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Abstract

Cancer is a systemic disease that involves malignant cell-intrinsic and extrinsic metabolic
adaptations. Most studies have tended to focus on elucidating the metabolic vulnerabilities in
the primary tumor microenvironment, leaving the metastatic microenvironment less explored.

In this Opinion, we discuss the current understanding of the metabolic crosstalk between the
cancer cells and the tumor microenvironment, both at local and systemic levels. We explore the
possible influence of the primary tumor secretome to metabolically and epigenetically-rewire
the non-malignant distant organs during prometastatic niche formation and successful metastatic
colonization by the cancer cells. In an attempt to understand the process of prometastatic niche
formation, we have speculated how cancer may hijack the inherent regenerative propensity of
tissue parenchyma during metastatic colonization.
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Cancer-cell intrinsic and extrinsic “rewiring” during metastasis

Metastasis, the major cause of death in cancer patients, is a multi-step process involving
metabolic and epigenetic rewiring in cancer cells (intrinsic) and the host tissue parenchyma
(extrinsic), both at the primary and secondary sites of cancer spread [1, 2]. From the days
of the “seed and soil” hypothesis of cancer metastasis, some studies have demonstrated
early pathological changes in distant organs that co-evolve with the primary tumor and
contribute towards “organotropism” and colonization of the disseminated cancer cells [3].
Broadly, such a conducive tissue microenvironment that supports metastatic outgrowth is
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termed as the (pro/pre)-metastatic niche. Most of the previous work in this area was based
on the intrinsic molecular fitness of the cancer cells and the cancer-immune cell crosstalk
at the metastatic niche. While several studies have demonstrated that secreted metabolites
from malignant cells can influence the differentiation state, phenotype and function of
non-malignant cells in the tumor microenvironment [4], it is not known whether such
metabolic alterations or secreted factors from the primary tumor can systemically prime
the tissue parenchyma of distant organs. The complexity of metabolic alterations in the
host at an organismal level in response to malignancy, and the dynamic nature of the
metastatic process have limited our ability to make progress in this area. In this Opinion
article, we highlight the current advancements in the field with speculative insights on

the less-explored avenues of the cancer metastatic cascade: prometastatic niche (PMN)
preparation, as well as metabolic adaptations in the malignant cells and tissue-resident cells
at the metastatic sites during cancer colonization, dormancy and reactivation. This article
also underscores the current knowledge gaps and suggests possible approaches to study
the spatiotemporal dynamics of metastasis. Moreover, considering the molecular analogies
between physiologic wound-healing and malignant stromal responses, we have set forth
the opinion that integrating the interdisciplinary understanding of organ-specific epigenetic
and metabolic changes during tissue regeneration will provide a framework to identify and
interrogate the molecular determinants that the primary tumor may employ to prime the
epigenome of the distal organs, during or prior to metastasis.

Metastasis involves dynamic metabolic switches between cell states

Metastatic cancer cells exist in a spectrum of genetic, epigenetic, and metabolic states that
phenotypically manifest as local matrix invasion in the primary tumor, hematological transit,
seeding and colonization at secondary sites. During each of these steps in the metastatic
trajectory, cancer cells undergo cell-autonomous metabolic reprogramming and are also
involved in a complex molecular interplay with the non-malignant tissue parenchyma
depending on the spatial distribution of nutrients and oxygen, and the mechanical factors
that they encounter [5, 6].

The current understanding in the field indicates a dichotomy in the cancer cell metabolism
during proliferation and migration, known as the “grow or go” hypothesis. Recent reports
suggest that enhanced mitochondrial biogenesis, elevated OXPHOS [7] and mitochondrial
enrichment at the invasive front of metastatic cells [8, 9] are significantly correlated with
distant metastasis. Interestingly, it has been shown that during the collective migration

of breast cancer cells, the leader cells at the invasive front exhibit higher glycolytic

flux than the follower cells, whereas in lung cancer, the leader cells have been shown

to exhibit higher OXPHOS than the follower counterparts [10, 11], suggesting a tumor
type-specific bioenergetic switch of metastatic cancer cells. During extravasation and
intravasation, pancreatic cancer cells face compressive mechanical forces from the stiff
tumor microenvironment (TME), hence intracellular ATP:ADP ratio, glycolytic flux and
phosphocreatine production remain high in the invading cells to surmount the high energy
barrier of the surrounding ECM [12]. Similarly, the surrounding collagen matrix architecture
was observed to impact the ATP:ADP ratio and hence the migratory potential of breast
cancer cells [13].
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While most studies so far have focused on the metabolic heterogeneity of cancer cells

