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Abstract

The mechanisms driving dormancy of disseminated tumor cells (DTCs) remain largely unknown.
Here, we discuss experimental evidence and theoretical frameworks that support three potential
scenarios contributing to tumor cell dormancy. The first scenario proposes that DTCs from
invasive cancers activate stress signals in response to the dissemination process and/or a growth
suppressive target organ microenvironment inducing dormancy. The second scenario asks whether
therapy and/or micro-environmental stress conditions (e.g. hypoxia) acting on primary tumor cells
carrying specific gene signatures prime new DTCs to enter dormancy in a matching target organ
microenvironment that can also control the timing of DTC dormancy. The third and final scenario
proposes that early dissemination contributes a population of DTCs that are unfit for immediate
expansion and survive mostly in an arrested state well after primary tumor surgery, until genetic
and/or epigenetic mechanisms activate their proliferation. We propose that DTC dormancy is
ultimately a survival strategy that when targeted will eradicate dormant DTCs preventing
metastasis. For these non-mutually exclusive scenarios we review experimental and clinical
evidence in their support.
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1 Introduction

Metastasis is responsible for the vast majority of cancer-related deaths. However, our
understanding of this complex process is still vastly limited and so are our opportunities to
prevent metastatic development. There are fundamental questions that remain mostly
unanswered in this field: How does early dissemination start and what are the mechanisms?
How does the tumor microenvironment aid this process? Are primary tumor niches
responsible for programming DTCs to growth or quiesce at target organs? What role does
the microenvironment of the metastatic niche play in determining the timing or extent of
DTC dormancy? These questions have no or only partial answers.

The seed and soil theory of metastasis proposes that there is a match between the
disseminated tumor cells (DTCs—the seeds) and the target organ (the soil) in which they
can grow into overt lesions [1]. This is so because there is a relatively predictable pattern of
target organ metastasis depending on the tissue origin of the primary tumor. While this is
true, the timing of metastasis is difficult to predict because even in the matching sites, it can
take a long time, sometimes decades, for metastases to develop [1]. It is thought that these
long periods of clinical remission can be explained by minimal residual disease (i.e. DTCs)
entering a non-productive or dormant state [1, 2].

In patients, DTCs that are not proliferating can be found in sites where they usually form
secondary lesions or in sites where they never do [1]. Thus despite being able to disseminate
these DTCs are “growth-suppressed” by certain organ microenvironments. Insight into these
mechanisms might provide new pathways that if modulated could maintain DTCs dormant
or eliminate them by blocking their survival pathways. This might also allow determining
whether patients have dormant disease or not.

Several mechanisms are proposed to explain clinical dormancy. The lack of proliferation
markers in surviving DTCs obtained from patients and experimental studies suggest that
solitary DTC dormancy might be controlled by mechanisms of quiescence [1], a reversible
growth arrest that can be brought about by different signals [3]. Angiogenic dormancy or
immune system-mediated tumor mass dormancy might also be responsible for maintaining
residual disease dormant [4, 5]. In this chapter we will review themes related to how solitary
DTC fate is influenced by tumor-host interactions occurring in primary tumors and target
organs. These two microenvironments are intimately interconnected by the biology of
DTCs. Here, we will navigate three potential scenarios that might explain DTC dormancy.
In the first, (Fig. 1) DTCs from invasive cancers activate stress signals in response to the
dissemination process and/or a growth suppressive target organ microenvironment, inducing
dormancy [1]. The second scenario (Fig. 2) proposes that therapy and/or
microenvironmental stress conditions (e.g. hypoxia) acting on primary tumor cells carrying
specific gene signatures prime new DTCs to enter dormancy [6, 7]. Here, specific primary
tumor “stress microenvironments” might trigger long-term dormancy of DTCs. In the third
scenario, lesions pathologically defined as noninvasive carry cells able to undergo micro-
invasion and disseminate. Here, although these DTCs were able to intravasate they are unfit
for expansion in secondary sites but they survive mostly arrested and perhaps with
occasional cell division they progress via epigenetic and genetic pathways to a fully
metastatic cell able to grow in secondary sites. We propose that DTC dormancy is ultimately
a survival strategy that when blocked will eradicate dormant DTCs.
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2 Theoretical Considerations and Evidence for the Potential Scenarios of
Tumor Dormancy

