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Abstract

Breast cancer (BC) is the most frequently diagnosed cancer and one of the major causes of cancer death. Despite enormous
progress in its management, both from the therapeutic and early diagnosis viewpoints, still around 700,000 patients suc-
cumb to the disease each year, worldwide. Late recurrency is the major problem in BC, with many patients developing
distant metastases several years after the successful eradication of the primary tumor. This is linked to the phenomenon
of metastatic dormancy, a still mysterious trait of the natural history of BC, and of several other types of cancer, by which
metastatic cells remain dormant for long periods of time before becoming reactivated to initiate the clinical metastatic dis-
ease. In recent years, it has become clear that cancers are best understood if studied as ecosystems in which the impact of
non-cancer-cell-autonomous events—dependent on complex interaction between the cancer and its environment, both local
and systemic—plays a paramount role, probably as significant as the cell-autonomous alterations occurring in the cancer
cell. In adopting this perspective, a metabolic vision of the cancer ecosystem is bound to improve our understanding of the
natural history of cancer, across space and time. In BC, many metabolic pathways are coopted into the cancer ecosystem,
to serve the anabolic and energy demands of the cancer. Their study is shedding new light on the most critical aspect of BC
management, of metastatic dissemination, and that of the related phenomenon of dormancy and fostering the application of
the knowledge to the development of metabolic therapies.
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Introduction

The emerging picture of cancers as ecosystems, and the role
of metabolism in their establishment, is spurring growing
interest in the metabolic features of cancer and how they
can be exploited to identify vulnerabilities to enhance our
therapeutic abilities and benefit cancer patients. As multiom-
ics orthogonal approaches unravel the complexity and the
heterogeneity of cancer ecosystems, metabolic plasticity is
being increasingly recognized as a hallmark of cancer that
intersects cancer-intrinsic and -extrinsic features that concur
to determine its evolvability [1, 2]. These general features
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are, however, differently instantiated in distinct types of
tumors, where local, organ-specific conditions determine
the evolutionary trajectory of individual cancers. Thus, a
higher level of resolution of metabolic alterations, focused
on individual types of cancer, is needed.

Breast cancer (BC) is the most frequently diagnosed
cancer worldwide, accounting for ~ 12% of all cancer diag-
nosis and ~ 7% of cancer related deaths yearly [3]. BCs
are phenotypically and molecularly heterogeneous [4, 5].
This complexity is captured by a widely used clinical clas-
sification relying on the expression of hormone receptors
(estrogen receptor, ER, and progesterone receptor PGR)
and of the oncogenic receptor tyrosine kinase ERBB2
(also known as HER2). Tumors characterized by positiv-
ity for hormone receptors are called Luminal, further sub-
classified into Luminal A or B subtypes, based on their
proliferative index [4]. HER2 BCs, display amplification
and overexpression of ERBB2. Finally, triple-negative
BCs (TNBC) are negative for ER, PGR and HER2 [4].
Extensive molecular profiling, based on transcriptomic
analysis, has confirmed the distinct molecular features of
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these subtypes and added valuable prognostic sub-strati-
fication, especially in ER + tumors, which represent ~ 65%
of all BCs. These molecular classifications and the derived
prognostic algorithms have relevant clinical impacts on
therapeutic decision-making [6].

BCs represent a particularly valuable setting to investigate
the impact of metabolic alterations.

First, despite their heterogeneity they share several start-
ing microenvironmental conditions, such as organ archi-
tecture and composition of resident normal cellular popu-
lations. This might, in principle, aid the understanding of
how cell-autonomous (genetic, epigenetic, or functional)
and non-cell-autonomous alterations influence the metabolic
phenotypes of BC cells and normal mammary cells.

Second, because of the diffusion of population screening
for early diagnosis, many BCs are detected at a relatively
initial stage of their natural history. This means that early
lesions (essentially ductal carcinoma in situ, DCIS) are
available for studies aimed at dissecting molecular determi-
nants of cancer progression, including metabolic alterations.

Third, the ER 4+ BCs which are not cured by surgery and
adjuvant therapy can recur as clinical metastases frequently
after long periods of remission (10-20 years). Thus, BC is
a good model for studying the phenomenon of metastatic
dormancy, which is not only a mysterious aspect of the meta-
static phenotype but also one of the major causes of concern
in the clinical management of cancer patients.

Fourth, the mammary gland is one of the most dynamic
organs in the animal kingdom that repeatedly undergoes
rounds of expansion and involution. This feature is thought
to promote the high oncogenic potential of the breast by
increasing the risk of incurring genetic alterations. Moreo-
ver, mammary epithelial cells are primed to expand exploit-
ing a metabolic plasticity similar to cancer cells [7].

Finally, BCs display some unique features in the can-
cer—microenvironment interaction. The first feature is
related to the cancer—adipocyte interaction. The breast is
composed essentially of adipose and fibro-glandular tissues
at an approximate ratio of 9:1. Breast adipocytes play a criti-
cal role in the development, maintenance, and remodeling
of the mammary gland [8, 9]. Similarly, adipocytes play a
critical role in the BC microenvironment, including induc-
tion of a pro-tumorigenic inflammatory state, stimulation of
proliferative and pro-metastatic phenotypes, and metabolic
reprogramming [10, 11]. The second feature concerns the
interaction between BC cells and the microbiota. Also in
this case, some unique features of the BC microenvironment
and of its microbiota contribute to the evolvability of these
cancers.

In this review, we will summarize recent advances in the
understanding of BCs as metabolic ecosystems with the
intent of illustrating how this knowledge can have an impact
on the management of BC patients.
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General aspects of metabolic plasticity
in cancer

In this section, we provide some general information on
the major circuitries and mechanisms that characterize
cancer metabolism, from the viewpoints of the cancer
cell (cell-autonomous effects) and of the tumor microen-
vironment (TME) (non-cell-autonomous effects). A few
exceptions aside, this distinction is somewhat arbitrary, in
line with the idea that in a co-evolving ecosystem the two
components could not exist per se.

The cancer cell viewpoint

Cancers have high metabolic demands aimed at sustaining
anabolic processes to build up biomass for cellular dupli-
cation and catabolic processes to meet energetic needs.
These needs are faced with the remarkable challenge posed
by the high proliferation rate of tumors that leads to a
severe mismatch between the tumor mass and its vascu-
larization, with ensuing hypoxia and scarcity of nutrients.
Hypoxia in itself is a major driver of metabolic adaptation,
as it induces the activation of the HIF-1 (Hypoxia-Induc-
ible Factor-1) transcriptional complex [12] that regulates
the expression of genes involved in neo-angiogenesis of
the tumor, metabolic reprogramming, redox homeostasis,
epithelial-to-mesenchymal transition (EMT) and cancer
stem cell specification, and remodeling of the extracellular
matrix (ECM). We will discuss some of these phenotypes
in the remainder of this review, while referring to other
reviews for in-depth accounts [13—-15]. Of note, several
genetic alterations in cancer that impinge on cancer metab-
olism also activate HIF-1 or converge on the actuation
of the same metabolic pathways, thereby enforcing feed-
forward loops toward cancer metabolic adaptation [16].
The best characterized metabolic alteration in can-
cer cells is the preference to reduce pyruvate to lactate:
something that cancer cells do even in the presence of
oxygen. For this reason, the process is called aerobic gly-
colysis and it is also known as the Warburg effect [17,
18] (Fig. 1). The phenomenon was interpreted, for a long
time, as an expedient enacted by cancer cells to circum-
vent a putative defect in mitochondrial oxidative phospho-
rylation (OXPHOS), by obtaining ATP from the pyruvate
to lactate conversion. Today, it is well established that
mitochondria in cancer cells are not only functional but
also indispensable for tumor survival, both as producers
of energy and of anabolic intermediates in the tricarbo-
xylic acid cycle (TCA) [18-21]. The Warburg effect is,
therefore, being re-interpreted as a means to increase gly-
colytic flux to heighten the availability of intermediates
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Fig. 1 Major metabolic pathways altered in cancer. The figure illus-
trates some of the metabolic pathways discussed in the main body,
and it is not comprehensive of all reactions (for instance, in the gly-
colytic pathway only key reactions leading to anabolic pathways are
shown). Some of the key enzymes are shown in the gray boxes. FA
fatty acid GA3P glyceraldehyde 3-phosphate, 3PG 3-phosphoglycer-

to feed anabolic pathways such as the pentose phosphate
pathway, the hexosamine pathway, glycerol biosynthesis,
and serine—glycine—one-carbon metabolism (Fig. 1). The
metabolic advantage provided by the Warburg effect is
not exclusively cell-autonomous, as it can trigger, in the
TME, cancer-favorable circuitries involving normal stro-
mal cells. This is the case, for instance, of the so-called
reverse Warburg effect in which cancer cells stimulate
aerobic glycolysis in the surrounding stroma. In turn, gly-
colytic stromal cells secrete high-energy metabolites, such
as pyruvate or lactate, thereby sustaining the TCA cycle
and OXPHOS metabolism in cancer cells [22].

A consequence of the Warburg effect is the high produc-
tion of lactate that is released in the TME. Long regarded
simply as a waste product, lactate is now considered a
critical “oncometabolite.” The pleiotropic actions of lac-
tate (both in the cancer cell and in the cellular TME) are
exerted in four major ways: (i) as a high-energy carbon
donor for anabolic synthesis, (ii) as an inducer of micro-
environmental acidification, (iii) as a signaling molecule

Fatty acids «—— AcCoA

De novo FA synthesis

ate, LDH lactate dehydrogenase, PHGDH phosphoglycerate dehydro-
genase, AcCoA acetyl coenzyme A, CPT1/2 carnitine palmitoyltrans-
ferase 1 and 2, TCA tricarboxylic acid cycle, GLS glutaminase, FASN
fatty acid synthase, UDP-GIcNAc uridine diphosphate N-acetylglu-
cosamine

through its ability to activate the G-protein coupled
receptor GPR81 [23-25], and iv) as a post-translational
modification and epigenetic modifier, when appended to
protein substrates, such as histones, in the process of lac-
tylation [26]. While we refer the reader to comprehensive
reviews on the topic [27-31], we will touch again on some
aspects of the lactate relevance in the TME in the follow-
ing paragraphs.

Amino acid metabolism is also critical to sustain the high
metabolic demands of cancer cells. Glutamine metabolism
is certainly the most relevant one, as it supports several ana-
bolic and energetic needs (Fig. 1): (i) replenishing the TCA
cycle through an anaplerotic reaction leading to the synthesis
of a-ketoglutarate (a-KQ), (ii) supporting the synthesis of
nucleotides and non-essential amino acids (NEAAs), (iii)
supporting the synthesis of glutathione which, in turn, is
needed for the maintenance of the redox state through neu-
tralization of reactive oxygen species (ROS), and (iv) favor-
ing the capture of essential amino acids through an antiport-
mediated exchange mechanism [32-34]. As a consequence,
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different types of cancer cells, including BC cells, are
addicted to glutamine [35, 36].

A sufficient supply of other amino acids is also critical for
the metabolic economy of cancer cells. Serine, for instance,
is involved in anaplerotic replenishment of the TCA and
in the one-carbon pathway [37]. Cancer cells ensure a suf-
ficient supply of amino acids through various mechanisms:
(i) expression of specific membrane transporters [38], (ii)
scavenging of extracellular proteins by macropinocytosis
[39], (iii) digestion of the ECM [40, 41], and (iv) activa-
tion of autophagy in the cancer cell or in stromal fibroblasts
which then release the catabolized amino acids in the inter-
stitium for utilization by cancer cells [42—44]. In the follow-
ing sections, we will return to different aspects of amino acid
metabolism in relation to BC.

Finally, cancer cells heavily rely on lipids, in particular
on fatty acids (FAs), for anabolic and catabolic needs. FAs
serve multiple purposes as they (i) are needed for the for-
mation of biological membranes, (ii) provide energy stor-
age and can be mobilized for fatty acid oxidation (FAO)
for energy production, and (iii) serve as precursors for the
synthesis of signaling molecules such as prostaglandins,
thromboxanes, and lysophosphatidic acid [45-48] (Fig. 1).

At variance with normal cells, which derive their lipids
from dietary intake or from lipid metabolism in the liver,
cancer cells activate de novo lipogenesis, whose limiting
enzyme is the fatty acid synthase (FASN, Fig. 1). FASN
is overexpressed in several types of human malignancies,
including BC, and is frequently associated with aggressive
disease course [49-54]. Other enzymes in the de novo FA
synthetic pathways are also upregulated in cancers [47].
Cancer cells utilize de novo synthesized FAs for the bio-
chemical functions listed above, including the production
of energy through FAO that, under conditions of environ-
mental stress and/or glucose deprivation, is upregulated
through overexpression of the critical enzymes CPT1 and
CPT2 and becomes the major source of energy for certain
tumors [55-58] (Fig. 1).

In addition to de novo lipid synthesis, cancer cells can
also increase FA uptake from the extracellular interstitium
through several plasma membrane proteins, including the
LDL receptor and the FA translocase CD36, whose upreg-
ulation associates with poor prognosis in several types of
cancers [59-62] (Fig. 1).

The metabolic alterations of cancer cells have long been
considered as (quasi)cancer-specific, hence the general
definition of “metabolic reprogramming” applied to cancer
metabolism. Metabolic reprogramming can indeed occur in
cancer due to mutations in metabolic relevant genes, such
as isocitrate dehydrogenases (IDH1 and IDH?2) in acute
myelogenous leukemia (AML) and glioblastoma [63—-65]
(see later in Fig. 4). This, however, seems be the exception
rather than the rule. More frequently, metabolic alterations
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in cancer are consequent to the subversion of major onco-
genic and/or tumor suppressor pathways, including RAS,
p53, MYC, PI3K, and mTOR, which can profoundly alter
energy production, biomass synthesis, and redox control.
While we refer the reader to insightful reviews on this spe-
cific topic [66, 67], we would like to point out a couple of
important features: (i) the wide mutational variability of
cancers appears to converge on a limited number of meta-
bolic phenotypes, although a word of caution might be in
order here as less studied metabolic routes are also emerg-
ing in cancer metabolism, together with the discovery of
novel oncometabolites [68]; (ii) there is no biunivocal cor-
respondence between mutational variations and metabolic
phenotypes. Indeed, the same genetic alteration can induce
different metabolic phenotypes as a function of context, e.g.,
cell of origin, architecture of the host tissue, epigenetic con-
text of the cell of origin and of the surrounding normal cells,
etc. [69-72].

The emerging picture is that of cancer cells activat-
ing and/or coopting metabolic programs present also in
physiological conditions, rather than reprogramming their
own metabolism in novel aberrant fashions. For instance,
the Warburg effect, is utilized by normal cells—neurons,
endothelial cells, monocytes, neural crest cells, pluripotent
stem cells, and presomitic mesoderm—to execute physi-
ological functions [73—81]. Even in isogenic cancer popu-
lations, such as cells in culture, variations in the glycolytic
rate are present [82, 83]. Furthermore, dependence on amino
acid metabolism is not a specific feature of cancer cells,
as it accounts for most of the biomass in all proliferating
cells, even normal ones [84]. Thus, an intrinsic plasticity of
metabolism itself, rather than a strictly deterministic muta-
tionally driven reprogramming, might be at the core of the
metabolic alterations detected in cancer.

The tumor microenvironment (TME) viewpoint

It has been long recognized that the TME plays a crucial
role in the initiation and progression of cancer in general
[85], and of BC in particular [86—88]. Before entering in the
analysis of the molecular and metabolic circuitries underly-
ing the network of interactions established within the TME,
we would like to discuss how the global vision of the TME,
afforded by omics approaches, is changing our ability to pre-
dict cancer aggressiveness and therapeutic decisions. We
will use BC as a paradigm.

The characteristics of the TME play an important role
in determining cancer aggressiveness in BC, in addition
to the cell-intrinsic features of the various molecular sub-
types [89]. For instance, relative to the immune component
of the TME, in The Cancer Genome Atlas (TCGA), six
immune BC subtypes could be distinguished: wound heal-
ing, IFN-y dominant, inflammatory, lymphocyte depleted,
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immunologically quiet, and TGF-p dominant [90]. Luminal
A BCs are enriched in the wound healing subtype, whereas
BCs with high mutational burden display predominantly an
IFN-y dominant phenotype [90]. In another study, transcrip-
tomic analysis of TNBCs revealed different immune (and
stromal) profiles associated with overall survival [91]. The
advent of single-cell analysis has further corroborated the
idea that different immune-related landscapes allow ecologi-
cally based stratification of BCs, which, when integrated
with the more traditional genetically based classifications,
improves prognostic predictions [92-96].

A further step forward relies on highly multiplexed imag-
ing of tumor tissues [97-100], which can be orthogonally
coupled to other high-throughput technologies, such as
transcriptomics: an approach that is starting to elucidate
the complex composition of the BC microenvironment
[101, 102]. Danenberg et al. have recently systematically
mapped TME structures in a large BC cohort and identified
ten prototypical structures varying for level of vasculariza-
tion, stromal activation, and leukocyte composition [103].
Cross-correlation of these structures with genomic data
revealed preferential association with BC molecular sub-
types and clinical outcome. The structure associated with
worst prognosis was the one named “suppressed expansion”
in which there was an abundance of suppressive T, cells
and dysfunctional effector T cells, underscoring the impact
of the immune microenvironment on the natural history of
BC[103].

The variations in TME structure are useful also in the
therapeutic setting to predict response. A recent study inte-
grated clinical, digital pathology, genomic, and transcrip-
tomic data collected before treatment in a neoadjuvant set-
ting [104]. Therapy response was determined to a greater
degree by the baseline conditions of the entire tumor ecosys-
tem than by the characteristics of the cancer cell component
alone [104]. In a different approach, Krug et al. profiled,
by proteogenomics (mass spectrometry-based proteomics
integrated with next-generation DNA and RNA sequencing
profiles), a cohort of treatment-naive BCs in which post-
translational modifications had been preserved. The authors
found that proteogenomics provided valuable clinical infor-
mation: (i) it performed better than standard clinical grade
technologies for the diagnosis of HER2 + BCs, (ii) it defined
subgroups of Luminal A and B tumors with a higher pre-
dicted response to immunotherapy, (iii) it improved the pre-
diction of responsiveness to CDK4/6 inhibitors in a subset
of TNBCs, and (iv) it identified potential metabolic vulner-
abilities [105].