that endow metastatic fitness to cells in order to breach the basement membrane in the
primary tumor and colonize secondary sites, metabolic determinants of circulating tumor
cells are recently starting to gain attention. For example, matrix-detached cells were shown
to have altered mitochondrial morphology and a switch of metabolic preference from
OXPHOS to glycolysis, with enhanced synthesis of pyruvate and lactate as compared to
TCA cycle intermediates. This preferential glycolytic switch is essential to circumvent
ROS-mediated cell-death or anoikis of cancer cells in circulation [14-16]. Consistent with
this, higher pyruvate and lactate concentrations were observed in the serum of highly
metastatic breast cancer [17] and colorectal cancer [18] patients, respectively. However,

in Lkb1 mutant lung cancer models, enhanced tumor cell glutaminolysis correlated with
anoikis resistance and metastatic burden [19], which may suggest that the matrix-detached
cancer cells originating from different organs or with distinct mutational profiles may

have unique metabolic demands that are maintained in circulation. Hence it is tempting to
speculate that cancer cells retain their metabolic preferences as “metabolic memory” along
their metastatic course. Interestingly, the route of dissemination also directs the metabolic
adaptations required for metastasis. For example, cancer cells that spread via the lymphatic
system utilize exogeneous lipid (lymph contains oleic acid laden vesicles) to form saturated
cell membranes with less sensitivity to lipid peroxidation, resulting in higher resistance to
ferroptosis than those which spread through blood [20]. Studies to decipher the metabolic
plasticity of cancer cells during the processes of intravasation, survival in circulation and
extravasation at the secondary sites, are comprehensively reviewed elsewhere [5].

The presence of disseminated cells in the systemic circulation or distant organs is not
always clinically apparent in patients with advanced primary tumors. With advances in
lineage tracing and single cell genomic techniques, it is now known that cancer cells can
survive as indolent microcolonies in distal organs as early as the premalignant stages at

the primary site, as observed in autochthonous models of breast cancer-bone metastasis and
pancreatic cancer-liver metastasis models [21-23]. It is known that cancer cells undergo a
state of proliferation arrest, metabolic quiescence and immune-masking at the secondary
organs, broadly known as metastatic dormancy. A recent effort to identify the metabolic
signature associated with dormancy suggested a decline in expression of genes associated
with proliferation, protein synthesis, and bioenergetic pathways (TCA cycle, OXPHOS, and
the PPP) in the dormant disseminated cancer cells in a pancreatic cancer mouse model

and patients with localized pancreatic cancer [24]. Based on single cell transcriptomics

and chromatin accessibility maps, the authors observed that the tumor cell transcriptome
from primary tumors and “reactivated” cells clustered together and were distinct from
quiescent tumor cells. Additionally, they showed that dormancy is associated with large-
scale chromatin alterations.

While it is critical for the dormant/newly-seeded cancer cells at the secondary sites to
acquire general survival mechanisms, such as mitigating oxidative stress by decelerating
bioenergetics and biosynthesis processes, for successful colonization they also need to
adopt molecular strategies tailored according to the metabolic nature of the target tissue.
For example, breast cancer cells colonizing the lung, a rich source of pyruvate, adapt

to utilize higher pyruvate by enhancing mitochondrial alanine aminotransferase 2 (ALT2)
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activity [25]. The low levels of serine in brain tissues confer a higher expression of
PHGDH, the first rate-limiting enzyme of the serine synthesis pathway in breast cancer cells
metastasizing to the brain [26]. Similarly, the low availability of lipids in the brain require
metastatic breast cancer cells to upregulate fatty acid synthetase (FASN) for successful