2.1 Scenario 1: The Target Organ Microenvironment as a Determinant of DTC Dormancy

Solitary DTCs in target organs can establish interactions with the extracellular matrix
(ECM), immune cells as well as blood vessels in the stroma [8]. This and the distinct and
predictable pattern of metastasis proposed by the seed and soil theory suggests that the target
organ microenvironment can determine metastatic growth versus dormancy [1]. Studies on
breast cancer cell lines specifically selected for vigorous growth in target organs via direct
delivery to circulation identified gene expression programs that favor an organ-specific
colonization [9]. On the contrary, some genes like the metastasis suppressor gene MKK4,
through the activation of p38, mediates suppression of metastases [10] and this seems to
respond to microenvironmental stress signals [11]. MKK4 belongs to a growing number of
genes that selectively block growth at secondary sites and they include KISS1, MKK®,
BHLHLB3/Sharp-1 and Nm23-H1 among others [11]. For a comprehensive review see [11].
These genes may inhibit metastasis by inducing DTC growth arrest [11]. That these genes
do not suppress primary tumor growth but do suppress growth of DTCs at target organs
further argues that these microenvironments provide a context where these genes now
become functional.

In squamous carcinoma cells (HEp3) it was shown that reduced urokinase (UPA) receptor
(UPAR) expression deactivated a5p1-integrins and this made these cells incapable of
binding efficiently to fibronectin (Fig. 1) [12]. This resulted in reduced FAK and EGFR
signaling but also in p38 activation. Thus tumor cells that fail to establish appropriate
interactions with the ECM may perceive this microenvironment to be growth restrictive and
enter a quiescence state [1]. Other investigators have reproduced these findings showing that
loss of Bl-integrin or FAK signaling in breast cancer models can also induce dormancy and
that Src-MLKC signaling can prevent dormancy onset [1, 13]. In addition, an enriched
collagen-1 microenvironment in the lung can trigger intravenously delivered tumor cells to
exit from dormancy as solitary cells [13]. On the other hand, environments rich in fibrillar
collagen-1 can induce quiescence of melanoma cells via activation of the discoidin domain
receptor 2 and p15INK4b induction [14]. These results imply that stress signaling induced
either by therapies or by a restrictive (i.e. fibrotic or non-fibrotic target tissues depending on
the tumor type) tissue microenvironment could activate dormancy (or its interruption) in
DTCs.

In the HEp3 system activation of p38a/g while inhibiting ERK1/2 signaling, activates a
stress adaptive response known as the unfolded protein response (UPR) [15-17]. These
signals lead to an epigenetic reprogramming and induction of survival and quiescence of
dormant HEp3 (D-HEp3) cells [18]. D-HEp3 cells inoculated in vivo enter a deep Go—G4
arrest characterized by p21, p27, p18 and p15 induction [15]. At least 3 transcription factors
(TFs), p53, BHLHB3/41/Sharpl, NR2F1 were regulated by p38a/gand required for
dormancy of tumor cells in vivo [15]. This program is also activated in dormant DTCs
recovered from the bone marrow (BM) but it is reversed when tumor cells exit from
dormancy or grow persistently in lungs (our unpublished results). Bone marrow derived
dormant HEp3 cells displayed a low ERK/p38 signaling ratio and induction of BHLHB3/41/
Sharp-1, NR2F1 and p53. Interestingly, metastasis suppressor genes (MSGs) like MKK4
and MKKG6 are upstream activators of p38 [11], BHLHB3 is a target of p38 required for
quiescence induction [15] (see below) and Nm23-H1 appears to function via the
downregulation of EDG2 LPA receptor a strong activator of ERK1/2 [19]. Thus, it seems
that different mechanisms might converge on the regulation of the ERK/p38 signaling ratio.
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Can the target organ microenvironment where DTCs lodge activate these dormancy
programs? In tumors like HNSCC and breast cancer bone metastasis occurs at a frequency
of 10-30% [20-22]. However, the detection of BM DTCs is much higher (>50% of patients)
[23, 24]. This suggests that not all DTCs go on to form metastasis and/or that a delay takes
place. In mouse models of cancer (xenografts or transgenic), BM carcinosis or metastasis are
rarely observed. For example, in MMTV-Neu transgenic mice, BM DTCs are readily
detected but mice never develop bone metastasis [25] (see also Scenario 3). However, if the
BM microenvironment is modified, via irradiation [25] or if p38 is systemically inhibited,
now DTCs expand ([25] and our unpublished data). T-HEp3 squamous carcinoma cells
spontaneously disseminate from primary tumors to lungs, lymph nodes (LN) [26], liver and
BM, but only in lung and LN they develop overt metastasis [26, 27]. Instead, in BM, spleen
and liver DTCs remain in small numbers (<100 DTCs/108 marrow cells). Importantly,
systemic p38 inhibition drastically changed this behavior and after a 3-week treatment with
p38 inhibitors now DTCs, micro and macro-metastasis, were found in places where they
never grow including liver and spleen (our unpublished data). Thus, in certain organs
restrictive signals mediated at least by p38a/g signaling can prevent occult DTCs from
expanding.

