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Abstract

The genomics and pathways governing metastatic dormancy are critically important drivers of
long-term patient survival given the considerable portion of cancers that recur aggressively months
to years after initial treatments. Our understanding of dormancy has expanded greatly in the

last two decades, with studies elucidating that the dormant state is regulated by multiple genes,
microenvironmental (ME) interactions, and immune components. These forces are exerted through
mechanisms that are intrinsic to the tumor cell, manifested through cross-talk between tumor and
ME cells including those from the immune system, and regulated by angiogenic processes in the
nascent micrometastatic niche. The development of new /n vivo and 3D ME models, as well as
enhancements to decades-old tumor cell pedigree models that span the development of metastatic
dormancy to aggressive growth, has helped fuel what arguably is one of the least understood areas
of cancer biology that nonetheless contributes immensely to patient mortality. The current review
focuses on the genes and molecular pathways that regulate dormancy via tumor-intrinsic and ME
cells, and how groups have envisioned harnessing these therapeutically to benefit patient survival.
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Introduction

The vast majority of cancer deaths are associated with a disease that recurs months or years
after multiple local and systemic treatment modalities have been used to remove primary
tumor lesions and, as well, to mitigate the existence of actively proliferating tumor cell
disseminations [1, 2]. As an example, primary breast cancers (BrCa) have been subtyped
by the World Health Organization for treatment purposes: molecular (luminal A, luminal
B, ERB-B2/HER2-positive and triple-negative (TNBC)) and immunohistological subtypes
(estrogen receptor (ER)-positive, progesterone receptor (PR)-positive, ERB-B2 (HER2)-
positive). Yet, even though these subtypes have different patterns of aggressiveness and

are treated differently, disease recurrence that results from the reactivation of dormant cells
can occur in any of these subtypes, and moreover, these relapses are the major contributor
to BrCa-associated morbidity [3]. Some differences exist regarding the onset of disease
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recurrence relative to BrCa subtypes. For example, even though systemic adjuvant endocrine
therapy for ER+ cases can improve metastasis-free survival, the risk of disease relapse rises
steadily after initial treatments, peaking at about 5 years post-diagnosis, whereas the risk of
recurrence in TNBC peaks earlier at about 2 years [4].

It is important to first clarify the sometimes nuanced biological and functional differences in
this field that have contributed to cancers being labeled as either “dormant” or “quiescent”
or that dormancy can be governed by pathways intrinsic to tumor cells (“cell dormancy”)
versus those controlled by ME cells in a metastatic niche (“tumor dormancy”). As

elegantly described in the review by Phan and Croucher [5], a dormant tumor is one that
arises typically at secondary sites months to years after the identification, treatment, and
clinical “cure” of a primary-site tumor. Three possibilities contribute to this: (i) single
early-disseminating tumor cells can survive at peripheral sites in a non-proliferative dormant
state (“cell dormancy”), or (ii) micrometastases made up of slowly proliferating cells or
cells with equal levels of proliferation and death (“tumor dormancy”) disseminate to and

are sustained in peripheral tissues. In a strict sense, dormant cells are non-cycling tumor
cells isolated from /n vivo sites or 3D tumor microenvironment (TME) cultures by virtue of
their ability to, for example, retain vital dyes that would otherwise be diluted in proliferating
cells. Quiescent cells are dormant cells with reversible cell cycle arrest. Examples of human
and mouse breast cancer cell lines that have been used to isolate dormant cells in the lung,
bone, and/or brain are listed in Table 1.

It should be noted that many papers may use the term “dormancy” too enthusiastically by
including genes that generically induce growth arrest, even in tumor cells that fail to show
bona fide dormancy /n vivo or in 3D-ME cultures. Examples of these include the growth
arrest induced by MED12 knockout [25] or PAX5 haploinsufficiency in Raji cells [26].
Thus, the gold standard for dormancy should be cases in which gene expression changes
have the ability to selectively cause dormancy in /n vivo metastatic or ME culture settings
while not necessarily affecting primary tumor growth or even proliferation of cancer cells in
2D culture.

