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Abstract

Many cancer-related deaths including melanoma result from metastases that develop months or years after the
initial cancer therapy. Even the most effective drugs and immune therapies rarely eradicate all tumor cells. Instead,
they strongly reduce cancer burden, permitting dormant cancer cells to persist in niches, where they establish a
cellular homeostasis with their host without causing clinical symptoms. Dormant cancers respond poorly to most
drugs and therapies since they do not proliferate and hide in niches. It therefore remains a major challenge to
develop novel therapies for dormant cancers. In this review we focus on the mechanisms regulating the initiation
of cutaneous melanoma dormancy as well as those which are involved in reawakening of dormant cutaneous
melanoma cells. In recent years the role of neutrophils and niche components in reawakening of melanoma cells
came into focus and indicate possible future therapeutic applications. Sophisticated in vitro and in vivo melanoma

dormancy models are needed to make progress in this field and are discussed.
Keywords Melanoma, Dormant cancer, Neutrophils, NETs, Immunotherapy

Introduction

Advanced malignant melanoma still has a poor progno-
sis. Melanoma originates from malignant transforma-
tion of melanocytes in the skin, uvea, or mucosa. Around
23,000 new cases and around 3,000 deaths per year are
reported in Germany [1] with a 2.5-6% annual increase in
incidence since the 1990s [2]. Melanoma can be divided
into four stages which are defined by thickness, ulcer-
ation, and metastasis. Stages I and II are still localized and
likely to have a good prognosis, whereas stages III and
IV are defined by regional (III) and distant (IV) metas-
tasis [3]. For stage IV melanoma, the prognosis remains
poor, with a five year survival rate of approximately 25%
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in Germany [1]. Although surgical approaches combined
with new therapeutic strategies, such as immunotherapy,
significantly prolong recurrence-free survival of stage
III melanoma, > 50% of patients relapse after 3 years [4].
Interestingly, relapse of stage I melanoma patients may be
delayed for years or even decades [5]. Recurrence occurs
locally (19.6%), in regional lymph nodes (29.8%) or at dis-
tant sites (50.6%), such as lung, brain and in intraabdomi-
nal or bone locations [6]. The underlying mechanism of
late recurrence is thought to be tumor dormancy. Tumor
dormancy and metastatic recurrence are nowadays a
significant diagnostic and therapeutic challenge, the
mechanism for which must first be understood [7]. Many
of these mechanisms have been primarily discovered in
other tumor types than melanoma and will therefore also
be discussed here.

Hallmarks of tumor dormancy

Cancer dormancy encompasses two distinct states, which
are not mutually exclusive: tumor mass dormancy on a
population-level and cellular dormancy [8]. Tumor mass
dormancy is characterized by a balance of tumor-cell
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proliferation and death keeping the tumor cell population
at a constant level. Cellular dormancy describes a state
of growth arrest on a single cell level in which cells have
undergone a reversible GO-G1 cell cycle arrest. Dormant
cancer cells are defined by three essential properties:
they persist within a foreign microenvironment, they are
reversibly growth-arrested and they resist targeted and
cytotoxic treatments. It is increasingly appreciated that
the microenvironment has an important role in confer-
ring and maintaining these states [8].

Cancer dormancy is under dynamic control and there
are a series of stages in the life cycle of a dormant can-
cer cell that include niche dependence, cell cycle arrest,
drug resistance, immune evasion, metastatic relapse, and
reversibility [9]. As a first step, the disseminated cancer
cells (DCCs) have to find the right supportive niches
and occupy those. It is well known that tumor cells have
a preference for specific organs to home, e.g. melanoma
cells prefer lymph nodes, bone, lung, liver, skin and brain
[10, 11]. Second, DCCs have to interact with the niche
components as Steven Paget proposed already over 100
years ago in the “seed and soil” hypothesis [12]. It is also
now well established that cancer cells prepare a meta-
static niche (so called pre-metastatic niche) before leav-
ing the primary tumor [13]. Third, the DCCs have to
adapt to the niche by cellular reprogramming to establish
a reversible growth-arrested state and to evade immu-
nosurveillance. Many evidences until now clearly show
that dormancy is not solely a cell-intrinsic property and
that the niche is actively involved in the reprogramming
of tumor cells to keep them either dormant or to reac-
tivate them [9, 14]. In particular, the interaction of dis-
tinct immune cells with the tumor microenvironment
resulting in remodeling of the niche and in reactivation
of dormant cancer cells is of importance [9]. Clearly,
a more detailed understanding of the interplay of dor-
mant cancer cells and the niche components is needed
to understand the mechanism of dormancy induction,
maintenance and escape.

Dormant cancer cells share some characteristics with
other cells undergoing proliferative arrest, namely senes-
cent cells and quiescent cancer stem cells [15]. “Senes-
cence at the cellular level” was described as early as 1961
by Hayflick and Moorhead, who found a limited ability
of diploid cells to divide [16]. It is generally understood
to be an irreversible cell cycle arrest with altered pheno-
type [17, 18]. Nevertheless, re-entry into the cell cycle
was proven to be possible under certain circumstances
in an in vitro model of lymphoma cells [19]. In addition
to cell cycle arrest, the senescent associated secretory
phenotype (SASP), macromolecular damage, and altered
metabolism are counted as hallmarks of senescence [18].

Senescence cannot be defined by a specific marker,
but only by the synopsis of senescence-associated
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characteristics [18]. Cytoplasmic markers such as
B-galactosidase, as well as lipofuscin detection with
Sudan-Black-B  stain, detect metabolic, lysosomal

changes [20, 21]. Cell cycle arrest is often induced by p16
and p21, which inhibit cyclin-dependent kinases and,
thus, preventing cell cycle progression [22, 23]. At the
same time, proliferation markers, such as Ki-67, are nega-
tive [24]. In addition, a highly variable spectrum of SASP
components, such as the proinflammatory cytokines IL-6
and IL-8, are secreted [25]. Senescence is a response to
stressors, which include, for example, activation of onco-
genes, telomere shortening or genotoxic substances
[26-28]. In contrast to senescence, tumor dormancy is
a clinical term that describes remaining growth-arrested
cells in the patient. However, since senescent and dor-
mant cells exhibit overlapping characteristics, a contin-
uum between both states may be assumed [29].

Besides a cellular and a tumor mass dormancy, the
existence of cancer stem cells, often referred to as “slow-
cycling cells’, has been described [9, 30]. They differ from
the dormant tumor cell by low differentiation and stem
cell markers and no definitive growth arrest [31-33]. A
hierarchical organization with few tumor stem cells has
been described for colorectal cancer [32]. The model is
challenged by a xenotransplantation model in melanoma
in which 25% of unselected melanoma cells were able to
form tumors under permissive conditions [34].

Clinical evidence of melanoma dormancy

Cancer dormancy was originally defined by Willis in the
late 1940s and later by Hadfield in the early 1950s as a
temporary growth arrest [35, 36]. Cells can detach from
a primary tumor and travel as DCCs through blood ves-
sels to new sites in the body. After settling into other
tissues, they initially hide in a quiescent state in their
niche, where they are protected from the immune sys-
tem or actively suppress immune responses [37, 38].
DCCs are already found in the lymph node very early
after primary melanoma development [39] and the num-
ber of DCCs in the sentinel and regional lymph nodes
correlates with the prognosis of melanoma patients
[40, 41]. Their clinical and mouse model data suggest a
parallel progression with early dissemination of mela-
noma cells, as 50% of tumor spread occurs in tumors of
<0.5 mm thickness [39]. As further proven by Han et
al., DCCs of melanoma and breast cancer were already
detected at a pre-metastatic stage in the lymphatic ves-
sels of a mouse model [42]. Early DCCs may prepare the
tumor niche into which late DCCs may settle [43]. Clini-
cal existence of dormant melanoma cells is underlined
by an impressive example: various recipients of kidney
transplants from immune competent donors, who had a
primary melanoma removed up to 32 years prior to the
organ donation, developed melanoma metastases in the
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immune suppressed recipients that were derived from
dormant tumor cells in the kidney grafts [44]. There exist
several other examples of the inadvertent transmission
of dormant melanoma cells from a donor to the organ
transplant recipient [45] or of recurrence more than 10
years after diagnosis of stage I-III melanoma [46-49].
All of these data indicates that under specific condi-
tions, especially under impaired host immunity, dormant
tumor cells awake, acquire proliferative capacity and dis-
seminate into other target organs. The trigger factors
involved in reawakening of dormant tumor cells are still
not identified, but an active immune response is likely to
be involved.

Dissemination of melanoma cells and metastasis

Metastatic progression is assumed to be either linear or
parallel [43, 50]. In 1989, Clark et al. describes metastasis
as a linear process in which tumors accumulate genetic
and epigenetic alterations and progress from radial, to
vertical, to invasive growth phases after which tumor
cells disseminate [51]. In the linear model one expects a
high degree of similarity between the primary tumor, the
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DCCs and its metastases [50]. However, tumor cell dis-
semination can also occur early when the primary tumor
is still very small and progress at the metastatic site in
parallel to the progression of the primary tumor which
might continue to seed cells. In the parallel model one
expects a higher degree of genomic diversity between the
metastases and the primary tumor [52] (Fig. 1).
Independent of a linear or parallel progression pathway
disseminated melanoma cells must first gain access to
the lymphatic system, through which they preferentially
disseminate (Fig. 1). To clear a pathway, melanoma cells
secrete the metalloproteinases MMP-2 and MMP-9 that
degrade the extracellular matrix (ECM), or they stimu-
late surrounding fibroblasts to release MMP-1 under in
vitro and in vivo conditions [53—-55]. Loss of adhesion
molecules such as E-cadherin interrupts intercellular
junctions between melanoma cells and keratinocytes,
therefore allowing migration [56]. E-Cadherin repres-
sion in a cell culture melanoma model is regulated by
epithelial-mesenchymal transition (EMT) promoting
transcription factors such as Slug, Zinc Finger E-Box
Binding Homeobox 1 (ZEB1), Twist and Snail [56, 57].
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Fig. 1 Metastatic process of melanoma. 1. Melanoma cells may detach from the tumor in parallel to the growth of the primary tumor or in a linear pro-
cess in which tumors first accumulate genetic and epigenetic alterations after which tumor cells disseminate. They undergo an epithelial-mesenchymal-
like transition for higher invasive potential before entering the lymphatic or vascular system. 2. Melanoma cells circulate within the body and may adapt
an endothelial phenotype within the vascular niche. 3. Melanoma cells occupy their niche and interact with the tumor microenvironment (TME) which
includes extracellular matrix (ECM), cellular components and cytokines. They may undergo apoptosis, or either enter a proliferative or dormant state (cre-

ated with BioRender.com)
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EMT marker expression in patient samples is associated
with a metastatic, invasive phenotype in melanoma [58].
Another delineating feature of disseminated melanoma
cells in patients is their lower BRAF mutation rate, mak-
ing them distinct from the proliferating primary tumor
cells [39].

In the second step, tumor cells spread throughout the
body via the lymphatic and blood systems [42]. Mela-
noma cells may remain in an intravascular niche within
secondary organs, such as the lung. In vivo lineage trac-
ing in a mouse model revealed a switch to an endothelial
quiescent phenotype (CD31+) with loss of typical mela-
noma markers, emphasizing the plasticity of melanoma
cells [59] (Fig. 1).

Thirdly, DCCs actively transmigrate through the vascu-

lar wall to occupy the tumor niche. Prior to occupancy,
primary tumors including melanoma may shed soluble
factors, such as exosomes, to prepare a favorable “soil’,
the pre-metastatic niche in mice and humans [13, 60].
After settlement, DCCs interact with components of the
microenvironment, which consists of ECM, cells (fibro-
blasts, immune cells) and soluble factors (cytokines, che-
mokines). The further fate of the melanoma cell depends
on cell-intrinsic properties (“seed”) and its environment
“soil”) [12] (Fig. 1). As demonstrated by Eyles et al. in
RET.AAD mice, few of the disseminated cells undergo
apoptosis. Remaining melanoma cells maintain a dor-
mant state in the presence of CD8+T cells while prolifer-
ating in the absence of immune control [61].

Molecular and cellular mechanisms regulating
melanoma dormancy

Melanoma plasticity and phenotype switching

The life cycle of a cancer cell — including transitions from
circulating DCC to the growth-arrested cancer cell in the
distinct niches up to the escape from the dormant state -
requires a high plasticity of the cells, which is influenced
by niche components [62]. As DCCs may contain fewer
genetic aberrations compared to primary or metastatic
tumors in the same patient, dissemination of melanoma
and breast cancer cells is often an early event during can-
cer progression and epigenetic changes allow adaption to
new circumstances [39, 63—-65].

Melanoma cells can reversibly switch between a pro-
liferative and an invasive phenotype, a model which is
called the phenotype switching model first described by
Hoek et al. [66, 67]. Both cell states can co-exist in the
tumors of patients emphasizing the intratumor heteroge-
neity [68, 69]. Interestingly, temporal single-cell tracing
in mice indicates that only the population of melanoma
cells with an invasive, mesenchymal-like state constitute
a pool of metastatic initiating cells that switch cell iden-
tity while disseminating to secondary organs [68]. Phe-
notype-switching is described to be mainly based on the
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relative expression of the transcription factors microph-
talmia transcription factor (MITF) and SOX10. Whereas
cells expressing low levels of MITF have a slow-cycling,
mesenchymal-like, pro-invasive phenotype, higher levels
of MITF correlate with proliferation and differentiation
[69-72]. Interestingly, low MITF levels are also found
in drug resistant melanoma cell lines, which was previ-
ously defined as hallmark of dormancy [73]. MITF acts
as a “rheostat” and is considered as one of the key regula-
tors of melanoma phenotype switching [71, 74]. SOX10
can promote MITF expression and SOX10 downregula-
tion induces a slow proliferating mesenchymal-like state
[75, 76]. SOX10 depletion in melanoma cells in vitro
induces an invasive-like state and a dormant-like phe-
notype in vivo [77]. Intriguingly, loss of SOX10 leads to
SOX9 upregulation in an antagonistic fashion [78]. In
melanoma, SOX9 is a driver of the mesenchymal-like
state [79]. Epithelial to mesenchymal transition (EMT)-
like processes enable melanoma cells to disseminate from
the primary site [76, 80] and this is orchestrated by the
main transcription factors Snail, Slug, ZEB1 and Twistl,
whereas their repression is required to promote meta-
static growth in vivo [81, 82].

Dormant cancer cells have distinct transcriptional and
epigenetic profiles compared with proliferating cancer
cells and few evidences yet indicate that they may have
slowed their metabolic rate, are more dependent on
glucose, glutamine and fatty acid metabolism and have
been shown to have increased mitochondrial activity [9,
83, 84]. However, there is no universally valid marker
for dormant melanoma cells and, therefore, no uniform
detection method. In melanoma the transforming growth
factor B (TGE-p) is linked to dormancy since it promotes
cell migration, immune escape, and metastasis [85, 86].
Blocking TGF-P can prevent the development of mela-
noma bone metastases and decrease the progression of
established osteolytic lesions [87]. On molecular level,
blocking of TGF-p in a melanoma in vitro model results
in a GLI2°"/MITF"8" phenotype, which in turn leads to
reduced WNTS5A expression and to less invasive capaci-
ties [88].