The search for signaling mediators that might induce dormancy in the BM suggest that
TGFp, which is rich in the BM microenvironment [28-31], might be important in dictating
DTC dormancy. Although tumors might depend on TGFg to metastasize [6, 7], this ligand
can, depending on the degree of progression of tumors, be a potent inhibitor of epithelial
tumor cell proliferation [32, 33]. TGFgis also required to maintain the quiescence of stem
cells and progenitors in the BM [28-31]. Thus, some tumors may remain sensitive to TGFS
growth inhibition in microenvironments where this factor is present (i.e. BM) [34]. It is still
unknown whether during disease-free periods TGFg maintains dormancy of DTCs. D-HEp3
cells express high levels of TGFB2 mRNA and BHLHB3 is also induced by TGF2 (our
unpublished results). Interestingly, BHLHB3 was also found to be upregulated by TGFSand
function as a metastasis suppressor in MDA-MB-231 breast cancer cells when the mutant
p53 function present in these cells was eliminated [35]. Thus, enhanced paracrine/autocrine
TGFgssignaling might contribute to dormancy in target organs if tumor cells have not
subverted the pathways to stitch TGFS signaling to be pro-growth and/or pro-invasion.

In melanoma progression a similar scenario develops. In early progressed melanoma TGFS
is anti-proliferative (tumor-suppressor), but in advanced melanoma it is pro-invasive [36—
38]. How these two scenarios develop is not entirely clear [36—39]. It is possible that similar
to the early dissemination in breast cancer (see Scenario 3) [40], melanoma might spread
before the conversion from TGFg-inhibitory phenotype to pro-invasive behavior is
activated. Although counterintuitive, there is clinical evidence of early spread of uveal
melanoma and, in a smaller proportion of patients, cutaneous melanoma thinner than 0.76
mm depth [41-43]. If true, then single cells arriving at distant sites, such as liver or BM [25]
might remain in cell-cycle arrest due to high levels of TGF. Overall, these studies might
identify therapeutic targets to induce or maintain dormancy or eradication of DTCs by
targeting their survival signals or those provided by the microenvironment.