Even though dormant cancer cells share features with stem cells, there are significant
differences. These include that only some dormant cancer cells express markers found on
slow-cycling cancer stem cells, such as NANOG, SOX2, and NR2F1, and that whereas
cancer stem cells can self-renew at early stages of differentiation [27], reactivated dormant
cells often mimic the same differentiation stage of their primary tumor [28, 29]. Dormant
tumor cells can arise within non-treated primary tumors, where the spontaneous expression
of stem-like transcriptional programs leads to /n situ quiescence [30]. Additionally,
quiescent cells that adopt stem-like phenotypes or that upregulate potentially cytoprotective
autophagy programs [31] can be selected for by treatments that ablate actively proliferating
tumor cells [32, 33]. In order for tumor cells to establish dormancy at secondary,

metastatic sites, they first need to (i) lose cell—cell [34] and cell-extracellular matrix (ECM)
adhesiveness [35] at the primary tumor site; (ii) gain increased cell motility, especially in the
context of chemotaxis towards gradients of soluble factors shed by distal pre-metastatic
niches [36]; (iii) increase focal-adhesion kinase (FAK) mediated intravasation into the
bloodstream [37, 38]; (iv) increase resistance of circulating tumor cells (CTC) to anoikis
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through both tumor-intrinsic Rho-family GTPase mechanisms [39-41] and through the
association with or fusion to platelets or macrophages [42-44]; and finally (v) invade and
survive at distal sites as so-called disseminated tumor cells (DTC) [45-47].

2 The contribution of early dissemination to metastasis and survival

Certain observations about metastasis progression have been taken for years to mean that
metastatic dissemination is a late event. In many types of cancer, larger primary tumors
correlate with higher incidences of mortality associated with metastases [48-52]. Moreover,
the early surgical removal of primary breast or prostate cancers, for example, translates

to fewer metastatic disease relapses and reduced disease-specific mortality [53]. Animal
xenograft models showed that macrometastases were formed by rare variant cells [54] which
could be enriched by multiple rounds of /n vivo selection [55].

However, there is a growing body of work suggesting that dissemination can occur early
and that these early DTCs are relevant inducers of recurrent disease at metastatic sites.
This includes the identification of gene expression signatures from primary cancers [56] or
CTCs [57] that can predict the chance of future metastasis formation, as well as patients
with small or non-detectable primary tumors who exhibit progressing metastases [58].
Seminal work from the Klein lab clearly demonstrated the presence of early DTCs with
normal karyotypes in the bone marrow of most BrCa patients [59], even those with ductal
carcinoma /n situ [60], that exhibit HER2 amplification [61]. Indeed, the transfer of bone
marrow carrying as few as 80 early-disseminated HER2-driven mouse transgenic BrCa
cells was shown to be sufficient to induce lethal metastatic disease [60]. A subpopulation
of Her2*p-p38!op-Atf2!°Twist1ME-cad! cells generated in the MMT\V-Her2/new transgenic
mouse model was capable of inducing early dissemination into the blood, bone marrow,
and lungs at stages where mammary ducts showed hyperplasia or intraepithelial neoplasia,
and though these DTCs were initially dormant, they gave rise to progressing metastatic
lesions [62]. It is possible that HER2 promotes dissemination by suppressing the expression
of the antioxidant transcription factor NRF2, which normally promotes BrCa progression
by upregulating de novo nucleotide synthesis [63]. Whether subsequent dormancy requires
HER2 downregulation in DTCs has not been addressed. A follow-up study in 10,307 BrCa
cases showed that 27.3% of cases had bone marrow DTCs, correlating with HER2-positivity
[64]. Most provocative, though, were analyses that tracked early vs. late dissemination
based on comparing the mutational changes in primary tumors, DTCs, and metastatic
lesions from the same patient. Even though most so-called founder mutations are shared
between primary BrCa and metastases in the same patient [65], many of the predicted driver
mutations in DTCs or metastases were not shared with primary tumors, leading Stoecklein
and Klein [66] to question the “use of primary tumors as surrogate for the genetics of
systemic cancer.” Similar findings were reported in prostate cancer [67, 68] and melanoma
[69], with the note that although genetic analysis of the primary tumor could not predict
the driver mutations found in metastases in the same patient, they could readily identify
incidences of metastasis-to-metastasis seeding. More recent data indicate that the ability

to form progressing metastases in melanoma xenografts requires the ability of DTCs to
proliferate into local colonies in lymph nodes [69] in response to ME-derived IL-6 [70].
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Lastly, there is mainly anecdotal evidence that in rare cases, the surgical removal of a
primary tumor results in the bloom of metastatic disease. As reviewed by Tohme et al.

[71], this observation is based on evidence from several clinical trials as well as multiple
preclinical xenograft models. While this might reflect the outgrowth of early-disseminated
dormant cells after the removal of suppressive factors secreted by primary tumors, it cannot
be ruled out that these metastatic growths are the consequence of new tumor cells being
liberated by specific surgical methods.