brain colonization [27]. In contrast, the lipid rich metabolic milieu of the peritoneum
requires ovarian cancer cells to upregulate the fatty acid uptake receptor CD36 for metastatic
seeding [28]. Lastly, it was shown that primary brain tumors and brain metastasis upregulate
acetate utilization to fuel the TCA cycle [29]. Consistent with observations of enhanced
OXPHOS in breast cancer cells micro-metastasizing to the lung [30, 31], pancreatic cancer
cells forming liver micro-metastases demonstrate elevated succinate dehydrogenase (SDHB)
expression as compared to macrometastases [32], suggesting a shift towards mitochondrial
metabolism during dormancy at the metastatic site. On the other hand, colorectal cancer
cells utilize fructose metabolism by upregulation of aldolase B (ALDOB) to promote
metastatic outgrowth in the liver [33]. Another crucial and less-explored aspect that may
help in the understanding of the “dormancy-reactivation switch” of cancer cells at the
secondary organ, is demystifying the contribution of the biophysical characteristics of

the surrounding tissue matrix towards the structure/function of the subcellular organelles
and chromatin organization of the malignant cells. Along the same lines, recent work
elucidated the role of stiff tumor matrix in regulating mitochondrial structural and functional
reprogramming, and hence the ability of breast cancer cells to mitigate redox stress [34]. As
previously reviewed, rewiring cellular stress-response metabolism is a crucial determinant
of successful colonization and re-activation of disseminated cancer cells at secondary sites
[35]. While the biophysical nature of the surrounding matrix as a prime regulator of the
cellular actin-cytoskeleton and nuclear topology is gaining attention [36],[37],[38],[39], it
will be important to investigate its influence on the (epi)-genetic and metabolic plasticity

of the cancer cells undergoing “dormancy-reactivation” switch. Although, the metabolic
dynamics during tumor dormancy and reactivation are still elusive, accumulating evidence
suggests that the organ-specific nutrient environment plays a crucial role in selection and
expansion of the “fit” clones of disseminated cancer cells [40]. Hence, understanding the
“support mechanisms” from the surrounding niche has the potential to prolong cancer cell
dormancy without reactivation, or increase the sensitivity of indolent cells to therapy after
inducing their reawakening from metabolic quiescence.

With the rapid expansion of metastasis research over the last few years, several rewired
metabolic pathways as well as metabolites have been identified that provide metastatic
fitness to the cancer cells [41, 42]. However, as metastasis is a non-linear process where
each stage has a transient window, it is challenging to assess active metabolic fluxes in
metastasizing malignant cells. Overcoming these technical roadblocks and defining the
tumor stage at which each of these pathways or metabolites bolster the cancer cells will be
essential for sculpting diagnostic and therapeutic regimens to intervene appropriately.
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Prometastatic niche preparation: local and systemic rewiring of the
metabolic milieu of distant sites

A unique pathological signature of solid malignancies is their complex microenvironment,
comprised of a heterogenous pool of non-malignant cells such as neurons, immune cells,
cancer-associated fibroblasts (CAFs) etc., which participate in a multidirectional nutrient
network with the cancer cells to support tumor progression. Several groups have elucidated
a variety of “metabolic-symbiosis” mechanisms existing among different cell types in the
primary tumor microenvironment, and some of those adaptations have been associated with
various mutational profiles of the tumor [43-45]. We had previously demonstrated that
CAFs undergo autophagy to provide alanine and hence, support the growth of pancreatic
cancer cells [46]. Along the same lines, neurons innervating the pancreatic tumors were
shown to secrete serine that supported the cancer cell survival [47]. However, whether
such inter-cellular metabolic cross-talks hold true at the metastatic sites is still unknown.
Comparing and contrasting the metabolic crosstalk of cancer cells with the resident or
recruited cells at the primary and metastatic TME can help in elucidating approaches for
co-targeting the tumor and its microenvironment. For example, hypoxic cancer cells and
CAFs in the primary tumors are highly glycolytic and provide lactate to the spatially
oxygenated tumor area, which supports the reverse Warburg effect in cancer cells [48, 49].
Lactate accumulation promotes an upregulation of Arginase 1 (Arg-1) in tumor-associated
macrophages (TAMSs) which polarize towards a tumor-promoting and immunosuppressive
phenotype [50]. On the other hand, stromal cells at the metastatic sites (lung fibroblasts
and brain astrocytes) demonstrate a decrease in pyruvate kinase isozyme M2 (PKM2),
resulting in a decrease in glycolytic activity and increase in glucose availability for the
metastatic breast cancer cells [51]. Furthermore, cancer-associated adipocytes (CAAS)
induce upregulation of fatty acid transporters (CD36 and FATP1) in melanoma and ovarian
cancer cells [28, 52], while CAAs undergo lipolysis and promote lipid utilization during
omental (omentum being a rich source of adipocytes) metastasis of breast, melanoma and
ovarian cancers [53, 54]. In view of metastasis as one of the major barriers to successful
cancer management strategies, the field warrants further in-depth investigations on the pro-
metastatic TME, taking into account the organ-specific anatomical, cellular and metabolic
features.