Besides cell-intrinsic factors regulating proliferation,
migration and invasion, micro-environmental factors
such as nutrients, oxygen, cytokines, and growth fac-
tors influence the reversible switch [62, 76]. Hypoxia
and inflammatory signals from the microenvironment
are able to promote the switch from a proliferative to
an invasive phenotype [89-92]. Inflammation of the
lung can induce EMT of dormant breast cancer cells in
a mouse model via the expression of ZEBI, resulting in
reactivation of the dormant cancer cells [93].

There is a constant crosstalk of the dormant cancer
cells with cells in the niche to modulate ECM compo-
nents to either keep the cells dormant or getting them
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reactivated and inducing metastatic spread [94, 95].
Dormant breast cancer cells can activate stromal cells
to release niche ECM components such as periostin and
tenascin C, which in turn activate tumorigenic stem cell
signaling pathways such as Wnt, Nanog and Oct4 in the
cancer cells leading to their metastatic outgrowth [80].
Tissue stiffness and matrix composition are important
parameters in the induction of dormancy in melanoma
cells in vitro [96, 97]. Matrix metalloproteinases (MMPs),
which can degrade ECM-components are associated
with melanoma progression [98]. Extracellular vesicles
secreted by melanoma cells can reshape the premeta-
static niche facilitating colonization of disseminated mel-
anoma cells [13, 60, 99].

Signaling pathways

Melanoma cells have a high degree of plasticity [62]. Low
levels of Ki-67, as well as high levels of cyclin-dependent
kinase (CDK) inhibitor p27, are indicative of melanoma
cell dormancy [100]. The MAPK signaling pathway plays
a role in proliferation, growth, differentiation, migration,
and apoptosis [101]. In breast cancer, and head and neck
carcinoma, low ERK 1/2 activity with increased activa-
tion of p38 (ERK'°/p38hieh) is indicative of dormancy
[102, 103]. Consequently, cell cycle regulators, such as
p27 and the orphan nuclear receptor NR2F1, are increas-
ingly expressed, triggering growth arrest [104, 105]. In
cell culture models of melanoma, ERK and p38 are phos-
phorylated simultaneously and promote proliferation,
hence an inactivation of both proteins may be assumed
during growth stagnation [106]. Interestingly, p38
modulates key players of the unfolded protein response
involved in the ER stress pathways suggesting that dor-
mant melanoma cells are in a state of cellular stress [97].

The PI3K/AKT signaling pathway is activated by recep-
tor tyrosine kinases (RTK) and promotes growth and sur-
vival of melanoma cells [107-109]. When downstream
targets such as PHF19 are silenced, the phenotype of
melanoma cells in a spheroid model shifts from a prolif-
erative to an invasive state [110]. Glucocorticoid-induced
leucine zipper (GILZ) deactivates a downstream target
of the PI3K/AKT pathway in a murine melanoma model,
and its repression increases p21 levels to induce a cell
cycle arrest [31].

The STAT3 signaling pathway opens the gateway
towards proliferation or apoptosis in dormant mela-
noma cells. Induced by SOX2 depletion or interferon
(IEN)B, activated P-STAT3 binds abundantly to the p53
promoter and enhances the apoptotic pathway in an in
vitro melanoma model [111, 112]. Conversely, knockout
of STAT3 increases MITF transcription and leads to a
proliferative phenotype. Intermediate STAT3 activation
with a MITF" phenotype is expected to keep mela-
noma cells in the dormant state [113]. Further dormancy
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maintaining genes and modulating factors in melanoma
are reviewed by Janowska et al. [114].

Mechanisms of melanoma dormancy induction

and reawakening

Dormancy can be differentiated into angiogenic (A),
immune-mediated (B), and tumor microenvironment
(TME)-mediated (C) dormancy (Fig. 2). Growth arrest-
ing and reawakening factors can be assigned to these cat-
egories [29, 115].

Angiogenic dormancy refers to nutritional depriva-
tion, as well as hypoxia in the absence of adequate vas-
cularization, leading to an equilibrium between apoptosis
and proliferation within the micrometastasis [116, 117].
A central role is attributed to the angiogenesis inhibi-
tor thrombospondin-1 (TSP-1), which is secreted by
immune cells or melanoma cells in a xenograft model
[118, 119]. In addition to its anti-angiogenic effect, TSP-1
is involved in the induction of a mesenchymal invasive
MITF®¥ phenotype (EMT-like process) of melanoma
cells in vitro and embryonic chicken neural tube and is
found to be aberrantly expressed in biopsies of metastatic
melanoma [120]. TSP-1 further controls the suppres-
sion of natural killer (NK) cells in vitro, possibly block-
ing immune surveillance of melanoma in vivo (Fig. 2A)
[121]. Expanding the definition of angiogenic dormancy
is reasonable, as individual melanoma cells may remain
dormant in the perivascular niche with abundant nutri-
ent supply. Therefore, vascular-derived factors may pre-
vent proliferation [97, 122]. Angiogenic dormancy may
be disrupted in a process called the angiogenic switch
[123]. In melanoma, proangiogenic factors, such as vas-
cular endothelial growth factor (VEGF) and epoxyeico-
satrienoic acid of the endothelium, allow vascularization
in mice (Fig. 2A) [124, 125]. It should be noted that dur-
ing hypoxia- an inducer of angiogenic dormancy- target
genes of hypoxia-induced factors (HIF) such as VEGF are
increasingly expressed in cultured melanoma cells, indi-
cating a contrary role of hypoxia in dormancy [126, 127].

The immunogenic dormancy in cancer is maintained
by the innate (e.g. NK cells) and acquired (e.g. T cells)
immune system, whose interplay is orchestrated by T
helper cells [128]. NK cells and tissue-resident CD8+T
cells prevent outgrowth of metastases in murine and
human melanoma models (Fig. 2B) [129-131]. The effect
is postulated to be rather cytostatic than cytotoxic [61].
In addition, NK cells, CD8+T cells, and T helper cells
secrete cytokines like IFNYy, tumor necrosis factor (TNF),
and IL-2, preventing tumor growth and angiogenesis
in a melanoma and a pancreatic cancer mouse model
(Fig. 2B) [132-135]. Assuming cellular dormancy, single
tumor cells must protect themselves from immunogenic
eradication for long-term persistence. On the one hand,
melanoma cells may bypass the immune system and
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Fig.2 Mechanisms of dormancy induction. Dormancy can be classified into angiogenic (A), immune-mediated (B), and tumor microenvironment (TME)-
mediated (C) dormancy and can be influenced by growth arresting and reawakening factors (created with BioRender.com). More information can be
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evade killing by down-regulating major histocompat-
ibility complex I (MHC-I), driven by TGF-p [136]. On
the other hand, higher MHC II expression allows bind-
ing to lymphocyte activation gene-3 (LAG3) on mela-
noma-associated T cells, ultimately ensuring melanoma
cell survival in vitro (Fig. 2B) [137]. T cells can main-
tain cancer cells in permanent dormancy and are able to
prevent disseminated melanoma cells in visceral organs
from expanding [46, 61, 138, 139]. In a mouse melanoma
model, intratumoral injection of IL-2 results in decreased
tumor growth and long-term tumor dormancy depend-
ing on the presence of T cells or natural killer cells [134].

The immune system is also involved in the reawaken-
ing of melanoma. Under immunosuppression, for exam-
ple after organ transplantation, metastases of malignant
may occur in patients due to lack of immune control
[140]. Furthermore, activation of the immune system,
e.g. under systemic inflammation or infiltration of stro-
mal inflammatory cells into the tumor (macrophages,

lymphocytes), is associated with lymphatic invasion and
cancer recurrence in melanoma and other cancer types
(Fig. 2B) [141-143].

ECM and associated factors form the tumor niche, and
directly interact with tumor cells. ECM components, like
collagen XIV or other fibrillar collagens, display pro-dor-
mancy properties in an in vitro melanoma model [96].
Fibronectin, secreted by melanoma cells themselves, is
associated with enhanced migratory and proliferative
properties in in vitro assays, as well as expression of EMT
markers along with a downregulation of MITF in patient
samples (Fig. 2C) [144, 145]. The configuration of ECM
components is crucial for its proliferation-promoting or
-inhibiting effect. Fibroblast-derived MMP-14 degrades
collagen XIV in vitro, therefore antagonizing the growth-
arresting effect on melanoma cells [98]. As another vari-
able, the stiffness of a fibrin matrix can be increased.
Thus, p21 and p27 are epigenetically upregulated, and
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dormancy is induced in human and murine melanoma
cells under in vitro and in vivo conditions (Fig. 2C) [146].

Last, factors can be bound to ECM, such as prolifera-
tion-promoting insulin-like growth factor (IGF) -1 which
was proven to enhance proliferation in a 3D melanoma
model [147]. Additionally, WNT5A has been identified as
activator of dormancy. However, fibroblasts undergo age-
related reprogramming and release a soluble antagonist
(SFRP1) of WNT5A, thus enabling metastatic outgrowth
of melanoma metastases in mice (Fig. 2C) [148].

Some of the above factors may be preferentially
assigned to tumor mass, others to cellular dormancy.
Nevertheless, a role at both levels cannot be excluded.
Analysis at the single cell level could improve our under-
standing of cellular dormancy induction.

Neutrophils in melanoma

Macrophages, NK cells and neutrophils account for more
than 80% of tumor-associated immune cells in mela-
noma, of which neutrophil invasion is related to poor
prognosis [149-151]. Clinical studies indicated that ele-
vated numbers of circulating neutrophils are an indepen-
dent marker of adverse prognosis in melanoma patients
and negatively predict response towards immunother-
apy [152-155]. Upon ultraviolet radiation of melanoma
in mice, neutrophils invade into the tumor and induce
a more migratory phenotype, local angiogenesis and
angiotropism [91]. Thus, local and systemic inflammation
by neutrophils may be drivers of melanoma progression.
Systemic inflammation may be triggered by smoking or
obesity, resulting in increased activation of neutrophils in
patients [156—158].

Neutrophils are a heterogeneous cell population with
high plasticity. In melanoma patients, single-cell cytom-
etry by time of flight (CyT'OF) identified seven subtypes
exhibiting diverse capacities for reactive oxygen species
(ROS) release and phagocytosis. Compared to healthy
individuals, melanoma patients have more imma-
ture neutrophils, which may show a different response
towards tumor cells [159]. In the following section, we
differentiate only into antitumor (N1) and protumor (N2)
phenotypes, with a clear preponderance of evidence on
the tumor-promoting side (Fig. 3, A+B) [160].

Antitumor effects include direct cytotoxicity of neu-
trophils, therefore sustaining a tumor mass dormancy
(Fig. 3A) [161]. A melanoma and lung cancer mouse
model were able to prove that upregulation of receptor
tyrosine kinase MET in neutrophils allows enhanced
tumor infiltration. Upon binding of hepatocyte growth
factor (HGF), nitric oxide is released to kill melanoma
cells [162]. Further antitumoral evidence is limited to
other cancer types. ROS (hydrogen peroxide, H,0O,)
mediate their cytotoxic effect in breast cancer cells in
vitro and in vivo via H,O,-sensitive TRPM2 channels,
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resulting in Ca2+influx [163]. Apoptosis is further
induced by IFNy-dependent stimulation of neutrophils
with subsequent expression of tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) towards
leukemic T cells in vitro [164]. Neutrophils interfere
in tumor-ECM interaction of uterine cancer in mice,
leading to detachment from the basement membrane
and hypoxic cell death [164, 165]. Neutrophils also har-
bor cytostatic-inducing properties. Cells of the innate
immune system release IL-1f, which upregulates ZEB1
in breast cancer cells and induces growth arrest by EMT
[166]. Neutrophils may incorporate other immune cells
into tumor suppression, as reviewed elsewhere [160].

Melanoma cells may force neutrophils into an N2-pro-
tumoral phenotype (Fig. 3B). This is shown in two
recently published melanoma studies [167, 168]. The in
vitro model, conducted by Anselmi et al., demonstrates
that conditioned medium (CM) of A375 melanoma
cancer stem cells (CSC) activates neutrophils. In turn,
activated neutrophils favor cancer stemness (ABCG2
upregulation) and sphere formation of A375 cells. In
detail, proinflammatory cytokines of the CM (IL-6, IL-8,
TGE-p) trigger the activation of ERK, p38 and STAT3 and
overexpression of CXCR2 (chemokine receptor of IL-8)
and NF-«kB in neutrophils. Ultimately, ROS, NETs, MMP-
9, and other proinflammatory cytokines are released,
making N2 polarization likely [167].

Similarly, extracellular vesicles (EV) derived from MV3
melanoma cells, but not from melanocytes, increase
the expression of N2 molecular markers, such as Argl,
CXCR4 and VEGF in neutrophils. Melanoma-derived
EVs are able to attract neutrophils by activation of the
CXCR2/PIBK-AKT signaling pathway, prolong their
survival, and enhance NET release. Additionally, ROS
production is increased, which has been previously asso-
ciated with tumor progression [168]. However, NO and
peroxynitrite were stated to be cytotoxic to melanoma
cells, and their level is, therefore, reduced in a N2 state
of neutrophils. In contrast, LPS increases NO and per-
oxynitrite levels and increases neutrophil toxicity toward
melanoma cells, implicating a stimulus-dependent differ-
entiation of PMN [169].

X-linked inhibitor of apoptosis (XIAP) has previously
been linked to melanoma progression by its anti-apop-
totic function in cancer. However, emerging in vitro and
in vivo evidence in attributes XIAP a role in neutrophil
attraction through IL-8 and subsequent melanoma pro-
gression [170].

The pro-tumoral activity of neutrophils has been
observed in other tumor types as well. ROS oxidatively
damages DNA, thus promoting invasiveness in intesti-
nal cancer of mice [171]. Proinflammatory signals, like
prostaglandin E,, NE and mitochondrial-dependent
NET, released from neutrophils promote proliferation in
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Fig. 3 Neutrophils and NETs in cancer. A Neutrophils exert their effect in a cytolytic way. Neutrophils extravasate upon MET receptor upregulation, and
HGF triggers nitric oxide release to induce cell death in melanoma cells. Hydrogen peroxide (H,0,) allows cytotoxic Ca*" influx via TRPM2 into breast
cancer cells. Neutrophils promote detachment of the basement membrane to make oxygen inaccessible in uterine cancer cells. IFNy upregulates TRAIL
in neutrophils to induce apoptosis in leukemic T cells. IL-13 by neutrophils induces upregulation of ZEB1 (EMT marker) to induce a phenotype switch.
B Tumor cells may release cytokines or extracellular vesicles (EV) to activate neutrophils. In turn, effectors such as ROS or NETs are released to promote
tumor growth. C Evidence in melanoma supports a proliferation-promoting role of NETs, impeding invasiveness and cell viability. Other tumor types sug-
gest an invasive phenotype upon NET release (created with BioRender.com)

lung and anaplastic thyroid cancer [172-174] while IL-1
receptor antagonist blocks the transition to senescence in
prostate cancer in vitro and in vivo [175]. Again, neutro-
phils may exert their protumor effects by interacting with
other immune cells or the TME [160].

In summary, evidence for the tumor-maintaining and
growth-promoting effects of neutrophils predominates in
melanoma as well as in other tumor cells.