3 Molecular pathways controlling dormancy

The initial observations by Aguirre-Ghiso et al. [72] that dormant cells exhibit high relative
activation levels of p38-MAPK (MAPK14) concomitant with low ERK1/2 activation levels
and that p38MAPK negatively regulates ERK1/2 have held true for many tumor types

[73, 74]. Most, if not all, changes to pro-dormancy signaling or expression changes for
dormancy-regulating genes have been characterized as downstream manifestations of this
p38MAPKNIN/ERK!OW axis. For example, among the sixteen transcription factor genes
predicted by Adam et al. as being p38MAPK-regulated, the upregulation of 7P53 or
BHLHE41 (a.k.a., BHLHB3, DEC2 or SHARPI) or the downregulation of JUN and
FOXM1 were sufficient to induce quiescence in human HEp3 squamous carcinoma cells
[75]. Yang et al. [76] confirmed that BHLHE41 overexpression induced dormancy in
salivary adenoid cystic carcinoma cells and that growing metastatic tumors in the lung
showed BHLHE41 downregulation. McGrath et al. used a genomics ShRNA screen to
identify HBP1 and BHLHE41 as p38MAPK-upregulated genes that maintain dormancy of
MDA-MB-231 human BrCa cells in 3D cultures recapitulating the bone endosteal niche
[77]. Other p38MAPK-induced dormancy-regulating genes include Glypican-3 (GPC3)
[78] and ATF6a. (ATF6), which promote HEp3 dormancy by upregulating RHEB and
AKT-independent mTOR survival signaling [79]. Taken one step further in this signaling
cascade, the ability of regucalcin (RGN), which normally regulates intracellular calcium
levels [80], to promote /n7 vivo dormancy of prostate cancer cells requires the p38MAPK-
mediated downregulation of FOXM1 [81]. Moreover, FOXM1 could directly downregulate
eleven genes (MYL9, CNN1, DES, TPMZ2, COL4A6, KCNMB1, ACTG2, WFDCZ2, CSRPI,
PCP4, TGFB1/1) whose upregulation in prostate cancers with high RGN expression levels
can predict longer recurrence-free survival. Thus, this study identifies multiple layers of
p38MAPK-regulated feedback networks that control genes that either promote dormancy or
reawakening.

A panel of genes previously identified encoding proteins that suppress metastasis, such as
KISS1, KAI1, MKK4/7, NMEI (a.k.a., Nm23-H1), or AKAP12 (a.k.a., SSeCKS/Gravin),
can also increase metastatic dormancy using various mechanisms and by acting at various
stages leading to DTC colonization at metastatic niche sites [82, 83]. For example, MKK4,
MKK7, NME1, and AKAP12 block either progression of micrometastases already formed
at distal sites either through tumor cell growth arrest or by suppressing neovascularization.
In contrast, KAI1 induces dormancy of tumor cells preparing to extravasate at vascular
junctions, whereas KISS1 is capable of inducing quiescence of single tumor cells anywhere
during the metastatic cascade. Thus, while KAI1 and KISS1 likely induce tumor cells to exit
the proliferative cycle (e.g., cellular dormancy), MKK4, MKK7, NME1, and AKAP12 may
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facilitate dormancy by inducing a balance between proliferation and apoptosis rates (e.g.,

tumor dormancy). Another such factor, although not previously identified as a metastasis-
suppressor, is the mitogen- and stress-activated protein kinase-1 (MSK1). MSK1 seems to
specifically promote luminal differentiation and quiescence of ER-positive BrCa at distal

sites, likely by upregulating the transcription factors, GATA3 and FOXAL [6].

In recent years, other tumor-intrinsic genes have been identified that regulate the induction
and/or maintenance of dormancy or dormancy reawakening. A complicating factor in the
field is that multiple models are used that vary in their use of tumor cells (e.g., human

vs. mouse cancer cell lines, patient-derived xenografts [PDX] or patient CTCs), their tissue
of origin (e.g., breast, prostate, pancreas), and whether they measured the induction of
dormancy vs. the dormancy reawakening (with the latter marked by the active growth

of macrometastases). Moreover, tumor cell variants have been developed with increased
tropism for specific peripheral organs (e.g., lung, bone, brain) or that had been selected

for increased dormancy at specific sites, either spontaneously (after primary xenografting
at orthotopic sites) or experimentally (e.g., after intracardiac, intratibial or intravenous
injection). Table 1 shows examples of these models and how the regulatory genes or
associated gene signatures differ depending on the endpoint biology (e.g., dormancy vs.
reawakening) or the organ type studied. Table 2 shows examples of human or mouse breast
cancer cell lines which were selected for increased dormancy /n vivo and how these models
were used to address signaling pathways and genes that either contribute to dormancy or to
dormancy reawakening.