2.2 Scenario 2: Primary Tumor “Stress Microenvironments” Determine DTC Fate

In this section we review three lines of evidence on how the primary tumor might influence
dormancy and progression toward metastasis. These include the gene signatures present in
the primary tumors that predict the timing of metastasis development, the ability of tumor
cells to return to the primary tumor to undergo further progression through self-seeding and
the possibility that certain primary tumors may modulate the microenvironment of DTCs by
instigating the mobilization of host cells (e.g. bone marrow derived cells) that can interact
with and dictate the behavior of DTCs (Fig. 2).
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Published data shows that gene signatures or even individual genes present in the primary
tumors predict long-term metastatic relapse more than a decade later and in the absence of
the primary tumor from which the signature derived [44, 45]. In some cases signatures from
the surrounding microenvironment proximal to the tumor can also predict progression
kinetics for patients [46]. In the case of hepatocellular carcinoma these signatures may
inform about microenvironmental-favoring conditions for intrahepatic metastasis [47]. This
suggests that a reciprocal influence of primary tumor and microenvironment in primary sites
generates signatures that can dictate disease progression. Importantly, the majority of
patients will undergo surgery and the deaths scored in Kaplan-Meyer curves are due to
subsequent metastasis. One interpretation is that the gene signatures in the primary tumor
and the microenvironment determine the fate of the DTCs. Since metastasis, once diagnosed
show homogeneous progression (~2 years in breast cancer for example [48]), these data
suggest that the gene signatures in the primary tumor not only inform about overt lesion
biology but most likely about DTC survival, dormancy or proliferation. One additional
interpretation of these data is that many of the gene signatures that predict for longer
metastasis-free periods when a gene or a signature is present or absent most likely are
providing information about how those individual or groups of genes influence dormancy of
DTCs. We found that the dormancy signature identified in dormant D-HEp3 cells [15] when
highly represented in estrogen receptor positive breast cancer invasive primary tumors (high
dormancy score, HDS) predicted for longer metastasis-free periods (Kim, Aguirre-Ghiso
and Segall, unpublished results). In contrast, when this signature was underrepresented (low
dormancy score, LDS) patients recurred with metastasis more frequently [45, 49] (Kim,
Aguirre-Ghiso and Segall, unpublished results). This strongly suggested that (1) while the
signature genes do not affect primary tumor growth they might induce slower progression to
metastasis possibly through dormancy of DTCs; (2) conditions in the primary tumor could
influence the expression of these dormancy genes and “stress microenvironments” induced
by hypoxia or therapies might induce a dormancy signature. Modeling how the genes in
these signatures influence DTC survival and quiescence or subsequent recruitment of blood
vessels or interaction with the immune system might reveal how they regulate dormancy and
minimal residual disease biology. Importantly, determining whether signatures derived from
CTC:s (i.e. recently intravasated tumor cells) are more or equally informative to the primary
tumor signatures might further inform about the relevance of characterizing CTCs versus
DTCs (i.e. CTCs that are already lodged and reside in target organs).

As mentioned above it has been proposed that CTCs might return to the primary tumor in a
self-seeding process and this helps “breed” more aggressive variants that colonize target
organs [50]. These studies showed that aggressive variants of MDA-MB-231 breast cancer
cells (MDA-MB-231-LM2) were highly efficient in disseminating and cross-seeding contra
lateral tumors. The less aggressive variants of different cancer cell lines were less efficient
in the seeding self/cross-seeding process. These data suggest that development of a more
aggressive metastatic progeny requires the ability of primary tumors to attract their own
CTCs back and the ability of these tumor cells to efficiently re-colonize the primary tumor.
Transcriptional profiling of the isolated CTC population showed that these selected cells
have gene signatures resembling those of bone, brain and lung metastatic populations,
suggesting that the re-seeding might prime CTCs to acquire these gene signatures. However,
the above described model did not demonstrate that DTCs from target organs can indeed
seed back to the primary tumors. It is possible that these events take place when multiple
metastases co-exist (for additional discussion see [51]). It will be important to determine
whether patients from early and advanced lesions CTCs indeed already carry these same
signatures. It will also be important to establish why the aggressiveness brought about by
self- or cross-seeding takes place in patients where the primary tumors were removed and
that develop metastasis years to decades after surgery of the primary tumor, which is
required for the self-seeding process.