Returning now to the cell biology/biochemistry level,
the challenge is to deconvolute, at high resolution, the cir-
cuitries, first and foremost metabolic ones, through which
the cancer—stromal interactions are orchestrated. In a can-
cer ecosystem, essentially all stromal cytotypes—including

immune/inflammatory cells, fibroblasts, endothelial cells,
and adipocytes—participate in the modulation of the cancer
behavior, sometimes with “suppressive” functions but more
frequently aiding the tumor. In this latter case, a variety of
circuitries are established between cancer and normal cells
that work with the modality of feed-forward loops to cre-
ate a cancer-friendly environment [106]. These circuitries
rely on a variety of secreted (or cell-associated) mediators,
such as cytokines, growth factors, adipokines, and hormones
that frequently modify the metabolism of both cancer and
non-transformed cells. The role of the TME is not limited
to the interaction between cell types but also involves the
participation of the ECM, tissue stiffness, and of architec-
tural constraints in the organ of origin of the tumor (Fig. 2).

Perhaps not surprisingly, the same metabolic alterations
detected in cancer cells are also detected in stromal cells
that have been re-educated by the physical and functional
interactions with cancer cells, including alterations in glyco-
lysis, one-carbon metabolism, amino acid metabolism, TCA
cycle, and FA synthesis. Also in the case of the TME, we
are not faced with a cancer-specific rewiring, but rather with
adaptations of programs normally enacted, in a more rigor-
ously controlled fashion, by normal stromal cells, to suit the
needs of the cancer [107-110]. Herein, we will concentrate
on some aspects of the metabolic interactions in the TME
involving stromal fibroblasts and immune/inflammatory
cells, while we refer the reader to several comprehensive
reviews for an in-depth coverage of metabolism in the TME
[45,47, 67, 88, 111-116].

The aforementioned conditions of hypoxia and scarcity of
nutrients that affect the cancer cells also influence the sur-
rounding stroma leading to a series of reciprocal metabolic
adaptations between the tumor and stroma. For instance, the
significant uptake of NEAAs (such as alanine, glutamine,
serine, and cysteine) from the interstitium by cancer cells
leads to their local depletion [117]. Cancer cells cope with
this hazard by enacting a variety of strategies, for instance,
by activating degradation of the ECM and taking up the
products by macropinocytosis [39]. An alternative strategy
involves the activation of stromal cells in the TME [112,
116]. In pancreatic cancer, it has been shown that cancer
cells activate a stromal population, the pancreatic stellate
cells, to induce their autophagy and the release of alanine
which is, in turn, captured by cancer cells to sustain their
metabolic needs [43].

The consumption of glucose by the cancer epithelial com-
ponent leads to glucose depletion in the TME and to the
decrease of the ATP:AMP ratio in the stromal fibroblasts (can-
cer-associated fibroblasts, CAFs). This, together with hypoxia
and cancer-derived ROS, trigger the already mentioned reverse
Warburg effect in CAFs, leading to increased glycolysis and
lactate release that can be used by the cancer cell as a high-
energy carbon source [118, 119]. The role of lactate in the
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Fig.2 The cancer ecosystem. In addition to cancer cells and cancer
stem cells a number of environmental components determines the
evolvability of a cancer. From left to right: (i) constraints in the tissue
of origin including normal tissue architecture and resident cell types
(visualized in a normal mammary gland); (ii) deprivation of oxygen
and nutrients, due to the mismatch between cancer growth and its
vascularization; (iii) induction of acidosis in the microenvironment
and secretion of oncometabolites such as lactate; (iv) triggering of

cancer-oriented economy of the TME is multifaceted (see also
section A1). Lactate stimulates neo-angiogenesis of the tumor
[120-122] and affects the quality and activity of the immune
infiltrate in the TME. In general, lactic acid dampens the acti-
vation of cytotoxic T cells and natural killer cells, while leav-
ing immune-suppressive cells (e.g., Ty, cells) unaffected or
even stimulating them. Furthermore, lactate can induce the
polarization of TME macrophages toward an M2-like phe-
notype which is associated with an anti-inflammatory action
and poor prognosis in BC. Finally, lactate can interfere with
the activity of antigen-presenting cells. The combination of
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feed-forward loops between cancer cells and stromal cells (cancer-
mediated “re-education” of stromal cells), including effects on the
ECM and metabolic reprogramming; (v) specific interactions between
cancer cells and stromal cells, dependent on the nature of the tissue of
origin, e.g., adipocytes—cancer interaction in BC; (vi) interaction of
cancer cells with the microbiota (long-range effects and local effects);
and (vii) systemic influences due to patients’ metabolism and con-
comitant pathologies (e.g., diabetes, obesity) and from the diet

these effects strongly contributes to tumor immune evasion
[27-29, 115].

The BC metabolic ecosystem

In this section, we describe the evolution of the BC metabolic
ecosystem at various stages of the disease, from the moment of
the diagnosis and the transition from in situ to invasive cancer
to the acquisition of the metastatic phenotype and the dor-
mancy/reactivation of the metastatic cell.
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Molecular, phenotypic, and metabolic
heterogeneity in BC

The molecular heterogeneity of the different BC subtypes
is associated with distinct metabolic features [123, 124].
For instance, there are substantial differences in glutamine
dependence, with basal (TNBC) tumors being in general
more glutamine-addicted than Luminal tumors [125].
This is, in some cases, due to the preferential activation
of the MYC or JUN oncogenes in TNBC, which leads
to increased dependency on glutamine metabolism and
uptake [126-128].

Serine metabolism is also differentially altered. 3-phos-
phoglycerate dehydrogenase (PHGDH), the first enzyme
involved in serine synthesis, is overexpressed in ER-BCs
and promotes aggressive rates of proliferation [37, 129,
130]. In addition, TNBCs depend on FAO to maintain
elevated SRC activity, which is in turn needed for metas-
tasis [131].

The FASN gene, involved in de novo FA synthesis, is
overexpressed in HER2 + BCs and might represent a thera-
peutic target in these tumors, as it is also involved in brain
metastatization of these tumor subtype [132—134]. Interest-
ingly, the CD36 FA translocase is upregulated during the
development of therapy resistance in HER2 + BCs, in a
process that shifts the dependency of these tumors from de
novo, FASN-dependent, synthesis of FA to uptake of exog-
enous FAs [135].

In ER + Luminal BCs, the AAMDC oncogene (adipo-
genesis associated Mth938 domain containing) is amplified
and regulates the expression of several metabolic enzymes
involved in the one-carbon folate and methionine cycles
[136], a feature shared with the CDK12 (cyclin-dependent
kinase 12) oncogene [137].

A recently added level of complexity concerns the assem-
bly of multi-enzyme complexes in the glycolytic pathway
operated by long non-coding RNAs (IncRNA). One such
IncRNA, NEAT, functions as a scaffold for a complex com-
prised of three glycolytic enzymes, PGK1 (phosphoglycer-
ate kinase), PGAM1 (phosphoglycerate mutase), and ENO1
(Enolase), which accelerates glycolysis through substrate
channeling, a process in which the processed intermediate
is transferred from one active enzymatic site to the next,
preventing its free diffusion [138]. Ablation of NEAT1 atten-
uates aggressive BC progression and metastasis in mouse
models as a result of reduced glycolysis. NEAT1 is present
in two isoforms, produced by alternative 3’ processing:
NEATI1_1 and NEAT1_2. Only NEAT1_1 participates in
the formation of the PGK1/PGAMI/ENO1 complex [138].
Interestingly, NEAT1_1 is an ER target gene and is prefer-
entially overexpressed in Luminal BCs [139, 140]. How this
might relate to dependence of Luminal BCs on increased
glycolytic flux or to aerobic glycolysis is not known.

In conclusion, while the picture is still blurry, it appears
that the different molecular subtypes of BC are also meta-
bolically distinct.

A second level of variability is provided by metabolic het-
erogeneity within BC subgroups. For instance, in Luminal
B BCs, as compared to Luminal A, there are significant dif-
ferences in the glutamine—proline regulatory axis, evidenced
by high levels of glutaminase (GLS), pyrroline-5-carboxy-
late synthetase (ALDH18A1), and pyrroline-5-carboxylate
reductase 1 (PYCR1) [141]. However, most efforts in this
area of research have been directed at the identification of
metabolic variability and vulnerabilities within the TNBC
subtype, given the pressing need for novel therapeutic tar-
gets in this poor-prognosis, relatively therapy refractory, BC
subtype. Multiomics analysis has led to the identification of
distinct metabolic alterations within TNBCs [142], allowing,
for instance, their subclassification into lipogenic, glycolytic,
and mixed subtypes [143]. Importantly, these potential dif-
ferential vulnerabilities correspond to increased sensitivity
to specific metabolic inhibitors and, in the case of glycolytic
tumors, to synergistic effects in response to combined anti-
metabolic and immune therapies [143].

Overall, the emerging picture highlights that while sev-
eral subverted metabolic phenotypes are evident within BC
subtypes, there is also a remarkable level of intra-subtype
heterogeneity. It remains to be established, how much of
the intra-subtype variability can be ascribed to cancer cell-
autonomous events vs. the more complex scenario of differ-
ent cancer ecosystems generated by the interaction of subtly
different starting microenvironments interacting with cancer
cells. In general, the results also point to an intrinsic diffi-
culty of using a purely subtype-based approach to identify
metabolic vulnerabilities in BC.

Some of these problems might be resolved by the applica-
tion of methodologies affording single-cell resolution of the
cancer and non-cancer components [144, 145]. These tech-
nologies—including single-cell sequencing, mass cytometry,
multiplexed imaging, and spatial transcriptomics—are being
applied to the study of BC revealing a staggering level of
intra-tumoral heterogeneity, which we will now discuss.

Intra-tumoral metabolic heterogeneity in BCs

Pioneering work, based on microdissection of cancer areas
from the same tumor or on deep-sequencing followed by
deconvolution of the clonal evolution of individual tumors,
initially identified intra-tumoral molecular heterogeneity
across various BC subtypes [146—148]. The advent of high-
resolution technologies for single-cell analysis has subse-
quently solidified this concept, further establishing that both
genetic and epigenetic alterations contribute to intra-tumoral
heterogeneity [149—153]. Not surprisingly, clonal evolution
of tumors, and the ensuing intra-tumoral heterogeneity, is a
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multi-dimensional process, in space and time [93, 94, 148,
150, 154, 155]. Recent analyses, based on multiplexed mass
cytometry, further demonstrated that vastly heterogeneous
cellular communities of cancer and stromal cells co-exist in
the same primary tumor, harboring relevant clinical informa-
tion toward disease stratification and clinical outcome [101,
102]. A detailed analysis of this topic is beyond the scope
of this review; thus, we refer the reader to recent compre-
hensive reviews [144, 156, 157]. Rather, we will discuss
how much of this intra-tumoral molecular heterogeneity
translates into intra-tumoral cancer cell-specific metabolic
heterogeneity in BC.

Here, the evidence is still sparse. Singh et al. showed
that overexpression of PHGDH, which is involved in serine
synthesis and promotes aggressive behavior in TNBCs, is
heterogeneous in TNBC cell lines [158]. The heterogeneous
expression of PHGDH might be due, at least in part, to meta-
bolic stresses from architectural constraints, underscoring
the possible relevance of microenvironmental components
to metabolic heterogeneity [158]. The case of PHGDH is a
puzzling one, as it was recently reported that loss of PHGDH
expression potentiates metastatic dissemination in animal
models and is associated with decreased metastasis-free
survival time in BC patients [159]. Interestingly, the pro-
metastatic effect is not due to loss of the enzymatic function
of PHGDH, but rather to loss of a non-enzymatic function
involving a non-catalytic interaction with the glycolytic
enzyme phosphofructokinase leading to aberrant protein
glycosylation through activation of the hexosamine-sialic
acid pathway. In a nutshell, high PHGDH promotes tumor
growth, while low PHGDH promotes metastasis. A possible
reconciliation, advanced by the authors, is that amplification/
overexpression of PHGDH might put the cell into a sort
of metastable state, in which regulation of PHGDH levels
might determine the pro-tumorigenic vs. pro-metastatic
states [159]. It must also be pointed out that the existence
of non-catalytic functions of bona fide metabolic enzymes
represents an unappreciated level of complication to account
for.

Another documented case of intra-tumoral heterogeneity
concerns Luminal BCs. The Luminal BC cell line MCF7
displays uniformly a mutation of the PIK3CA gene, known
to stimulate increased glycolysis [160]. Yet, within the cell
line, the uptake of glucose and the rate of glycolysis are not
uniform [83]. Also in this case, architectural components,
depending on cell density, might drive the intercellular
heterogeneity.

Some of these studies suffer of some intrinsic limita-
tions. First, in some cases, results were obtained in cell lines,
which are not necessarily faithful representations of the epi-
thelial component of BCs. Second, while cell lines might
be useful in isolating the cell-autonomous component from
the non-cell-autonomous one, the complexity of the cancer
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ecosystem is lost in this setting, although—as discussed—
some architectural components can still be unveiled. It is not
going to be easy to transfer these results to the complexity of
real cancers. One major difficulty is that single-cell analy-
sis techniques, available for analysis on tumor specimens,
provide measurements of transcripts and, sometimes, pro-
teins, but no direct analysis of metabolites. Thus, in the best
case, metabolic alterations must be inferred from patterns
of expression, but not from direct measurements. A possible
solution to circumvent some of these problems is to employ
mouse models of BC. In one such study, it was shown that
individual tumors are intrinsically metabolically heteroge-
neous, displaying both glycolytic and OXPHOS cells [161].
Efforts have also been directed at the creation of modeling
frameworks in which gene regulation datasets are coupled to
actual metabolic pathway measurements [162].

In addition to genetic variations, one of the most promi-
nent aspects of intra-tumoral metabolic heterogeneity relates
to the spatial distribution of cancer cells within the tumor
mass, which differentially affects their accessibility to oxy-
gen and nutrients. Imperfect nutrient and oxygen distribu-
tion throughout tumors is a major confounding factor when
comparing clonal evolution, epigenetic imprinting, and other
more stable alterations because this metabolic tumor zona-
tion impacts on epigenetic remodeling and clonal selection
driving large part of the tumor evolution process. To inves-
tigate this aspect, a wealth of new applications, exploiting
orthogonal measurements including metabolic ones, is being
developed for applications in vivo and ex vivo and might
help in the deconvolution of spatial and temporal organi-
zation of metabolic programs in several cancers, including
BCs [163-167].

Metabolic phenotypes in the natural history of BC:
the transition from in situ to invasive cancers

DCIS is a pre-invasive malignant form of BC character-
ized by the separation of cancer cells from the surround-
ing stroma by a near continuous layer of myoepithelial
cells which supposedly represents a barrier to infiltration
into the adjacent stroma (Fig. 3). While the condition is not
life-threatening per se, around 50% of DCIS patients will
develop invasive ductal cancer (IDC) [168]. DCIS lesions,
which are increasingly being detected through BC screening
programs, represent, therefore, a unique opportunity to study
early phases of the BC natural history and the molecular
and phenotypic events involved in disease progression. Thus,
concerted investigations have been directed at studying
genomic alterations involved in the DCIS-to-IDC transition
[150, 169]. By comparing DCIS and their matching IDCs, it
was revealed that most genetic alterations evolved in the duct
prior to invasion, compatible with a multiclonal invasion
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Fig.3 BC invasiveness and metastasis. A From DCIS to IDC. In the
normal breast gland (left), two ordered layers of luminal and myoepi-
thelial cells are present, separated from the surrounding stroma by a
basement membrane. In DCIS (center) cancer cells proliferate and fill
the lumen, while remaining confined by an intact myoepithelial-base-
ment membrane barrier. In IDC (right), cancer cells penetrate into the
surrounding stroma, with loss of the basement membrane and of the
myoepithelial barrier. B Metastasis as a multistep process. Locally
invasive cancer cells from the primary tumor (a) are able to intrava-
sate into the local circulation (b) also because of the poor structure of
the neo-formed tumor vessels that present fenestrations with interrup-
tion of the endothelial and pericyte (not shown) layers. Once in the

model with no specific advantage-conferring genetic event
responsible for the invasion.

Because of these findings, efforts have been directed
at deciphering changes in the TME that correlate with the
acquisition of invasive phenotypes in DCIS. The use of mul-
tiplexed ion beam imaging by time of flight (MIBI-TOF)

bloodstream, cancer cells are defined circulating tumor cells (CTC,
¢). In the bloodstream, CTCs need to survive shear stress and preda-
tion by immune cells (d), which they do also with the aid of a plate-
let coat (e). In distant organs, CTCs attach to endothelial cells and
extravasate (f) becoming disseminated tumor cells (DTCs, g). The
settlement in the distant organs (micrometastasis, h) is facilitated by
cancer-released exosomes and factors (g, green dots) that prepare the
so-called pre-metastatic niche. Micrometastases can remain dormant
for long periods of time, before being reactivated and giving raise to
macrometastases or clinically detectable metastases (i). Each single
step of the metastatic process is accompanied to distinct metabolic
changes, reviewed extensively in [170]

[171] has been instrumental to this end. MIBI-TOF—
coupled with multiplexed antibody and correlation with
transcriptomics data, cellular composition, and structural
characteristics of the normal tissue—was used to charac-
terize DCIS and IDC from the same patients [172]. The
transition from DCIS to IDC appeared to be characterized
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by coordinated stages of TME alteration, as evidenced by
the location and function of fibroblasts, immune cells, and
myoepithelial cells. Surprisingly, it was found that progress-
ing DCIS was characterized by lower levels of myoepithe-
lial disruption compared with non-progressing DCIS. These
results are consistent with the counterintuitive notion that
a compromised myoepithelial barrier facilitates sensing of
the tumor by other stromal components providing protection
against invasiveness and progression [172].

In another approach, Lomakin et al. developed BaSSIS, a
highly multiplexed fluorescence microscopy-based pipeline,
to address the topology and phenotypic characterization of
subclones in individual cancers, and applied it to the study
of BC progression (DCIS to IDC to lymph node metastasis)
[173]. In the case of DCIS, while the macroscopic scale
was dominated by polyclonal expansions, individual clones
segregated into microanatomical structures, characterized by
distinct transcriptional and histological features and cellular
microenvironments.

These studies are starting to provide a spatial atlas of BC
progression and direct evidence, in real tumors, that study-
ing cancers as individual ecosystems, rather than assembly
of cellular subsets, might change our understanding of the
natural history of the disease. The metabolic question then is
as follows: does metabolic plasticity contribute to the estab-
lishment/maintenance of subclonal territories, and does this
impact the natural history of BC? Initial answers are being
obtained. In DCIS, the peculiar modality of growth (inside
the lumen, progressively further away from blood supply)
can generate harsh conditions of nutrient deprivation, which
might promote the onset of aerobic glycolysis. In vitro, BC
cell lines subjected to nutrient deprivation indeed develop
a Warburg phenotype, probably due to the induction of the
transcription factors KLF4 and NFkB. In actual DCIS, KLF4
is enriched in areas of harsher microenvironmental condi-
tions, especially closer to the necrotic core of the lesions
[174].

