These pathways were largely operative in initial tumorigen-
esis and then tested in the metastatic setting. Few therapies 
have effectively targeted the metastatic process itself. In 
addition, diverse pathways can stimulate metastasis, includ-
ing tumor cell mutations, direct tumor-microenvironmental 
interactions, formation of a premetastatic niche, extracellular 
vesicles, gene programs mediated by microRNAs, etc., and 
are a potent obstacle to therapeutic success. Given this real-
ity, it is extraordinary that re-expression of a gene/protein/
miRNAs can halt the process, even in some model systems.

The metastasis suppressor field has provided insights into 
metastasis signaling apart from tumorigenesis. By definition, 
metastasis suppressors are genes that, upon re-expression 

at physiologically relevant levels, inhibit metastasis in 
vivo without significant effects on primary tumor growth. 
Because the only accepted endpoint for metastasis is in 
vivo, screens for metastasis suppressors are difficult. The 
first metastasis suppressor, NM23 or NME, was found in our 
lab by differential RNA expression screening of low- ver-
sus high-metastatic melanoma cell lines, all derived from a 
single primary tumor [1, 2]. These genes can affect various 
parts of the metastatic cascade, from primary tumor invasion 
to colonization of a foreign organ, the latter of which may be 
most translationally accessible.

Identifying the mechanism of action of metastasis sup-
pressors is key to basic and translational advances. Their loss 
of function is a major rate-limiting step in cancer progres-
sion to metastasis at distant sites. This process has proven 
extraordinarily complex. Often the metastasis suppressor lies 
at the nexus of several pathways. In addition, the protein 
may have biochemical functions other than those involved 
in metastasis suppression. Another aspect of metastasis sup-
pressor function is coordination of the complex pathways 
involved in the metastatic process. In metastasis, complex 
programs or pathways are turned on and off in sequence to 
initiate invasion, survival in the circulatory system, arrest 
and extravasation, dormancy as opposed to cell death, and 
growth in the absence of tissue-of-origin microenvironmen-
tal influences. Metastasis suppressors have been reported to 
use transcriptional regulatory pathways that appear more 
specific than global changes in epigenetic markers: while 
many microRNAs promote metastasis, BRMS1 expression 

 *	 Patricia S. Steeg 
	 steegp@mail.nih.gov

1	 Women’s Malignancies Branch, Center for Cancer Research, 
National Cancer Institute, Building 37, Room 1126, NCI, 
NIH, Bethesda, MD 20892, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s10555-023-10131-0&domain=pdf


1062	 Cancer and Metastasis Reviews (2023) 42:1061–1063

1 3

upregulated miR-146, which then altered gene transcrip-
tion and suppressed breast cancer invasion and metastasis 
[3]. The YAP/TAZ transcriptional complex (along with 
tenascin C) has been implicated in NDRG1 metastasis sup-
pressor function in pancreatic cancer-microenvironmental 
crosstalk [4]. Other complex regulatory mechanisms are 
post-translational: for NME, studies of its Drosophila coun-
terpart AWD in normal development revealed a role for 
altered vesicular trafficking downstream of multiple recep-
tors [5, 6], which has been demonstrated to be involved in 
metastasis suppression [7, 8]. For the NDRG1 metastasis 
suppressor, signaling networks were also regulated at the 
level of protein degradation [9]. Other potentially impor-
tant avenues are incompletely studied to date: metastasis 
is known occur together with global genomic instability, 
and a role for metastasis suppressors in re-establishment of 
normal transcription, DNA repair and other genomic stabil-
ity components are additional points of possible regulatory 
control. Other potentially important pathways such as tumor 
cell interactions with the immune system, and microenvi-
ronment remain incompletely studied from the metastasis 
suppressor standpoint.

While metastasis suppressors can act at any point in the 
metastatic cascade, it is their contributions to the final tumor 
colonization of a distant site that may be most therapeu-
tically tractable. Invasion from a primary tumor can hap-
pen early in cancer, even before diagnosis. Particularly for 
cancers diagnosed at a more advanced stage, anti-invasives 
may be administered too late. Adjuvant therapy is systemic 
therapy based on the hypothesis that, even though metas-
tases cannot be found in the body, isolated tumor cells, or 
micrometastases below the limit of detection are present in 
distant organs and possibly sanctuary sites such as the bone 
marrow. This is the likely window of opportunity for metas-
tasis suppressors. Several approaches have been reported in 
the preclinical literature. Antagonists to miR-10b, a metas-
tasis promoting microRNA, significantly reduced metastasis 
without effects on primary tumor size [10]. We preclinically 
explored increasing the transcription of NME using high-
dose medroxyprogesterone acetate as an unusual glucocor-
ticoid receptor agonist [11]; a phase II trial was conducted 
in breast cancer but drug levels never achieved an effec-
tive concentration, although some stable disease was noted 
[12]. Drugs upregulating the NDRG1 metastasis suppressor 
have also been reported [13]. Another approach in our lab 
identified potentially druggable inverse correlates of NME 
to LPA1 [14], but poor drug potency halted these efforts 
[15]. Most recently, we reported that exosomes from meta-
static breast cancer cells contain NME and that NME-laden 
liposomes were metastasis suppressive due to alteration of 
endocytic patterns in agreement with NME1 function [16]. 
The potential for this finding to be successfully translated 
is limited by the finding that this strategy is “obvious” and 

non-patentable. Other efforts have involved in silico mod-
eling to repurpose drugs for the RKIP metastasis suppres-
sor using a reverse causal reasoning approach [17]. Besides 
being effective, drugs administered in the adjuvant setting 
to relatively healthy patients must have very low toxicity.

As we look back on 30+ years of metastasis suppressor 
research, the field has grown in both the number of creden-
tialled members and the depth of our understanding of their 
mechanisms of action. However, their clinical application is 
still in a developing stage. Future work will hopefully iden-
tify valid preclinical and clinical strategies for moving this 
field to an effective adjuvant therapy for metastatic disease.
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