Recent Results Cancer Res. Author manuscript; available in PMC 2012 December 06.
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A third sub-scenario of primary tumor microenvironments influencing DTC fate includes the
model of systemic tumor instigation. This hypothesis proposes that primary tumors can
instigate the growth of otherwise-indolent tumor cells or micrometastases located at distant
sites by mobilizing bone marrow cells (BMCs) into the stroma of the distant “indolent”
lesions [52]. Although systems similar to the self-seeding model were used (MDA-MB-231
cells) the instigation model ruled out self- or cross-seeding, a discrepancy that remains
unresolved. Nevertheless, McCallister and colleagues showed that instigating tumors secrete
osteopontin that induces the expression of granulin by a specific subpopulation of
hematopoietic cells in the host BM (Scal+cKit—-CD45+) [52]. These BMCs were activated
and mobilized into the secondary sites where the responder tumors lay. There, they
facilitated growth by inducing myofibroblast proliferation and thus creating a stroma
supportive of tumor growth. These results suggest that growth and proliferation of poorly
aggressive tumors (dormant DTCs and/or micrometastasis?) can be regulated on a systemic
level by endocrine factors released by certain instigating tumors. However, like in the self-
seeding model [50], it remains unclear how metastasis is instigated in the absence of a
primary tumor and also the timing of these events in the experimental models does not
explain why in patients that underwent surgery metastasis it take decades to develop.

Overall, these lines of evidence suggest that different mechanisms might “prime” tumor
cells that exit the primary lesion to be productive and produce expanding metastasis with a
predictable time lapse or non-productive [2]. The latter may be due to DTCs entering
dormancy via quiescence or even if proliferative being more prone to be suppressed by the
immune system or unable to recruit blood vessels (Fig. 2).

2.3 Scenario 3: Early Dissemination as a Determinant of DTC Dormancy

In this scenario we hypothesize that “pre-malignant” cells can readily undergo epithelial
mesenchymal transition (EMT), making them invasive and facilitating early dissemination.
However, we hypothesize that these early DTCs are not fully fit to initiate metastatic growth
and thus undergo dormancy. For this to happen we propose that during these early
progression stages the EMT is reversible and that upon arrival to the target organ, the stress
signaling or suppressive signals from the microenvironment are reinstated to a level that
prevents apoptosis but maintains quiescence of DTCs. We finally propose that micro-
environmental, and epigenetic mechanisms that reverse the growth-restrictive signals and
favor for example ERK1/2 activation [15] will allow early DTCs to grow and accumulate
additional genetic alterations that eventually produce cells fit to initiate metastasis (Fig. 3).

Pre-malignant cells carrying specific genetic and epigenetic alterations are able to departure
from early stage primary lesions and invade surrounding tissues. However, these
accumulative modifications are not sufficient for these precursor cells to initiate
proliferation enabling them to undergo a prolonged dormant state at secondary sites.
Eventually, further subsequent genomic alterations will provide solitary dormant cells with
proliferative capabilities and finally will resume metastatic growth [40]. What is the
evidence supporting early dissemination? In breast cancer for example bone marrow (BM)
DTCs are found in around 10-30% of breast cancer patients with noninvasive lesions (e.g.,
atypical ductal hyperplasia (ADH) or ductal carcinoma in situ (DCIS)) [40-53]. Their
presence in BM correlates with poor prognosis [54]. Modeling these findings in mice
showed that DTCs were detected in BM of MMTV-ErbB2 mice with “pre-malignant”
lesions [25]. Interestingly, electron microscopy analysis revealed the presence of
premalignant MECs breaching the basement membrane and this correlated with
upregulation of Twist mMRNA levels [25]. This suggests that pre-malignant cells can perhaps
undergo an EMT and locally invade the surrounding stroma and intravasate to later become
the founders of metastasis in visceral organs.
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Specific gene expression signatures that predict for early dissemination have not been
reported. However, some studies hint at certain genes as being (or not) modulators of this
process. For instance, p53 mutations are not needed for early dissemination in breast cancer
[55]. These data suggest that DTCs might still be under the control of this tumor suppressor
and therefore prone to entering apoptosis, senescence or quiescence; only the latter endpoint
would allow for dormancy unless senescence is reversible [56]. But it remains unknown
whether early DTCs formally enter the dormancy mechanisms described above to
subsequently found distant metastases.

Other data point to GATA-3 as a negative regulator of early dissemination [57]. GATA-3
loss was found to facilitate early dissemination and metastasis in a model of mammary
hyperplasia [57]. In this work GATA-3 is lost in early DTCs lodged in lungs [57]. Thus,
detection of GATA-3 loss in ADH or DCIS lesions may serve as a “test” to predict early
dissemination.