An interesting connection between metabolism and inva-
siveness stems from studies of collagen metabolism and of
prolyl-4-hydroxylase (P4HA), the enzyme that promotes
proline hydroxylation of collagen and the formation of the
collagen triple helix. It is known that collagen production,
mostly by stromal cells, is required for BC progression [175].
Interestingly, however, P4AHA is overexpressed in TNBC
and HER2 + BCs and is required for invasiveness, through
increased secretion of collagen by cancer cells, correlating
with poor clinical outcome [176, 177]. The effects of PAHA
overexpression in some BCs might be further enhanced by
pyruvate, which is converted in BC cells into a-KG (through
the alanine aminotransferase reaction which converts pyru-
vate and glutamate into a-KG and alanine), a cofactor of
the collagen hydroxylation reaction by PAHA [178]. This
is, in turn, needed for the collagen-based remodeling of the
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metastatic niche by BC cells [178]. While it is not clear what
the source of pyruvate might be in the TME, it is worth not-
ing that lactate, an abundant oncometabolite in the micro-
environment, can be taken up by cancer cells and converted
into pyruvate [179]. The impact of P4AHA levels/activity on
BC progression might extend beyond its role in collagen
remodeling. In the collagen hydroxylation reaction, PAHA
consumes a-KG, leading to accumulation of succinate. The
regulation of these two oncometabolites impacts on hypoxia
response. Indeed, a-KG is also a cofactor for PHD enzymes
(oxygen-dependent dioxygenases) which hydroxylate
HIF-1a (a subunit of the HIF-1 transcriptional complex),
leading to its ubiquitination and degradation [180]. Thus,
the consumption of a-KG by PAHA and the accumulation
of succinate, which inhibits PHDs, leads to stabilization of
HIF-1a and increased hypoxia response: this was shown to
correlate with the acquisition of stem cell traits and meta-
static ability by BC cells [176, 177] (Fig. 4).

Finally, it has been shown that BC cells, at variance with
normal mammary cells, depend on glutaminolysis. The
product of this reaction is glutamate, which in BC cells,
but not in normal cells, can be extruded from the cell by
the xCT antiporter system. Since the overexpression of the
xCT antiporter system correlates with BC aggressiveness
and poor prognosis [127, 182], it was investigated whether
glutamate extrusion and extracellular accumulation was
responsible for these effects. Indeed, excess glutamate acti-
vates on the surface of BC cells, likely through a paracrine
effect, the metabotropic glutamate receptor GRM3 that, in
turn, triggers recycling of the protease MT1-MMP, via a
Rab27-dependent pathway, to active invadopodia, thereby
allowing matrix degradation and invasion [183]. It is worth
mentioning that excess glutamate might also foster the ALT
(alanine transaminase) reaction, which leads to increased
a-KG levels, linking together the complex network of meta-
bolic alterations described (Fig. 4).

Metabolic phenotypes in the natural history of BC:
the determination of the metastatic phenotype

The pioneering experiment of Fidler and Kripke showed
that highly metastatic cell variants preexisted in a parental
population of cultured melanoma cells [184]. This led to the
linear (or late) model of metastatization in which metastases
were considered a late, genetically determined, event in the
natural history of the tumor (Fig. 5SA). In the case of BC,
mounting evidence supports a different model, in which met-
astatic spreading is a very early event [185-187] (Fig. 5B).
In addition, molecular evidence argues against the concept
of genetically driven selection of the metastatic phenotype.
Indeed, several studies have shown that driver mutations
and gene copy number variations mostly overlap in primary
tumors and their synchronous metastases [188—192].
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These findings raise the question of what determines the
onset of the metastatic ability in the primary tumor. There is
evidence that this phenotype represents an adaptive response
to environmental hazards, including hypoxia, nutrient depri-
vation, and the ensuing metabolic stress [194]. The enacted
cellular responses appear to converge on the induction of
EMT. Here, we provide a brief summary of the current
knowledge on EMT, for a more in-depth review see [195].

EMT is a program that allows epithelial sessile cells to
switch to a migratory mesenchymal-like state. In the physi-
ological setting, EMT is highly relevant during morphogen-
esis [195, 196]. In cancer, EMT is connected to the acqui-
sition of invasive/metastatic ability, cancer stem cell-like
properties, and of therapy resistance [197-201]. EMT is
best viewed as a series of interconvertible metastable plas-
tic states that yield cells displaying full EMT or cells with
intermediate (and reversible) phenotypes (P-EMT: plastic,
or partial, EMT). In this latter state, context and metabolism
are emerging as major determinants [197, 202-207].

In BC, it was shown that hypoxia enhances EMT and
correlates with metastatic progression and poorer patient
outcome [13-15]. In response to hypoxia, cancer cells stabi-
lize HIF-1a, which, in turn, regulates transcription of several
target genes, including transcriptional regulators of EMT
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dependent on a-KG and on its metabolite D-2HG are described in
this section and in section E, respectively. Abbreviations are spelled
out in the main text

(SNAIL, ZEB1 and TWIST), glucose transporters, glyco-
lysis enzymes, and VEGF [13-15]. Accordingly, negative
modulation of HIF-1a inhibits EMT and metastatic pro-
gression in BC [208, 209]. Hypoxia might exert pleiotropic
effects on the determination of the metastatic phenotype. It
was shown that hypoxia-induced expression of the transcrip-
tional coactivator PGC-1a (a.k.a. PPARGC1A) enhances
mitochondrial biogenesis and oxidative phosphorylation
and promotes the formation of distant metastases. Interest-
ingly, the induction of EMT and PGC-1a was independently
regulated by hypoxia, suggesting synergistic effects on the
metastatic phenotype [210].

Another study highlighted a novel connection between
hypoxia and EMT, as it was shown that BC cells release
extracellular vesicles that can reprogram mitochondrial
dynamics and function and induce EMT once seized by
normal mammary cells [211]. It is not clear whether and
how the induced modification of normal mammary cells
can contribute to the BC ecosystem. One possibility is
that it might contribute to a “field effect” of cancerization:
a process by which genetic and epigenetic changes are
induced by cancer (or pre-cancerous) cells in the normal
adjacent epithelia, causing the replacement of the normal
population with a cancer primed population (see [212] for
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Fig.5 Models of metastasis. A In the linear model of metastasis
a clone of cells, genetically endowed with metastatic potential (a,
in blue) develops late in the natural history of the tumor and gives
raise to metastases. B In the parallel model of metastasis, metastatic
cells (b and c, in red and yellow) detach early from the primary
tumor, reach the peripheral organs, and might undergo long periods
of dormancy. These cells are probably not genetically altered, but
rather underwent a process of P-EMT under the influence of meta-
bolic alterations. Most of the metastatic cells (exemplified here by the
cell ¢) will never exit dormancy. In some cases, a dormant cell (d, in

a review of the concept). It is also reasonable to imagine
that extracellular vesicles released by hypoxic cancer cells
might induce a metabolically altered phenotype, and EMT,
in other cancer cells not exposed to the hypoxic hazard,
thereby amplifying the metabolically altered territory.
Nutrient depletion might represent another hazard to
which BC cells respond with metabolic adaptation, lead-
ing to EMT and increased metastatic ability. Glutamine
deprivation of BC cells activates the expression of stress
response and pro-inflammatory genes [213]. Mechanisti-
cally, this was linked to EMT and metastasis through the
demonstration that glutamine-deprived cells upregulate
asparagine synthetase (ASNS), thus becoming asparagine
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blue) might be reactivated and rapidly expand giving raise to multiple
metastases in several organs (metastatic disease). The mechanisms of
reactivation are poorly characterized and there is evidence that they
depend both on genetic and non-genetic (including metabolic) altera-
tions. The scheme in B is simplified and depicts metastases as mono-
clonal; there is evidence that some metastases might be polyclonal,
probably due to collective migration of cells from the primary tumor.
The majority of evidence, however, supports a monoclonal model,
especially for the clinically evident metastases (reviewed in [193])

addicted [214]. In turn, ASNS stimulates EMT of BC cells
and their migration/metastasis [215].

Another link between the metabolic state and EMT comes
from a multiomics analysis of 180 cancer cell lines [216]. In
this study, there was a strong association between individual
cellular metabolomes and EMT transcriptional signatures,
and evidence was provided that metabolic alterations might
act upstream of EMT.

The sum of the evidence suggests that responses to
metabolic stresses induce migratory ability, through EMT,
thereby allowing cancer cells to remove themselves from
areas of high hazard to access areas of improved resource
availability within the primary tumors. Since these areas



Breast cancers as ecosystems: a metabolic perspective

Page 130f32 244

are typically in the immediate periphery of leaky and highly
permeable vessels, the extravasation and dissemination of
cancer cells might, therefore, represent a non-selected con-
sequence of their increased EMT-dependent migratory activ-
ity. In support of this possibility, it should be remembered
that EMT is also inextricably linked to the cancer stem-like
state and that the metastatic ability of BCs (and the prog-
nostic outcome) is a direct function of the number of cancer
stem cells present in the primary tumor [217, 218].

Metabolic phenotypes in the natural history of BC:
exosomes and the pre-metastatic niche

Exosomes are a subset of extracellular vesicles, released by
cells, which can deliver their content to adjacent cells [219,
220]. The ability of exosomes to carry lipids, proteins, and
nucleic acid allows for efficient intercellular communication.
In particular, the delivery of nucleic acids, first and foremost
miRNAs, enables exosome-donating cells to reprogram (epi)
genetically exosome-receiving cells [219, 220]. In BC or in
BC models, bi-directional exchange of exosomes between
normal and cancer cells (reviewed in [221, 222]) plays a role
in the primary tumor [223], in the development of resistance
to therapy [224], in the establishment of successful meta-
static colonization [225-227], and in the preparation of the
so-called pre-metastatic niche (PMN) (see also Fig. 3). This
latter structure is of particular interest. PMNss are established
in target organs of future metastasis through the concerted
action of soluble factors and exosomes released from the
primary tumors and capable of long-distance action [228].
PMNss differ substantially from metastatic niches in that the
latter are established by disseminating tumor cells (DTCs)
upon their arrival, while PMNs are devoid of tumor cells
and represent a tumor-favorable environment established at
a distance by the primary tumor. The modifications induced
in the PMN include development of inflammation, angio-
genesis, and of an immune-suppressive environment [228].

In a landmark study, Hoshino et al. demonstrated that var-
ious integrins expressed on the surface of exosomes released
from BC cells can direct the exosomes to specific organs,
delivering their cargoes to various normal target cells and
activating pro-inflammatory programs. This exosomal-
mediated reprogramming could be correlated with clinical
data, since, in BC patients, the specific integrin exosomal
patterns correlated with the site of metastasis [229]. The
metabolic relevance of exosomal-mediated reprogramming
for the establishment of the PMN was established by show-
ing that exosomes, secreted by BC cells, are loaded with
miR-122. This miRNA is capable of suppressing glucose
metabolism in target cells by downregulating the production
of the enzyme pyruvate kinase. In animal model systems,
the injection of miR-122-containing exosomes reduced glu-
cose consumption in brain and lung and was associated with

increased colonization of these organs by injected BC cells
[230]. Thus, exosomes might prepare the PMN by reduc-
ing glucose consumption by resident cells, to make more
resources available to DTCs upon their arrival.

The impacts of exosome delivery to PMNs might be com-
plex. In the case of lung cancer, for instance, it was shown
that tumor-derived exosomes can re-educate resident mac-
rophages toward an immunosuppressive phenotype through
increased expression of the immunosuppressant molecule
PD-L1, downstream of the activation of the Toll-like recep-
tor TLR2 [231]. Mechanistically, it was shown that the
upregulation of PD-L1 was due to metabolic reprogram-
ming, through upregulation of glycolysis [231]. Apparently,
therefore, we are faced with the contradiction that exosomes
prepare the PMN both through reduction of glycolysis [230]
or its increase [231]. Cancer-specific differences (breast vs.
lung) might be responsible for these opposing results. Alter-
natively, it is tempting to speculate that the complement of
molecules exposed on the surface of endosomes might direct
them to different cellular targets in the PMN, thereby allow-
ing selective modulation of metabolism in different types of
organ-resident cells.

Another interesting question concerns whether the exo-
some-instructed modulation of the PMN is a selected event
during the natural history of the tumor. From an evolution-
ist viewpoint it is difficult to imagine that a phenotype is
selected if it does not provide an immediate advantage. One
should ask whether exosome secretion confers advantages
in the primary tumor, with the long-distance effect on the
PMNs being an unfavorable (for the patient) accident. In this
context, it is interesting to note that overexpression of miR-
122 reduces the growth of primary tumors, while fostering
that of metastases [230]. Thus, it is possible that decreasing
miR-122 in the primary tumor, through its exosomal secre-
tion, might represent an advantage-conferring event.

Finally, a different facet of the active role of metabolism
in the establishment of the PMN has emerged from evidence
that nutrients available in distant organs may promote meta-
static growth. In the lung, the PMN is enriched in palmitate
and promotes metastatic growth of BC cells. These cells
use palmitate to synthesize acetyl-CoA which is exploited
to increase protein acetylation resulting in pro-metastatic
NFxB signaling [232].

Metabolic phenotypes in the natural history of BC:
dormancy

Migration out of the primary tumor represents only the ini-
tial phase of the metastatic journey, in which DTCs must
face a series of hurdles, including survival in the blood
stream, extravasation, and implant/survival/proliferation
in distant organs. While we will not dwell on a detailed
description of these phases (for a review see [233]), it is
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important to note that the process is highly inefficient. It has
been estimated that in BC, only 0.01% of the cells that man-
age to enter the blood stream will eventually form metastases
[234]. A peculiar characteristic of BCs is that a significant
fraction of patients develops metastatic disease after years or
even decades of dormancy after the primary tumor was suc-
cessfully cured (Fig. 5). This implies that a number of DTCs
(or of subclinical micrometastases) were present at the time
of diagnosis and that these cells remained dormant for long
periods of time [235-237]. The phenomenon of dormancy
raises questions of obvious relevance to the understanding
of the metastatic process and to the clinical management
of cancer patients. What determines dormancy? How do
DTCs eventually exit from dormancy? How is the survival
of DTCs ensured during dormancy?

Answers to these questions are limited. Dormancy
appears to be largely mediated by interactions of DTCs/
micrometastases with the growth suppressive environ-
ment of newly colonized tissues. A number of negative
cues, derived from the microenvironment—including the
perivascular niche, immune/inflammatory cells and other
cell types—promotes dormancy ([238-240], reviewed in
[236]). Conversely, the exit from dormancy and the devel-
opment of clinically detectable metastatic disease might be
relevantly impacted by genetics. Indeed, while the genetic
landscapes of primary BCs and of their synchronous metas-
tases are largely overlapping [188—-192], the situation could
be different when metastases arise years after the removal of
the primary tumor (metachronous metastases). In this case,
the genetic landscape is significantly altered vs. the primary
tumor, and metastases seem to have accumulated independ-
ent mutations (drivers and passengers) in late phases of their
development [241, 242]. Thus, a scenario can be envisioned
in which the initial metastatic dissemination is an early event
in the natural history of BCs, driven essentially by metabolic
adaptation to a harsh environment. DTCs are then induced
to dormancy by inhibitory cues derived from the microen-
vironment of the newly colonized tissues. Finally, in some
cases, dormant metastases can be reactivated by new fitness-
increasing genetic alterations, which can give rise to the
onset of the clinical metastatic disease (Fig. 5), compatible
with a model of “metastatic horizontal self-seeding” in BC
and in other types of cancer [243, 244]. It must be noted,
however, that the tissue microenvironment has an impact
also in this phase of reactivation of dormant metastases as
will be discussed in the next section.

The largest gap in knowledge here concerns the long
period of dormancy, which can last years: how do dormant
DTCs survive in a growth suppressive environment? The
question is relevant because it might point to vulnerabili-
ties that can be exploited for therapeutic purposes. While
we refer the reader to specific reviews on the metabolism
of dormant DTCs [245, 246], we would like to discuss in
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some detail the emerging evidence pointing to a crucial role
of autophagy.

Autophagy is a conserved cellular recycling mechanism
finalized to the removal of misfolded proteins and aged orga-
nelles, their targeting to lysosomal degradation, and final
re-utilization of the elementary components [247]. From a
metabolic point of view, autophagy is a powerful scaveng-
ing pathway. While it cannot increase the cell biomass, it
is key to maintain metabolic homeostasis in times of lim-
ited nutrient availability by digesting intracellular compo-
nents and also reducing the oxidative stresses through the
removal of dysfunctional molecules. Autophagy intersects
cancer behavior in numerous and frequently apparently para-
doxical manners [248]: for this review, the relevant aspect is
that autophagy can sustain the survival of dormant cancer
cells (Fig. 6). In xenograft models, it was shown that inhibi-
tion of autophagy reduced the survival of DTCs; however,
there was little or no effect on metastatic growth once the
transition to a non-dormant state was achieved [44]. The
protective mechanism likely involves removal of damaged
mitochondria and maintenance of redox homeostasis. The
microenvironment might play a major role in the entire pro-
cess, as it was shown, in in vitro systems, that an inverse
correlation between matrix stiffness and autophagic activ-
ity in BC cells exists [249]. This is interesting since BC
metastasis frequently occurs in tissues which are softer than
the original mammary gland microenvironment. Thus, tissue
mechanics might contribute to the establishment of a dor-
mant state through the activation of the autophagic pathway
(for a review on tissue mechanics in cancer see [250]).