NETs in melanoma

Neutrophils shape the TME by release of neutrophil
extracellular traps (NETs), a process that has recently
been studied with great interest [176]. NETs are large
extracellular DNA-protein web-like structures, which
are known to be released by neutrophils in response
to infection and kill microbes by trapping [177]. NETs

themselves create a proinflammatory environment and
recruit additional neutrophils, which in turn can form
new NETs — this constitutes a vicious circle that ulti-
mately promotes angiogenesis and tumor growth [151,
178]. Interestingly, NETs can be induced in neutrophils
not only by an infectious stimulus, but also by metastatic
(and not by non-metastatic) cancer cells [151, 156].
Knowledge of NETs in melanoma is limited and con-
troversial. Schedel at al [179]. show that NETs are found
in ulcerated melanoma, but their quantity does not cor-
relate with the patient’s prognosis. Melanoma cells bind
integrin-mediated to NETs and are hindered in their
invasion into Matrigel in vitro. NETs are applied at doses
ranging from 5 to 93 ng/pl which results in reduced cell
viability in a dose-dependent manner (Fig. 3C). This
effect is reversible by DNase I and cannot be induced by
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genomic neutrophil DNA. In summary, NETs show an
antitumoral effect in vitro. These findings are confirmed
in an in vivo model of melanoma, in which protumoral,
IENB- deficient neutrophils only provide low levels of
NETs and insufficient tumor control [180]. Interestingly,
the opposite effect was shown in a melanoma mouse
model (Fig. 3C). Neutrophils are primed towards NETo-
sis by granulocyte colony stimulating factor (G-CSF) and
promote tumor growth [178.] The previously described
studies also suggest that NET release is associated with
melanoma progression.

Possible mechanisms of action of NETs in cancer have
been reported in other tumor types [181-183]. In this
context, the direct effect of NETs on cancer cells seems
to promote invasiveness. In breast cancer cells, NETs
have been shown to bind to the CCDC25 receptor,
thereby increasing cell motility in mice via the integrin-
linked kinase (ILK) pathway [181]. In addition, breast
and colorectal cancer cells transform into an invasive,
mesenchymal (ZEB1-positive) state upon NET exposure
(Fig. 3C) [182, 183].

The role of neutrophils and NETs in melanoma
dormancy

Few studies address the effect on NETs in dormant can-
cer cells. The different pro- and antitumor effects do not
allow clear conclusions whether NETs induce reawaken-
ing or sustain a dormant state. NETs mediate their effects
partly via ECM components, and in vivo also via other
immune cells or angiogenesis. This must be considered
as a limitation of in vitro studies. Ultimately, the effect
by NETs may also depend on the cell line studied. The
mechanism behind the neutrophil-mediated enhance-
ment of tumor progression has been partly unraveled in
breast and prostate cancer models.

Interestingly, it has been shown in breast cancer
patients and mouse models that circulating tumor cells
form clusters with neutrophils in the blood releasing
cytokines such as IL-6 or G-CSF, which drives tumor
proliferation and increases their metastatic potential
[184]. These cytokines are also released during chemo-
therapy of breast cancer cells with taxanes through stro-
mal damage and increased neutrophil infiltration and
lead to reawakening of dormant cancer cells in in vitro
and in vivo models [185]. Surgical stress is able to elevate
levels of IL-6 and IL-8 in a murine breast cancer model,
which could in turn stimulate neutrophils [186]. It was
recently shown in an in vivo breast cancer model that -
depending on the spectrum of chemoattractants in the
tumor microenvironment (e.g. CXCL1 or S100A8)- N1-
or N2-polarized neutrophils are attracted and exert dif-
ferent functions, whereby N1- antitumor neutrophils can
maintain dormancy [187]. In addition, stress- activated
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neutrophils lead to dormancy escape in lung and ovarian
cancers by release of oxidized lipids [188].

In breast cancer, integrin and extracellular matrix
remodeling events have previously been described as
central dormant cell reactivation mechanisms [38, 189].
Interestingly, it was shown that cancer cells can hijack
neutrophils to increase metastatic spread through the
induction of NETs [156]. NETs initiate awakening of dor-
mant breast cancer cells in vivo by remodeling the ECM
in the dormant niche leading to FAK/ERK/MLCK/YAP
signaling in cancer cells. Toll-like receptor 9 (TLRY) in
colon cancer cells binds extracellular DNA in vitro and
is capable to promote tumor survival and progression
through induction of autophagy [190]. NETs are also able
to promote endothelial-mesenchymal transition through
the subsequent activation of -catenin signaling in vitro
[190, 191]. Therefore, current evidence in several tumor
models in vitro and in vivo suggests that neutrophils and
NETs lead to cancer recurrence, which is in part medi-
ated by ECM remodeling. Nevertheless, not many data
are available for melanoma in this respect and therefore
further studies should be conducted in suitable in vitro
and in vivo melanoma models.

NET signaling seems to be different from signaling by
extracellular DNA released from dying cells. It has been
shown that extracellular DNA can signal through DNA
receptors such as RAGE or some cytosolic nucleic acid
sensors initiating activation of the cGAS-cGAMP-
STING pathway [192, 193]. cGAS is a cytosolic DNA
sensor that activates innate immunity by initiating the
STING-IRF3-type I IEN signaling cascade. Interestingly,
activation of this pathway promotes cellular senescence
and is not involved in reawakening of dormant cancer
cells [194—196]. Therefore, the mechanistic details of the
role of immune cells, NETs or extracellular DNA in the
niche in fostering dormancy or reawakening dormant
tumor cells remain unknown.

In vitro and in vivo dormancy models in malignant
melanoma
Dormancy models range from 2D and 3D in vitro mod-
els, to mouse and zebrafish in vivo models. The main
challenges of the models include the long latency of clini-
cal dormancy and the complex interplay of the immune
system [197].

2D in vitro models allow well-controlled conditions and
are suitable for high throughput screening. As reported
by Pradhan et al., dormancy can be induced by ECM, cell
signaling (cytokines), biochemically (e.g. hypoxia) or by
chemotherapy [198]. Accordingly, a rigid fibrin matrix
induces growth arrest in a 2D melanoma model [146].
In a recently published in vitro model, senescence was
induced by cytokines (IFNy, TNF), as well as by 24-96 h
treatment with chemotherapeutic agents (palbociclib,
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doxorubicin). Stable growth arrest was induced for one
week, however, its validity for long-term dormancy is
limited [199]. This is clearly demonstrated in a study of
breast and prostate cancer: after incubation with doxo-
rubicin or docetaxel for 2—4 days, reproliferation was
not apparent until day 18-22 after treatment [200]. Ulti-
mately, in vitro models of melanoma may be used to elu-
cidate molecular mechanisms of dormancy induction
and reawakening at the bulk or single cell level [100, 112].

More complex 3D in vitro models such as spheroids
or organoids mimic cell-matrix and cell-cell interac-
tion in melanoma. Compared to monolayer culture, the
conditions in spheroids result in a dormant, invasive
phenotype, possibly triggered by surrounding ECM,
hypoxic conditions or close intercellular contact [201,
202]. Adding cellular components, such as fibroblasts
and immune cells, to organoids provides evidence of the
interplay between immune cells and ECM. Exemplary,
loss of HAPLNI (link protein of proteoglycans and hyal-
uron) release by fibroblasts resulted in an aligned ECM
structure and elevation of the metastatic potential in
melanoma. In contrast, mobility of T cells and polymor-
phonuclear cells was inhibited, therefore changing the
immunogenic microenvironment [203].

In vitro dormancy models for breast cancer have been
recently summarized [204]. Until now only few in vitro
and also in vivo models investigate tumor dormancy
in melanoma, and these were discussed already in this
review, some of which provide limited evidence due to
short follow-up [146, 199, 205]. In vivo tumor dormancy
models have been recently reviewed extensively by Mah-
moud et al. [206] and Gu et al. [207] and with a focus on
melanoma in vivo models by Patton et al. [197] and will
therefore not be discussed in detail here. Unfortunately,
not many in vivo studies have been published until now
concerning melanoma dormancy, some of those were
already described in this review. In a syngeneic mouse
model of melanoma dormancy and GFP-labelled dor-
mant cell-derived cell lines it was shown that vaccination
against melanoma did not prevent tumor cell dissemina-
tion and induced dormancy in vivo, which was regulated
by glucocorticoid-induced leucine zipper (GILZ)-medi-
ated immunosuppression [31]. To follow the dynam-
ics of melanoma cell dissemination, niche occupancy,
dormancy induction and reactivation the interaction
between cancer cells and the microenvironment has to
be studied in real time, e.g. by live cell imaging. High-
resolution imaging of fluorescently labeled melanoma
cells has been used in a zebrafish model [208]. It has been
shown that after metastatic dissemination, keratinocyte-
derived endothelin 3 (EDN3) the microenvironment pro-
vides signals to promote phenotype switching between
invasive and proliferative states and provide proof that
targeting tumor cell plasticity is a valuable therapeutic
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option. Using lineage tracing in a spontaneous metastatic
melanoma mouse model it was shown that disseminated
quiescent melanoma cells reside in intravascular niches
in metastatic organs and are able to transdifferentiate
into endothelial cells [59]. The “MET Alert” mouse, engi-
neered with a VEGFR3-luciferase reporter expressed
specifically in lymphatic vessels reveals distinct patterns
of metastatic progression of melanoma [209].

A great help in the visualization of the induction of
tumor dormancy and reactivation in vitro or in vivo is the
use of fluorescence reporter systems such as the fluores-
cence ubiquitination-based cell cycle indicator (FUCCI)
system. In this construct, monomeric Azami Green
(mAG) is bound to hGEM (geminin), while monomeric
red fluorescent dye Kusabira Orange 2 (mKO2) is bound
to the hCDT1 [210]. As these proteins are ubiquitylated
by different E3 ligases, APC“" and SCFS*P? respectively,
which are expressed in a cell cycle-dependent manner the
cells end up changing their fluorescent signal accordingly.
While a red signal can be detected in G1 phase, a green
signal is visible in G2/M phase. Meanwhile, the transi-
tion from G1 to S phase results in an expression of both,
which results in a yellow signal. It is also possible for the
FUCCI transfected cells to temporarily show no fluo-
rescence at all, while in between phases. Using live cell
imaging of the stably transfected cells the real-time cell
cycle stage cells resided in can be detected and estimate
cell proliferation over time. Another interesting method
to track single tumor cells in heterogeneous cell popula-
tions in mice is the novel methodology CaTCH (CRIS-
PRa tracing of clones in heterogeneous cell populations)
which enables lineage tracing of a barcoded small cell
population [211, 212].

Therapeutic implications

The knowledge cited above and the ever-increasing
insights into the molecular and immunological mecha-
nisms of the induction of tumor dormancy and their
reactivation is important to design novel therapies to
cure cancer patients or prolong their life. To achieve this,
several problems have to be solved. First, the identifica-
tion of gene signatures or biomarkers indicative for the
existence of dormant cancer cells in patients are neces-
sary. The use of single cell or spatial transcriptomics
would greatly help in this respect. Second, sophisticated
3D human modular in vitro and in vivo tumor dormancy
models are needed to evaluate the complex interplay
of tumor cells with microenvironmental factors and
immune cells. Third, it has to be evaluated in the respec-
tive models which of the two different treatment options
are more promising: either one keeps tumor cells in a
dormant state, which implies the need to carry out life-
long treatment or one activates dormant cells in order
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to improve the efficacy of antiproliferative therapies [65,
114].

It still needs to be investigated which role an inflamma-
tory niche environment has on inducing tumor dormancy
or reactivate those cells. Especially, novel immune target-
ing strategies in clearing dormant cancer cells have to be
evaluated. In addition, the role of innate immune cells
such as neutrophils, macrophages or myeloid-suppressor
cells needs to be investigated in more detail by functional
analyses in vitro and in vivo. Dormant tumor cells hid-
ing in niches must be better characterized in patient tis-
sue samples by highly advanced technological platforms
(single cell technologies, highly multiplexed microscopy,
imaging, bioinformatic analyses and machine learning
tools). Based on this knowledge the path is clear to per-
form clinical studies for test effective therapeutic strate-
gies in patients with dormant cancers [46, 114, 213].

Conclusions

The molecular and immunological mechanisms involved
in tumor cell dormancy and awakening are complex and
seem to be different for each tumor type. Therefore, com-
plex 3D human in vitro models, sophisticated in vivo
models using live cell imaging and analysis of patient
material using single cell and spatial transcriptomics as
well as functional assays taking into account the interplay
of dormant cancer cells with the tumor microenviron-
ment are necessary to find novel therapies to eliminate
dormant cancer cells. Findings of 2D models should be
transferred to more complex 3D models, as they allow
approximation to more complex in vivo conditions.
Since phenotype switching has been shown to promote
melanoma metastasis, lineage tracing strategies in com-
bination with single-cell multi-omics methods in suit-
able melanoma mouse models have still to be performed
to follow the temporal fate of single cells from dissemi-
nation to metastasis to provide direct evidence of the
molecular and phenotypic changes melanoma cells pass
in order to metastasize [214]. Furthermore, spatial map-
ping of the phenotypic cell states in dormant melanoma
cells in their niches and their molecular characteriza-
tion on single cell level will further improve our under-
standing of the influence of the niche environment on
phenotype plasticity and the establishment of persistent
melanoma cells. Each therapeutic strategy must consider
the intra-tumor heterogeneity and cellular plasticity to
prevent phenotype switching towards treatment-resis-
tant subpopulations. The time has come to uncover the
secrets of dormant cancers and to design novel effective
treatment strategies to eliminate dormant tumor cells to
prolong patient’s survival.

Acknowledgements
We acknowledge support from the Open Access Publication Fund of the
University of Tubingen.

Page 11 of 16

Author contributions
K.S.and B.S. wrote the main manuscript text. K.S. prepared the figures. All
authors reviewed the manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. This work was
supported by the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation; SCHI 510/12-1) under Germany's Excellence Strategy—EXC2180-
390900677 to B. Schittek.

Open Access funding enabled and organized by Projekt DEAL.

Data availability
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Both authors approved the final version of the manuscript and the submission
to this journal.

Competing interests
The authors declare no competing interest.

Received: 9 October 2023 / Accepted: 19 February 2024
Published online: 28 February 2024

References

1. Robert Koch-Institut. (2021). Krebs in Deutschland ftr 2017/2018. 72-74,
https://doi.org/10.25646/8353.

2. Amold M, Holterhues C, Hollestein LM, Coebergh JW, Nijsten T, Pukkala E,
et al. Trends in incidence and predictions of cutaneous melanoma across
Europe up to 2015. J Eur Acad Dermatol Venereol. 2014;28(9):1170-8. https://
doi.org/10.1111/jdv.12236.

3. Mohr P, Eggermont AMM, Hauschild A, Buzaid A. Staging of cutaneous
melanoma. Annals Oncology: Official J Eur Soc Med Oncol. 2009;20(Suppl!
6):vi14-vi21. https://doi.org/10.1093/annonc/mdp256.

4. Eggermont AMM, Chiarion-SileniV, Grob J-J, Dummer R, Wolchok JD, Schmidt
H, et al. Adjuvant ipilimumab versus placebo after complete resection of
high-risk stage lll melanoma (EORTC 18071): a randomised, double-blind,
phase 3 trial. Lancet Oncol. 2015;16(5):522-30. https://doi.org/10.1016/
S1470-2045(15)70122-1.

5. Lo SN, Scolyer RA, Thompson JF. Long-term survival of patients with thin (T1)
cutaneous melanomas: a Breslow Thickness Cut Point of 0.8 mm separates
higher-risk and lower-risk tumors. Ann Surg Oncol. 2018;25(4):394-902.
https://doi.org/10.1245/510434-017-6325-1.