Notwithstanding these variables, several upregulated genes (BHLHE41, NR2F1, TGFB2,
DANDS, HISTIHZBK, DDR1, IGFBP5, SOX9, HBP1, SNAI2, CDKNI1A) are shared by
two or more dormancy studies (Table 1), suggesting that they induce or maintain dormancy
or prevent reawakening. Interestingly, studies that assessed quiescent cells selected /in vitro
[89] or after castration-induced prostate cancer dormancy [91] did not share any of these
upregulated genes, further suggesting that experimental quiescence may not fully reflect in
vivo dormancy.

Another issue is whether these “dormancy genes” either are differentially expressed or
function only in the context of the metastatic niche. Indeed, such a restriction has been
shown for multiple autophagy-regulating proteins, such as ATG5/7/9B or DIRAS3, which
likely induce dormancy by increasing the survival of cancer stem cells in hypoxic metastatic
environments (such as in the bone endosteal niche) by providing energy via the recycling of
lysosomes through cellular compartments (see Jahangiri and Ishola [31] for a comprehensive
review on the role of autophagy in dormancy). Related to this, parathyroid hormone-related
protein (PTHrP) was originally thought to induce bone dormancy reawakening of BrCa

cell lines through cAMP activation by the PTHrP receptor (PTHR1) [92], yet a more

recent study indicated that this dormancy awakening function is PTHR1-independent and

is mediated by control of calcium signaling possibly linked to autophagy suppression

[93]. La Belle Flynn et al. [94] showed that dormancy reawakening after inhibition of
autophagy in BrCa cell lines required the induction and stabilization of 6-phosphofructo-2-
kinase/fructose-2,6-biphosphatase-3 (PFKFB3). Lastly, Blessing et al. [95] used the selective
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dependence of autophagic ovarian cancer cells on the ALK gene to show that dormant cells
could be ablated using the ALK inhibitor, crizotinib.

Many other dormancy-regulating genes have been identified by comparing cross-biological
dormancy-related systems. For example, the upregulation of F-box/WD repeat-containing
protein 7 (FBXW?7) likely induces dormancy by engaging the Skp1-Cull-F box-type (SCF-
type) E3 ubiquitin ligase to degrade Cyclin-E and c-Myc, thereby inhibiting proliferative
cycling [96]. Interestingly, FBXW?7 induces the quiescence and, therefore, survival of
hematopoietic stem cells ex vivo [97]. Dormancy induction by the paired-related homeobox
transcription factor (PRRX1) correlates with its ability to induce EMT in models of head
and neck squamous cell carcinoma (HNSCC) [98]. NR2F1, a retinoid-responsive gene
originally identified in /n silico screens for genes upregulated in dormant BrCa tumors [75],
was shown to suppress the growth of ER-positive luminal MCF-7 tumors /n vivo[84] and
then shown to induce dormancy in HEp3 squamous carcinoma cells through SOX9- and
RARp-driven quiescence programs [99]. Moreover, hypoxia, a hallmark of many dormancy
niches [100], was sufficient to induce NR2F1 expression [101] through the upregulation

of the hypoxia regulator CSN8 [102]. The notion that NR2F1 promotes dormancy through
tumor cell-intrinsic mechanisms has been questioned by a recent study showing that it

is predominantly expressed from cancer-associated fibroblasts [103]. Another controversy
stems from data showing that the expression of the long non-coding RNA, NR2F1-AS1, is
higher in relapsed ER-positive BrCa and that high expression correlates with lower NR2F1
MRNA expression and worse overall survival [104]. In contrast, Liu et al. showed that
NR2ZF1-AS1 induces a stem-like state in BrCa cells by upregulating NR2F1 translation,
which then suppresses transcription of the epithelial-to-mesenchyme (EMT) suppressor
ANp63 [105]. FBXO8 is an example of a protein that promotes dormancy by upregulating
EMT and stem-like markers [106] (a possible role for EMT in metastatic dormancy is
addressed in a review by Gooding and Schiemann [107]).