Studies of PFKFB3 (6-Phosphofructo-2-Kinase/Fruc-
tose-2,6-Biphosphatase 3) provide additional connec-
tions between dormancy and autophagy/metabolic status
in BCs. PFKFB3 is an enzyme that converts fructose-
6-phosphate to fructose-2,6-bis-phosphate, which in turn
is a potent activator of 6-phosphofructokinase-1 (PFK-1),
thereby stimulating glycolysis [251]. PFKFB3 is upregu-
lated in cancer and its overexpression correlates with poor
patient outcome in BC [252, 253]. In addition, PFKFB3
expression and autophagy are inversely correlated; accord-
ingly, dormant BC cells display low PFKFB3 and high
autophagy rates, while proliferating BC cells show the
opposite phenotype; in agreement, ectopic expression of
PFKFB3 allows BC cells to exit dormancy. Mechanisti-
cally, autophagy controls the levels of PFKFB3. Indeed,
the cargo/autophagic protein SQSTM1 (sequestosome 1)
binds to PFKFB3 committing it to autophagic degrada-
tion [252]. The scenario might be more complex than
this. As a result of prolonged permanence in a dormant/
autophagic state, cells can experience mitophagy-depend-
ent loss of mitochondria, accompanied by reduced ATP
levels. This activates AMPK, a sensor kinase that activates
catabolism in response to stress signals and compromised
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Fig.6 Autophagy, dormancy, and the role of PFKFB3. PFKFB3 con-
verts fructose-6-phosphate (Fructose-6P) into fructose-2,6-bis-phos-
phate (Fructose-2,6BP), in turn a potent allosteric activator of PFK1
(6-phosphofructokinase-1), thereby stimulating glycolysis (a). In dor-
mant metastatic cells, autophagy sustains survival showing inverse
correlation with matrix stiffness. Under conditions of sustained
autophagic flux, PFKFB3 is continuously destined to autophagic deg-
radation, through interaction with SQSTM1 (b), thereby attenuating

bioenergetics (through sensing the AMP:ATP ratio) [254].
AMPK activates PFKFB3 through a dual mechanism,
direct phosphorylation of the protein, and, possibly, trans-
lational activation of its mRNA [255]. Thus, a scenario
can be hypothesized in which dormancy is maintained
through autophagy and a predominant catabolic state
(keeping PFKFB3 suppressed and inhibiting glycolysis)
until ATP levels drop below a critical threshold, thereby
activating AMP and PFKFB3, resulting in glycolytic shift
and exit from dormancy (Fig. 6). Perplexingly, however,
AMPK is also known as an inducer of autophagy, with
mechanisms different from its control over PFKFB3 [256],
and acts as a mediator of BC cell dormancy, at least in
ER + BCs [257]. Evidently, much remains to be under-
stood in the regulation of the AMPK-PFKFB3 axis and its
involvement in autophagy/dormancy. Of note, PFKFB3 is
normally localized in the nucleus, while AMPK is thought
to act in the cytoplasm. However, in response to stress,
PFKFB3 can be acetylated and retained in the cytoplasm,
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the glycolytic metabolism. Excessive or persistent autophagy, how-
ever, can alter the energy balance through mitophagy-dependent loss
of mitochondria (c). This, in turn, alters the AMP:ATP ratio in the
cell and it is sensed by AMPK (d). AMPK activates PFKFB3 through
direct phosphorylation and translational activation of its mRNA (e),
thereby restoring high glycolytic flux, associated with exit from dor-
mancy

thus making it available for the phosphorylation by AMPK
[258]. Thus, cell-specific or cell state-specific differences
in the post-transcriptional modification of PFKFB3 might
affect the outcome of the AMPK-PFKFB3 circuitry. It
should be finally pointed out that PFKFB3, through its
glycolysis-activating function has a major role in endothe-
lial cells in sustaining vessel sprouting [75] and that its
inhibition leads to tumor vessel normalization and reduced
metastasis [259]. It is not obvious how this is connected to
the overexpression of PFKFB3 in epithelial cancer cells.
One possibility is exosomal-mediated reprogramming of
the microenvironment by cancer cells. Indeed, there is
one report (in need of further confirmation) of secretion
of PFKFB3 by cancer cells with consequent effects on
endothelial cell proliferation in a nasopharyngeal cancer
setting [260].

It is finally worth mentioning that there is increasing evi-
dence linking autophagy to the maintenance of stem cell
state, pluripotency, and self-renewal [261-264], raising the
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possibility that dormancy, and its metabolic characteristics,
might simply represent a natural extension of the properties
of the migrating/metastasizing cells, as discussed above.

Metabolic phenotypes in the natural history of BC:
the “reactivation” of dormant metastases

Exit from the dormancy state probably involves, at least in
part, fitness-increasing genetic alterations developed after
the initial metastatic event, as discussed above. However,
the overall picture is still tentative, as our understanding of
the metastatic process is undergoing a major overhauling in
recent years. For this review, some relevant questions are as
follows: is the tissue microenvironment at the site of metas-
tasis involved? And also is metabolic plasticity involved in
the exit from dormancy? Efforts are starting to be directed
at answering these questions in BC.

One interesting feature of BC is that while metastases can
occur in several organs (bones, lungs, liver, brain), almost
half of all metastases manifest themselves first in the bone
and then appear in other organs, raising the possibility of
secondary metastatic dissemination from a primary bone
site [265-267]. In animal model systems, it was shown that
the bone tissue microenvironment promotes the ability of
metastatic cells (of BC or prostate cancer origin) to further
spread horizontally, giving rise to secondary metastases
[268]. This is associated with epigenetic reprogramming
that imparts EMT features and endocrine resistance to the
BC metastatic cells departing from the bone lesions, by a
mechanism shown to be distinct from clonal, mutation-
driven selection [268, 269].

In more metabolically oriented approaches, it was shown
that BC cells metastasizing to different organs exhibit dif-
ferent metabolic programs [270]. In particular, liver metas-
tases displayed increased aerobic glycolysis and reduced
OXPHOS or glutamine metabolism vs. lung or bone metas-
tases. This was mechanistically linked to increased HIF-1a
activity and consequent increase of expression of one of
its critical target genes, pyruvate dehydrogenase kinase-1
(PDK1), that antagonizes the function of pyruvate dehy-
drogenase (PDH), a key rate-limiting enzyme for pyruvate
conversion to acetyl-CoA, and entry into the TCA cycle.
Importantly, PDK1 levels were elevated in liver metastases
in BC patients vs. their primary tumors [270]. Conversely,
BC lung metastases displayed increased pyruvate carboxy-
lase (PC)-dependent anaplerosis, leading to conversion of
pyruvate into oxaloacetate, when compared to their primary
tumors [271]. This might to be due to increased availabil-
ity of pyruvate in the lung microenvironment as, in healthy
mice, the ratio of pyruvate/glutamine was three times higher
in the interstitial fluid of the lungs compared to the levels
in the blood plasma [271]. Finally, brain metastases of BC
displayed elevated de novo FA synthesis (FASN dependent)
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as a result of adaptation to decreased lipid availability in the
brain relative to other tissues [134].

The sum of the above argues for different metabolic
requirements to sustain metastatic growth of BC cells in
various organs, possibly as a function of metabolic plastic-
ity/adaptation to varying nutrient availability at the various
metastatic sites. In addition, the results in the bone setting
suggests an active role of the tissue microenvironment in
supporting horizontal metastatic spreading: a phenotype
likely associated with awakening from dormancy, albeit not
metabolically defined yet.

Despite this progress, the picture remains unclear. One
major problem resides in the nature of the available meta-
static models. These rely mostly on the transplantation in
mice of BC cell lines or of patient-derived xenograft (PDXs)
cells, which are implanted subcutaneously or orthotopically
in the mammary gland and then monitored for tumor growth
and appearance of metastasis. Firstly, the starting material of
these experiments is already a less-than-adequate representa-
tion of the events under study. Even when PDXs are used,
the cells are derived from tumors that were removed because
of their clinical detectability, which is—in all probability—
way past the moment in which BCs metastasize [185-187].
Secondly, immunocompromised recipient mice must be
used for studies with human material, abrogating one of the
essential components of the cancer—TME interaction. Con-
versely, when isogenic systems are used, the loss of the natu-
ral genetic variability of human samples might minimize or
attenuate the non-mutational component of the interactions.
Thirdly, and perhaps more worryingly, the entire time kinet-
ics of the events is altered in these models. Xenografted mice
typically develop vigorous metastases within weeks/months
not years from the “appearance” of the primary tumor. Are
these metastases a faithful representation of the metastases
that we see in real BC patients? A discussion of this issue is
beyond the scope of this review (see however [272] for an
account of available laboratory models of metastasis in BC).
It seems clear, however, that while available model systems
have provided enormous value, they might be reaching their
limit of resolution.

A recent study described an approach to study metastatic
BC to the brain in a closer-to-reality representation [273].
The study focused on HER2 + BC, which are known to pref-
erentially metastasize to the brain (together with TNBC)
with respect to Luminal BCs. After transplantation of
HER2 +BC cell lines, brain metastases were excised from
the brain and re-established in culture for characterization.
Three types of metastatic cells were characterized: syn-
chronous (S-met, from mice displaying overt lesions within
5 weeks), latent (L.-met, from mice with no evident clinical
lesions after 3 months), and metachronous (M-met, from
mice displaying overt lesions after 2—-3 months). Pheno-
typic and metabolic characterization of these cells revealed
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differences in metabolic plasticity which was associated with
metastatic fitness. Data were compatible with a model in
which: (i) DTCs that could not compete with brain-resident
cells for glucose utilization and could not metabolize glu-
tamine would perish; (ii) cells that could utilize glucose
efficiently and metabolize lactate would initiate S-met; (iii)
cells that could utilize glutamine as an alternative to glucose
would survive as L-met; and (iv) L-met would then adapt
to the metabolic environment giving rise to M-met [273].

Adipocyte-cancer interactions in BC

There is a compelling link between obesity, dysregula-
tion of cellular metabolism, and BC. This is part of a vast
involvement of obesity in cancer; the International Agency
for Cancer Research has established strong evidence that
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connects obesity with 13 different types of cancer, includ-
ing post-menopausal BC [274]. Indeed, obese women (BMI,
body mass index >40) are twice as likely to die from BC
as women with a normal BMI [275]. In BC, the impact of
adipocytes on tumorigenesis depends on two intertwined
aspects: (i) the systemic effects of obesity, due to the secre-
tory/endocrine nature of the adipose tissue [276], and (ii)
local effects in the BC microenvironment, due to the close
proximity of the epithelial and stromal (mostly adipocytes)
components in the mammary gland, with a remarkable
numeric predominance of the latter. Indeed, during the
development of BC, invasion of the mammary stroma results
in contacts between cancer cells and adipocytes, and even
marginal invasion of the adipose tissue correlates with worse
prognosis [277, 278].

Even though adipocytes are abundant in the breast (9:1
ratio to epithelial cells), the crosstalk between adipocytes
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Fig.7 Adipocytes and breast cancer. The major reciprocal interac-
tions between breast adipocytes and BC cancer cells are illustrated.
a A feed-forward loop between cancer cells and resident adipocytes
causes de-differentiation. Cancer cells undergo EMT, while adipo-
cytes undergo AMT, becoming adipo-fibroblasts. b Adipo-fibroblasts
display increased lipolysis and release FA that can be utilized by can-
cer cells; they also trigger a “reverse Warburg” effect secreting high-
energy metabolites that are utilized by cancer cells. Adipo-fibroblasts
also express high levels of aromatase, thus altering estrogen metabo-
lism. ¢ Adipocytes and adipo-fibroblasts display altered patterns of

secretion of adipokines and various other signaling molecules. d Adi-
pocytes and adipo-fibroblasts produce SCFA that alter the epigenetic
regulation of cancer cells and other stromal cells in the TME. e Mac-
rophages are also activated in the TMA. The morphological counter-
part of this activation is represented by “crown-like structures,” con-
stituted by dying (or dead) adipocytes surrounded by macrophages. In
these structures, macrophages are switched toward a M1 pro-inflam-
matory state. f Finally, obesity-related hyperglycemia and hyperinsu-
linemia further provide stimuli for cancer cell growth
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and BC cells has received comparatively less attention vs. the
interactions between cancer cells and CAFs or macrophages.
However, important advancements have been recently made.
In particular, the effects of hormones, chemokines/growth
factors, and adipokines secreted by adipocytes (including
estrogens, leptin, adiponectin, resistin, oncostatin-M, lipoca-
lin-2, IL6, IL1b, TNFa, HGF, ECM-degrading proteases) on
the cancer epithelial component have been studied (reviewed
in [10, 11] and summarized in Fig. 7). The complex network
of interactions established in the cancer ecosystem results
in cancer-favorable phenotypes: (i) induction of a pro-tum-
origenic inflammatory state, (ii) stimulation of proliferation
and of a migratory/invasive phenotype, (iii) reciprocal de-
differentiation accompanied by acquisition of mesenchymal
traits, and (iv) metabolic reprogramming [10, 11]. While
most studies have focused on white adipose tissue, an emerg-
ing role for brown adipose tissue (BAT) and other types of
adipose tissues is also coming into focus [10]. In the case
of BAT, for instance, it was recently shown, in mouse mod-
els, that BAT activation by cold exposure could effectively
decrease the growth of several tumors, including BC, by
competing for glucose availability, with ensuing reduced
glucose utilization and aerobic glycolysis in the tumor [279].

For the purposes of this review, we will focus on the
emerging notion of the adipocyte—BC cell interactions as
inducers of reciprocal de-differentiation and acquisition of
mesenchymal characteristics, which sits at the heart of a
complex metabolic subversion in the BC TME.

ER + BCs represent the majority of BCs and they pre-
dominantly occur after menopause [280]. This is appar-
ently a bit of a paradox, considering that estrogen levels
decrease upon menopause. The paradox is resolved if one
considers the local production of estrogens. Indeed, while
post-menopausal women have circulating levels of estro-
gens 10-15 times lower than pre-menopausal ones, the
hormonal levels in the breast gland are similar [281]. In
addition, obese post-menopausal women have higher lev-
els of circulating estrogens than non-obese ones [282]. The
combination of systemic (due to obesity) and local (due to
the peculiar structure of the mammary gland, and wors-
ened by obesity) effects on estrogen production drive the
proliferation of estrogen-dependent malignancies, uterus
and breast, and are directly due to the activity of the adi-
pose tissue, which is the major producer of estrogens after
menopause. This is due to the expression of aromatase
by adipocytes. Aromatase (CYP19A1) is an enzyme that
converts 19-carbon steroids (androgens, such as androsten-
edione and testosterone) to 18-carbon steroids (estrogens,
such as estrone and estradiol) [283]. Aromatase is induced
in adipocytes by pro-inflammatory factors (such as IL6,
TNFa) and adipokines (such as leptin), secreted by the
adipocytes themselves, or by other cytotypes in the TME,
including inflammatory cells and cancer cells themselves
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[284]. In obesity, as the fat mass increases, the aromatase
levels and the resulting estrogen levels rise. Thus, it is not
surprising that the strongest link is between obesity and
ER +BC vs. other BC subtypes [285].

This latter evidence, however, confronts us with a sub-
stantial paradox: why is the ER + BC risk increasing with
obesity after menopause, but not before, considering that
there is abundance of circulating estrogens before meno-
pause? In actual fact, the situation is even more complex,
since pre-menopausal obese women may display a modest
reduction in the risk of BC vis-a-vis a sizable risk increase
after menopause [286]. The answer might lie in the type of
produced estrogen, as evidenced by recent studies of the
Slingerland’s group. In pre-menopausal women, the major
estrogen is the ovarian-produced 17f-estradiol (E2); post-
menopause, estrone (E1)—produced by adipocytes from
adrenal androstenedione—becomes the prominent one
[287]. It was shown that E1 differs fundamentally from E2
in at least two respects: (i) it induces inflammation through
NFxB, while E2 opposes it; (ii) it induces EMT in the epi-
thelial cancer component and metastatic ability, through
transcriptional activation of the SNAI2 transcription factor,
while E2 represses it [288, 289].

The acquisition of mesenchymal-like phenotypes is
involved in BC progression not only through the EMT of
epithelial cells but also through mesenchymal transition of
adipocytes (AMT). Aromatase is expressed in immature
adipocytes, frequently referred to as adipo-fibroblasts, but
not by mature ones [284, 290]. It has been shown that the
interaction between epithelial BC cells and resident breast
adipocytes can drive the mesenchymal transition, de-differ-
entiation, of the latter. In turn, the de-differentiated adipo-
fibroblasts contribute to the TME through inflammation
and ECM remodeling. Furthermore, they display distinct
metabolic features vs. mature adipocytes, thereby contrib-
uting to the creation of a tumor-friendly microenvironment
[291]. Although not directly tested in the mentioned study, it
is likely that de-differentiated adipocytes also contribute to
increased E1 levels, with the consequences reviewed above.

In another study, Onuchic et al. have shown that AMT is
frequent in the most aggressive forms of BCs [292]. This is
in agreement with previous data showing different capacities
of distinct tumor types to induce AMT [293, 294]. Further-
more, they showed that a less adipose stroma displays lower
levels of mitochondrial activity and is associated with cancer
epithelial cells with higher levels of OXPHOS [292]. This
is consistent with the concept of metabolic coupling or the
reverse Warburg effect [22], in which cancer cells stimulate
anaerobic glycolysis in the surrounding stroma, possibly by
inducing AMT (adipo-fibroblasts are more glycolytic than
adipocytes [295]). In turn, glycolytic adipo-fibroblasts would
secrete high-energy metabolites (e.g., pyruvate, lactate),
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thereby sustaining the TCA cycle and OXPHOS metabolism
in epithelial cancer cells [22].

The metabolic connection between de-differentiated adi-
pocytes and cancer cells extends beyond the regulation of
glycolysis/fOXPHOS. Adipocytes undergoing AMT activate
lipolysis and lose their lipid droplets [293]. In ovarian can-
cers, it was shown that the FA produced as a result of lipoly-
sis is captured by cancer cells where they are used for energy
production through FAO [296]. The same is true in the case
of co-cultures of adipocytes and BC cells [297]. In this lat-
ter case, quite surprisingly, FAO is apparently uncoupled
from ATP production and instead induces activation of the
AMPK/acetyl-CoA carboxylase circuitry, which does not
lead to increased proliferation/survival but rather supports
migratory/invasive behavior [297].

An additional level of complexity was unveiled by recent
studies on creatine metabolism. Creatine is phosphorylated
in the cell by creatine kinase(s) (CK) yielding phospho-
creatine, which in turn serves as a high-energy phosphate
reservoir, as it works as a phosphate donor in the conversion
of ADP into ATP, catalyzed also by CK [298]. The relevance
of phospho-creatine to meeting the energy demands of BC
cells is underscored by the observation that, in HER2 + BCs,
CK is stabilized/activated, through HER2-mediated tyros-
ine phosphorylation [299]. In a recent study, on an obe-
sity accelerated model of BC, a transcriptomic analysis
revealed marked overexpression of glycine amidinotrans-
ferase (GATM) in cancer adipocytes, but not in normal (con-
tralateral) ones [300]. GATM is the rate-limiting enzyme in
creatine biosynthesis in adipocytes, and adipose-selective
ablation of GATM attenuated tumor growth. The major
transporter of creatine into epithelial cells is SLC6AS, the
silencing of which also reduces tumor growth [300]. Finally,
GATM or SLC6AS8 overexpression in human BCs predicted
aggressive disease course [300]. These results strongly link
creatine secretion by cancer adipocytes to sustained energy
metabolism in cancer epithelial cells, although the mecha-
nism responsible for GATM overexpression in adipocytes
has not been investigated.

Mammary adipocytes can also contribute to epige-
netic reprogramming of the epithelial component of BCs.
It was shown that mammary cancer adipocytes secrete
B-hydroxybutyrate, which is alone capable of support-
ing the growth of mammary tumors in in vivo xeno-
graft models [301]. This effect is likely mediated by the
B-hydroxybutyrate-exerted inhibition of histone deacetylases
(HDACSs) [302], which results in increased histone H3K9
acetylation and upregulation of several tumor-promoting
genes [301]. While it is not known whether the production of
B-hydroxybutyrate by cancer adipocytes is linked to AMT,
these results can also be viewed in the framework of the
emerging relevance in BC of the metabolism of short-chain

fatty acids (SCFAs, the family to which -hydroxybutyrate
belongs). This topic is further discussed in the next section.