6. Bleicher J, Swords DS, Mali ME, McGuire L, Pahlkotter MK, Asare EA, et al.
Recurrence patterns in patients with stage Il melanoma: the evolving role of
routine imaging for surveillance. J Surg Oncol. 2020;122(8):1770-7. https://
doi.org/10.1002/js0.26214.

7. Pollard JW. Defining metastatic cell latency. N Engl J Med. 2016;375(3):280-2.
https://doi.org/10.1056/NEJMcibr1606716.

8. Ghajar CM. Metastasis prevention by targeting the dormant niche. Nat Rev
Cancer. 2015;15(4):238-47. https://doi.org/10.1038/nrc3910.

9. PhanTG, Croucher PI. The dormant cancer cell life cycle. Nat Rev Cancer.
2020;20(7):398-411. https://doi.org/10.1038/541568-020-0263-0.

10.  Patel JK, Didolkar MS, Pickren JW, Moore RH. Metastatic pattern of malignant
melanoma. A study of 216 autopsy cases. Am J Surg. 1978;135(6):807-10.
https://doi.org/10.1016/0002-9610(78)90171-x.

11. Nguyen DX, Bos PD, Massagué J. Metastasis: from dissemination to
organ-specific colonization. Nat Rev Cancer. 2009;9(4):274-84. https://doi.
0rg/10.1038/nrc2622.

12. Paget S.The distribution of secondary growths in cancer of the breast. 1889.
Cancer Metastasis Rev. 1989;8(2):98-101.

13. Peinado H, Zhang H, Matei IR, Costa-Silva B, Hoshino A, Rodrigues G, et al.
Pre-metastatic niches: organ-specific homes for metastases. Nat Rev Cancer.
2017;17(5):302-17. https://doi.org/10.1038/nrc.2017.6.


https://doi.org/10.25646/8353
https://doi.org/10.1111/jdv.12236
https://doi.org/10.1111/jdv.12236
https://doi.org/10.1093/annonc/mdp256
https://doi.org/10.1016/S1470-2045(15)70122-1
https://doi.org/10.1016/S1470-2045(15)70122-1
https://doi.org/10.1245/s10434-017-6325-1
https://doi.org/10.1002/jso.26214
https://doi.org/10.1002/jso.26214
https://doi.org/10.1056/NEJMcibr1606716
https://doi.org/10.1038/nrc3910
https://doi.org/10.1038/s41568-020-0263-0
https://doi.org/10.1016/0002-9610(78)90171-x
https://doi.org/10.1038/nrc2622
https://doi.org/10.1038/nrc2622
https://doi.org/10.1038/nrc.2017.6

Singvogel and Schittek Cancer Cell International

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

(2024) 24:88

Goddard ET, Bozic |, Riddell SR, Ghajar CM. Dormant tumour cells, their niches
and the influence of immunity. Nat Cell Biol. 2018;20(11):1240-9. https://doi.
0rg/10.1038/541556-018-0214-0.

Truskowski K, Amend SR, Pienta KJ. Dormant cancer cells: programmed
quiescence, senescence, or both? Cancer Metastasis Rev. 2023;42(1):37-47.
https://doi.org/10.1007/510555-022-10073-z.

Hayflick L, Moorhead PS. The serial cultivation of human dip-

loid cell strains. Exp Cell Res. 1961;25(3):585-621. https://doi.
0rg/10.1016/0014-4827(61)90192-6.

Stein GH, Drullinger LF, Robetorye RS, Pereira-Smith OM, Smith JR. Senescent
cells fail to express cdc2, cycA, and cycB in response to mitogen stimula-
tion. Proc Natl Acad Sci U S A. 1991,88(24):11012-6. https://doi.org/10.1073/
pnas.88.24.11012.

Gorgoulis V, Adams PD, Alimonti A, Bennett DC, Bischof O, Bishop C, et al. Cel-
lular Senescence: defining a path Forward. Cell. 2019;179(4):813-27. https://
doi.org/10.1016/j.cell.2019.10.005.

Milanovic M, Fan DNY, Belenki D, Débritz JHM, Zhao Z, Yu Y, et al. Senes-
cence-associated reprogramming promotes cancer stemness. Nature.
2018,553(7686):96-100. https://doi.org/10.1038/nature25167.
Hernandez-Segura A, de Jong TV, Melov S, Guryev V, Campisi J, Demaria

M. Unmasking transcriptional heterogeneity in senescent cells. Curr Biol.
2017;27(17):2652-2660e2654. https://doi.org/10.1016/j.cub.2017.07.033.
Georgakopoulou EA, Tsimaratou K, Evangelou K, Fernandez Marcos PJ,
Zoumpourlis V, Trougakos IP, et al. Specific lipofuscin staining as a novel
biomarker to detect replicative and stress-induced senescence. A method
applicable in cryo-preserved and archival tissues. Aging. 2013;5(1):37-50.
https://doi.org/10.18632/aging.100527.

Beauséjour CM, Krtolica A, Galimi F, Narita M, Lowe SW, Yaswen P, et al. Rever-
sal of human cellular senescence: roles of the p53 and p16 pathways. EMBO
J.2003;22(16):4212-22. https://doi.org/10.1093/emboj/cdg417.

Passos JF, Nelson G, Wang C, Richter T, Simillion C, Proctor CJ, et al. Feedback
between p21 and reactive oxygen production is necessary for cell senes-
cence. Mol Syst Biol. 2010;6(1):347. https://doi.org/10.1038/msb.2010.5.
Alessio N, Aprile D, Cappabianca S, Peluso G, Di Bernardo G, Galderisi U. Dif-
ferent stages of quiescence, senescence, and cell stress identified by Molecu-
lar Algorithm based on the expression of Ki67, RPS6, and Beta-galactosidase
activity. Int J Mol Sci. 2021,22(6). https://doi.org/10.3390/ijms22063102.
Coppé J-P, Desprez P-Y, Krtolica A, Campisi J. The senescence-associated
secretory phenotype: the dark side of tumor suppression. Annu Rev Pathol.
2010;5:99-118. https://doi.org/10.1146/annurev-pathol-121808-102144.
Victorelli S, Passos JF. Telomeres and cell senescence - size matters not. EBio-
Medicine. 2017;21:14-20. https://doi.org/10.1016/j.ebiom.2017.03.027.
Serrano M, Lin AW, McCurrach ME, Beach D, Lowe SW. Oncogenic ras
provokes premature cell Senescence Associated with Accumulation of

p53 and p16INK4a. Cell. 1997,88(5):593-602. https://doi.org/10.1016/
S0092-8674(00)81902-9.

Ewald JA, Desotelle JA, Wilding G, Jarrard DF. Therapy-Induced Senescence
in Cancer. JNCI: J Natl Cancer Inst. 2010;102(20):1536-46. https://doi.
0rg/10.1093/jnci/djq364.

Risson E, Nobre AR, Maguer-Satta V, Aguirre-Ghiso JA. The current paradigm
and challenges ahead for the dormancy of disseminated tumor cells. Nat
Cancer. 2020;1(7):672-80. https://doi.org/10.1038/543018-020-0088-5.

Pierce GB, Speers WC. Tumors as caricatures of the process of tissue

renewal: prospects for therapy by directing differentiation. Cancer Res.
1988;48(8):1996-2004.

Touil Y, Segard P, Ostyn P, Begard S, Aspord C, El Machhour R, et al. Melanoma
dormancy in a mouse model is linked to GILZ/FOXO3A-dependent quies-
cence of disseminated stem-like cells. Sci Rep. 2016;6:30405. https://doi.
0rg/10.1038/srep30405.

Cortina C, Turon G, Stork D, Hernando-Momblona X, Sevillano M, Aguilera

M, et al. A genome editing approach to study cancer stem cells in human
tumors. EMBO Mol Med. 2017;9(7):869-79. https://doi.org/10.15252/
emmm.201707550.

Batlle E, Clevers H. Cancer stem cells revisited. Nat Med. 2017;23(10):1124-34.
https://doi.org/10.1038/nm.4409.

Quintana E, Shackleton M, Sabel MS, Fullen DR, Johnson TM, Morrison

SJ. Efficient tumour formation by single human melanoma cells. Nature.
2008;456(7222):593-8. https://doi.org/10.1038/nature07567.

Giancotti FG. Mechanisms governing metastatic dormancy and reactivation.
Cell. 2013;155(4):750-64. https://doi.org/10.1016/j.cell.2013.10.029.

Hadfield G. The dormant cancer cell. Br Med J. 1954,2(4888):607-10. https.//
doi.org/10.1136/bmj.2.4888.607.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Page 12 of 16

Aguirre-Ghiso JA. Models, mechanisms and clinical evidence for cancer dor-
mancy. Nat Rev Cancer. 2007;7(11):834-46. https://doi.org/10.1038/nrc2256.
Aguirre-Ghiso JA. How dormant cancer persists and reawakens. Science.
2018;361(6409):1314-5. https://doi.org/10.1126/science.aav0191.
Werner-Klein M, Scheitler S, Hoffmann M, Hodak |, Dietz K, Lehnert P, et al.
Genetic alterations driving metastatic colony formation are acquired outside
of the primary tumour in melanoma. Nat Commun. 2018;9(1):595. https://doi.
0rg/10.1038/541467-017-02674-y.

Ulmer A, Dietz K, Hodak |, Polzer B, Scheitler S, Yildiz M, et al. Quantita-

tive measurement of melanoma spread in sentinel lymph nodes and
survival. PLoS Med. 2014;11(2):e1001604. https://doi.org/10.1371/journal.
pmed.1001604.

Ulmer A, Dietz K, Werner-Klein M, Hafner HM, Schulz C, Renner P, et al. The
sentinel lymph node spread determines quantitatively melanoma seeding to
non-sentinel lymph nodes and survival. Eur J Cancer. 2018,91:1-10. https://
doi.org/10.1016/j.ejca.2017.12.002.

Han M, Watts JA, Jamshidi-Parsian A, Nadeem U, Sarimollaoglu M, Siegel

ER, et al. In vivo lymphatic circulating tumor cells and progression of
metastatic disease. Cancers (Basel). 2020;12(10). https.//doi.org/10.3390/
cancers12102866.

Klein CA. Cancer progression and the invisible phase of metastatic colo-
nization. Nat Rev Cancer. 2020;20(11):681-94. https://doi.org/10.1038/
$41568-020-00300-6.

Strauss DC, Thomas JM. Transmission of donor melanoma by organ
transplantation. Lancet Oncol. 2010;11(8):790-6. https://doi.org/10.1016/
$1470-2045(10)70024-3.

Penn I. Malignant melanoma in organ allograft recipients. Transplantation.
1996;61(2):274-8. https://doi.org/10.1097/00007890-199601270-00019.
Ossowski L, Aguirre-Ghiso JA. Dormancy of metastatic mela-

noma. Pigment Cell Melanoma Res. 2010;23(1):41-56. https://doi.
org/10.1111/j.1755-148X.2009.00647 x.

Schmid-Wendtner MH, Baumert J, Schmidt M, Konz B, Holzel D, Plewig G, et
al. Late metastases of cutaneous melanoma: an analysis of 31 patients. J Am
Acad Dermatol. 2000;43(4):605-9. https://doi.org/10.1067/mjd.2000.107234.
Crowley NJ, Seigler HF. Late recurrence of malignant melanoma.

Analysis of 168 patients. Ann Surg. 1990,212(2):173-7. https://doi.
0rg/10.1097/00000658-199008000-00010.

Tsao H, Cosimi AB, Sober AJ. Ultra-late recurrence (15 years or longer) of
cutaneous melanoma. Cancer. 1997;79(12):2361-70.

Gofrit ON, Gofrit B, Roditi Y, Popovtzer A, Frank S, Sosna J, et al. Pat-

terns of metastases progression- the linear parallel ratio. PLoS ONE.
2022;17(9):0274942. https://doi.org/10.1371/journal.pone.0274942.

Clark WH Jr, Elder DE, Guerry Dt, Braitman LE, Trock BJ, Schultz D, et al. Model
predicting survival in stage | melanoma based on tumor progression. J Natl
Cancer Inst. 1989;81(24):1893-904. https://doi.org/10.1093/jnci/81.24.1893.
Klein CA. Parallel progression of primary tumours and metastases. Nat Rev
Cancer. 2009;9(4):302-12. https://doi.org/10.1038/nrc2627.

Hofmann UB, Westphal JR, Zendman AJ, Becker JC, Ruiter DJ, van Muijen
GN. Expression and activation of matrix metalloproteinase-2 (MMP-2) and its
co-localization with membrane-type 1 matrix metalloproteinase (MT1-MMP)
correlate with melanoma progression. J Pathol. 2000;191(3):245-56. https.//
doi.org/10.1002/1096-9896(2000)9999:9999<::Aid-path632>3.0.Co;2-#.

Tang ZY, Liu Y, Liu LX, Ding XY, Zhang H, Fang LQ. RNAi-mediated MMP-9
silencing inhibits mouse melanoma cell invasion and migration in vitro and
in vivo. Cell Biol Int. 2013;37(8):849-54. https://doi.org/10.1002/cbin.10107.
Loffek S, Zigrino P, Angel P, Anwald B, Krieg T, Mauch C. High invasive
melanoma cells induce matrix metalloproteinase-1 synthesis in fibro-

blasts by interleukin-Talpha and basic fibroblast growth factor-mediated
mechanisms. J Invest Dermatol. 2005;124(3):638-43. https://doi.
0rg/10.1111/j.0022-202X.2005.23629.x.

Wels C, Joshi S, Koefinger P, Bergler H, Schaider H. Transcriptional activation of
ZEB1 by slug leads to cooperative regulation of the epithelial-mesenchymal
transition-like phenotype in melanoma. J Invest Dermatol. 2011;131(9):1877-
85. https://doi.org/10.1038/jid.2011.142.

Hao L, Ha JR, Kuzel P, Garcia E, Persad S. Cadherin switch from E- to
N-cadherin in melanoma progression is regulated by the PI3K/PTEN pathway
through twist and Snail. Br J Dermatol. 2012;166(6):1184-97. https://doi.
0rg/10.1111/j.1365-2133.2012.10824 x.