4 Microenvironmental (ME) soluble and adhesion factors regulating

dormancy

In addition to the tumor-intrinsic dormancy-regulating factors, a host of extrinsic factors
produced by ME cells in metastatic niches have been identified that might promote
dormancy or reawakening (Fig. 1A and B). For example, the expression of the IL-6 family
member, leukemia inhibitory factor (LIF), in the bone ME promotes BrCa dormancy through
the tumor expression of the LIF receptor (LIFR). High LIFR expression levels correlate with
better overall survival in invasive BrCa cases, and moreover, the forced knockdown of LIFR
increased the relative number of progressing bone metastases in mice following intra-cardiac
injection of MCF-7 cells [108]. Interestingly, HDAC inhibitors induce LIFR expression and
increase BrCa dormancy [109], which may represent an underappreciated clinical benefit

of these drugs in advanced BrCa cases. Another example is TGF-p2, whose selective
expression by ME cells in the bone marrow, but not in the lung, correlated with increased
long-term dormancy of HEp3 cells in the bone through the activation of p38MAPK [110].
This was thought to reflect that for HEp3 cells, the bone (but not the lung) represents a
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permissive “soil” for dormant colonization, based on Paget’s “seed-and-soil” hypothesis
[111].

A permissive ME that supports tumor cell dormancy involves tumor-ME crosstalk, mediated
through secreted factors and/or cell-cell or cellECM adhesions. For example, Ruppender

et al. [112] demonstrated that cell-cell contact with bone stromal cells facilitated the
expression of TGF-B2 by prostate cancer cells. Yumoto et al. [113] showed that this contact-
induced dormancy signaling was mediated by AXL, a member of the TAM tyrosine kinase
receptor family that responds to GAS6 [114]. Indeed, AXL expression was sufficient to
induce /n vivo dormancy in human prostate cancer cell lines [115], whereas others report
that knockdown of the TAM family member, MERTK, induced bone dormancy after intra-
cardiac injection of prostate cancer cell lines [116], suggesting the possibility of opposing
regulatory effects by TAM members.

As examples of secreted ME factors that regulate dormancy, other members of the TGF-f8
family in addition to TGF-B2, such as BMP7 or BMP4, have been shown to regulate
ME-mediated dormancy in the bone marrow and lungs, respectively [117, 118], whereas
the secretion of TGF-B2 and BMP-7 by NG2+/Nestin+ mesenchymal stem cells in the
bone induces dormancy in disseminated BrCa cells [119] (the SMAD proteins engaged
by various dormancy-associated TGF-p-family members are reviewed in [120]). Moreover,
dormant PC3MM prostate cancer cells in the bone set up a feed-forward loop to induce
more dormancy by secreting high levels of SPARC, which induces BMP7 production and
secretion by bone marrow stromal cells [121]. A potential mechanism by which BMP7
induces dormancy might be through the upregulation of hTERT and its suppression of
telomerase activity [122]. Additionally, the expression of FOXC1 in ME stromal cells
correlates with increased dormancy of T and NK lymphomas, although it is not known
whether this effect was mediated by soluble or adhesion factors [123]. The co-culture of
breast and prostate DTCs with alveolar type-1 lung epithelial cells was shown to induce
dormancy in /n vivo models by inducing the lysosomal accumulation of the pro-survival
receptor, EphB6 [124].

Not addressed in this review are the large body of studies showing that extracellular

vesicles (e.g., exosomes) from tumor cells can promote metastatic progression (reviewed

in [125]). There is also an equally important body of literature showing that vesicles from
ME cells can educate colonizing DTC cells towards dormancy (reviewed in [31, 126]) by,
for example, transferring miR-23b, which decreases DTC expression of the pro-proliferation
and pro-motility gene, MARCKS [127].

Dormant BrCa cells are known to attach to perivascular niche ME cells in the lung and
bone marrow that express high thrombospondin-1 (TSP-1) but low levels of TGF-B1 and
periostin (POSTN); stimuli, inflammation or injury that activate this microvasculature and
subsequently invert the TSP-1 to TGF-B1/POSTN expression ratio, cause dormant tumor
cells to reawaken [20]. An additional way is for tumor cells to overexpress a natural
competitive BMP4 receptor antagonist such as DAND5 (a.k.a. COCO) [21].
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Although WNT signaling through the canonical p-catenin pathway was originally viewed
as only promoting metastatic progression, the story has become more nuanced with the
elucidation that individual WNT family members can have opposing roles, especially

when including analysis of non-canonical hedgehog (Hh) pathways [128]. Indeed, WNT5A
expressed from the osteoblastic bone niche can induce prostate cancer cell dormancy by
inducing the expression of the B-catenin signaling suppressor, Siah E3 Ubiquitin Protein
Ligase 2 (SIAH2) [129]. WNT5A expressed from lung fibroblasts also facilitates the
dormancy of melanoma DTCs in the lung, and interestingly, this dormancy circuit wanes as
aging lung fibroblasts increasingly express and secrete SFRP1, a natural WNT5A antagonist
[130]. Moreover, aged-related dormancy reawakening is associated with an inversion to low
AXL and high MERTK expression. Consistent with the finding that WNT3A is required

to maintain dormancy of MDA-MB-231 cells in a 3D endosteal niche culture [77], Lee

et al. showed that it might also induce dormancy in these cells by upregulating stem-like
expression signatures [131] that typically include SOX2 and NANOG [132].