In conclusion, the sum of the above argues for the exist-
ence of a BC microenvironment in which reciprocally
induced mesenchymal transitions, in adipocytes and can-
cer cells, create a cancer-friendly metabolic TME to which
adipocytes participate with various inflammation-driving
adipokines, estrogens, ECM modifications, and metabolic
reprogramming. It remains to be established how the vari-
ous levels of metabolic reprogramming induced by the adi-
pocyte-cancer cell interactions are integrated in space and
time, in the various phases of tumor growth and its natural
history. It is relevant to note, however, that the de-differenti-
ation of adipocytes into adipo-fibroblasts is likely to involve
an intrinsic plasticity of mature adipocytes. Indeed, it was
shown that mammary adipocytes can de-differentiate into
adipo-fibroblasts during pregnancy/lactation, to make place
for alveolar-epithelial cells, and can also re-differentiate
upon weaning [303]. Thus, similarly to what we have dis-
cussed for EMT, it seems that a metabolic cancer-friendly
environment is built through the co-optation of defined,
physiologically relevant, programs, rather than through
cancer-specific rewiring or reprogramming of metabolic
functions.

Microbiota-cancer interactions in BC

A multitude of microorganisms, collectively termed the
microbiota—and including bacteria, viruses and fungi—
inhabits bodily surfaces contributing to the creation of
symbiotic ecosystems. The host-microbiota symbiosis is
involved in the execution of physiological functions, and it
has been studied predominantly in the gut, where it partici-
pates in bodily metabolic homeostasis [304, 305]. Accord-
ingly, alterations in the microbiota (dysbioses) can lead to a
host of diseases [306]. The pioneering findings on the causal
role of Helicobacter pylori in gastric cancer [307] paved
the way for a wealth of studies showing that alterations in
the microbiota are relevant to cancer [308, 309]. Evidence
emerged initially from studies on colon cancer [310, 311]
and were then extended to other types of cancers, includ-
ing BC [312, 313]. Today, alterations of the microbiota are
considered an emerging hallmark of cancer [2]. While the
impact of dysbioses on cancer has been studied mostly in
connection with bacteria, a role for fungal microbiota is also
emerging [314-316]. In addition, an ever increasing—and
largely unexplored—gut virome is involved in diseases and
possibly in cancer [317].

Subverted microbiota can contribute to carcinogenesis
through multiple mechanisms (see [2] and Fig. 8), among
which dysregulation of local and systemic immunity, fre-
quently associated with a pro-inflammatory state, and
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alterations of bacterial metabolites or release of bacterial
products [318-321]. A spectacular demonstration of this lat-
ter concept was provided by Kadosh et al. who showed that
in mouse models of intestinal cancers, the gut microbiota
can switch some mutant forms of p53 from tumor suppres-
sive to oncogenic. Surprisingly, the entire effect of the gut
microbiome could be recapitulated by a single, gut micro-
biota-derived, metabolite, gallic acid [322].

Dysregulated immunity and bacterial metabolism are
also intimately connected. For instance, the gut micro-
biota uses bile acid metabolites to send messages to the
liver to control the accumulation of natural killer cells,
via a chemokine-mediated mechanism, hence controlling
anti-tumoral activity [323]. Finally, an important role for
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bacterially produced SCFAs, including acetate, propionate
and butyrate, is known. These metabolites are produced
by a host of intestinal bacteria through the metabolism of
indigestible dietary fibers [324] and act as local or long-
distance signaling molecules mostly through their interac-
tion with G-protein-coupled receptors [325]. They perform
a paramount function in gut homeostasis by (i) restrict-
ing the colonization by other, potentially pathogenetic,
microbes, (ii) maintaining the gut epithelial barrier and
its role in local and systemic immunity, and (iii) protecting
against bowel inflammation [324]. Unsurprisingly, there-
fore, the reduction of the SCFA-producing microbiota is
associated with colon cancer [326] as well as other cancers
(see below). However, the picture is not completely clear,
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as some studies have reported that SCFAs (in particular,
butyrate) drive tumorigenesis [327, 328]. This is known
as the butyrate paradox which might be resolved invok-
ing different effects of this molecule as a function of its
concentration [329], although also this explanation has
been challenged [330, 331]. Of note, one of the recognized
functions of butyrate is to inhibit HDACs, thus modifying
the cellular epigenetics [302, 332]. The paradoxical effects
of butyrate, therefore, might simply reflect its impact on
different cell-specific epigenetics landscapes.

From the cancer metabolism viewpoint, the sum of this
evidence represents quite a paradigm shift, as it compels us
to view metabolic plasticity not just in terms of the cancer
ecosystem or of the organismal ecosystem, but in terms of
super-organismal ecosystem, microbiota, and host, in which
a constantly changing microbiota landscape, and the linked
microbial metabolism, might have profound impacts on sev-
eral steps of the natural history of cancer and on therapeutic
responses.

In the remainder of this section, we will focus on some
of the features of the interaction between the microbiota and
the mammary gland of relevance to BC.

In BC, we can schematically distinguish three levels of
alterations of the microbiota as relevant to tumorigenesis:

(i) The role of the gut microbiota
(i1)) The role of the mammary gland microbiota.
(iii) The role of the intracellular tumor microbiota

The role of gut microbiota in BC There is evidence that
the gut microbiota of BC patients is different from that of
healthy individuals [333—-335]. Metagenomic comparisons
of the relative microbiomes (with microbiome, we mean
the collection of genes of a given microbiota) revealed
loss of bacteria producing certain metabolites, in particu-
lar SCFAs, in BCs [333]. In xenograft mouse models of
BC, it was shown that antibiotic-induced modifications of
the gut microbiota caused increased stromal fibrosis and
infiltration of macrophages or mast cells, associated with
augmented tumor growth and metastatic ability [336, 337].
Deep sequencing and metagenomic analysis of fecal mate-
rial in these animals revealed loss, upon antibiotic treatment,
of several commensal species. Restoration of one of these,
Faecalibaculum rodentium, normalized tumor growth to
control levels [337]. Interestingly, transcriptomic analysis
of tumors revealed predominantly alterations in metabolic
processes, including protein and lipid metabolism. This
was paralleled by a significant loss of microbial metabolites
(again SCFAs) in cecal content [337]. In clinical studies,
antibiotic treatment was associated with reduced efficacy
of neoadjuvant chemotherapy and poorer prognosis in BC
[338], and reduced response to immune checkpoint inhibi-
tors in several epithelial malignancies, including BC [339].

Finally, gut bacteria might directly influence the growth
of BC by interfering with estrogen catabolism through the
action of several gene products, globally referred to as the
estrobolome [340], among which bacterial $-glucuronidase
is paramount. Estrogens, metabolized in the liver in con-
jugation with glucuronic acid are then excreted in the bile.
Excessive presence of p-glucuronidase-producing bacteria
in the gut de-conjugates estrogens, which can be re-absorbed
and enter the circulation, targeting hormone-sensitive
organs, such as the breast [312, 341]. The extent to which
a subverted estrobolome might participate in BC initiation
or progression, or even to acquired resistance to endocrine
therapy [342], is not known and will certainly represent an
active area of investigation in the future.

The gut microbiota is not solely composed of bacteria.
In a recent study, the role of the fungal gut microbiota in
the tumor response to radiotherapy was explored in mouse
models of BC [343]. Bacteria and fungi had an opposite
impact: gut bacteria were needed to sustain the therapeutic
response, while gut fungi had a detrimental effect, possi-
bly by opposing the mounting of an efficacious anti-tumor
immune response following radiotherapy. Depletion of
bacteria, through antibiotics, led to expansion of the fungal
population, adding to the evidence that depletion or altera-
tion of the bacterial gut microbiota might negatively impact
on the natural history of BC at several levels, including
therapy response. Intestinal fungi can impact cancers “at
a distance” through their ability to regulate not only intes-
tinal mucosal immunity but also systemic immunity [344].
Another possibility could be envisioned, as fungi are known
to shed components in the bloodstream. One such compo-
nent, B-glucan, interacts with CLEC7A (a.k.a., Dectin-1),
a lectin overexpressed by BCs [343] and might therefore
modulate BC cells at a distance.

The role of the mammary gland microbiota In addition
to the gut, microbes are present on virtually every surface
of the body and also in tumors [345, 346], where they con-
tribute to tumorigenesis through different mechanisms [347,
348]. Despite having long been considered sterile, the mam-
mary gland possesses a rich microbiota [349], subject to
variations as a function of multiple variables, including diet.
In a primate animal model, different diets (Mediterranean
vs. Western) led to important variations of breast micro-
biota and content of microbial breast metabolites [350].
This might be relevant to cancer since (i) Mediterranean
diet was associated with increased presence of Lactobacillus
[350], (ii) in humans, BCs display decreased Lactobacillus
vs. non-malignant breast tissues [351], and (iii) Mediter-
ranean diet protects from BC [352, 353]. Thus, diet might
contribute to BC also through induced modifications of the
resident microbiota. Indeed, metagenomic analysis revealed
that cancers possess different organ-resident microbiota and
that BCs display the richest and most diverse microbiome
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among all cancers [345, 346]. Furthermore, there is evidence
for different microbial populations being prominent in dif-
ferent BC subtypes and associated with prognostic outcome
[92, 354].

Fusobacterium nucleatum is a common oral resident,
known to be associated with periodontal diseases, which
has been implicated in colorectal cancer [355]. F. nuclea-
tum is thought to enter the bloodstream during bacteremic
episodes, which are frequent in periodontal diseases, and
to lock to colorectal tissues through a surface lectin, Fap2
[356]. A similar situation might occur in BCs, since F.
nucleatum is present in malignant breast tissues but not in
normal ones [351]. Indeed, in mouse models of BC, it was
shown that F. nucleatum increases tumor growth and pro-
gression, probably through suppression of the T cell-medi-
ated immune response [357]. While the mechanism of action
of F. nucleatum in breast carcinogenesis is not completely
clear, the mechanisms of its targeting to BC cells involve a
clear metabolic component, as it was shown that BC cells
display higher surface levels of the sugar Gal-GalNAc [357].
Thus, alterations in sugar metabolism in the tumor modify
the ecosystem, allowing cancer—bacteria interactions.

A direct connection between bacterial metabolism and
cancer behavior (in this case, response to immunotherapy)
was provided by studies on TNBC. These tumors can be
classified, based on genomic and transcriptomic analyses,
as immune-modulatory (IM, associated with an immune
activated TME) and non-IM: the IM subtype displays bet-
ter response to immune-therapy [358]. IM-TNBC displayed
higher abundance of Clostridiales and its metabolite tri-
methylamine N-oxide (TMAO). Accordingly, patients with
high levels of plasma TMAO responded better to immune-
therapy as TMAO activates CD8 + T cell-mediated anti-
tumor immunity [359]. Mechanistically, TMAO could be
directly linked to the anti-tumor immune response, since the
metabolite induced pyroptosis (a form of inflammatory cell
death capable of evoking an anti-tumor immune response)
of BC cells through activation of the endoplasmic reticulum
stress kinase, EIF2AK3 (eukaryotic translation initiation fac-
tor 2 alpha kinase 3, a.k.a. PERK) [359]. Thus, bacterial
metabolites can contribute to anti-cancer responses not only
through the modulation of inflammatory/immune cells but
also through direct effects on epithelial cancer cells.

Fungal microbiota might also play a role in BC. A recent
Pan-cancer analysis revealed that distinct fungal-bacterial
ecosystems characterize different cancers. In BC, the pre-
dominance of the fungus Malassezia globosa was associated
with worse clinical outcome [315]. While the mechanism
is not known, it is notable that the same fungus is involved
in pancreatic cancer. In this latter type of cancer, fungal
sugars bind to surface lectins on pancreatic cells (among
which CLEC7A, mentioned above) activating signaling
pathways leading to IL-33 secretion or to activation of the
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complement cascade modulating local inflammatory and
immune responses [360, 361]. These findings further under-
score the impact of altered lectin-mediated recognition in the
triggering of cytokine-dependent signaling pathways in BC.

The role of the intracellular tumor microbiota in BC Bac-
teria not only thrive on mucosal surfaces but can also invade
cancer cells and become permanent intracellular residents
[362, 363]. A striking confirmation of the importance of
intracellular bacteria derived from a recent paper by Fu et al.
[364]. The authors demonstrated that, in a mouse model
of BC, intracellular bacteria can drive metastasis appar-
ently without affecting the growth of the primary cancer.
Mechanistically, this was linked to increased resistance to
shear stress due to bacterially induced actin cytoskeleton
remodeling. Several remarkable questions arise from these
findings. First, the growth of the primary tumor was not
affected by the cancer microbiota, only its metastatic abil-
ity. So, what is the advantage-conferring property of tumor
intracellular bacteria? Second, the growth of the primary
tumor was affected by the composition of the gut microbi-
ota, similarly to other reviewed findings. This indicates that
two microbiota, from gut and breast, participate in distinct
phases of the natural history of BCs: something that might
have therapeutic implications. Third, the microbiomes of
BCs were rather different from that of adjacent normal breast
tissue [364]. So, where are the different bacteria coming
from? Finally, while the microbiomes of BC-derived early
lung metastatic lesions were similar to those of the primary
tumor, those of frank lung metastases were more heteroge-
neous, indicating some level of selection. Answers to these
questions will substantially advance our knowledge of how
the interactions between different microbiota and the host
cancer components (epithelial and stromal) shape the natural
history of BCs.

The distinctive features of the breast microbiota could be
exploited to predict prognosis and identify unique targeta-
ble vulnerabilities. Because the microbiota is known to sig-
nificantly affect response to treatment also supporting drug
resistance, the possibility to manipulate its composition to
improve therapeutic efficacy and reduce toxicity represents
an attractive perspective that is currently being extensively
investigated [365].

Outlook: metabolism as a target in BC

The prospect of targeting metabolic alterations in cancer is
receiving considerable attention, at the experimental and
clinical levels. A number of drugs, widely used in clini-
cal oncology, are indeed metabolic drugs, such as 5-Fluo-
rouracil, Hydroxyurea, Gemcitabine, and Methotrexate,
which target—with various mechanisms—nucleotide
metabolism. In the modern era of targeted therapies, an



Breast cancers as ecosystems: a metabolic perspective

Page230f32 244

important proof of principle that other relevant metabolic
pathways can be successfully targeted as well came from
studies of IDH1 and IDH2 [63-65, 366]. Two inhibitor
drugs, Enasidenib and Ivosidenib, targeting IDH1 and
IDH2, respectively, were FDA approved for treatment of
AML; the indication for Ivosidenib was extended to chol-
angiocarcinoma in 2023. Interestingly, the mutations in
IDH1 and 2 do not impact cancer metabolism per se, as
they rather cause the appearance of a neomorphic activity
of IDH that perturbs the physiological oxidative decar-
boxylation of isocitrate to a-KG (see Fig. 4) and promotes
the reduction of a-KG to D-2-hydroxyglutarate (D-2HG).
In turn, D-2HG inhibits histone demethylases and the
TET family of 5-methylcytosine hydroxylases, resulting
in extensive epigenetic reprogramming [367, 368].

As of today, essentially every known metabolic pathway
involved in cancer is being targeted in preclinical studies,
including aerobic glycolysis, glutamine metabolism, FA
metabolism, nucleotide metabolism, and various mito-
chondrial functions [369]; a few of these compounds have
reached the level of clinical studies [370]. In addition, the
evidence that oncometabolites, such as D-2HG or lactate,
impact on cellular epigenetics is stimulating research into
epigenetics drugs as modifiers of cancer metabolism [371].
Finally, considerable efforts are being directed at cancer
repurposing of metabolic drugs approved for other pathol-
ogies, with the intent of lowering costs, and reducing risk
failure in early phases of clinical experimentation (see for
instance [372], also reviewed in [373]).

From a biological viewpoint, the idea of metabolic tar-
geting cancers offers intertwined advantages and draw-
backs. On one hand, it is reasonable to think that the num-
ber of metabolically altered pathways might be sizably
less numerous than the mutational repertoire of cancers. In
other words, targeting a metabolic phenotype might be effi-
cacious in several cancers harboring alterations impinging
on that pathway. At the same time, therapy resistance to
targeted drugs might be circumvented by metabolic drugs,
if the metabolic phenotype is intercepted at a distal enough
point in the signaling pathway in which the mutational
escape occurs. Obviously enough, the enormous metabolic
plasticity of cancer might represent a serious obstacle, if
the cancer cell simply switches its addiction to a different
metabolic pathway. In this perspective, the use of meta-
bolic mono-therapy, or its simple association to traditional
chemotherapy or targeted therapy, might not be sufficient
and simultaneous targeting of several metabolic pathways
might be required. In addition, the evidence that cancer
cells and their TME do not reprogram their metabolism,
but rather coopt metabolic programs present also in physi-
ological conditions, predicts important toxicity of anti-
metabolic drugs. This might be one of the reasons why
so few metabolic drugs have been approved. Indeed, one

should keep in mind that anti-IDHI1 and 2 drugs target a
neomorphic, i.e., cancer-specific, activity.

With these difficulties in mind, one approach appears par-
ticularly promising, as there is ample evidence that altera-
tions in the TME lead to metabolic immune suppression of
effector cells and promote regulatory immune cells [115].
Thus, the use of anti-metabolic drugs to remove the can-
cer TME-induced blockade of immune response, thereby
unleashing the power of immunosurveillance, might prove
advantageous, also in light of the possibility of restoring
immune checkpoint blockade in tumors unresponsive to
immunotherapy. A striking proof of principle for this pos-
sibility was recently provided by the demonstration that, in
animal models, a glutamine antagonist suppresses oxidative
and glycolytic metabolism of cancer cells, while enhancing
oxidative metabolism and inducing an activated phenotype
in effector T cells [374]. It is of note that in this study, rather
than targeting glutaminase, the authors employed a deriva-
tive of a molecule 6-diazo-5-oxo-L-norleucine known to
inhibit a broad range of glutamine-requiring enzymes [375],
supporting the general idea that interfering in a “global”
fashion with a metabolic phenotype might represent a win-
ning therapeutic strategy.

With specific regard to BC, the most pressing need is for
the therapy of metastatic disease, even before it becomes
clinically evident. Much research on metastasis is focused
on how cells metastasize, and most experimental read-outs
assess “prevention” of metastases. The parallel model of
metastasis and the phenomenon of dormancy argue that refo-
cusing our efforts on the mechanism of metastatic dormancy
might teach us important lessons on how to keep metastases
dormant. An area in which metabolic drugs might play an
important role.