Can stress-signaling pathways influence early dissemination and early DTC fate? There is
evidence that GATA-3 nuclear translocation is stimulated by p38 [58, 59] suggesting that by
up-regulating GATA-3, p38 could block dissemination in the pre-malignant epithelium. Our
focus on the role of p38a/g stress signaling in dissemination and dormancy revealed that its
pharmachological inhibition accelerates early breast tumor progression by inducing anoikis
resistance [60] and an EMT. Our data show that systemic p38a/g inhibition strongly
stimulated early dissemination and accumulation of CK8/18+/ErbB2+ cells in the BM of
MMTV-ErbB2 mice. This correlated with a dramatic downregulation of E-cadherin and
increased nuclear accumulation of B-catenin and ERK1/2 activation—all genes regulated
during an EMT—in the MECs of MMTV-Neu pre-malignant mammary glands. Our data
suggest that p38a/B might have a gatekeeper function at the dissemination steps by blocking
an EMT and early dissemination of pre-malignant cells.

However, if early DTCs enter dormancy the EMT must be reversible or it may not influence
the quiescence of these DTCs upon arrival to the target organ. Also, p38a/g signaling must
be reinstated to a level that maintains quiescence of DTCs. Alternatively the p38 signaling
threshold to prevent an EMT is lower than that required to repress proliferation. If so only
transient or marginal inhibition of p38 signaling might allow for EMT and dissemination
while still functioning as a growth suppressor.

Several additional questions arise from this potential dormancy scenario: Is it possible that
early DTCs share the same dormancy gene signature as those DTCs released by invasive
primary tumor mentioned in Scenario 2. Would this suggest that only early DTCs are
responsible for recurrences? Why do larger tumors produce a similar DTC burden than
smaller counterparts, but still have a worse prognosis? Are the same numbers of DTCs shed
but their signatures are different? Which signals trigger the genetic switch responsible for
metastatic growth? Do microenvironment (Scenario 1) and epigenetic signals precede
genetic evolution of DTCs? Answers to these important questions will be critical for
targeting and eliminating dormant DTCs before they can form lethal metastases.

3 Conclusions and Perspectives

Our knowledge on how the biology and genetics of DTCs influence dormancy and
progression is limited. Even less understood is how these tumor cells from premalignant or
invasive tumors are influenced by the primary tumor microenvironment composition, by the
therapies applied to patients and by the target organ. Specifically for the topic of this book it
seems that characterization of DTCs would be the most promising because they carry the
aggregate information about their origin (i.e. primary tumor microenvironment), the ones
that survive therapy will carry the information about how treatment influenced their
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adaptation and/or selection and ultimately how the target organ microenvironment also
influenced their adaptation and/or selection. CTCs, because they are short-lived in
circulation [61] and thus are considered only recently intravasated cells, would only carry
information similar to the primary tumor and acutely influenced by therapy. Thus comparing
CTC and DTC gene profiles as well as genetics will provide crucial information about
whether they provide similar, complementary or different information about dormancy
phases and subsequent progression to overt disease.

A final element not fully discussed here due to space limitations is how modulating host
stromal cells might influence DTC dormancy. For example, the specific interaction of DTCs
with macrophages at these sites might influence the decision to enter or escape dormancy.
This is of importance because as recently reviewed, different populations of macrophages
present in the primary tumor and lungs dictate metastatic dissemination and growth. The
Condeelis and Pollard labs showed that a signaling relay is established between
macrophages (CD11b+, F4/80+, CSF-1R+, Ly6G-) and breast tumor cells where the
macrophage produces EGF, which in turn stimulates the tumor cell to produce CSF1, an
activator of macrophages [62]. Macrophage produced EGF also drives intravasation [63].
But lung macrophages, defined by the markers indicated above and also VEGFR1+ and
CCR2+ aid mammary tumor cell seeding at disseminated sites [64]. It will be important to
determine whether the exit of dormancy was accompanied by a cross talk with the
macrophages as this would reveal that macrophages support the exit of quiescence. These
studies might reveal two additional scenarios: (1) macrophages that activate the signaling
relay are only associated with DTCs actively proliferating; (2) macrophages are associated
with dormant DTCs as well as with proliferative DTCs but the phenotype of these
macrophages is different. These findings would perhaps identify novel “host-cell” targets to
aid therapies aimed at the DTCs.