Since metastasis is an inefficient process where only a small percentage of extravasated cells
can successfully micro-colonize the secondary sites and a large majority of solitary cells
were observed to be dormant, it is fair to speculate that metastatic outgrowth is a stochastic
biological event in the malignant spectrum [55] [56, 57]. However, several studies over

the past decade have indicated a selective pattern of colonization of cancer cells derived
from specific primary tumors to select organs, defined as “organotropism”. Moreover, it

was observed that secreted factors from the primary tumor can orchestrate modulation of
the extracellular matrix, immune milieu, and the tissue-resident cells at distant locales to
generate a nutrient-rich, immune-cold and seeding-permissive “pro-metastatic niche” (PMN)
before the cancer cells physically arrive [58-60]. Primary tumors release exosomes laden
with a plethora of bio-active factors like mi-RNA, integrins and growth factor receptor
ligands, which have been shown to educate distant organs such as lung, liver, brain and bone
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to generate a PMN for successful seeding and colonization of breast, pancreatic, lung and
colorectal cancers [61, 62]. Additionally, local crosstalk between diverse cell types at the
distant organs can be driven by local enrichment of the tumor secretome, which has been
shown to augment the priming of PMN. For example, lysyl oxidase (LOX) secreted by the
primary tumor cells modulates collagen remodeling by lung fibroblasts and supports the
recruitment of pro-tumorigenic immune cells at the lung PMN [63]. The concerted action
of LOX and IL6 from the primary breast tumor modulates the bone matrix via altering

the osteoblast and osteoclasts differentiation, generating bone PMNs [64, 65]. Macrophage
inhibitory factor (MIF) in pancreatic cancer exosomes has been shown to activate hepatic
Kupffer cells to induce TGF- signaling that promotes fibrosis by the hepatic stellate cells
leading to recruitment of tumor-promoting macrophages at the liver PMN [61]. Another
recent study showed that L6 secreted from CAFs in the primary pancreatic tumor can
transactivate the signal transducer and activator of transcription 3 (STAT3)-serum amyloid
Al, A2 (SAA) axis in the hepatocytes which in turn promotes the formation of liver PMN
[66]. While several studies have shown that the primary tumor secretome can influence the
immune milieu and induce cellular crosstalk at the systemic level during the formation of
PMNs, the possibility of primary tumors to modulate the metabolic microenvironment at
distant sites to make it more permissive for colonization by the disseminated cancer cells is
relatively unexplored.

The ability of the distant organ to respond to the primary tumor secretome and generate

a pro-inflammatory, pro-metastatic microenvironment can be remarkably governed by

the age of the tissue [39, 67]. Previous studies suggest that fibroblasts, the functional
cellular component responsible for maintaining the structural integrity and homeostasis

of tissues, undergo a hyper-secretive phenotype-switch marked by an elevated secretion

of pro-inflammatory mediators, growth factors and proteases, which is broadly termed
“senescence-associated secretory phenotype” (SASP). Aging fibroblasts are metabolically
distinct and tend to have higher ROS levels [68] [69, 70], which along with the inflammatory
milieu can provide a conducive environment for tumor aggressiveness. Moreover, recent
research suggests an overall difference in the alignment and crosslinking pattern of collagen,
elastin and hyaluronan matrix in aged versus a young microenvironment, which is also
thought to influence cancer cells’ dissemination [71-73]. While, SASP of aged fibroblasts
are thought to reprogram the biophysical, chemical and metabolic nature of the local tissue
microenvironment, recent studies have identified secreted factors from aged fibroblasts
beyond the SASP that can promote lung metastasis in a melanoma model [74]. Notably,

a follow-up study demonstrated the mechanistic interplay between aged dermal and lung
fibroblasts’ secretomes in providing a permissive metastatic niche for re-activation of
melanoma cells, post dormancy in the lung [75], thereby opening up the possibility

of considering epithelial age as another dimension in the quest of understanding PMN
formation. Interestingly, a recent study showed that age-induced metabolic alterations,
specifically higher levels of methylmalonic acid in the serum of older individuals promoted
an EMT-phenotype and metastasis of lung and breast tumors, suggesting a mechanistic link
between systemic metabolism, aging and cancer [76].
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Metabolic analogy between tissue parenchyma regeneration and pro-
metastatic niche preparation