Acknowledgements The authors thank Anna Sapino for continuous
support and encouragement. They are also in debt with Rosalind Gunby
for critically editing the manuscript. They apologize to the many col-
leagues whose work could not be mentioned for lack of space.

Author contributions LL contributed to conceptualization. All the
authors were involved in writing and editing.

Funding Open access funding provided by Universita degli Studi di
Torino within the CRUI-CARE Agreement. Work in the authors’ labo-
ratories is supported by the Fondazione Piemontese per la Ricerca sul
Cancro, FPRC 5xmille Ministero Salute 2017 PTCRC-INTRA 2020,
project SEE-HER to LL and EG and AIRC (IG#22811 to LL and
IG#27516 to EG).

Availability of data and material Not applicable, this manuscript is a
review.

Declarations

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

@ Springer



244 Page240f 32

F. Martino et al.

Ethics approval This manuscript is a review, it does not involve human
participants.

Consent to participate This manuscript is a review, it does not involve
human participants.

Consent to publish This manuscript is a review, it does not involve
human participants.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next
generation. Cell 144(5):646-674
2. Hanahan D (2022) Hallmarks of cancer: new dimensions. Cancer
Discov 12(1):31-46
3. Sung H et al (2021) Global cancer statistics 2020: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers
in 185 countries. CA Cancer J Clin 71(3):209-249
4. Allison KH (2012) Molecular pathology of breast cancer: what
a pathologist needs to know. Am J Clin Pathol 138(6):770-780
5. Cancer Genome Atlas N (2012) Comprehensive molecular por-
traits of human breast tumours. Nature 490(7418):61-70
6. Sorlie T et al (2001) Gene expression patterns of breast carcino-
mas distinguish tumor subclasses with clinical implications. Proc
Natl Acad Sci USA 98(19):10869-10874
7. Mahendralingam MJ et al (2021) Mammary epithelial cells have
lineage-rooted metabolic identities. Nat Metab 3(5):665-681
8. Landskroner-Eiger S et al (2010) Morphogenesis of the develop-
ing mammary gland: stage-dependent impact of adipocytes. Dev
Biol 344(2):968-978
9. Inman JL et al (2015) Mammary gland development: cell fate
specification, stem cells and the microenvironment. Development
142(6):1028-1042
10. Wu Y et al (2022) Adipose tissue-to-breast cancer crosstalk:
Comprehensive insights. Biochim Biophys Acta Rev Cancer
1877(5):188800
11. Brown KA (2021) Metabolic pathways in obesity-related breast
cancer. Nat Rev Endocrinol 17(6):350-363
12. Semenza GL (2007) Hypoxia-inducible factor 1 (HIF-1) pathway.
Sci STKE 2007(407):cm8
13. Wicks EE, Semenza GL (2022) Hypoxia-inducible fac-
tors: cancer progression and clinical translation. J Clin Invest
132(11):e159839
14. Liao C et al (2023) Tumor hypoxia: from basic knowledge to
therapeutic implications. Semin Cancer Biol 88:172—-186
15. Semenza GL (2016) The hypoxic tumor microenvironment: a
driving force for breast cancer progression. Biochim Biophys
Acta 1863(3):382-391

@ Springer

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Semenza GL (2010) HIF-1: upstream and downstream of cancer
metabolism. Curr Opin Genet Dev 20(1):51-56

Vander Heiden MG, Cantley LC, Thompson CB (2009) Under-
standing the Warburg effect: the metabolic requirements of cell
proliferation. Science 324(5930):1029-1033

Koppenol WH, Bounds PL, Dang CV (2011) Otto Warburg’s
contributions to current concepts of cancer metabolism. Nat Rev
Cancer 11(5):325-337

DeBerardinis RJ, Chandel NS (2020) We need to talk about the
Warburg effect. Nat Metab 2(2):127-129

Kim J, DeBerardinis RJ (2019) Mechanisms and implications of
metabolic heterogeneity in cancer. Cell Metab 30(3):434-446
Ju YS et al (2014) Origins and functional consequences of
somatic mitochondrial DNA mutations in human cancer. Elife
3:02935

Pavlides S et al (2009) The reverse Warburg effect: aerobic glyco-
lysis in cancer associated fibroblasts and the tumor stroma. Cell
Cycle 8(23):3984-4001

Cai TQ et al (2008) Role of GPR81 in lactate-mediated reduc-
tion of adipose lipolysis. Biochem Biophys Res Commun
377(3):987-991

Liu C et al (2009) Lactate inhibits lipolysis in fat cells through
activation of an orphan G-protein-coupled receptor, GPR81. J
Biol Chem 284(5):2811-2822

Ahmed K et al (2010) An autocrine lactate loop mediates insulin-
dependent inhibition of lipolysis through GPR81. Cell Metab
11(4):311-319

Zhang D et al (2019) Metabolic regulation of gene expression by
histone lactylation. Nature 574(7779):575-580

Dhup S et al (2012) Multiple biological activities of lactic acid in
cancer: influences on tumor growth, angiogenesis and metastasis.
Curr Pharm Des 18(10):1319-1330

Hirschhaeuser F, Sattler UG, Mueller-Klieser W (2011) Lactate:
a metabolic key player in cancer. Cancer Res 71(22):6921-6925
Certo M et al (2021) Lactate modulation of immune responses in
inflammatory versus tumour microenvironments. Nat Rev Immu-
nol 21(3):151-161

Brooks GA (2018) The science and translation of lactate shuttle
theory. Cell Metab 27(4):757-785

Ippolito L et al (2019) Lactate: a metabolic driver in the tumour
landscape. Trends Biochem Sci 44(2):153-166

DeBerardinis RJ et al (2007) Beyond aerobic glycolysis: trans-
formed cells can engage in glutamine metabolism that exceeds
the requirement for protein and nucleotide synthesis. Proc Natl
Acad Sci USA 104(49):19345-19350

Wise DR et al (2008) Myc regulates a transcriptional program
that stimulates mitochondrial glutaminolysis and leads to glu-
tamine addiction. Proc Natl Acad Sci USA 105(48):18782-18787
Nicklin P et al (2009) Bidirectional transport of amino acids
regulates mTOR and autophagy. Cell 136(3):521-534

Altman BJ, Stine ZE, Dang CV (2016) From Krebs to clinic:
glutamine metabolism to cancer therapy. Nat Rev Cancer
16(10):619-634

Zhang J, Pavlova NN, Thompson CB (2017) Cancer cell metabo-
lism: the essential role of the nonessential amino acid, glutamine.
EMBO J 36(10):1302-1315

Yang M, Vousden KH (2016) Serine and one-carbon metabolism
in cancer. Nat Rev Cancer 16(10):650-662

Kandasamy P et al (2018) Amino acid transporters revisited: New
views in health and disease. Trends Biochem Sci 43(10):752-789
Commisso C et al (2013) Macropinocytosis of protein is an
amino acid supply route in Ras-transformed cells. Nature
497(7451):633-637

Muranen T et al (2017) Starved epithelial cells uptake extracel-
lular matrix for survival. Nat Commun 8:13989


http://creativecommons.org/licenses/by/4.0/

Breast cancers as ecosystems: a metabolic perspective

Page250f32 244

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Olivares O et al (2017) Collagen-derived proline promotes pan-
creatic ductal adenocarcinoma cell survival under nutrient lim-
ited conditions. Nat Commun 8:16031

Katheder NS et al (2017) Microenvironmental autophagy pro-
motes tumour growth. Nature 541(7637):417-420

Sousa CM et al (2016) Pancreatic stellate cells support tumour
metabolism through autophagic alanine secretion. Nature
536(7617):479-483

Vera-Ramirez L et al (2018) Autophagy promotes the survival
of dormant breast cancer cells and metastatic tumour recurrence.
Nat Commun 9(1):1944

Snaebjornsson MT, Janaki-Raman S, Schulze A (2020) Greasing
the wheels of the cancer machine: the role of lipid metabolism in
cancer. Cell Metab 31(1):62-76

Hoy AJ, Nagarajan SR, Butler LM (2021) Tumour fatty acid
metabolism in the context of therapy resistance and obesity. Nat
Rev Cancer 21(12):753-766

Broadfield LA et al (2021) Lipid metabolism in cancer: new per-
spectives and emerging mechanisms. Dev Cell 56(10):1363-1393
Koundouros N, Poulogiannis G (2020) Reprogramming of fatty
acid metabolism in cancer. Br J Cancer 122(1):4-22

Kuhajda FP et al (1994) Fatty acid synthesis: a potential selec-
tive target for antineoplastic therapy. Proc Natl Acad Sci USA
91(14):6379-6383

Ricoult SJ et al (2016) Oncogenic PI3K and K-Ras stimulate de
novo lipid synthesis through mTORC1 and SREBP. Oncogene
35(10):1250-1260

Swinnen JV et al (2002) Overexpression of fatty acid synthase
is an early and common event in the development of prostate
cancer. Int J Cancer 98(1):19-22

Cancer Genome Atlas Research N (2013) Comprehensive molec-
ular characterization of clear cell renal cell carcinoma. Nature
499(7456):43-49

Calvisi DF et al (2011) Increased lipogenesis, induced by AKT-
mTORC1-RPS6 signaling, promotes development of human
hepatocellular carcinoma. Gastroenterology 140(3):1071-1083
Tao BB et al (2013) Up-regulation of USP2a and FASN in
gliomas correlates strongly with glioma grade. J Clin Neurosci
20(5):717-720

Corbet C et al (2016) Acidosis drives the reprogramming of fatty
acid metabolism in cancer cells through changes in mitochondrial
and histone acetylation. Cell Metab 24(2):311-323

Camarda R et al (2016) Inhibition of fatty acid oxidation as a
therapy for MYC-overexpressing triple-negative breast cancer.
Nat Med 22(4):427-432

Padanad MS et al (2016) Fatty acid oxidation mediated by Acyl-
CoA synthetase long chain 3 is required for mutant KRAS lung
tumorigenesis. Cell Rep 16(6):1614-1628

Liu PP et al (2016) Elimination of chronic lymphocytic leuke-
mia cells in stromal microenvironment by targeting CPT with an
antiangina drug perhexiline. Oncogene 35(43):5663-5673
Pascual G et al (2017) Targeting metastasis-initiating cells
through the fatty acid receptor CD36. Nature 541(7635):41-45
Young RM et al (2013) Dysregulated mTORC] renders cells
critically dependent on desaturated lipids for survival under
tumor-like stress. Genes Dev 27(10):1115-1131

Guillaumond F et al (2015) Cholesterol uptake disruption, in
association with chemotherapy, is a promising combined meta-
bolic therapy for pancreatic adenocarcinoma. Proc Natl Acad Sci
USA 112(8):2473-2478

Ladanyi A et al (2018) Adipocyte-induced CD36 expression
drives ovarian cancer progression and metastasis. Oncogene
37(17):2285-2301

Yan H et al (2009) IDH1 and IDH2 mutations in gliomas. N Engl
J Med 360(8):765-773

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Parsons DW et al (2008) An integrated genomic analysis of
human glioblastoma multiforme. Science 321(5897):1807-1812
Mardis ER et al (2009) Recurring mutations found by sequenc-
ing an acute myeloid leukemia genome. N Engl J] Med
361(11):1058-1066

DeBerardinis RJ, Chandel NS (2016) Fundamentals of cancer
metabolism. Sci Adv 2(5):¢1600200

Faubert B, Solmonson A, DeBerardinis RJ (2020) Meta-
bolic reprogramming and cancer progression. Science
368(6487):eaaw5473

Perez-Castro L et al (2023) Tryptophan and its metabolites in
normal physiology and cancer etiology. FEBS J 290(1):7-27
Kottakis F et al (2016) LKB1 loss links serine metabolism to
DNA methylation and tumorigenesis. Nature 539(7629):390-395
Mayers JR et al (2016) Tissue of origin dictates branched-chain
amino acid metabolism in mutant Kras-driven cancers. Science
353(6304):1161-1165

Shi X et al (2017) The abundance of metabolites related to pro-
tein methylation correlates with the metastatic capacity of human
melanoma xenografts. Sci Adv 3(11):eaa05268

Yuneva MO et al (2012) The metabolic profile of tumors
depends on both the responsible genetic lesion and tissue type.
Cell Metab 15(2):157-170

Dienel GA, Cruz NF (2016) Aerobic glycolysis during brain
activation: adrenergic regulation and influence of norepineph-
rine on astrocytic metabolism. J Neurochem 138(1):14-52
Cheng SC et al (2014) mTOR- and HIF-1alpha-mediated aero-
bic glycolysis as metabolic basis for trained immunity. Science
345(6204):1250684

De Bock K et al (2013) Role of PFKFB3-driven glycolysis in
vessel sprouting. Cell 154(3):651-663

Vaishnavi SN et al (2010) Regional aerobic glycolysis in the
human brain. Proc Natl Acad Sci USA 107(41):17757-17762
Bhattacharya D, Azambuja AP, Simoes-Costa M (2020) Meta-
bolic reprogramming promotes neural crest migration via Yap/
Tead signaling. Dev Cell 53(2):199-211 (e6)

Cha Y et al (2017) Metabolic control of primed human pluri-
potent stem cell fate and function by the miR-200c-SIRT2 axis.
Nat Cell Biol 19(5):445-456

Moussaieff A et al (2015) Glycolysis-mediated changes in
acetyl-CoA and histone acetylation control the early differen-
tiation of embryonic stem cells. Cell Metab 21(3):392-402
Bulusu V et al (2017) Spatiotemporal analysis of a glycolytic
activity gradient linked to mouse embryo mesoderm develop-
ment. Dev Cell 40(4):331-341 (e4)

Oginuma M et al (2017) A gradient of glycolytic activity coor-
dinates FGF and Wnt signaling during elongation of the body
axis in amniote embryos. Dev Cell 40(4):342-353 (e10)
Amemiya T et al (2022) Glycolytic oscillations in HeLa cervi-
cal cancer cell spheroids. FEBS J 289(18):5551-5570

Kondo H et al (2021) Single-cell resolved imaging reveals
intra-tumor heterogeneity in glycolysis, transitions between
metabolic states, and their regulatory mechanisms. Cell Rep
34(7):108750

Hosios AM et al (2016) Amino acids rather than glucose
account for the majority of cell mass in proliferating mam-
malian cells. Dev Cell 36(5):540-549

Liotta LA, Kohn EC (2001) The microenvironment of the
tumour-host interface. Nature 411(6835):375-379

Orimo A et al (2005) Stromal fibroblasts present in invasive
human breast carcinomas promote tumor growth and angio-
genesis through elevated SDF-1/CXCL12 secretion. Cell
121(3):335-348

Chen J et al (2011) CCL18 from tumor-associated macrophages
promotes breast cancer metastasis via PITPNM3. Cancer Cell
19(4):541-555

@ Springer



244

Page 26 of 32

F. Martino et al.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Rauner G, Kuperwasser C (2021) Microenvironmental control
of cell fate decisions in mammary gland development and can-
cer. Dev Cell 56(13):1875-1883

Finak G et al (2008) Stromal gene expression predicts clinical
outcome in breast cancer. Nat Med 14(5):518-527

Thorsson V et al (2018) The immune landscape of cancer.
Immunity 48(4):812-830 (e14)

Bareche Y et al (2020) Unraveling triple-negative breast cancer
tumor microenvironment heterogeneity: towards an optimized
treatment approach. J Natl Cancer Inst 112(7):708-719
Chung W et al (2017) Single-cell RNA-seq enables compre-
hensive tumour and immune cell profiling in primary breast
cancer. Nat Commun 8:15081

Nik-Zainal S et al (2012) Mutational processes molding the
genomes of 21 breast cancers. Cell 149(5):979-993
Nik-Zainal S et al (2012) The life history of 21 breast cancers.
Cell 149(5):994-1007

Wagner J et al (2019) A single-cell atlas of the tumor and
immune ecosystem of human breast cancer. Cell 177(5):1330—
1345 (e18)

Azizi E et al (2018) Single-cell map of diverse immune pheno-
types in the breast tumor microenvironment. Cell 174(5):1293—
1308 (e36)

Giesen C et al (2014) Highly multiplexed imaging of tumor tis-
sues with subcellular resolution by mass cytometry. Nat Methods
11(4):417-422

Angelo M et al (2014) Multiplexed ion beam imaging of human
breast tumors. Nat Med 20(4):436-442

Lin JR et al (2018) Highly multiplexed immunofluorescence
imaging of human tissues and tumors using t-CyCIF and con-
ventional optical microscopes. Elife 7:e31657

Goltsev Y et al (2018) Deep profiling of mouse splenic architec-
ture with CODEX multiplexed imaging. Cell 174(4):968-981
(el5)

Ali HR et al (2020) Imaging mass cytometry and multiplatform
genomics define the phenogenomic landscape of breast cancer.
Nat Cancer 1(2):163-175

Jackson HW et al (2020) The single-cell pathology landscape of
breast cancer. Nature 578(7796):615-620

Danenberg E et al (2022) Breast tumor microenvironment struc-
tures are associated with genomic features and clinical outcome.
Nat Genet 54(5):660-669

Sammut SJ et al (2022) Multi-omic machine learning predictor
of breast cancer therapy response. Nature 601(7894):623-629
Krug K et al (2020) Proteogenomic landscape of breast cancer
tumorigenesis and targeted therapy. Cell 183(5):1436-1456 (e31)
Baumann Z, Auf der Maur P, Bentires-Alj M (2022) Feed-for-
ward loops between metastatic cancer cells and their microenvi-
ronment-the stage of escalation. EMBO Mol Med 14(6):¢14283
Li X, Sun X, Carmeliet P (2019) Hallmarks of endothelial cell
metabolism in health and disease. Cell Metab 30(3):414-433
Ryan DG, O’Neill LAJ (2020) Krebs cycle reborn in macrophage
immunometabolism. Annu Rev Immunol 38:289-313
Makowski L, Chaib M, Rathmell JC (2020) Immunometabolism:
from basic mechanisms to translation. Immunol Rev 295(1):5-14
Plikus MV et al (2021) Fibroblasts: origins, definitions, and func-
tions in health and disease. Cell 184(15):3852-3872

Kalluri R (2016) The biology and function of fibroblasts in can-
cer. Nat Rev Cancer 16(9):582-598

Sahai E et al (2020) A framework for advancing our under-
standing of cancer-associated fibroblasts. Nat Rev Cancer
20(3):174-186

Almagro J et al (2022) Tissue architecture in tumor initiation and
progression. Trends Cancer 8(6):494-505

@ Springer

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

de Visser KE, Joyce JA (2023) The evolving tumor microenviron-
ment: from cancer initiation to metastatic outgrowth. Cancer Cell
41(3):374-403

Arner EN, Rathmell JC (2023) Metabolic programming and
immune suppression in the tumor microenvironment. Cancer
Cell 41(3):421-433