Overall the challenges presented by the problem of cancer dormancy are significant and
studying DTCs and dormant disease is difficult. But the benefits of unraveling the inherent
complexity of this step of metastasis biology should be of great impact for cancer patients.
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Fig. 1.

Scenario 1 envisions that the target organ microenvironment (iE) has instructive signals that
determine the fate of disseminated tumor cells (DTCs) that have already been influenced by
primary tumor microenvironments and stress of dissemination. Upon arrival at the
secondary sites, cells can encounter two different situations: In a permissive
microenvironment, (e.g. lungs), DTCs undergo a transient phase of dormancy, but
interactions with the favorable microenvironment and appropriate tumor cell surface
receptors will allow DTCs to adapt, integrate growth-promoting signals, such as those
derived from fibronectin to transduced by the urokinase receptor (UPAR—re@)—-a551-
integrin complex (greenand purplé) and the epidermal growth factor receptor (EGFR—
yellow) which will result in activation of mitogenic signaling (activation of ERK,
inactivation of p38) promoting DTCs proliferation. In the second situation DTCs will arrive
to a restrictive microenvironment (e.g. bone marrow or liver), and either the loss of the
surface receptors mentioned above will lead to inactivation of proliferative signals or
interaction with growth-restrictive signals such as collagen-1 results in stress signaling and
activation of p38. This in turn leads to a prolonged dormancy. Activation of p38 could lead
to the transcriptional induction of BHLHB3, NR2F1 and p53. Additionally, collagen-
mediated activation of DDR2 can lead to subsequent p16- and p21-mediated tumor cell
growth arrest. Furthermore, increased levels of TGF g in the microenvironment (BM, for
example) could also have a growth suppressive role. It is likely that other unidentified
pathways are also involved in determining the DTC cell fate upon arrival at the secondary
site. Overall, these signals might lead to specific gene expression profiles that could be
derived from DTCs and used to classify patients (heat maps). Stromal cells such as
machropages may also influence the choices between proliferation and dormancy, but these
mechanisms have not been fully explored yet
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Scenario 2 envisions that the primary tumor microenvironment (LE) (e.g. hypoxic, collagen
dense) can influence the fate of DTCs. The presence of a high (red shade—top) or low (blue
shade—bottom) dormancy score signatures encoded in the bulk of the tumor predisposes
cells to enter prolonged dormancy (/arge T') or after a brief quiescence (small/ T”) resume
proliferation, respectively. PT primary tumor. D7C disseminated tumor cell. #DS high
dormancy score. LDS low dormancy score
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Scenario 3 envisions that in “pre-malignant” cells, from pre-invasive lesions, p38 signaling
is downregulated favoring an EMT and early dissemination to target organs (e.g., lung and
bone marrow). However, these early DTCs are unfit to initiate metastatic growth, thus, once
these early DTCs arrive to secondary organs a dormancy program is turned “ON” possibly

mediated by plastic regulation of p38 that is restored by microenvironmental signals.

Therefore, early DTCs will undergo a long dormancy phase before forming metastasis. This
is deduced from the long time to metastasis development after primary lesion treatment. As
described in Scenario 1, DTCs that lodge in favorable microenvironments, such as lungs,
will be exposed to microenvironmental and epigenetic changes that will allow early DTCs to

grow and accumulate additional genetic alterations that eventually produce cells fit to

initiate metastasis. In contrast, DTCs that lodge in unfavorable microenvironments, such as
BM or liver, will remain dormant. Early dissemination will produce long dormancy periods
at any site because cells have to accumulate additional changes. But it is possible that in

certain sites microenvironmental and epigenetic changes allow cells to initiate slow

proliferation that then drives genomic instability when vigorous growth is initiated
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