Malignant transformation, tumor development and metastatic outgrowth require support
from the tumor-associated, non-malignant stromal compartment that accounts for up to 90%
of the bulk tumor volume in various gastric, mammary and pancreatic malignancies [77].
Fibroblasts form the predominant stromal cell population in the TME, which phenotypically
mirror those involved in a physiologic wound healing response. The natural course of a
wound healing response is conserved across tissue types, and results in parenchyma repair,
which is an amalgamation of tissue-specific developmental programs involving chromatin
remodeling and metabolic perturbations in the participating fibroblasts and immune cells
[78]. Many decades ago, cancer was defined as the “wound that never heals” and since

then, various studies have indicated that the TME gene expression pattern closely resembles
that of a wound response signature, encompassing a pro-inflammatory and pro-fibrotic
phenotype [79]. Accumulating evidence now suggests that the PMN reflects a “reactive
stroma”, primed by the primary tumor secretome from a very early stage of cancer
progression, followed by recruitment/activation of mesenchymal and myeloid cells [80],[81],
[66, 82]. Considering the molecular analogy of benign tissue repair and cancer-associated
stromagenesis, it is tempting to speculate that cancer cells impart a constant loop of
regenerative phenotype in the PMN as a strategy to sustain the stromal support for their
growth and aggressiveness. Figure 1, Key figure depicts some metabolic and epigenetic
analogies between physiologic tissue repair and PMN preparation.

Interestingly, the harsh metabolic microenvironment faced by the stromal cells during
wound-repair profoundly matches with the metabolic niche in a tumor. For example, the
extracellular abundance of glucose and glutamine sharply goes down in a wound with a
concomitant increase in lactate accumulation and hypoxia prior to angiogenesis, which
mirrors the hallmarks of cancer metabolism [83]. The metabolic adaptations involving
different cell types in a wound healing response is illustrated in [78]. It is now known

that the local nutrient availability or accumulation of metabolic intermediates can influence
the chromatin organization at a gene-specific and global scale, defined as the epigenetic
state/code of the cells. For example, dietary methionine restriction can be sensed and
directed towards the dynamics of histone methylation patterns (particularly H3K4) in mouse
liver [84]. Similar observations were reported by the same group in human colorectal
cancer cells [85]. The fundamentals and current understanding of metabolism-epigenetic
axis have been comprehensively reviewed in [86]. So far, microenvironment-mediated
epigenetic reprogramming has been reported in the context of “trained immunity” where
innate immune cells in a secondary wound undergo faster functional differentiation owing to
long-term histone/DNA modifications upon exposure to prolonged inflammation or altered
metabolic milieu in a primary wound [87]. This model of “inflammatory memory” was
extended to dermal wound healing in a recent study, which showed that inflammation-
trained skin is capable of faster re-epithelialization due to preserved inflammation-induced
chromatin states followed by rapid transcription of tissue-repair genes [88]. In this vein, the
liver serves as one of the most regenerative organs in the body where chromatin remodeling
in the hepatocytes play crucial roles in determining the switch between their proliferative,
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differentiation and senescence phases post injury [89-91]. Several studies in the past have
illustrated the temporal metabolic alterations associated with these phases of priming,
proliferation and termination of hepatic regeneration [92, 93]. Such metabolic alterations
are also observed during liver steatosis and benign metabolic disorders like non-alcoholic
fatty liver diseases, which present the classical hallmarks of chronic wound and fibrosis in
the liver parenchyma [94, 95]. Considering the fact that liver serves as the master regulator
of organismal metabolic homeostasis, liver resident cells (especially the hepatocytes) can
be imagined to be highly sensitive to fine changes to the nutrient availability or metabolic
waste accumulation [92], which may suggest that the local metabolic milieu in the liver
may “train” the resident cells to respond faster to metabolic alterations by influencing their
epigenome (as observed in the case of “immunological memory”). Indeed, the potential
bidirectional metabolic-epigenetic axis in the liver is now starting to be studied [91, 96].