Caligiuri G, Tuveson DA (2023) Activated fibroblasts in cancer:
Perspectives and challenges. Cancer Cell 41(3):434-449
Kamphorst JJ et al (2015) Human pancreatic cancer tumors are
nutrient poor and tumor cells actively scavenge extracellular pro-
tein. Cancer Res 75(3):544-553

Becker LM et al (2020) Epigenetic reprogramming of cancer-
associated fibroblasts deregulates glucose metabolism and facili-
tates progression of breast cancer. Cell Rep 31(9):107701
Fiaschi T et al (2012) Reciprocal metabolic reprogramming
through lactate shuttle coordinately influences tumor-stroma
interplay. Cancer Res 72(19):5130-5140

Carmona-Fontaine C et al (2017) Metabolic origins of spatial
organization in the tumor microenvironment. Proc Natl Acad Sci
USA 114(11):2934-2939

Vegran F et al (2011) Lactate influx through the endothelial
cell monocarboxylate transporter MCT1 supports an NF-kap-
paB/IL-8 pathway that drives tumor angiogenesis. Cancer Res
71(7):2550-2560

Lee DC et al (2015) A lactate-induced response to hypoxia.
Cell 161(3):595-609

Corchado-Cobos R et al (2022) Pathophysiological integration
of metabolic reprogramming in breast cancer. Cancers (Basel)
14(2):322

Fukano M, Park M, Deblois G (2021) Metabolic flexibility is
a determinant of breast cancer heterogeneity and progression.
Cancers (Basel) 13(18):4699

Kung HN, Marks JR, Chi JT (2011) Glutamine synthetase is a
genetic determinant of cell type-specific glutamine independ-
ence in breast epithelia. PLoS Genet 7(8):¢1002229

Cao MD et al (2014) Metabolic characterization of triple nega-
tive breast cancer. BMC Cancer 14:941

Timmerman LA et al (2013) Glutamine sensitivity analysis
identifies the xCT antiporter as a common triple-negative
breast tumor therapeutic target. Cancer Cell 24(4):450-465
Lukey MIJ et al (2016) The oncogenic transcription factor
c-Jun regulates glutaminase expression and sensitizes cells to
glutaminase-targeted therapy. Nat Commun 7:11321
Locasale JW et al (2011) Phosphoglycerate dehydrogenase
diverts glycolytic flux and contributes to oncogenesis. Nat
Genet 43(9):869-874

Possemato R et al (2011) Functional genomics reveal that the
serine synthesis pathway is essential in breast cancer. Nature
476(7360):346-350

Park JH et al (2016) Fatty acid oxidation-driven Src links mito-
chondrial energy reprogramming and oncogenic properties in
triple-negative breast cancer. Cell Rep 14(9):2154-2165

Kim S, Lee Y, Koo JS (2015) Differential expression of lipid
metabolism-related proteins in different breast cancer subtypes.
PLoS ONE 10(3):e0119473

Menendez JA, Lupu R (2017) Fatty acid synthase (FASN) as
a therapeutic target in breast cancer. Expert Opin Ther Targ
21(11):1001-1016

Ferraro GB et al (2021) Fatty acid synthesis is required for
breast cancer brain metastasis. Nat Cancer 2(4):414-428
Feng WW et al (2019) CD36-mediated metabolic rewiring of
breast cancer cells promotes resistance to HER2-targeted thera-
pies. Cell Rep 29(11):3405-3420 (e5)

Golden E et al (2021) The oncogene AAMDC links PI3K-
AKT-mTOR signaling with metabolic reprograming in estro-
gen receptor-positive breast cancer. Nat Commun 12(1):1920



Breast cancers as ecosystems: a metabolic perspective

Page27of32 244

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Filippone MG et al (2022) CDK12 promotes tumorigenesis but
induces vulnerability to therapies inhibiting folate one-carbon
metabolism in breast cancer. Nat Commun 13(1):2642

Park MK et al (2021) NEAT]1 is essential for metabolic changes
that promote breast cancer growth and metastasis. Cell Metab
33(12):2380-2397 (e9)

Chakravarty D et al (2014) The oestrogen receptor alpha-regu-
lated IncRNA NEATT is a critical modulator of prostate cancer.
Nat Commun 5:5383

Li W et al (2017) The FOXN3-NEAT1-SIN3A repressor com-
plex promotes progression of hormonally responsive breast
cancer. J Clin Invest 127(9):3421-3440

Craze ML et al (2018) MYC regulation of glutamine-proline
regulatory axis is key in luminal B breast cancer. Br J Cancer
118(2):258-265

Ortmayr K, Dubuis S, Zampieri M (2019) Metabolic profil-
ing of cancer cells reveals genome-wide crosstalk between
transcriptional regulators and metabolism. Nat Commun
10(1):1841

Gong Y et al (2021) Metabolic-pathway-based subtyping of tri-
ple-negative breast cancer reveals potential therapeutic targets.
Cell Metab 33(1):51-64 (e9)

Zhao N, Rosen JM (2022) Breast cancer heterogeneity through
the lens of single-cell analysis and spatial pathologies. Semin
Cancer Biol 82:3-10

Caswell-Jin JL, Lorenz C, Curtis C (2021) Molecular hetero-
geneity and evolution in breast cancer. Annu Rev Cancer Biol
5(1):79-94

Shah SP et al (2012) The clonal and mutational evolution
spectrum of primary triple-negative breast cancers. Nature
486(7403):395-399

Glockner S et al (2002) Marked intratumoral heterogeneity of
c-myc and cyclinD1 but not of c-erbB2 amplification in breast
cancer. Lab Invest 82(10):1419-1426

Yates LR et al (2015) Subclonal diversification of primary
breast cancer revealed by multiregion sequencing. Nat Med
21(7):751-759

Navin N et al (2011) Tumour evolution inferred by single-cell
sequencing. Nature 472(7341):90-94

Casasent AK et al (2018) Multiclonal invasion in breast tumors
identified by topographic single cell sequencing. Cell 172(1-
2):205-217 (e12)

Martelotto LG et al (2017) Whole-genome single-cell copy num-
ber profiling from formalin-fixed paraffin-embedded samples.
Nat Med 23(3):376-385

Davis RT et al (2020) Transcriptional diversity and bioenergetic
shift in human breast cancer metastasis revealed by single-cell
RNA sequencing. Nat Cell Biol 22(3):310-320

Dentro SC et al (2021) Characterizing genetic intra-tumor hetero-
geneity across 2,658 human cancer genomes. Cell 184(8):2239—
2254 (e39)

Karaayvaz M et al (2018) Unravelling subclonal heterogeneity
and aggressive disease states in TNBC through single-cell RNA-
seq. Nat Commun 9(1):3588

Rios AC et al (2019) Intraclonal plasticity in mammary tumors
revealed through large-scale single-cell resolution 3D imaging.
Cancer Cell 35(4):618-632 (e6)

Mavrommati I et al (2021) Subclonal heterogeneity and evolution
in breast cancer. NPJ Breast Cancer 7(1):155

Luond F, Tiede S, Christofori G (2021) Breast cancer as an exam-
ple of tumour heterogeneity and tumour cell plasticity during
malignant progression. Br J Cancer 125(2):164-175

Singh M et al (2018) Shift from stochastic to spatially-ordered
expression of serine-glycine synthesis enzymes in 3D microtu-
mors. Sci Rep 8(1):9388

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Rossi M et al (2022) PHGDH heterogeneity potentiates cancer
cell dissemination and metastasis. Nature 605(7911):747-753
Hoxhaj G, Manning BD (2020) The PI3K-AKT network at the
interface of oncogenic signalling and cancer metabolism. Nat
Rev Cancer 20(2):74-88

Yeo SK et al (2020) Single-cell RNA-sequencing reveals distinct
patterns of cell state heterogeneity in mouse models of breast
cancer. Elife 9:e58810

Jia D et al (2019) Elucidating cancer metabolic plasticity by cou-
pling gene regulation with metabolic pathways. Proc Natl Acad
Sci USA 116(9):3909-3918

Aibar S et al (2017) SCENIC: single-cell regulatory network
inference and clustering. Nat Methods 14(11):1083-1086
Arguello RJ et al (2020) SCENITH: a flow cytometry-based
method to functionally profile energy metabolism with single-
cell resolution. Cell Metab 32(6):1063-1075 (e7)

Hartmann FJ et al (2021) Single-cell metabolic profiling of
human cytotoxic T cells. Nat Biotechnol 39(2):186—-197
Rappez L et al (2021) SpaceM reveals metabolic states of single
cells. Nat Methods 18(7):799-805

Russo E et al (2022) SPICE-Met: profiling and imaging energy
metabolism at the single-cell level using a fluorescent reporter
mouse. EMBO J 41(19):e111528

Ryser MD et al (2019) Cancer outcomes in DCIS patients without
locoregional treatment. J Natl Cancer Inst 111(9):952-960
Newburger DE et al (2013) Genome evolution during progression
to breast cancer. Genome Res 23(7):1097-1108

Bergers G, Fendt SM (2021) The metabolism of cancer cells
during metastasis. Nat Rev Cancer 21(3):162-180

Keren L et al (2018) A structured tumor-immune microenviron-
ment in triple negative breast cancer revealed by multiplexed ion
beam imaging. Cell 174(6):1373-1387 (e19)

Risom T et al (2022) Transition to invasive breast cancer is asso-
ciated with progressive changes in the structure and composition
of tumor stroma. Cell 185(2):299-310 (el8)

Lomakin A et al (2022) Spatial genomics maps the structure,
nature and evolution of cancer clones. Nature 611(7936):594-602
Damaghi M et al (2021) The harsh microenvironment in early
breast cancer selects for a Warburg phenotype. Proc Natl Acad
Sci USA 118(3):¢2011342118

Lu P, Weaver VM, Werb Z (2012) The extracellular matrix: a
dynamic niche in cancer progression. J Cell Biol 196(4):395-406
Xiong G et al (2018) Collagen prolyl 4-hydroxylase 1 is essential
for HIF-1alpha stabilization and TNBC chemoresistance. Nat
Commun 9(1):4456

Xiong G et al (2014) Prolyl-4-hydroxylase alpha subunit 2 pro-
motes breast cancer progression and metastasis by regulating
collagen deposition. BMC Cancer 14:1

Elia I et al (2019) Breast cancer cells rely on environmental pyru-
vate to shape the metastatic niche. Nature 568(7750):117-121
Faubert B et al (2017) Lactate metabolism in human lung tumors.
Cell 171(2):358-371 (e9)

Bruick RK, McKnight SL (2001) A conserved family of prolyl-
4-hydroxylases that modify HIF. Science 294(5545):1337-1340
Abla H et al (2020) The multifaceted contribution of alpha-
ketoglutarate to tumor progression: an opportunity to exploit?
Semin Cell Dev Biol 98:26-33

Grigoriadis A et al (2009) CT-X antigen expression in human
breast cancer. Proc Natl Acad Sci USA 106(32):13493-13498
Dornier E et al (2017) Glutaminolysis drives membrane traffick-
ing to promote invasiveness of breast cancer cells. Nat Commun
8(1):2255

Fidler 1J, Kripke ML (1977) Metastasis results from pre-
existing variant cells within a malignant tumor. Science
197(4306):893-895

@ Springer



244

Page 28 of 32

F. Martino et al.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

Husemann Y et al (2008) Systemic spread is an early step in
breast cancer. Cancer Cell 13(1):58-68

Hosseini H et al (2016) Early dissemination seeds metastasis in
breast cancer. Nature 540(7634):552-558

Harper KL et al (2016) Mechanism of early dissemina-
tion and metastasis in Her2(+) mammary cancer. Nature
540(7634):588-592

Hoadley KA et al (2016) Tumor evolution in two patients with
basal-like breast cancer: a retrospective genomics study of mul-
tiple metastases. PLoS Med 13(12):e1002174

Cheung KJ et al (2016) Polyclonal breast cancer metastases arise
from collective dissemination of keratin 14-expressing tumor cell
clusters. Proc Natl Acad Sci USA 113(7):E854-E863

Tiede S et al (2021) Multi-color clonal tracking reveals intra-
stage proliferative heterogeneity during mammary tumor pro-
gression. Oncogene 40(1):12-27

Angus L et al (2019) The genomic landscape of metastatic breast
cancer highlights changes in mutation and signature frequencies.
Nat Genet 51(10):1450-1458

Ng CKY et al (2017) Genetic heterogeneity in therapy-naive
synchronous primary breast cancers and their metastases. Clin
Cancer Res 23(15):4402-4415

Gui P, Bivona TG (2022) Evolution of metastasis: new tools and
insights. Trends Cancer 8(2):98-109

Ruscitto F et al (2022) Beyond genetics: metastasis as an adaptive
response in breast cancer. Int J Mol Sci 23(11):6271

Yang J et al (2020) Guidelines and definitions for research
on epithelial-mesenchymal transition. Nat Rev Mol Cell Biol
21(6):341-352

Nieto MA et al (2016) Emt: 2016. Cell 166(1):21-45

Aiello NM, Kang Y (2019) Context-dependent EMT programs
in cancer metastasis. J Exp Med 216(5):1016-1026

Dongre A, Weinberg RA (2019) New insights into the mecha-
nisms of epithelial-mesenchymal transition and implications for
cancer. Nat Rev Mol Cell Biol 20(2):69-84

Mani SA et al (2008) The epithelial-mesenchymal transition gen-
erates cells with properties of stem cells. Cell 133(4):704-715
Pastushenko I, Blanpain C (2019) EMT transition states dur-
ing tumor progression and metastasis. Trends Cell Biol
29(3):212-226

Shibue T, Weinberg RA (2017) EMT, CSCs, and drug resist-
ance: the mechanistic link and clinical implications. Nat Rev Clin
Oncol 14(10):611-629

Carey BW et al (2015) Intracellular alpha-ketoglutarate
maintains the pluripotency of embryonic stem cells. Nature
518(7539):413-416

Gu W et al (2016) Glycolytic metabolism plays a functional role
in regulating human pluripotent stem cell state. Cell Stem Cell
19(4):476-490

Intlekofer AM, Finley LWS (2019) Metabolic signatures of can-
cer cells and stem cells. Nat Metab 1(2):177-188

Lu V, Roy 1J, Teitell MA (2021) Nutrients in the fate of pluripo-
tent stem cells. Cell Metab 33(11):2108-2121

Wang J et al (2009) Dependence of mouse embryonic stem cells
on threonine catabolism. Science 325(5939):435-439

Zhang H et al (2016) Distinct metabolic states can support self-
renewal and lipogenesis in human pluripotent stem cells under
different culture conditions. Cell Rep 16(6):1536—1547
Montagner M et al (2012) SHARPI suppresses breast cancer
metastasis by promoting degradation of hypoxia-inducible fac-
tors. Nature 487(7407):380-384

Kim YJ et al (2021) Suppression of breast cancer progression
by FBXL16 via oxygen-independent regulation of HIFlalpha
stability. Cell Rep 37(8):109996

@ Springer

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

LeBleu VS et al (2014) PGC-1alpha mediates mitochondrial bio-
genesis and oxidative phosphorylation in cancer cells to promote
metastasis. Nat Cell Biol 16(10):992-1003 (1-15)

Bertolini I et al (2020) Small extracellular vesicle regulation of
mitochondrial dynamics reprograms a hypoxic tumor microen-
vironment. Dev Cell 55(2):163-177 (e6)

Curtius K, Wright NA, Graham TA (2018) An evolutionary per-
spective on field cancerization. Nat Rev Cancer 18(1):19-32
Gameiro PA, Struhl K (2018) Nutrient deprivation elicits a tran-
scriptional and translational inflammatory response coupled to
decreased protein synthesis. Cell Rep 24(6):1415-1424
Pavlova NN et al (2018) As extracellular glutamine levels
decline, asparagine becomes an essential amino acid. Cell Metab
27(2):428-438 (eS)

Knott SRV et al (2018) Asparagine bioavailability governs metas-
tasis in a model of breast cancer. Nature 554(7692):378-381
Cherkaoui S et al (2022) A functional analysis of 180 cancer cell
lines reveals conserved intrinsic metabolic programs. Mol Syst
Biol 18(11):e11033

Pece S et al (2010) Biological and molecular heterogeneity of
breast cancers correlates with their cancer stem cell content. Cell
140(1):62-73

Pece S et al (2019) Identification and clinical validation of a mul-
tigene assay that interrogates the biology of cancer stem cells and
predicts metastasis in breast cancer: a retrospective consecutive
study. EBioMedicine 42:352-362

Yokoi A, Ochiya T (2021) Exosomes and extracellular vesicles:
Rethinking the essential values in cancer biology. Semin Cancer
Biol 74:79-91

Mathieu M et al (2019) Specificities of secretion and uptake of
exosomes and other extracellular vesicles for cell-to-cell com-
munication. Nat Cell Biol 21(1):9-17

Liu T et al (2021) Exosomes in breast cancer—mechanisms of
action and clinical potential. Mol Cancer Res 19(6):935-945
Famta P et al (2022) Enigmatic role of exosomes in breast cancer
progression and therapy. Life Sci 289:120210

Luga V et al (2012) Exosomes mediate stromal mobilization of
autocrine Wnt-PCP signaling in breast cancer cell migration.
Cell 151(7):1542-1556

Sansone P et al (2017) Packaging and transfer of mitochondrial
DNA via exosomes regulate escape from dormancy in hormo-
nal therapy-resistant breast cancer. Proc Natl Acad Sci USA
114(43):E9066-E9075

Rodrigues G et al (2019) Tumour exosomal CEMIP protein pro-
motes cancer cell colonization in brain metastasis. Nat Cell Biol
21(11):1403-1412

Keklikoglou I et al (2019) Chemotherapy elicits pro-metastatic
extracellular vesicles in breast cancer models. Nat Cell Biol
21(2):190-202

Zhang L et al (2015) Microenvironment-induced PTEN loss by
exosomal microRNA primes brain metastasis outgrowth. Nature
527(7576):100-104

Peinado H et al (2017) Pre-metastatic niches: organ-specific
homes for metastases. Nat Rev Cancer 17(5):302-317

Hoshino A et al (2015) Tumour exosome integrins determine
organotropic metastasis. Nature 527(7578):329-335

Fong MY et al (2015) Breast-cancer-secreted miR-122 repro-
grams glucose metabolism in premetastatic niche to promote
metastasis. Nat Cell Biol 17(2):183-194

Morrissey SM et al (2021) Tumor-derived exosomes drive immu-
nosuppressive macrophages in a pre-metastatic niche through
glycolytic dominant metabolic reprogramming. Cell Metab
33(10):2040-2058 (e10)

Altea-Manzano P et al (2023) A palmitate-rich metastatic niche
enables metastasis growth via p65 acetylation resulting in pro-
metastatic NF-kappaB signaling. Nat Cancer 4(3):344-364



Breast cancers as ecosystems: a metabolic perspective

Page290f32 244

233.