Alonso SR, Tracey L, Ortiz P, Pérez-Gomez B, Palacios J, Pollan M, et al. A high-
throughput study in melanoma identifies epithelial-mesenchymal transition
as a major determinant of metastasis. Cancer Res. 2007,67(7):3450-60.
https://doi.org/10.1158/0008-5472.Can-06-3481.


https://doi.org/10.1038/s41556-018-0214-0
https://doi.org/10.1038/s41556-018-0214-0
https://doi.org/10.1007/s10555-022-10073-z
https://doi.org/10.1016/0014-4827(61)90192-6
https://doi.org/10.1016/0014-4827(61)90192-6
https://doi.org/10.1073/pnas.88.24.11012
https://doi.org/10.1073/pnas.88.24.11012
https://doi.org/10.1016/j.cell.2019.10.005
https://doi.org/10.1016/j.cell.2019.10.005
https://doi.org/10.1038/nature25167
https://doi.org/10.1016/j.cub.2017.07.033
https://doi.org/10.18632/aging.100527
https://doi.org/10.1093/emboj/cdg417
https://doi.org/10.1038/msb.2010.5
https://doi.org/10.3390/ijms22063102
https://doi.org/10.1146/annurev-pathol-121808-102144
https://doi.org/10.1016/j.ebiom.2017.03.027
https://doi.org/10.1016/S0092-8674(00)81902-9
https://doi.org/10.1016/S0092-8674(00)81902-9
https://doi.org/10.1093/jnci/djq364
https://doi.org/10.1093/jnci/djq364
https://doi.org/10.1038/s43018-020-0088-5
https://doi.org/10.1038/srep30405
https://doi.org/10.1038/srep30405
https://doi.org/10.15252/emmm.201707550
https://doi.org/10.15252/emmm.201707550
https://doi.org/10.1038/nm.4409
https://doi.org/10.1038/nature07567
https://doi.org/10.1016/j.cell.2013.10.029
https://doi.org/10.1136/bmj.2.4888.607
https://doi.org/10.1136/bmj.2.4888.607
https://doi.org/10.1038/nrc2256
https://doi.org/10.1126/science.aav0191
https://doi.org/10.1038/s41467-017-02674-y
https://doi.org/10.1038/s41467-017-02674-y
https://doi.org/10.1371/journal.pmed.1001604
https://doi.org/10.1371/journal.pmed.1001604
https://doi.org/10.1016/j.ejca.2017.12.002
https://doi.org/10.1016/j.ejca.2017.12.002
https://doi.org/10.3390/cancers12102866
https://doi.org/10.3390/cancers12102866
https://doi.org/10.1038/s41568-020-00300-6
https://doi.org/10.1038/s41568-020-00300-6
https://doi.org/10.1016/s1470-2045(10)70024-3
https://doi.org/10.1016/s1470-2045(10)70024-3
https://doi.org/10.1097/00007890-199601270-00019
https://doi.org/10.1111/j.1755-148X.2009.00647.x
https://doi.org/10.1111/j.1755-148X.2009.00647.x
https://doi.org/10.1067/mjd.2000.107234
https://doi.org/10.1097/00000658-199008000-00010
https://doi.org/10.1097/00000658-199008000-00010
https://doi.org/10.1371/journal.pone.0274942
https://doi.org/10.1093/jnci/81.24.1893
https://doi.org/10.1038/nrc2627
https://doi.org/10.1002/1096-9896(2000)9999:9999<::Aid-path632>3.0.Co;2-#
https://doi.org/10.1002/1096-9896(2000)9999:9999<::Aid-path632>3.0.Co;2-#
https://doi.org/10.1002/cbin.10107
https://doi.org/10.1111/j.0022-202X.2005.23629.x
https://doi.org/10.1111/j.0022-202X.2005.23629.x
https://doi.org/10.1038/jid.2011.142
https://doi.org/10.1111/j.1365-2133.2012.10824.x
https://doi.org/10.1111/j.1365-2133.2012.10824.x
https://doi.org/10.1158/0008-5472.Can-06-3481

Singvogel and Schittek Cancer Cell International

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

(2024) 24:88

Li X, Karras P, Torres R, Rambow F, van den Oord J, Marine JC, et al. Dissemi-
nated Melanoma cells transdifferentiate into endothelial cells in intravas-
cular niches at Metastatic sites. Cell Rep. 2020;31(11):107765. https://doi.
0rg/10.1016/j.celrep.2020.107765.

Peinado H, Aleckovi¢ M, Lavotshkin S, Matei |, Costa-Silva B, Moreno-Bueno G,
et al. Melanoma exosomes educate bone marrow progenitor cells toward a
pro-metastatic phenotype through MET. Nat Med. 2012;18(6):883-91. https://
doi.org/10.1038/nm.2753.

Eyles J, Puaux AL, Wang X, Toh B, Prakash C, Hong M, et al. Tumor cells dis-
seminate early, but immunosurveillance limits metastatic outgrowth, in a
mouse model of melanoma. J Clin Invest. 2010;120(6):2030-9. https://doi.
0rg/10.1172/jci42002.

Holzel M, Tuting T. Inflammation-Induced plasticity in Melanoma Therapy and
Metastasis. Trends Immunol. 2016;37(6):364-74. https://doi.org/10.1016/j.
it.2016.03.009.

Schmidt-Kittler O, Ragg T, Daskalakis A, Granzow M, Ahr A, Blankenstein TJ, et
al. From latent disseminated cells to overt metastasis: genetic analysis of sys-
temic breast cancer progression. Proc Natl Acad Sci U S A. 2003;100(13):7737-
42. https://doi.org/10.1073/pnas.1331931100.

Neophytou CM, Kyriakou TC, Papageorgis P. Mechanisms of metastatic Tumor
Dormancy and implications for Cancer Therapy. Int J Mol Sci. 2019;20(24).
https://doi.org/10.3390/ijms20246158.

Marine JC, Dawson SJ, Dawson MA. Non-genetic mechanisms of therapeu-
tic resistance in cancer. Nat Rev Cancer. 2020;20(12):743-56. https://doi.
0rg/10.1038/541568-020-00302-4.

Hoek KS, Eichhoff OM, Schlegel NC, Débbeling U, Kobert N, Schaerer L, et al.
In vivo switching of human melanoma cells between proliferative and inva-
sive states. Cancer Res. 2008;68(3):650-6. https://doi.org/10.1158/0008-5472.
Can-07-2491.

Li FZ, Dhillon AS, Anderson RL, McArthur G, Ferrao PT. Phenotype switch-
ing in melanoma: implications for progression and therapy. Front Oncol.
2015;5:31. https://doi.org/10.3389/fonc.2015.00031.

Karras P, Bordeu |, Pozniak J, Nowosad A, Pazzi C, Van Raemdonck N, et al. A
cellular hierarchy in melanoma uncouples growth and metastasis. Nature.
2022;610(7930):190-8. https://doi.org/10.1038/541586-022-05242-7.

Tirosh |, 1zar B, Prakadan SM, Wadsworth MH 2nd, Treacy D, Trombetta JJ, et al.
Dissecting the multicellular ecosystem of metastatic melanoma by single-cell
RNA-seq. Science. 2016;352(6282):189-96. https://doi.org/10.1126/science.
aad0501.

Carreira S, Goodall J, Denat L, Rodriguez M, Nuciforo P, Hoek KS, et al. Mitf
regulation of Dial controls melanoma proliferation and invasiveness. Genes
Dev. 2006,20(24):3426-39. https://doi.org/10.1101/gad.406406.

Goding CR, Arnheiter H. MITF-the first 25 years. Genes Dev. 2019;33(15-
16):983-1007. https://doi.org/10.1101/gad.324657.119.

Garraway LA, Widlund HR, Rubin MA, Getz G, Berger AJ, Ramaswamy S, et al.
Integrative genomic analyses identify MITF as a lineage survival oncogene
amplified in malignant melanoma. Nature. 2005;436(7047):117-22. https:/
doi.org/10.1038/nature03664.

Alver TN, Heintz KM, Hovig E, Bge SL. Cooperative induction of receptor
tyrosine kinases contributes to adaptive MAPK drug resistance in melanoma
through the PI3K pathway. Cancer Rep (Hoboken). 2023;6(2):.e1736. https//
doi.org/10.1002/cnr2.1736.

Rambow F, Marine JC, Goding CR. Melanoma plasticity and phenotypic
diversity: therapeutic barriers and opportunities. Genes Dev. 2019;33(19-
20):1295-318. https://doi.org/10.1101/gad.329771.119.

Graf SA, Busch C, Bosserhoff AK, Besch R, Berking C. SOX10 promotes
melanoma cell invasion by regulating melanoma inhibitory activity. J Invest
Dermatol. 2014;134(8):2212-20. https://doi.org/10.1038/jid.2014.128.

Pedri D, Karras P, Landeloos E, Marine JC, Rambow F. Epithelial-to-mesenchy-
mal-like transition events in melanoma. Febs j. 2022;289(5):1352-68. https://
doi.org/10.1111/febs.16021.

Capparelli C, Purwin TJ, Glasheen M, Caksa S, Tiago M, Wilski N, et al. Target-
ing SOX10-deficient cells to reduce the dormant-invasive phenotype state
in melanoma. Nat Commun. 2022;13(1):1381. https://doi.org/10.1038/
s41467-022-28801-y.

Shakhova O, Cheng P, Mishra PJ, Zingg D, Schaefer SM, Debbache J, et

al. Antagonistic cross-regulation between Sox9 and Sox10 controls an
anti-tumorigenic program in melanoma. PLoS Genet. 2015;11(1):e1004877.
https://doi.org/10.1371/journal.pgen.1004877.

Jo A, Denduluri S, Zhang B, Wang Z,Yin L, Yan Z, et al. The versatile func-
tions of Sox9 in development, stem cells, and human diseases. Genes Dis.
2014;1(2):149-61. https://doi.org/10.1016/j.gendis.2014.09.004.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Page 13 of 16

Weidenfeld K, Barkan D. EMT and stemness in Tumor Dormancy and Out-
growth: are they intertwined processes? Front Oncol. 2018,8:381. https://doi.
0rg/10.3389/fonc.2018.00381.

Caramel J, Papadogeorgakis E, Hill L, Browne GJ, Richard G, Wierinckx A, et al.
A switch in the expression of embryonic EMT-inducers drives the develop-
ment of malignant melanoma. Cancer Cell. 2013;24(4):466-80. https://doi.
0rg/10.1016/j.ccr.2013.08.018.

Tran HD, Luitel K, Kim M, Zhang K, Longmore GD, Tran DD. Transient SNAIL1
expression is necessary for metastatic competence in breast cancer. Cancer
Res. 2014;74(21):6330-40. https://doi.org/10.1158/0008-5472.can-14-0923.
Karki P AngardiV, Mier JC, Orman MA. A transient metabolic state in Mela-
noma Persister cells mediated by chemotherapeutic treatments. Front Mol
Biosci. 2021;8:780192. https://doi.org/10.3389/fmolb.2021.780192.
Sanchez-Alvarez R, De Francesco EM, Fiorillo M, Sotgia F, Lisanti MP. Mito-
chondrial fission factor (MFF) inhibits mitochondrial metabolism and reduces
breast Cancer Stem Cell (CSC) activity. Front Oncol. 2020;10:1776. https://doi.
0rg/10.3389/fonc.2020.01776.

Moubarak RS, de Pablos-Aragoneses A, Ortiz-Barahona V, Gong Y, Gowen

M, Dolgalev |, et al. The histone demethylase PHF8 regulates TGF( signaling
and promotes melanoma metastasis. Sci Adv. 2022;8(7):eabi7127. https://doi.
0rg/10.1126/sciadv.abi7127.

Perrot CY, Javelaud D, Mauviel A. Insights into the transforming growth
Factor-@ signaling pathway in cutaneous melanoma. Ann Dermatol.
2013,;25(2):135-44. https://doi.org/10.5021/ad.2013.25.2.135.

Mohammad KS, Javelaud D, Fournier PG, Niewolna M, McKenna CR, Peng
XH, et al. TGF-beta-RI kinase inhibitor SD-208 reduces the development and
progression of melanoma bone metastases. Cancer Res. 2011;71(1):175-84.
https://doi.org/10.1158/0008-5472.Can-10-2651.

Javelaud D, Alexaki VI, Pierrat MJ, Hoek KS, Dennler S, Van Kempen L, et

al. GLI2 and M-MITF transcription factors control exclusive gene expres-

sion programs and inversely regulate invasion in human melanoma

cells. Pigment Cell Melanoma Res. 2011;24(5):932-43. https://doi.
org/10.1111/j.1755-148X.2011.00893.x.

Cheli Y, Giuliano S, Fenouille N, Allegra M, Hofman V, Hofman P, et al. Hypoxia
and MITF control metastatic behaviour in mouse and human melanoma
cells. Oncogene. 2012;31(19):2461-70. https://doi.org/10.1038/onc.2011.425.
Widmer DS, Hoek KS, Cheng PF, Eichhoff OM, Biedermann T, Raaijmakers MIG,
et al. Hypoxia contributes to melanoma heterogeneity by triggering HIF 1a-
dependent phenotype switching. J Invest Dermatol. 2013;133(10):2436-43.
https://doi.org/10.1038/jid.2013.115.

Bald T, Quast T, Landsberg J, Rogava M, Glodde N, Lopez-Ramos D, et al.
Ultraviolet-radiation-induced inflammation promotes angiotropism and
metastasis in melanoma. Nature. 2014;507(7490):109-13. https://doi.
org/10.1038/nature13111.

Landsberg J, Kohlmeyer J, Renn M, Bald T, Rogava M, Cron M, et al.
Melanomas resist T-cell therapy through inflammation-induced reversible
dedifferentiation. Nature. 2012;490(7420):412-6. https://doi.org/10.1038/
nature11538.

De Cock JM, Shibue T, Dongre A, Keckesova Z, Reinhardt F, Weinberg RA.
Inflammation triggers Zeb1-Dependent escape from Tumor latency. Cancer
Res. 2016;76(23):6778-84. https://doi.org/10.1158/0008-5472.can-16-0608.
Goldszmid RS, Dzutsev A, Trinchieri G. Host immune response to infection
and cancer: unexpected commonalities. Cell Host Microbe. 2014;15(3):295-
305. https://doi.org/10.1016/j.chom.2014.02.003.

Barkan D, Green JE, Chambers AF. Extracellular matrix: a gatekeeper

in the transition from dormancy to metastatic growth. Eur J Cancer.
2010;46(7):1181-8. https://doi.org/10.1016/j.ejca.2010.02.027.

Henriet P, Zhong ZD, Brooks PC, Weinberg K, DeClerck YA. Contact with fibril-
lar collagen inhibits melanoma cell proliferation by up-regulating p27KIP1.
Proc Natl Acad Sci U S A. 2000;97(18):10026-31. https://doi.org/10.1073/
pnas.170290997.

Senft D, Ronai ZA. Immunogenic, cellular, and angiogenic drivers of tumor
dormancy-a melanoma view. Pigment Cell Melanoma Res. 2016;29(1):27-42.
https://doi.org/10.1111/pcmr.12432.

Pach E, Kimper M, Fromme JE, Zamek J, Metzen F, Koch M, et al. Extracellular
matrix remodeling by Fibroblast-MMP14 requlates Melanoma Growth. Int J
Mol Sci. 2021;22(22). https://doi.org/10.3390/ijms222212276.