There is a growing appreciation for the role played by nerve cell networks, even specialized
neuronal cells such as Schwann cells, in primary tumor progression and treatment response
[133-135]. Indeed, the activation of B2-adrenergic receptors on sympathetic nerves increases
the bone colonization of MDA-MB-231 BrCa cells [136]. In a similar manner, Dai et al.
[137] showed that BrCa DTCs trafficking to the brain concentrated at astrocyte-vascular
junctions and that astrocyte-associated laminin-2 (LAMAZ2) mediates DTC quiescence by
preventing the nuclear localization of its cognate receptor, dystroglycan-1 (DAG1), in tumor
cells. In another nerve-tumor interaction, the binding of glial cell line-derived neurotrophic
factor (GDNF) to its cognate receptor, GFRAL, was shown to activate nerve cells infiltrating
gastrointestinal stromal tumors (GIST), resulting in tumor dormancy due to the induction of
autophagy pathways [138].

5 Mediators of dormancy through control of stemness

As cited above, specific gene products can affect dormancy induction or reawakening by
regulating the stem-like phenotype of cancer cells in distal sites. For example, dormant
melanoma cells that escaped tumor-specific immunotherapy are marked by the absence

of the glucocorticoid-induced leucine zipper protein, GILZ, and by the expression of stem-
like markers; reawakening could be induced by the forced expression of GILZ, which
suppressed FOXO3A and its downstream target gene p21¢!P1 (CDKN1A), a known cell
cycle suppressor [139]. Members of the LOX (lysyl oxidase) and LOXL (lysyl oxidase-like)
family, which crosslink elastin and collagen in the ECM, have been implicated in metastatic
progression [140, 141], and a recent study by Weidenfeld [142] suggested that low levels

of LOXL2 promote EMT and a stem-like phenotype in MCF-7 cells in 3D culture systems
whereas high levels promote dormancy reawakening.

6 Transcriptional networks controlling dormancy: single-cell and system

analyses

A number of studies have compared the genomics of various cancer types cultured under
proliferative versus dormant conditions in order to identify possible MRNA and miRNA
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signatures of dormancy (see Table 1). Several technical and analytic hurdles need to be
overcome in these systems: first, the need to remove panels of proliferation genes, and
second, addressing how single dormant cells are isolated from /n vivo sites. In regard

to the latter, isolation of DTCs from soft tissue sites is facilitated by digestion with ECM-
degrading enzymes such as collagenase and/or dispase. However, because many dormant
DTCs in the bone are trapped in resistant sites such as the endosteal niche [100], multiple
rounds of bone grinding and tissue digestion are needed, followed by gentler isolation
techniques such as magnetic-activated cell sorting (MACS) in order to get sufficient DTC
yields for genomic analysis [90]. Another issue typically not addressed but which might
affect the identification of dormancy signatures is how DTC manipulation during isolation
affects cell viability and gene expression.

An early attempt at using functional genomic screens to identify dormancy-regulating gene
signatures was performed by Gao et al. [86], using the non-metastatic relative of the 4T1
mouse mammary carcinoma line, 4T07, which spontaneously homes to the lung after
orthotopic injection but does not produce macrometastases [143]. By transducing 4T07
cells with lentivirus libraries encoding cDNAs and miRNAs, they identified Coco (Dand5),
Mrpl3, the long non-coding RNA Malat1, Tm4sf1, ArhgefZ, miR-340, miR-346, or the
combination of miR-138and miR-223 as being capable of inducing lung macrometastases,
suggesting that these genes or RNAs were reawakening suppressors. Similarly, McGrath et
al. [77] transduced MDA-MB-231 cells with a genomic shRNA library in order to identify
genes required for dormancy in a 3D endosteal niche culture. In addition to identifying and
confirming roles for BHLHE41, HBP1, and WINT3A, they identified a host of translation/
ribogenesis genes whose knockdown induced BrCa proliferation.