Integrating the findings of how metabolic intermediates and inflammatory milieu can
influence the epigenome of not only immune cells, but epithelial cells of skin and liver

in the context of wound response and tissue regeneration, it is tempting to believe that

the altered metabolic or pro-inflammatory milieu can have imprints in the epigenome of

the tissue parenchyma of distant organs in a tumor-bearing host. This may be crucial for

the PMN formation and determining “metastatic permissiveness” of one organ over the
other and may explain why the liver serves as the most prevalent “pro-metastatic” sites for
multiple solid malignancies [97]. It was shown before that secreted factors from primary
pancreatic tumors can modulate the activation states of liver resident cells and also cause
infiltration of pro-inflammatory immune population [54, 60]. Such cellular crosstalk may
create a metabolic competition among various cell types (as shown before in case of primary
tumors) [28, 98, 99], leading to an altered nutrient microenvironment in the liver during the
formation of PMN. This may suggest that the liver resident cells (hepatocytes, stromal cells
and macrophages) in the PMN, exposed to prolonged systemic inflammation and metabolic
imbalance in a tumor-bearing host, may acquire epigenetic marks that may manifest as
tumor-permissive transcriptional reprogramming that is hijacked by the malignant cells for
successful colonization. Hence, interrogating the role of the local altered metabolites at the
metastatic lesions (after cancer cells’ seeding and forming microcolonies) and the primary
tumor secretome (during or prior to seeding of cancer cells at secondary sites) as epigenetic
“rheostats” (or regulators to fine-tune the epigenetic code and subsequent transcriptional
rewiring) of the host tissue parenchyma may be helpful to identify drug targets to mitigate
the molecular symbiosis of tumor cells and its microenvironment at the metastatic sites. We
propose that integrating the lessons learned from the studies on metabolic orchestration and
the associated epigenetic rewiring that occurs in the participating cells in a wound during
the inflammation, resolution and regeneration phases, may serve as a missing piece of the
puzzle of understanding PMN formation. This will also pave the way towards identifying the
molecular determinants that the primary tumor may employ to “train” the epigenome of the
distal organs prior to metastasis.

Concluding remarks

Metastasis has been a challenging area of research owing to the heterogeneity of the
disease at multiple levels, starting from the intra-tumoral genetics to organ-dependent
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physiological/morphological challenges faced by the invading cancer cells at secondary
sites. Recently, host-specific metabolic heterogeneity has been identified as an additional
layer of complexity in the field of cancer research [60, 100, 101]. In population-based
studies, tumor-driven influence on the host organs like adipose tissue, muscles or liver

via systemic hormones/growth factors/inflammatory mediators like leptin, insulin, insulin
growth factor and cytokines have been shown to associate metabolic conditions like
cachexia, glucose insensitivity and deregulated lipid metabolism with cancer [101, 102].
This is particularly important to study in the context of metastasis where the primary tumor
secretome is proposed to prime distal organs prior to colonization by the cancer cells.
Another critical aspect of metastasis is the long latency period and the strong correlation
between chances of tumor relapse and patients’ age in certain malignancies like melanoma.
Broadly, inflammaging (persistent low-grade inflammation in the aging epithelia, leading
to chronic tissue degeneration) and immunosenesence (age-induced systemic increase in
immunosuppressive immune populations) are now thought to promote PMN generation and
support metastatic colonization [67, 103]. [104]. On the contrary, breast cancer is more
aggressive and likely to recur more in younger patients [105]. This context-specificity

may be attributed to the fact that age-derived alterations in the ECM organization have
organ-dependent influence on metastatic progression (elaborately reviewed in [67]). Hence,
delineating the tissue-specific immunometabolic atlas and the epigenetic plasticity of the
target epithelial parenchyma (young versus aged) will be crucial to understand how cancer
can potentially corrupt the host’s molecular machinery to repair and regenerate, and thereby
design effective co-targeting strategies. Currently, it is difficult to dynamically assess the
rapidly evolving genetic, epigenetic and metabolic perturbations that accumulate and evolve
as the tumor cells prepare distant “soils” and successfully metastasize. With the advances
of systems biology and spatial-omics techniques, it is likely that many of these unanswered
questions will be addressed in coming years (see Outstanding questions). Lastly, mechanistic
integration of the findings from interdisciplinary research in wound healing and benign
metabolic diseases like fatty liver disease, obesity and diabetes, may help to identify
common molecular nodes of systemic metabolic vulnerabilities associated with metastatic
cancer, and will potentially pave the way for improved diagnostic and therapeutic strategies
in patients.
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1. Is there a link between metabolic heterogeneity among cancer cells in the