Garcfa-Silva S, Benito-Martin A, Nogués L, Herndndez-Barranco A, Mazar-
iegos MS, Santos V, et al. Melanoma-derived small extracellular vesicles
induce lymphangiogenesis and metastasis through an NGFR-dependent
mechanism. Nat Cancer. 2021;2(12):1387-405. https://doi.org/10.1038/
$43018-021-00272-y.


https://doi.org/10.1016/j.celrep.2020.107765
https://doi.org/10.1016/j.celrep.2020.107765
https://doi.org/10.1038/nm.2753
https://doi.org/10.1038/nm.2753
https://doi.org/10.1172/jci42002
https://doi.org/10.1172/jci42002
https://doi.org/10.1016/j.it.2016.03.009
https://doi.org/10.1016/j.it.2016.03.009
https://doi.org/10.1073/pnas.1331931100
https://doi.org/10.3390/ijms20246158
https://doi.org/10.1038/s41568-020-00302-4
https://doi.org/10.1038/s41568-020-00302-4
https://doi.org/10.1158/0008-5472.Can-07-2491
https://doi.org/10.1158/0008-5472.Can-07-2491
https://doi.org/10.3389/fonc.2015.00031
https://doi.org/10.1038/s41586-022-05242-7
https://doi.org/10.1126/science.aad0501
https://doi.org/10.1126/science.aad0501
https://doi.org/10.1101/gad.406406
https://doi.org/10.1101/gad.324657.119
https://doi.org/10.1038/nature03664
https://doi.org/10.1038/nature03664
https://doi.org/10.1002/cnr2.1736
https://doi.org/10.1002/cnr2.1736
https://doi.org/10.1101/gad.329771.119
https://doi.org/10.1038/jid.2014.128
https://doi.org/10.1111/febs.16021
https://doi.org/10.1111/febs.16021
https://doi.org/10.1038/s41467-022-28801-y
https://doi.org/10.1038/s41467-022-28801-y
https://doi.org/10.1371/journal.pgen.1004877
https://doi.org/10.1016/j.gendis.2014.09.004
https://doi.org/10.3389/fonc.2018.00381
https://doi.org/10.3389/fonc.2018.00381
https://doi.org/10.1016/j.ccr.2013.08.018
https://doi.org/10.1016/j.ccr.2013.08.018
https://doi.org/10.1158/0008-5472.can-14-0923
https://doi.org/10.3389/fmolb.2021.780192
https://doi.org/10.3389/fonc.2020.01776
https://doi.org/10.3389/fonc.2020.01776
https://doi.org/10.1126/sciadv.abi7127
https://doi.org/10.1126/sciadv.abi7127
https://doi.org/10.5021/ad.2013.25.2.135
https://doi.org/10.1158/0008-5472.Can-10-2651
https://doi.org/10.1111/j.1755-148X.2011.00893.x
https://doi.org/10.1111/j.1755-148X.2011.00893.x
https://doi.org/10.1038/onc.2011.425
https://doi.org/10.1038/jid.2013.115
https://doi.org/10.1038/nature13111
https://doi.org/10.1038/nature13111
https://doi.org/10.1038/nature11538
https://doi.org/10.1038/nature11538
https://doi.org/10.1158/0008-5472.can-16-0608
https://doi.org/10.1016/j.chom.2014.02.003
https://doi.org/10.1016/j.ejca.2010.02.027
https://doi.org/10.1073/pnas.170290997
https://doi.org/10.1073/pnas.170290997
https://doi.org/10.1111/pcmr.12432
https://doi.org/10.3390/ijms222212276
https://doi.org/10.1038/s43018-021-00272-y
https://doi.org/10.1038/s43018-021-00272-y

Singvogel and Schittek Cancer Cell International

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

112

115.

116.

118.

119.

120.

121.

(2024) 24:88

LaT,Chen S, GuoT, Zhao XH, Teng L, Li D, et al. Visualization of endogenous
p27 and Ki67 reveals the importance of a c-Myc-driven metabolic switch in
promoting survival of quiescent cancer cells. Theranostics. 2021;11(19):9605-
22. https://doi.org/10.7150/thno.63763.

Dhillon AS, Hagan S, Rath O, Kolch W. MAP kinase signalling pathways in can-
cer. Oncogene. 2007,26(22):3279-90. https://doi.org/10.1038/sj.onc.1210421.
Guerefio M, Delgado Pastore M, Lugones AC, Cercato M, Todaro L, Urtreger
A, et al. Glypican-3 (GPC3) inhibits metastasis development promoting
dormancy in breast cancer cells by p38 MAPK pathway activation. Eur J Cell
Biol. 2020;99(6):151096. https://doi.org/10.1016/j.ejcb.2020.151096.
Aguirre-Ghiso JA, Estrada Y, Liu D, Ossowski L. ERK(MAPK) activity as a deter-
minant of tumor growth and dormancy; regulation by p38(SAPK). Cancer
Res. 2003,63(7):1684-95.

Bragado P, Estrada Y, Parikh F, Krause S, Capobianco C, Farina HG, et al. TGF-32
dictates disseminated tumour cell fate in target organs through TGF-{3-

Rl and p38a/P signalling. Nat Cell Biol. 2013;15(11):1351-61. https://doi.
0rg/10.1038/ncb2861.

Sosa MS, Parikh F, Maia AG, Estrada Y, Bosch A, Bragado P, et al. NR2F 1 controls
tumour cell dormancy via SOX9-and RARB-driven quiescence programmes.
Nat Commun. 2015;6(1):1-14.

Estrada Y, Dong J, Ossowski L. Positive crosstalk between ERK and p38 in mel-
anoma stimulates migration and in vivo proliferation. Pigment Cell Melanoma
Res. 2009;22(1):66-76. https.//doi.org/10.1111/}.1755-148X.2008.00520.x.
Cho JH, Robinson JP, Arave RA, Burnett WJ, Kircher DA, Chen G, et al. AKT1
activation promotes development of Melanoma Metastases. Cell Rep.
2015;13(5):898-905. https://doi.org/10.1016/j.celrep.2015.09.057.

Stahl JM, Sharma A, Cheung M, Zimmerman M, Cheng JQ, Bosenberg MW,
et al. Deregulated Akt3 activity promotes development of malignant mela-
noma. Cancer Res. 2004,64(19):7002-10. https://doi.org/10.1158/0008-5472.
Can-04-1399.

Gopal YN, Deng W, Woodman SE, Komurov K, Ram P, Smith PD, et al. Basal
and treatment-induced activation of AKT mediates resistance to cell death
by AZD6244 (ARRY-142886) in braf-mutant human cutaneous melanoma
cells. Cancer Res. 2010;70(21):8736-47. https://doi.org/10.1158/0008-5472.
Can-10-0902.

Ghislin S, Deshayes F, Middendorp S, Boggetto N, Alcaide-Loridan C. PHF19
and Akt control the switch between proliferative and invasive states in mela-
noma. Cell Cycle. 2012;11(8):1634-45. https://doi.org/10.4161/cc.20095.

. LiuY, Lv J, Liu J, Liang X, Jin X, Xie J, et al. STAT3/p53 pathway activation dis-

rupts IFN-B-induced dormancy in tumor-repopulating cells. J Clin Investig.
2018;128(3):1057-73.

Jia Q Yang F, Huang W, Zhang Y, Bao B, Li K, et al. Low levels of Sox2 are
required for Melanoma Tumor-Repopulating Cell Dormancy. Theranostics.
2019,9(2):424-35. https://doi.org/10.7150/thno.29698.

. Swoboda A, Soukup R, Eckel O, Kinslechner K, Wingelhofer B, Schérghofer D,

et al. STAT3 promotes melanoma metastasis by CEBP-induced repression of
the MITF pathway. Oncogene. 2021;40(6):1091-105. https://doi.org/10.1038/
s41388-020-01584-6.

. Janowska A, lannone M, Fidanzi C, Romanelli M, Filippi L, Del Re M, et al. The

genetic basis of Dormancy and Awakening in Cutaneous metastatic mela-
noma. Cancers (Basel). 2022;14(9). https://doi.org/10.3390/cancers14092104.
Gomatou G, Syrigos N, Vathiotis IA, Kotteas EA. Tumor dormancy: implications
for invasion and metastasis. Int J Mol Sci. 2021,22(9):4862.

Holmgren L, O'Reilly MS, Folkman J. Dormancy of micrometastases: balanced
proliferation and apoptosis in the presence of angiogenesis suppression. Nat
Med. 1995;1(2):149-53. https://doi.org/10.1038/nm0295-149.

. Naumov GN, Akslen LA, Folkman J. Role of angiogenesis in human

tumor dormancy: animal models of the angiogenic switch. Cell Cycle.
2006;5(16):1779-1187. https://doi.org/104161/cc.5.16.3018.

Schadler KL, Crosby EJ, Zhou AY, Bhang DH, Braunstein L, Baek KH, et al.
Immunosurveillance by antiangiogenesis: tumor growth arrest by T cell-
derived thrombospondin-1. Cancer Res. 2014;74(8):2171-81. https://doi.
0rg/10.1158/0008-5472.Can-13-0094.

Rofstad EK, Graff BA. Thrombospondin-1-mediated metastasis suppression
by the primary tumor in human melanoma xenografts. J Invest Dermatol.
2001;117(5):1042-9. https://doi.org/10.1046/].0022-202x.2001.01552 .
Jayachandran A, Anaka M, Prithviraj P, Hudson C, McKeown SJ, Lo P-H et al.
(2014). Thrombospondin 1 promotes an aggressive phenotype through
epithelial-to-mesenchymal transition in human melanoma. Oncotarget; Vol 5,
No 14.

Nath PR, Pal-Nath D, Mandal A, Cam MC, Schwartz AL, Roberts DD. Natural
killer cell recruitment and activation are regulated by CD47 expression in the

123.

127.

128.

129.

130.

13

132.

136.

137.

138.

140.

Page 14 of 16

Tumor Microenvironment. Cancer Immunol Res. 2019;7(9):1547-61. https://
doi.org/10.1158/2326-6066.Cir-18-0367.

. Kienast Y, von Baumgarten L, Fuhrmann M, Klinkert WE, Goldbrunner R,

Herms J, et al. Real-time imaging reveals the single steps of brain metastasis
formation. Nat Med. 2010;16(1):116-22. https://doi.org/10.1038/nm.2072.
Baeriswyl V, Christofori G. The angiogenic switch in carcinogen-

esis. Semin Cancer Biol. 2009;19(5):329-37. https://doi.org/10.1016/j.
semcancer.2009.05.003.

. Panigrahy D, Edin ML, Lee CR, Huang S, Bielenberg DR, Butterfield CE, et al.

Epoxyeicosanoids stimulate multiorgan metastasis and tumor dormancy
escape in mice. J Clin Invest. 2012;122(1):178-91. https://doi.org/10.1172/
jci58128.

. Bayko L, Rak J, Man S, Bicknell R, Ferrara N, Kerbel RS. The dormant in vivo

phenotype of early stage primary human melanoma: termination by overex-
pression of vascular endothelial growth factor. Angiogenesis. 1998;2(3):203-
17. https://doi.org/10.1023/a:1009275307663.

. Butturini E, Carcereri de Prati A, Boriero D, Mariotto S. Tumor Dormancy and

Interplay with hypoxic Tumor Microenvironment. Int J Mol Sci. 2019;20(17).
https://doi.org/10.3390/ijms20174305.

Trisciuoglio D, Gabellini C, Desideri M, Ragazzoni Y, De LucaT, Ziparo E, et

al. Involvement of BH4 domain of bcl-2 in the regulation of HIF-1-mediated
VEGF expression in hypoxic tumor cells. Cell Death Differ. 2011;18(6):1024-35.
https://doi.org/10.1038/cdd.2010.175.

Veatch JR, Lee SM, Shasha C, Singhi N, Szeto JL, Moshiri AS, et al. Neoantigen-
specific CD4(+) T cells in human melanoma have diverse differentiation
states and correlate with CD8(+) T cell, macrophage, and B cell function. Can-
cer Cell. 2022,40(4):393-409e399. https://doi.org/10.1016/j.ccell.2022.03.006.
Park SL, Buzzai A, Rautela J, Hor JL, Hochheiser K, Effern M, et al. Tissue-
resident memory CD8(+) T cells promote melanoma-immune equilib-

rium in skin. Nature. 2019;565(7739):366-71. https://doi.org/10.1038/
s41586-018-0812-9.

Hochheiser K, Yeang A, Wagner HX, Tutuka T, Behren C, Waithman A, J, et al.
Accumulation of CD103(+) CD8(+) T cells in a cutaneous melanoma micro-
metastasis. Clin Transl Immunol. 2019;8(12):e1100. https://doi.org/10.1002/
cti2.1100.

. Cursons J, Souza-Fonseca-Guimaraes F, Foroutan M, Anderson A, Hollande F,

Hediyeh-Zadeh S, et al. A gene signature Predicting Natural Killer Cell Infiltra-
tion and Improved Survival in Melanoma patients. Cancer Immunol Res.
2019;7(7):1162-74. https.//doi.org/10.1158/2326-6066.Cir-18-0500.

Agbi HF, Wallace M, Sappal S, Payne KK, Manijili MH. IFN-y orchestrates tumor
elimination, tumor dormancy, tumor escape, and progression. J Leukoc Biol.
2018;103(6):1219-23. https://doi.org/10.1002/JLB.5MIR0917-351R.

. Maller-Hermelink N, Braumdller H, Pichler B, Wieder T, Mailhammer R, Schaak

K, etal. TNFR1 signaling and IFN-y signaling determine whether T cells
induce Tumor Dormancy or promote multistage carcinogenesis. Cancer Cell.
2008;13(6):507-18. https://doi.org/10.1016/j.ccr.2008.04.001.

. Gerber SA, Sorensen EW, Sedlacek AL, Lim JY, Skrombolas D, Frelinger JG,

et al. Local expression of interleukin-2 by B16 melanoma cells results in
decreased tumour growth and long-term tumour dormancy. Immunology.
2013;138(3):280-92. https://doi.org/10.1111/imm.12037.

. Braumdiller H, Wieder T, Brenner E, ABmann S, Hahn M, Alkhaled M,

et al. T-helper-1-cell cytokines drive cancer into senescence. Nature.
2013;494(7437):361-5. https://doi.org/10.1038/nature11824.

Lee JH, Shklovskaya E, Lim SY, Carlino MS, Menzies AM, Stewart A, et al. Tran-
scriptional downregulation of MHC class I and melanoma de- differentiation
in resistance to PD-1 inhibition. Nat Commun. 2020;11(1):1897. https://doi.
0rg/10.1038/541467-020-15726-7.

Hemon P, Jean-Louis F, Ramgolam K, Brignone C, Viguier M, Bachelez H,

et al. MHC class Il engagement by its ligand LAG-3 (CD223) contributes to
melanoma resistance to apoptosis. J Immunol. 2011;186(9):5173-83. https://
doi.org/10.4049/jimmunol.1002050.

Flores-Guzmdn F, Utikal J, Umansky V. Dormant tumor cells interact with
memory CD8(+) T cells in RET transgenic mouse melanoma model. Cancer
Lett. 2020;474:74-81. https://doi.org/10.1016/j.canlet.2020.01.016.

. Park SL, Mackay LK, Waithman J, Gebhardt T. Tissue-resident memory T cells

orchestrate tumour-immune equilibrium. Cell Stress. 2019;3(5):162-4. https.//
doi.org/10.15698/cst2019.05.187.