By comparing two dormancy-related datasets, one which identified p38MAPK-regulated,
dormancy-associated genes [75] and the other consisting of genes downregulated when
dormant patient cancers were pushed into fast-growing angiogenic phenotypes [144], Kim
et al. [84] identified 49 differentially expressed genes that were shared with 51 BrCa

cell lines cultured in quiescent conditions. This analysis identified five genes commonly
upregulated in dormant conditions (C75D, DDR1, IGFBP5, SREBF1, STAT3) as well

as nineteen downregulated proliferation or invasiveness genes. Tiram et al. [145] used a
similar approach to identify dormancy-associated miRNAs in osteosarcomas. Uzuner et al.
[88] gathered ten such analyses, produced as either RNA-seq or microarray studies, across
seven cancer types, in order to develop a dormancy-related interaction network (the ten
datasets were listed in Supplementary Table S1 in their paper). They identified 139 genes
and 1974 inferred protein—protein interactions, eventually identifying fifteen upregulated
genes (AKAP12, CD44, CDKNIA, DDR1, EPAS1, GSN, HBPI, IL1B, NDRG1, NOTCH3,
PLAUR, SMAD3, THBS1, TIMPZ2, and TSC22D23) and ten dormancy-associated protein—
protein interaction genes (CLU, APR, HISTIHIC, HIST2HZBE, OPTN, FBX0O32, CSTB,
THBS1, and CDKNZB) that likely induce dormancy through cell stemness or cell cycle
inhibitory functions. Quayle et al. [89] identified a 22-gene quiescence signature that
included CCL5, CDH11, and /GFBP5 from quiescent BrCa cells that retained the vital
lipophilic dye DiD after 6 /n vitro passages. Importantly, up to 50% of the dormancy-
associated genes are shared between these various studies, which include analyses of liquid
and solid cancers and cancer from different organ sites, strongly suggesting the existence
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of shared dormancy-inducing transcriptional signatures. However, it is unclear whether the
non-shared genes reflect differences between cancer types or the techniques used to identify
relevant differentially expressed genes. It is also important to note that the gene expression
profiles from the studies cited above were derived from cell lines or tumors, but not typically
from DTCs isolated from metastatic sites. Thus, at best, these signatures might be predictive
of gene expression changes in primary tumor cells that eventually lead to the dormant state.

Several newer studies have applied single-cell RNA-seq analyses on isolated DTCs

from metastatic sites in order to more directly analyze how tumor cell heterogeneity
influences dormancy-maintenance gene expression signatures. For example, Chéry et al.
[29] performed RNA-seq on individual EpCAM-positive/CD45-negative DTCs isolated
from the bones of prostate cancer patients who either had no evidence of metastatic disease
(following primary treatment for Gleason 6 or 7 lesions) or who showed no evidence of
biochemical (PSA) recurrence after initial prostatectomy. After binning the top differentially
expressed genes for known p38MAPK regulation, they identified a signature of fifteen
upregulated dormancy genes (AB/1, CDC25B, CDK7, CELF1, COX7B2, CULY, FTSJ1,
LBR, MALTI1, MLKL, N4BP1, NIFAL3 PSMB5, SETMAR, and TFRC). Ren et al.

[90] used a bone-homing pro-dormancy sub-variant line of the MMTV-PyMT mammary
carcinoma line, PyMT-Bo1, along with the lipophilic dye DiD to isolate dormant bone DTCs
after intra-cardiac injection. Starting with a 15-gene dormancy signature, they showed that
the high expression of four genes, Cff, Gas6, Ogn, and Mme correlated with statistically
significant increased overall survival probability in BrCa cases. However, the ectopic
overexpression of any one of these genes did not induce quiescence in in vitro 2D cultures
or in lungs after intravenous tumor cell injection, suggesting that dormancy might require

a combination of genes. Lastly, Owen et al. [146] isolated bone DTCs (based on retention

of the vital dye PKH26) after intra-cardiac injection of a bone-homing variant of murine
RM1 prostate cancer cells into immunocompetent syngeneic mice [147]. When compared

to proliferating RM1 cells in the bone (CFP/Luc2-positive, PHK26-negative), they identified
dormancy-related gene clusters by single-cell RNA-seq that included known dormancy
genes, Bhlhe41 and Gasé, and that mapped to the re-expression of intrinsic type | interferon
pathways. This led to the conclusion that this model may focus more on immune cell
mechanisms of dormancy induction. Indeed, Wang et al. [148] reevaluated the dataset from
Owen et al. (GSE147150) and confirmed the induction of immune response genes, but also
identified downregulated MY C-target cell cycle genes such as Madl21, CcnaZ2, and Plk1.