2. Does the formation of a prometastatic niche at distal organs depend on the age

3. Is the “permissive code” of metastatic colonization engrained in the

4, Does heterogeneity in host metabolism at a systemic level account for relapse

Outstanding questions

primary tumor and dormancy-phenotype at metastatic lesions?

of the host?

host tissue’s epigenome? Can decoding that help in designing epigenetic
preventive measures against cancer metastasis or tumor relapse?

after therapy in some patients versus others?
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Highlights

Metabolic contributions from the tissue-resident cells at metastatic sites (such
as hepatocytes, stellate cells, alveolar epithelial cells, omental adipocytes,
osteoclasts etc.) are now acknowledged as important drivers for the
colonization process of disseminated cancer cells. However, the stroma-
derived extrinsic signals that may drive the “re-activation” of the dormant
cells are still elusive.

The ability of the primary tumor secretome to influence the immune milieu
at distant organs and hence prepare the permissive-soil for colonization of
circulating tumor cells is starting to be identified. Further study is needed

to decipher the possible mechanisms by which the primary tumor may
systemically “re-educate” the metabolic and epigenetic states of the resident
cells in the host organs.

We propose a framework whereby tumors hijack the inherent regenerative
capacity of the tissue parenchyma to form the prometastatic niche.
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Figure 1. Key figure. Molecular analogy in the microenvironment of metastasis and regenerating
benign tissue.

A. During the initial phase of the physiologic wound healing response, there is a cascade
of pro-inflammatory events including neutrophil and macrophage infiltration/activation,
angiogenesis (or neo-vascularization: generation of new blood vessels) and epithelial
proliferation. The accumulated lactate in the microenvironment (due to the high glycolysis
rates of the pro-inflammatory cells and poor oxygenation in the wound) polarizes the
macrophages to an anti-inflammatory phenotype, which in turn leads to activation of
tissue-resident fibroblasts. Highly proliferative, activated (myo)-fibroblasts utilize glucose
and glutamine for their energy consumption, leading to more lactate release (that further
promotes angiogenesis), with a concurrently ECM deposition to form scar tissue. B.
Circulating exosomes, metabolites and secreted factors from the primary tumor primes
different organs of the body from a very early stage of cancer progression leading to

the formation of prometastatic niche (PMN), which is comprised of activated fibroblasts,
ECM deposits, and an inflamed parenchyma (caused by an intricate interplay between the
pro and anti-tumorigenic neutrophils, macrophages and T-cells). As the cancer progresses,
disseminated tumor cells are passively trapped or actively seeded in the inflamed tissue
where they can survive for years as indolent non-proliferative cells, manifested by

high autophagy and elevated mitochondrial metabolism (termed as dormancy). Owing
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to several factors (cancer-cell autonomous: acquired genetic or epigenetic modifications
or microenvironment dependent: local metabolic milieu or crosstalk between both), the
quiescent cancer cells can “reawake” and undergo cellular differentiation (with altered
genetic and epigenetic traits) that phenotypically manifests as a metastatic relapse. Among
the known metabolic “support mechanisms” that cancer cells utilize to come out of
dormancy in different organs are mentioned in the figure. C. Considering the parallels
between reactive-stromal response and metabolic rewiring at the PMN and regenerating
tissue parenchyma, it can be speculated that tumor cells can induce a paracrine loop

of irreversible (and chronic) tissue inflammation and repair at the distant sites (PMN
generation) to prepare for their seeding and colonization. The molecular signaling and
metabolic rewiring induced at the distant sites can in turn support the indolent cancer

cells to gain epigenetic traits or altered cellular states (differentiation/de-differentiation)

to promote their “reawakening” from dormancy. (Index for cell types on the right; black:
implicated during physiologic conditions; red: implicated during malignancy). Created
with BioRender.com. ECM: Extracellular matrix, PMN: Pro-metastatic niche, VEGF:
Vascular endothelial growth factor, IFN-y: Interferon gamma, PGE2: Prostaglandin E2,
ROS: Reactive oxygen species, OXPHOS: Oxidative phosphorylation, TGF-p: Transforming
growth factor beta, IL-6: Interleukin-6, TANs: Tumor-associated neutrophils.
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