Stephens JK, Everson GT, Elliott CL, Kam |, Wachs M, Haney J, et al. Fatal
transfer of malignant melanoma from multiorgan donor to four allograft
recipients. Transplantation. 2000;70(1):232-6.


https://doi.org/10.7150/thno.63763
https://doi.org/10.1038/sj.onc.1210421
https://doi.org/10.1016/j.ejcb.2020.151096
https://doi.org/10.1038/ncb2861
https://doi.org/10.1038/ncb2861
https://doi.org/10.1111/j.1755-148X.2008.00520.x
https://doi.org/10.1016/j.celrep.2015.09.057
https://doi.org/10.1158/0008-5472.Can-04-1399
https://doi.org/10.1158/0008-5472.Can-04-1399
https://doi.org/10.1158/0008-5472.Can-10-0902
https://doi.org/10.1158/0008-5472.Can-10-0902
https://doi.org/10.4161/cc.20095
https://doi.org/10.7150/thno.29698
https://doi.org/10.1038/s41388-020-01584-6
https://doi.org/10.1038/s41388-020-01584-6
https://doi.org/10.3390/cancers14092104
https://doi.org/10.1038/nm0295-149
https://doi.org/10.4161/cc.5.16.3018
https://doi.org/10.1158/0008-5472.Can-13-0094
https://doi.org/10.1158/0008-5472.Can-13-0094
https://doi.org/10.1046/j.0022-202x.2001.01552.x
https://doi.org/10.1158/2326-6066.Cir-18-0367
https://doi.org/10.1158/2326-6066.Cir-18-0367
https://doi.org/10.1038/nm.2072
https://doi.org/10.1016/j.semcancer.2009.05.003
https://doi.org/10.1016/j.semcancer.2009.05.003
https://doi.org/10.1172/jci58128
https://doi.org/10.1172/jci58128
https://doi.org/10.1023/a:1009275307663
https://doi.org/10.3390/ijms20174305
https://doi.org/10.1038/cdd.2010.175
https://doi.org/10.1016/j.ccell.2022.03.006
https://doi.org/10.1038/s41586-018-0812-9
https://doi.org/10.1038/s41586-018-0812-9
https://doi.org/10.1002/cti2.1100
https://doi.org/10.1002/cti2.1100
https://doi.org/10.1158/2326-6066.Cir-18-0500
https://doi.org/10.1002/JLB.5MIR0917-351R
https://doi.org/10.1016/j.ccr.2008.04.001
https://doi.org/10.1111/imm.12037
https://doi.org/10.1038/nature11824
https://doi.org/10.1038/s41467-020-15726-7
https://doi.org/10.1038/s41467-020-15726-7
https://doi.org/10.4049/jimmunol.1002050
https://doi.org/10.4049/jimmunol.1002050
https://doi.org/10.1016/j.canlet.2020.01.016
https://doi.org/10.15698/cst2019.05.187
https://doi.org/10.15698/cst2019.05.187

Singvogel and Schittek Cancer Cell International

141,

142.

143.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

(2024) 24:88

Yang R, Chang Q Meng X, Gao N, Wang W. Prognostic value of sys-
temic immune-inflammation index in cancer: a meta-analysis. J Cancer.
2018;9(18):3295-302. https://doi.org/10.7150/jca.25691.

Yun SJ, Liu S, Buckley M, Wang T, Jin S, Karakousis G, et al. Stromal inflam-
matory cells are associated with poorer prognosis in primary cutane-
ous melanoma. Hum Pathol. 2019;88:78-86. https://doi.org/10.1016/j.
humpath.2019.03.008.

Tham M, Khoo K, Yeo KP, Kato M, Prevost-Blondel A, AngeliV, et al. Macro-
phage depletion reduces postsurgical tumor recurrence and metastatic
growth in a spontaneous murine model of melanoma. Oncotarget.
2015;6(26):22857-68. https://doi.org/10.18632/oncotarget.3127.

. Wouters J, Stas M, Govaere O, Barrette K, Dudek A, Vankelecom H, et al. A

novel hypoxia-associated subset of FNThighMITFlow melanoma cells: identi-
fication, characterization, and prognostic value. Mod Pathol. 2014;27(8):1088-
100. https://doi.org/10.1038/modpathol.2013.228.

Li B, Shen W, Peng H, Li Y, Chen F, Zheng L, et al. Fibronectin 1 promotes
melanoma proliferation and metastasis by inhibiting apoptosis and regulat-
ing EMT. Onco Targets Ther. 2019;12:3207-21. https://doi.org/10.2147/ott.
$195703.

LiuY, LvJ, Liang X, Yin X, Zhang L, Chen D, et al. Fibrin stiffness mediates
dormancy of Tumor-repopulating cells via a Cdc42-Driven Tet2 epigenetic
program. Cancer Res. 2018;78(14):3926-37. https://doi.org/10.1158/0008-
5472.Can-17-3719.

Murekatete B, Shokoohmand A, McGovern J, Mohanty L, Meinert C, Hollier
BG, et al. Targeting insulin-like Growth Factor-I and extracellular matrix
interactions in Melanoma Progression. Sci Rep. 2018;8(1):583. https://doi.
0rg/10.1038/541598-017-19073-4.

Fane ME, Chhabra Y, Alicea GM, Maranto DA, Douglass SM, Webster MR, et

al. Stromal changes in the aged lung induce an emergence from mela-
noma dormancy. Nature. 2022;606(7913):396-405. https://doi.org/10.1038/
541586-022-04774-2.

Bodey B, Bodey B Jr, Siegel SE, Luck JV, Kaiser HE. Inmunophenotypic
characterization of human primary and metastatic melanoma infiltrating
leukocytes. Anticancer Res. 1996;16(6b):3439-46.

Jensen TO, Schmidt H, Maller HJ, Donskov F, Hayer M, Sjoegren P, et al. Intra-
tumoral neutrophils and plasmacytoid dendritic cells indicate poor prognosis
and are associated with pSTAT3 expression in AJCC stage I/Il melanoma.
Cancer. 2012;118(9):2476-85. https://doi.org/10.1002/cncr.26511.

Erpenbeck L, Schén MP. Neutrophil extracellular traps: protagonists of cancer
progression? Oncogene. 2017;36(18):2483-90. https://doi.org/10.1038/
onc.2016.406.

Donskov F. Immunomonitoring and prognostic relevance of neutrophils in
clinical trials. Semin Cancer Biol. 2013;23(3):200-7. https://doi.org/10.1016/j.
semcancer.2013.02.001.

Ma J, Kuzman J, Ray A, Lawson BO, Khong B, Xuan S, et al. Neutrophil-to-lym-
phocyte ratio (NLR) as a predictor for recurrence in patients with stage Il mel-
anoma. Sci Rep. 2018;8(1):4044. https://doi.org/10.1038/541598-018-22425-3.
Zhan H, Ma JY, Jian QC. Prognostic significance of pretreatment neutrophil-
to-lymphocyte ratio in melanoma patients: a meta-analysis. Clin Chim Acta.
2018;484:136-40. https://doi.org/10.1016/j.cca.2018.05.055.

Capone M, Giannarelli D, Mallardo D, Madonna G, Festino L, Grimaldi AM,

et al. Baseline neutrophil-to-lymphocyte ratio (NLR) and derived NLR could
predict overall survival in patients with advanced melanoma treated with
nivolumab. J Immunother Cancer. 2018;6(1):74. https://doi.org/10.1186/
540425-018-0383-1.

Albrengues J, Shields MA, Ng D, Park CG, Ambrico A, Poindexter ME, et al.
Neutrophil extracellular traps produced during inflammation awaken dor-
mant cancer cells in mice. Science. 2018;361(6409). https://doi.org/10.1126/
science.aao4227.

O'Sullivan J, Lysaght J, Donohoe CL, Reynolds JV. Obesity and gastrointestinal
cancer: the interrelationship of adipose and tumour microenvironments.

Nat Reviews Gastroenterol Hepatol. 2018;15(11):699-714. https://doi.
0rg/10.1038/541575-018-0069-7.

Schmidt FM, Weschenfelder J, Sander C, Minkwitz J, Thormann J, Chittka T,

et al. Inflammatory cytokines in general and central obesity and modulat-
ing effects of physical activity. PLoS ONE. 2015;10(3):e0121971. https://doi.
0rg/10.1371/journal.pone.0121971.

Zhu YP, Eggert T, Araujo DJ, Vijayanand P, Ottensmeier CH, Hedrick CC. CyTOF
mass cytometry reveals phenotypically distinct human blood neutrophil
populations differentially correlated with melanoma stage. J Immunother
Cancer. 2020;8(2):2000473. https://doi.org/10.1136/jitc-2019-000473.

161.

162.

164.

165.

166.

167.

170.

171.

172.

174.

175.

177.

178.

179.

Page 15 of 16

. Hedrick CC, Malanchi |. Neutrophils in cancer: heterogeneous and mul-

tifaceted. Nat Rev Immunol. 2022;22(3):173-87. https://doi.org/10.1038/
s41577-021-00571-6.

Blenman KRM, Wang J, Cowper S, Bosenberg M. Pathology of spontane-
ous and immunotherapy-induced tumor regression in a murine model of
melanoma. Pigment Cell Melanoma Res. 2019;32(3):448-57. https://doi.
org/10.1111/pcmr.12769.

Finisguerra V, Di Conza G, Di Matteo M, Serneels J, Costa S, Thompson AA, et
al. MET is required for the recruitment of anti-tumoural neutrophils. Nature.
2015;522(7556):349-53. https://doi.org/10.1038/nature14407.

. Gershkovitz M, Caspi Y, Fainsod-Levi T, Katz B, Michaeli J, Khawaled S, et al.

TRPM2 mediates Neutrophil Killing of disseminated Tumor cells. Cancer Res.
2018;78(10):2680-90. https://doi.org/10.1158/0008-5472.Can-17-3614.

Koga Y, Matsuzaki A, Suminoe A, Hattori H, Hara T. Neutrophil-derived
TNF-related apoptosis-inducing ligand (TRAIL): a novel mechanism of
antitumor effect by neutrophils. Cancer Res. 2004;64(3):1037-43. https://doi.
0rg/10.1158/0008-5472.can-03-1808.

Blaisdell A, Crequer A, Columbus D, Daikoku T, Mittal K, Dey SK, et al.
Neutrophils oppose uterine epithelial carcinogenesis via debridement of
hypoxic tumor cells. Cancer Cell. 2015;28(6):785-99. https://doi.org/10.1016/j.
ccell.2015.11.005.

Castafio Z, San Juan BP, Spiegel A, Pant A, DeCristo MJ, Laszewski T, et al. IL-13
inflammatory response driven by primary breast cancer prevents metastasis-
initiating cell colonization. Nat Cell Biol. 2018;20(9):1084-97. https://doi.
0rg/10.1038/541556-018-0173-5.

Anselmi M, Fontana F, Marzagalli M, Gagliano N, Sommariva M, Limonta P
Melanoma Stem cells educate neutrophils to support Cancer Progression.
Cancers (Basel). 2022;14(14). https://doi.org/10.3390/cancers14143391.

. Bracalente C, Ibafiez IL, Berenstein A, Notcovich C, Cerda MB, Klamt F, et

al. Reprogramming human A375 amelanotic melanoma cells by catalase
overexpression: Upregulation of antioxidant genes correlates with regression
of melanoma malignancy and with malignant progression when down-
regulated. Oncotarget. 2016;7(27):41154-71. https;//doi.org/10.18632/
oncotarget.9273.

. Guimaraes-Bastos D, Frony AC, Barja-Fidalgo C, Moraes JA. Melanoma-derived

extracellular vesicles skew neutrophils into a pro-tumor phenotype. J Leukoc
Biol. 2022;111(3):585-96. https://doi.org/10.1002/j1b.3a0120-050rr.

Daoud M, Broxtermann PN, Schorn F, Werthenbach JP, Seeger JM, Schiffmann
LM, et al. XIAP promotes melanoma growth by inducing tumour neutro-
phil infiltration. EMBO Rep. 2022;23(6):€53608. https://doi.org/10.15252/
embr.202153608.

Canli O, Nicolas AM, Gupta J, Finkelmeier F, Goncharova O, Pesic M, et al.
Myeloid cell-derived reactive oxygen species induce epithelial muta-
genesis. Cancer Cell. 2017,32(6):869-883e865. https://doi.org/10.1016/j.
ccell.2017.11.004.

Hattar K, Franz K, Ludwig M, Sibelius U, Wilhelm J, Lohmeyer J, et al. Interac-
tions between neutrophils and non-small cell lung cancer cells: enhance-
ment of tumor proliferation and inflammatory mediator synthesis. Cancer
Immunol Immunother. 2014;63(12):1297-306. https://doi.org/10.1007/
500262-014-1606-z.

. Houghton AM, Rzymkiewicz DM, Ji H, Gregory AD, Egea EE, Metz HE, et al.

Neutrophil elastase-mediated degradation of IRS-1 accelerates lung tumor
growth. Nat Med. 2010;16(2):219-23. https://doi.org/10.1038/nm.2084.
Cristinziano L, Modestino L, Loffredo S, Varricchi G, Braile M, Ferrara AL, et al.
Anaplastic thyroid Cancer cells induce the release of mitochondrial extracel-
lular DNA traps by viable neutrophils. J Immunol. 2020;204(5):1362-72.
https://doi.org/10.4049/jimmunol.1900543.

Di Mitri D, Toso A, Chen JJ, Sarti M, Pinton S, Jost TR, et al. Tumour-
infiltrating Gr-1+ myeloid cells antagonize senescence in cancer. Nature.
2014;515(7525):134-7. https://doi.org/10.1038/nature 13638.

. Demkow U. Neutrophil Extracellular traps (NETs) in Cancer Invasion, Eva-

sion and Metastasis. Cancers (Basel). 2021;13(17). https://doi.org/10.3390/
cancers13174495.

Brinkmann 'V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, et al.
Neutrophil extracellular traps kill bacteria. Science. 2004;303(5663):1532-5.
https://doi.org/10.1126/science.1092385.

Demers M, Wong SL, Martinod K, Gallant M, Cabral JE, Wang Y, et al. Priming
of neutrophils toward NETosis promotes tumor growth. Oncoimmunology.
2016;5(5):1134073. https://doi.org/10.1080/2162402X.2015.1134073.
Schedel F, Mayer-Hain S, Pappelbaum KI, Metze D, Stock M, Goerge T, et

al. Evidence and impact of neutrophil extracellular traps in malignant


https://doi.org/10.7150/jca.25691
https://doi.org/10.1016/j.humpath.2019.03.008
https://doi.org/10.1016/j.humpath.2019.03.008
https://doi.org/10.18632/oncotarget.3127
https://doi.org/10.1038/modpathol.2013.228
https://doi.org/10.2147/ott.S195703
https://doi.org/10.2147/ott.S195703
https://doi.org/10.1158/0008-5472.Can-17-3719
https://doi.org/10.1158/0008-5472.Can-17-3719
https://doi.org/10.1038/s41598-017-19073-4
https://doi.org/10.1038/s41598-017-19073-4
https://doi.org/10.1038/s41586-022-04774-2
https://doi.org/10.1038/s41586-022-04774-2
https://doi.org/10.1002/cncr.26511
https://doi.org/10.1038/onc.2016.406
https://doi.org/10.1038/onc.2016.406
https://doi.org/10.1016/j.semcancer.2013.02.001
https://doi.org/10.1016/j.semcancer.2013.02.001
https://doi.org/10.1038/s41598-018-22425-3
https://doi.org/10.1016/j.cca.2018.05.055
https://doi.org/10.1186/s40425-018-0383-1
https://doi.org/10.1186/s40425-018-0383-1
https://doi.org/10.1126/science.aao4227
https://doi.org/10.1126/science.aao4227
https://doi.org/10.1038/s41575-018-0069-7
https://doi.org/10.1038/s41575-018-0069-7
https://doi.org/10.1371/journal.pone.0121971
https://doi.org/10.1371/journal.pone.0121971
https://doi.org/10.1136/jitc-2019-000473
https://doi.org/10.1038/s41577-021-00571-6
https://doi.org/10.1038/s41577-021-00571-6
https://doi.org/10.1111/pcmr.12769
https://doi.org/10.1111/pcmr.12769
https://doi.org/10.1038/nature14407
https://doi.org/10.1158/0008-5472.Can-17-3614
https://doi.org/10.1158/0008-5472.can-03-1808
https://doi.org/10.1158/0008-5472.can-03-1808
https://doi.org/10.1016/j.ccell.2015.11.005
https://doi.org/10.1016/j.ccell.2015.11.005
https://doi.org/10.1038/s41556-018-0173-5
https://doi.org/10.1038/s41556-018-0173-5
https://doi.org/10.3390/cancers14143391
https://doi.org/10.18632/oncotarget.9273
https://doi.org/10.18632/oncotarget.9273
https://doi.org/10.1002/jlb.3a0120-050rr
https://doi.org/10.15252/embr.202153608
https://doi.org/10.15252/embr.202153608
https://doi.org/10.1016/j.ccell.2017.11.004
https://doi.org/10.1016/j.ccell.2017.11.004
https://doi.org/10.1007/s00262-014-1606-z
https://doi.org/10.1007/s00262-014-1606-z
https://doi.org/10.1038/nm.2084
https://doi.org/10.4049/jimmunol.1900543
https://doi.org/10.1038/nature13638
https://doi.org/10.3390/cancers13174495
https://doi.org/10.3390/cancers13174495
https://doi.org/10.1126/science.1092385
https://doi.org/10.1080/2162402X.2015.1134073

Singvogel and Schittek Cancer Cell International (2024) 24:88

melanoma. Pigment Cell Melanoma Res. 2020;33(1):63-73. https://doi.
org/10.1111/pcmr.12818.