7 Therapeutic interventions

Two major modalities have been considered for therapeutic interventions of metastatic
dormancy: sustained suppression of reawakening vs. induction of reawakening followed by
anti-proliferative therapy. In the first modality, the concept would be to identify drugs that,
for example, sustain p38MAPK signaling while simultaneously preventing the reactivation
of ERK1/2. In theory, this might first be focused on groups whose primary tumor genomics
predict the likelihood of metastatic relapse, as in the case of Oncotype DX in ER-positive
BrCa [56]. One of the problems confounding the use of p38-MAPK agonists is that whereas
the p38a is involved in the induction of stemness and dormancy [149], other isoforms,

such as p38+y or p3886, are known to induce pro-inflammatory and oncogenic pathways
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[150]. Even though p38-MAPK agonists exist (e.g., U-46619 is a thromboxane A2 agonist
that activates p38a. [151]), there would be concern that their long-term use (needed in the
adjuvant setting to prevent disease relapse) might have pro-oncogenic effects by activating
other p38 isoforms. In the second treatment modality, drugs that would antagonize p38-
MAPK or agonize ERK1/2, either of which is sufficient to induce dormancy reawakening,
could be given to induce the active proliferation of dormant DTCs as well as reversing
their stem-like phenotypes, rendering them susceptible to more conventional treatments.
The worry here is that anti-proliferative therapies that may have shown efficacy against
the primary tumor in the same patient may be less effective or ineffective based on the
acquisition of new genetic drivers.

As theorized by Janowska et al. [152], clinically relevant drugs that target the eventual
activation of ERK1/2, such as inhibitors of RAF, MEK or ERK itself, or downstream

CDK inhibitors, might show efficacy in sustaining dormancy. However, many monotherapy
CDK inhibitor trials have demonstrated disappointing results, especially regarding the
prevention of disease relapse [153]. Among the theoretical targets cited in the review of
Singh et al. [154], several preclinical studies were mentioned that attempted to prevent

the initiation of dormancy using a combination of a thioredoxin reductase inhibitor plus a
pan-AKT inhibitor, based on the reliance of these two pathways for DTC establishment.
Also cited was the study by Sosa et al. [99] showing that the clinically approved treatments
5-azacytidine (AZA) or all-trans retinoic acid (ATRA) could induce the expression of pro-
dormancy genes such as SOX9, NR2F1, RARB, and CDKN1A in prostate cancer and
HNSCC cells. A clinical study, NCT03572387, combined AZA and ATRA in prostate
cancer cases with biochemical (PSA) recurrence after local treatment and was completed

in the summer of 2022. An ever-growing list of clinical trials that either directly target
metastatic cancers or that assess effects on both primary-site cancers and their associated
metastases is addressed in a recent review by Ramamoorthi et al. [155]. Although dormancy
is not a direct criterion per se in these studies, the ability of many of the combination
therapies to prevent the formation of macrometastases is cited as a potential avenue
targeting DTC colonization and/or reawakening. This raises the issue that clinical trials
using dormancy reawakening as endpoints will be costly and difficult because of the need
for long-term patient follow-up. Similarly, pre-clinical trials in mice would need to use
models that reliably recapitulate clinically relevant dormancy biologies, something not fully
achieved to date.

8 Conclusions and perspectives

The advent of more sophisticated analysis techniques such as single-cell DNA and RNA
sequencing has increased the number of candidate genes and gene expression signatures
that might control the induction, maintenance, and reawakening of dormant cells at distal
sites. However, the field remains hampered by a limited number of clinically relevant /n
vivo models of dormancy. Many of these rely on decades-old murine or human cancer
pedigree cell lines selected for gain or loss of specific parameters in the metastatic cascade
or on transgenic tumor models where dissemination and dormancy can be studied in short
windows before the onset of malignant disease at the primary tumor site. A gold standard
for dormancy gene validation will continue to be the demonstration that a single gene
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expression change can affect dormancy in either 3D ME cultures or in /7 vivo models that
maximize focus on dormancy induced by spontaneous dissemination mechanisms. Indeed,
xenograft or 3D culture studies that even partially validate their dormancy genes against
data from actual DTCs isolated from patient distal sites, such as the bone marrow or lymph
nodes, clearly have the greatest bona fides in the field. However, the ability to harvest

these cells from patients is limited in the USA if a therapeutic benefit cannot be identified.
More effort to develop cooperative studies that harvest such cells under the shared IRB
protocols, the standardization of handling and genomic analysis techniques, and the sharing
of the resulting genomic datasets (e.g., through the TCGA) will aid in validating the clinical
relevance of identified dormancy genes. This will increase patient survival by identifying
actionable targets and/or pathways that can lead to sustained tumor dormancy.

This work was supported by grants R21-CA235092 (NCI) and W81XWH-20-BCRP-BTA12-2 (DOD) to I.H.G. and
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