180. Andzinski L, Kasnitz N, Stahnke S, Wu CF, Gereke M, von Kockritz-Blickwede
M, et al. Type I IFNs induce anti-tumor polarization of tumor associated
neutrophils in mice and human. Int J Cancer. 2016;138(8):1982-93. https://
doi.org/10.1002/ijc.29945.

. Yang L, Liu Q Zhang X, Liu X, Zhou B, Chen J, et al. DNA of neutrophil
extracellular traps promotes cancer metastasis via CCDC25. Nature.
2020;583(7814):133-8. https://doi.org/10.1038/541586-020-2394-6.

18

182. Martins-Cardoso K, Almeida VH, Bagri KM, Rossi MID, Mermelstein CS, Konig S,
et al. Neutrophil Extracellular traps (NETs) promote pro-metastatic phenotype

in human breast Cancer cells through epithelial-mesenchymal transition.
Cancers (Basel). 2020;12(6). https://doi.org/10.3390/cancers12061542.

183. Stehr AM, Wang G, Demmler R, Stemmler MP, Krug J, Tripal P, et al. Neutrophil

extracellular traps drive epithelial-mesenchymal transition of human colon
cancer. J Pathol. 2022;256(4):455-67. https://doi.org/10.1002/path.5860.
184. Szczerba BM, Castro-Giner F, Vetter M, Krol |, Gkountela S, Landin J, et al.

Neutrophils escort circulating tumour cells to enable cell cycle progression.

Nature. 2019;566(7745):553-7. https://doi.org/10.1038/541586-019-0915-y.
18

a

journal.pbio.3002275.

186. Haldar R, Berger LS, Rossenne E, Radin A, Eckerling A, Sandbank E, et al.
Perioperative escape from dormancy of spontaneous micro-metastases: a
role for malignant secretion of IL-6, IL-8, and VEGF, through adrenergic and
prostaglandin signaling. Brain Behav Immun. 2023;109:175-87. https://doi.
0rg/10.1016/j.bbi.2023.01.005.

187. Wang J, Ocadiz-Ruiz R, Hall MS, Bushnell GG, Orbach SM, Decker JT, et al. A

synthetic metastatic niche reveals antitumor neutrophils drive breast cancer
metastatic dormancy in the lungs. Nat Commun. 2023;14(1):4790. https://doi.

0rg/10.1038/541467-023-40478-5.

188. Perego M, Tyurin VA, Tyurina YY, Yellets J, Nacarelli T, Lin C, et al. Reactivation
of dormant tumor cells by modified lipids derived from stress-activated neu-
trophils. Sci Transl Med. 2020;12(572). https://doi.org/10.1126/scitransImed.

abb5817.

189. Hamidi H, Pietild M, Ivaska J. The complexity of integrins in cancer and new

scopes for therapeutic targeting. Br J Cancer. 2016;115(9):1017-23. https://
doi.org/10.1038/bjc.2016.312.

190. Anunobi R, Boone BA, Cheh N, Tang D, Kang R, Loux T, et al. Extracellular DNA
promotes colorectal tumor cell survival after cytotoxic chemotherapy. J Surg

Res. 2018,226:181-91. https://doi.org/10.1016/j.j55.2018.02.042.

191. Pieterse E, Rother N, Garsen M, Hofstra JM, Satchell SC, Hoffmann M, et al.

Neutrophil Extracellular traps Drive endothelial-to-mesenchymal transition.

Arterioscler Thromb Vasc Biol. 2017,37(7):1371-9. https://doi.org/10.1161/
atvbaha.117.309002.

Liu H, Zhang H, Wu X, Ma D, Wu J, Wang L, et al. Nuclear cGAS suppresses
DNA repair and promotes tumorigenesis. Nature. 2018;563(7729):131-6.
https://doi.org/10.1038/541586-018-0629-6.

19

N

193. Liu D, Wu H,Wang C, Li Y, Tian H, Siraj S, et al. STING directly activates autoph-
agy to tune the innate immune response. Cell Death Differ. 2018. https://doi.

0rg/10.1038/s41418-018-0251-z.
194. Yang H, Wang H, Ren J, Chen Q Chen ZJ. cGAS is essential for cellular

senescence. Proc Natl Acad Sci U S A. 2017;114(23):E4612-e4620. https://doi.

0rg/10.1073/pnas.1705499114.
195. Gluck S, Guey B, Gulen MF, Wolter K, Kang TW, Schmacke NA, et al. Innate

immune sensing of cytosolic chromatin fragments through cGAS promotes

senescence. Nat Cell Biol. 2017;19(9):1061-70. https://doi.org/10.1038/
ncb3586.

196. Dou Z, Ghosh K, Vizioli MG, Zhu J, Sen P, Wangensteen KJ, et al. Cytoplas-
mic chromatin triggers inflammation in senescence and cancer. Nature.
2017,550(7676):402-6. https://doi.org/10.1038/nature24050.

197. Patton EE, Mueller KL, Adams DJ, Anandasabapathy N, Aplin AE, Bertolotto

~

C, et al. Melanoma models for the next generation of therapies. Cancer Cell.

2021;39(5):610-31. https://doi.org/10.1016/j.ccell.2021.01.011.

. Ganesan R, Bhasin SS, Bakhtiary M, Krishnan U, Cheemarla NR, Thomas BE, et
al. Taxane chemotherapy induces stromal injury that leads to breast cancer
dormancy escape. PLoS Biol. 2023;21(9):e3002275. https://doi.org/10.1371/

199.

200.

202.

203.

204.

205.

206.

207.

208.

209.

210.

21

212,

213.

214.

Page 16 of 16

. Pradhan S, Sperduto JL, Farino CJ, Slater JH. Engineered in Vitro models

of Tumor Dormancy and Reactivation. J Biol Eng. 2018;12:37. https://doi.
0rg/10.1186/513036-018-0120-9.

Homann L, Rentschler M, Brenner E, Bohm K, Rocken M, Wieder T. IFN-y
and TNF induce senescence and a distinct senescence-Associated Secre-
tory phenotype in Melanoma. Cells. 2022;11(9). https://doi.org/10.3390/
cells11091514.

Li S, Kennedy M, Payne S, Kennedy K, Seewaldt VL, Pizzo SV, et al. Model of
tumor dormancy/recurrence after short-term chemotherapy. PLoS ONE.
2014;9(5):e98021-1. https://doi.org/10.1371/journal.pone.0098021.

. Ghislin S, Deshayes F, Lauriol J, Middendorp S, Martins |, Al-Daccak R, et al.

Plasticity of melanoma cells induced by neural cell crest conditions and
three-dimensional growth. Melanoma Res. 2012;22(3):184-94. https://doi.
0rg/10.1097/CMR.0b013e328351e7c4.

Raza A, Colley HE, Baggaley E, Sazanovich IV, Green NH, Weinstein JA, et al.
Oxygen mapping of Melanoma spheroids using small Molecule Plati-

num Probe and Phosphorescence Lifetime Imaging Microscopy. Sci Rep.
2017;7(1):10743. https://doi.org/10.1038/541598-017-11153-9.

Kaur A, Ecker BL, Douglass SM, Kugel CH 3rd, Webster MR, Aimeida FV, et

al. Remodeling of the Collagen Matrix in aging skin promotes Melanoma
Metastasis and affects Immune Cell Motility. Cancer Discov. 2019,9(1):64-81.
https://doi.org/10.1158/2159-8290.Cd-18-0193.

Montagner M, Sahai E. In vitro models of breast Cancer metastatic dormancy.
Front Cell Dev Biol. 2020;8:37. https://doi.org/10.3389/fcell.2020.00037.

Haass NK, Beaumont KA, Hill DS, Anfosso A, Mrass P, Munoz MA, et al.
Real-time cell cycle imaging during melanoma growth, invasion, and drug
response. Pigment Cell Melanoma Res. 2014,27(5):764-76. https://doi.
org/10.1111/pcmr.12274.

Mahmoud A, Ganesh K. Mouse Models of Metastasis and Dormancy. Cold
Spring Harb Perspect Med. 2023. https://doi.org/10.1101/cshperspect.
a041386.

Gu'Y, Bui T, Muller WJ. Exploiting mouse models to recapitulate clinical Tumor
Dormancy and recurrence in breast Cancer. Endocrinology. 2022;163(6).
https://doi.org/10.1210/endocr/bgac055.

Kim IS, Heilmann S, Kansler ER, Zhang Y, Zimmer M, Ratnakumar K; et al.
Microenvironment-derived factors driving metastatic plasticity in melanoma.
Nat Commun. 2017;8:14343. https://doi.org/10.1038/ncomms14343.
Olmeda D, Cerezo-Wallis D, Riveiro-Falkenbach E, Pennacchi PC, Contreras-
Alcalde M, Ibarz N, et al. Whole-body imaging of lymphovascular niches
identifies pre-metastatic roles of midkine. Nature. 2017;546(7660):676-80.
https://doi.org/10.1038/nature22977.

Sakaue-Sawano A, Kurokawa H, Morimura T, Hanyu A, Hama H, Osawa H, et
al. Visualizing spatiotemporal dynamics of multicellular cell-cycle progression.
Cell. 2008;132(3):487-98. https://doi.org/10.1016/j.cell.2007.12.033.

. Umkehrer C, Holstein F, Formenti L, Jude J, Froussios K, Neumann T, et al.

Isolating live cell clones from barcoded populations using CRISPRa-inducible
reporters. Nat Biotechnol. 2021;39(2):174-8. https://doi.org/10.1038/
s41587-020-0614-0.

Umkehrer C. Functional lineage tracing to study the clonal evolution of
therapy resistance. Nat Rev Cancer. 2022;22(6):321. https://doi.org/10.1038/
$41568-022-00479-w.

Atkins MB, Curiel-Lewandrowski C, Fisher DE, Swetter SM, Tsao H, Aguirre-
Ghiso JA, et al. The state of Melanoma: Emergent challenges and opportuni-
ties. Clin Cancer Res. 2021;27(10):2678-97. https://doi.org/10.1158/1078-
0432.Ccr-20-4092.

Rambow F, Rogiers A, Marin-Bejar O, Aibar S, Femel J, Dewaele M, et al.
Toward minimal residual Disease-Directed Therapy in Melanoma. Cell.
2018;174(4):843-855€819. https://doi.org/10.1016/j.cell.2018.06.025.

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


https://doi.org/10.1111/pcmr.12818
https://doi.org/10.1111/pcmr.12818
https://doi.org/10.1002/ijc.29945
https://doi.org/10.1002/ijc.29945
https://doi.org/10.1038/s41586-020-2394-6
https://doi.org/10.3390/cancers12061542
https://doi.org/10.1002/path.5860
https://doi.org/10.1038/s41586-019-0915-y
https://doi.org/10.1371/journal.pbio.3002275
https://doi.org/10.1371/journal.pbio.3002275
https://doi.org/10.1016/j.bbi.2023.01.005
https://doi.org/10.1016/j.bbi.2023.01.005
https://doi.org/10.1038/s41467-023-40478-5
https://doi.org/10.1038/s41467-023-40478-5
https://doi.org/10.1126/scitranslmed.abb5817
https://doi.org/10.1126/scitranslmed.abb5817
https://doi.org/10.1038/bjc.2016.312
https://doi.org/10.1038/bjc.2016.312
https://doi.org/10.1016/j.jss.2018.02.042
https://doi.org/10.1161/atvbaha.117.309002
https://doi.org/10.1161/atvbaha.117.309002
https://doi.org/10.1038/s41586-018-0629-6
https://doi.org/10.1038/s41418-018-0251-z
https://doi.org/10.1038/s41418-018-0251-z
https://doi.org/10.1073/pnas.1705499114
https://doi.org/10.1073/pnas.1705499114
https://doi.org/10.1038/ncb3586
https://doi.org/10.1038/ncb3586
https://doi.org/10.1038/nature24050
https://doi.org/10.1016/j.ccell.2021.01.011
https://doi.org/10.1186/s13036-018-0120-9
https://doi.org/10.1186/s13036-018-0120-9
https://doi.org/10.3390/cells11091514
https://doi.org/10.3390/cells11091514
https://doi.org/10.1371/journal.pone.0098021
https://doi.org/10.1097/CMR.0b013e328351e7c4
https://doi.org/10.1097/CMR.0b013e328351e7c4
https://doi.org/10.1038/s41598-017-11153-9
https://doi.org/10.1158/2159-8290.Cd-18-0193
https://doi.org/10.3389/fcell.2020.00037
https://doi.org/10.1111/pcmr.12274
https://doi.org/10.1111/pcmr.12274
https://doi.org/10.1101/cshperspect.a041386
https://doi.org/10.1101/cshperspect.a041386
https://doi.org/10.1210/endocr/bqac055
https://doi.org/10.1038/ncomms14343
https://doi.org/10.1038/nature22977
https://doi.org/10.1016/j.cell.2007.12.033
https://doi.org/10.1038/s41587-020-0614-0
https://doi.org/10.1038/s41587-020-0614-0
https://doi.org/10.1038/s41568-022-00479-w
https://doi.org/10.1038/s41568-022-00479-w
https://doi.org/10.1158/1078-0432.Ccr-20-4092
https://doi.org/10.1158/1078-0432.Ccr-20-4092
https://doi.org/10.1016/j.cell.2018.06.025

	﻿Dormancy of cutaneous melanoma
	﻿Abstract
	﻿Introduction
	﻿Hallmarks of tumor dormancy
	﻿Clinical evidence of melanoma dormancy
	﻿Dissemination of melanoma cells and metastasis
	﻿Molecular and cellular mechanisms regulating melanoma dormancy
	﻿Melanoma plasticity and phenotype switching
	﻿Signaling pathways


	﻿Mechanisms of melanoma dormancy induction and reawakening
	﻿Neutrophils in melanoma
	﻿NETs in melanoma
	﻿The role of neutrophils and NETs in melanoma dormancy
	﻿In vitro and in vivo dormancy models in malignant melanoma
	﻿Therapeutic implications
	﻿Conclusions
	﻿References