234,

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

Lambert AW, Pattabiraman DR, Weinberg RA (2017) Emerging
biological principles of metastasis. Cell 168(4):670-691
Chambers AF, Groom AC, MacDonald IC (2002) Dissemination
and growth of cancer cells in metastatic sites. Nat Rev Cancer
2(8):563-572

Ramamoorthi G et al (2022) Disseminated cancer cells in breast
cancer: Mechanism of dissemination and dormancy and emerg-
ing insights on therapeutic opportunities. Semin Cancer Biol
78:78-89

Ring A et al (2022) Clinical and biological aspects of dissemi-
nated tumor cells and dormancy in breast cancer. Front Cell Dev
Biol 10:929893

Phan TG, Croucher PI (2020) The dormant cancer cell life cycle.
Nat Rev Cancer 20(7):398—411

Ghajar CM et al (2013) The perivascular niche regulates breast
tumour dormancy. Nat Cell Biol 15(7):807-817

Correia AL et al (2021) Hepatic stellate cells suppress NK cell-
sustained breast cancer dormancy. Nature 594(7864):566-571
Carlson P et al (2019) Targeting the perivascular niche sensi-
tizes disseminated tumour cells to chemotherapy. Nat Cell Biol
21(2):238-250

Paul MR et al (2020) Genomic landscape of metastatic breast
cancer identifies preferentially dysregulated pathways and tar-
gets. J Clin Invest 130(8):4252-4265

Yates LR et al (2017) Genomic evolution of breast cancer metas-
tasis and relapse. Cancer Cell 32(2):169-184 (e7)

Brown D et al (2017) Phylogenetic analysis of metastatic progres-
sion in breast cancer using somatic mutations and copy number
aberrations. Nat Commun 8:14944

Gundem G et al (2015) The evolutionary history of lethal meta-
static prostate cancer. Nature 520(7547):353-357

Roda N, Gambino V, Giorgio M (2020) Metabolic constrains rule
metastasis progression. Cells 9(9):2081

Bartlome S, Berry CC (2022) Recent insights into the effects
of metabolism on breast cancer cell dormancy. Br J Cancer
127(8):1385-1393

Kim KH, Lee MS (2014) Autophagy—a key player in cellular
and body metabolism. Nat Rev Endocrinol 10(6):322-337
Leone RD, Amaravadi RK (2013) Autophagy: a targetable
linchpin of cancer cell metabolism. Trends Endocrinol Metab
24(4):209-217

Anlas AA, Nelson CM (2020) Soft microenvironments induce
chemoresistance by increasing autophagy downstream of integ-
rin-linked kinase. Cancer Res 80(19):4103—4113

Papalazarou V, Salmeron-Sanchez M, Machesky LM (2018) Tis-
sue engineering the cancer microenvironment-challenges and
opportunities. Biophys Rev 10(6):1695-1711

Jones BC et al (2022) Treatment against glucose-dependent
cancers through metabolic PFKFB3 targeting of glycolytic flux.
Cancer Metastas Rev 41(2):447-458

La Belle Flynn A et al (2019) Autophagy inhibition elicits emer-
gence from metastatic dormancy by inducing and stabilizing
Pfkfb3 expression. Nat Commun 10(1):3668

Atsumi T et al (2002) High expression of inducible 6-phosphof-
ructo-2-kinase/fructose-2,6-bisphosphatase (iPFK-2; PFKFB3)
in human cancers. Cancer Res 62(20):5881-5887

Liang J, Mills GB (2013) AMPK: a contextual oncogene or
tumor suppressor? Cancer Res 73(10):2929-2935

Domenech E et al (2015) AMPK and PFKFB3 mediate glycolysis
and survival in response to mitophagy during mitotic arrest. Nat
Cell Biol 17(10):1304-1316

Mihaylova MM, Shaw RJ (2011) The AMPK signalling pathway
coordinates cell growth, autophagy and metabolism. Nat Cell
Biol 13(9):1016-1023

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

Hampsch RA et al (2020) AMPK activation by metformin pro-
motes survival of dormant ER(+) breast cancer cells. Clin Cancer
Res 26(14):3707-3719

Li FL et al (2018) Acetylation accumulates PFKFB3 in cyto-
plasm to promote glycolysis and protects cells from cisplatin-
induced apoptosis. Nat Commun 9(1):508

Cantelmo AR et al (2016) Inhibition of the glycolytic activator
PFKFB3 in endothelium induces tumor vessel normalization,
impairs metastasis, and improves chemotherapy. Cancer Cell
30(6):968-985

Gu M et al (2017) PFKFB3 promotes proliferation, migra-
tion and angiogenesis in nasopharyngeal carcinoma. J Cancer
8(18):3887-3896

Babaei G, Aziz SG, Jaghi NZZ (2021) EMT, cancer stem cells
and autophagy; the three main axes of metastasis. Biomed Phar-
macother 133:110909

Nazio F et al (2019) Autophagy and cancer stem cells: molecu-
lar mechanisms and therapeutic applications. Cell Death Differ
26(4):690-702

Kim HM, Koo JS (2023) The role of autophagy in breast cancer
metastasis. Biomedicines 11(2):618

Xu Y, Yang X (2022) Autophagy and pluripotency: self-eating
your way to eternal youth. Trends Cell Biol 32(10):868-882
Coleman RE (2006) Clinical features of metastatic bone dis-
ease and risk of skeletal morbidity. Clin Cancer Res 12(20 Pt
2):62435-6249s

Coleman RE, Rubens RD (1987) The clinical course of bone
metastases from breast cancer. Br J Cancer 55(1):61-66
Coleman RE et al (2008) Advancing treatment for metastatic
bone cancer: consensus recommendations from the Second
Cambridge Conference. Clin Cancer Res 14(20):6387-6395
Zhang W et al (2021) The bone microenvironment invigorates
metastatic seeds for further dissemination. Cell 184(9):2471—
2486 (e20)

Bado IL et al (2021) The bone microenvironment increases
phenotypic plasticity of ER(+) breast cancer cells. Dev Cell
56(8):1100-1117 (e9)

Dupuy F et al (2015) PDK1-dependent metabolic reprogram-
ming dictates metastatic potential in breast cancer. Cell Metab
22(4):577-589

Christen S et al (2016) Breast cancer-derived lung metastases
show increased pyruvate carboxylase-dependent anaplerosis.
Cell Rep 17(3):837-848

Roarty K, Echeverria GV (2021) Laboratory models for inves-
tigating breast cancer therapy resistance and metastasis. Front
Oncol 11:645698

Parida PK et al (2022) Metabolic diversity within breast can-
cer brain-tropic cells determines metastatic fitness. Cell Metab
34(1):90-105 (e7)

Lauby-Secretan B et al (2016) Body fatness and cancer-
viewpoint of the IARC working group. N Engl J Med
375(8):794-798

Calle EE et al (2003) Overweight, obesity, and mortality from
cancer in a prospectively studied cohort of US adults. N Engl J
Med 348(17):1625-1638

Cypess AM (2022) Reassessing human adipose tissue. N Engl J
Med 386(8):768-779

Wang YY et al (2012) Adipose tissue and breast epithelial
cells: a dangerous dynamic duo in breast cancer. Cancer Lett
324(2):142-151

Yamaguchi J et al (2008) Prognostic impact of marginal adi-
pose tissue invasion in ductal carcinoma of the breast. Am J Clin
Pathol 130(3):382-388

Seki T et al (2022) Brown-fat-mediated tumour suppression by
cold-altered global metabolism. Nature 608(7922):421-428

@ Springer



244

Page 30 of 32

F. Martino et al.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

Heer E et al (2020) Global burden and trends in premenopausal
and postmenopausal breast cancer: a population-based study.
Lancet Glob Health 8(8):e1027-e1037

Miller WR, O’Neill J (1987) The importance of local synthesis
of estrogen within the breast. Steroids 50(4-6):537-548
McTiernan A et al (2006) Relation of BMI and physical activ-
ity to sex hormones in postmenopausal women. Obesity (Silver
Spring) 14(9):1662-1677

Simpson E et al (2000) The role of local estrogen biosynthesis in
males and females. Trends Endocrinol Metab 11(5):184—188
Picon-Ruiz M et al (2017) Obesity and adverse breast cancer risk
and outcome: mechanistic insights and strategies for intervention.
CA Cancer J Clin 67(5):378-397

Neuhouser ML et al (2015) Overweight, obesity, and postmeno-
pausal invasive breast cancer risk: a secondary analysis of the
women’s health initiative randomized clinical trials. JAMA
Oncol 1(5):611-621

Renehan AG, Zwahlen M, Egger M (2015) Adiposity and can-
cer risk: new mechanistic insights from epidemiology. Nat Rev
Cancer 15(8):484-498

Santen RJ et al (2009) History of aromatase: saga of an impor-
tant biological mediator and therapeutic target. Endocr Rev
30(4):343-375

Qureshi R et al (2020) The major pre- and postmenopausal estro-
gens play opposing roles in obesity-driven mammary inflam-
mation and breast cancer development. Cell Metab 31(6):1154—
1172 (e9)

Qureshi R et al (2022) Estrone, the major postmenopausal
estrogen, binds ERa to induce SNAI2, epithelial-to-mesen-
chymal transition, and ER+ breast cancer metastasis. Cell Rep
41(7):111672

Bulun SE et al (2005) Regulation of aromatase expression in
estrogen-responsive breast and uterine disease: from bench to
treatment. Pharmacol Rev 57(3):359-383

Zhu Q et al (2022) Adipocyte mesenchymal transition contributes
to mammary tumor progression. Cell Rep 40(11):111362
Onuchic V et al (2016) Epigenomic deconvolution of breast
tumors reveals metabolic coupling between constituent cell
types. Cell Rep 17(8):2075-2086

Bochet L et al (2013) Adipocyte-derived fibroblasts promote
tumor progression and contribute to the desmoplastic reaction
in breast cancer. Cancer Res 73(18):5657-5668

Dirat B et al (2011) Cancer-associated adipocytes exhibit an acti-
vated phenotype and contribute to breast cancer invasion. Cancer
Res 71(7):2455-2465

Wilson-Fritch L et al (2003) Mitochondrial biogenesis and
remodeling during adipogenesis and in response to the insulin
sensitizer rosiglitazone. Mol Cell Biol 23(3):1085-1094
Nieman KM et al (2011) Adipocytes promote ovarian cancer
metastasis and provide energy for rapid tumor growth. Nat Med
17(11):1498-1503

Wang YY et al (2017) Mammary adipocytes stimulate breast
cancer invasion through metabolic remodeling of tumor cells.
JCI Insight 2(4):e87489

Zhang L, Bu P (2022) The two sides of creatine in cancer. Trends
Cell Biol 32(5):380-390

Kurmi K et al (2018) Tyrosine phosphorylation of mitochon-
drial creatine kinase 1 enhances a druggable tumor energy shuttle
pathway. Cell Metab 28(6):833-847 (e8)

Maguire OA et al (2021) Creatine-mediated crosstalk between
adipocytes and cancer cells regulates obesity-driven breast can-
cer. Cell Metab 33(3):499-512 (e6)

Huang CK et al (2017) Adipocytes promote malignant growth of
breast tumours with monocarboxylate transporter 2 expression
via beta-hydroxybutyrate. Nat Commun 8:14706

@ Springer

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

Shimazu T et al (2013) Suppression of oxidative stress by beta-
hydroxybutyrate, an endogenous histone deacetylase inhibitor.
Science 339(6116):211-214

Wang QA et al (2018) Reversible de-differentiation of mature
white adipocytes into preadipocyte-like precursors during lacta-
tion. Cell Metab 28(2):282-288 (e3)

Lynch SV, Pedersen O (2016) The human intestinal microbiome
in health and disease. N Engl J] Med 375(24):2369-2379

Rooks MG, Garrett WS (2016) Gut microbiota, metabolites and
host immunity. Nat Rev Immunol 16(6):341-352

Thomas S et al (2017) The host microbiome regulates and main-
tains human health: a primer and perspective for non-microbiol-
ogists. Cancer Res 77(8):1783-1812

Megraud F (2005) A humble bacterium sweeps this year’s Nobel
Prize. Cell 123(6):975-976

Sepich-Poore GD et al (2021) The microbiome and human can-
cer. Science 371(6536):eabc4552

Helmink BA et al (2019) The microbiome, cancer, and cancer
therapy. Nat Med 25(3):377-388

Sears CL, Garrett WS (2014) Microbes, microbiota, and colon
cancer. Cell Host Microb 15(3):317-328

Gopalakrishnan V et al (2018) The influence of the gut micro-
biome on cancer, immunity, and cancer immunotherapy. Cancer
Cell 33(4):570-580

Kwa M et al (2016) The intestinal microbiome and estro-
gen receptor-positive female breast cancer. J Natl Cancer Inst
108(8):djw029

Urbaniak C et al (2016) The microbiota of breast tissue and
its association with breast cancer. Appl Environ Microbiol
82(16):5039-5048

Liu NN et al (2022) Multi-kingdom microbiota analyses identify
bacterial-fungal interactions and biomarkers of colorectal cancer
across cohorts. Nat Microbiol 7(2):238-250

Narunsky-Haziza L et al (2022) Pan-cancer analyses reveal can-
cer-type-specific fungal ecologies and bacteriome interactions.
Cell 185(20):3789-3806 (e17)

Dohlman AB et al (2022) A pan-cancer mycobiome analysis
reveals fungal involvement in gastrointestinal and lung tumors.
Cell 185(20):3807-3822 (e12)

Cao Z et al (2022) The gut virome: a new microbiome component
in health and disease. EBioMedicine 81:104113

Gur C et al (2015) Binding of the Fap2 protein of Fusobacterium
nucleatum to human inhibitory receptor TIGIT protects tumors
from immune cell attack. Immunity 42(2):344-355

Yachida S et al (2019) Metagenomic and metabolomic analyses
reveal distinct stage-specific phenotypes of the gut microbiota in
colorectal cancer. Nat Med 25(6):968-976

Tanoue T et al (2019) A defined commensal consor-
tium elicits CD8 T cells and anti-cancer immunity. Nature
565(7741):600-605

Zitvogel L et al (2018) The microbiome in cancer immuno-
therapy: diagnostic tools and therapeutic strategies. Science
359(6382):1366-1370

Kadosh E et al (2020) The gut microbiome switches
mutant p53 from tumour-suppressive to oncogenic. Nature
586(7827):133-138

Ma C et al (2018) Gut microbiome-mediated bile acid
metabolism regulates liver cancer via NKT cells. Science
360(6391):eaan5931

Chambers ES et al (2018) Role of gut microbiota-generated
short-chain fatty acids in metabolic and cardiovascular health.
Curr Nutr Rep 7(4):198-206

Barki N et al (2022) Chemogenetics defines a short-chain fatty
acid receptor gut-brain axis. Elife 11:€73777



Breast cancers as ecosystems: a metabolic perspective

Page310f32 244

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

347.

Jaye K et al (2022) The role of key gut microbial metabo-
lites in the development and treatment of cancer. Gut Microb
14(1):2038865

Okumura S et al (2021) Gut bacteria identified in colorectal can-
cer patients promote tumourigenesis via butyrate secretion. Nat
Commun 12(1):5674

Matsushita M et al (2021) Gut microbiota-derived short-chain
fatty acids promote prostate cancer growth via IGF1 signaling.
Cancer Res 81(15):4014-4026

Bultman SJ, Jobin C (2014) Microbial-derived butyrate: an onco-
metabolite or tumor-suppressive metabolite? Cell Host Microbe
16(2):143-145

Belcheva A et al (2014) Gut microbial metabolism drives
transformation of MSH2-deficient colon epithelial cells. Cell
158(2):288-299

Singh V et al (2018) Dysregulated microbial fermentation of sol-
uble fiber induces cholestatic liver cancer. Cell 175(3):679-694
(e22)

Sabari BR et al (2017) Metabolic regulation of gene expression
through histone acylations. Nat Rev Mol Cell Biol 18(2):90-101
Shrode RL et al (2023) Breast cancer patients from the Midwest
region of the United States have reduced levels of short-chain
fatty acid-producing gut bacteria. Sci Rep 13(1):526

Wang N et al (2022) Identifying distinctive tissue and fecal
microbial signatures and the tumor-promoting effects of
deoxycholic acid on breast cancer. Front Cell Infect Microbiol
12:1029905

Zhu J et al (2018) Breast cancer in postmenopausal women
is associated with an altered gut metagenome. Microbiome
6(1):136

Buchta Rosean C et al (2019) Preexisting commensal dysbiosis
is a host-intrinsic regulator of tissue inflammation and tumor cell
dissemination in hormone receptor-positive breast cancer. Cancer
Res 79(14):3662-3675

McKee AM et al (2021) Antibiotic-induced disturbances of the
gut microbiota result in accelerated breast tumor growth. iSci-
ence 24(9):103012

Zhang X et al (2021) Antibiotics modulate neoadjuvant therapy
efficiency in patients with breast cancer: a pilot analysis. Sci Rep
11(1):14024

Routy B et al (2018) Gut microbiome influences efficacy of
PD-1-based immunotherapy against epithelial tumors. Science
359(6371):91-97

Plottel CS, Blaser MJ (2011) Microbiome and malignancy. Cell
Host Microb 10(4):324-335

Komorowski AS, Pezo RC (2020) Untapped “-omics”: the micro-
bial metagenome, estrobolome, and their influence on the devel-
opment of breast cancer and response to treatment. Breast Cancer
Res Treat 179(2):287-300

Hanker AB, Sudhan DR, Arteaga CL (2020) Overcoming endo-
crine resistance in breast cancer. Cancer Cell 37(4):496-513
Shiao SL et al (2021) Commensal bacteria and fungi differen-
tially regulate tumor responses to radiation therapy. Cancer Cell
39(9):1202-1213 (e6)

Iliev ID, Cadwell K (2021) Effects of intestinal fungi and viruses
on immune responses and inflammatory bowel diseases. Gastro-
enterology 160(4):1050-1066

Nejman D et al (2020) The human tumor microbiome is com-
posed of tumor type-specific intracellular bacteria. Science
368(6494):973-980

Poore GD et al (2020) Microbiome analyses of blood and tissues
suggest cancer diagnostic approach. Nature 579(7800):567-574
Jin C et al (2019) Commensal microbiota promote lung cancer
development via gammadelta T cells. Cell 176(5):998-1013
(el6)

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

Riquelme E et al (2019) Tumor microbiome diversity and com-
position influence pancreatic cancer outcomes. Cell 178(4):795—
806 (e12)

Urbaniak C et al (2014) Microbiota of human breast tissue. Appl
Environ Microbiol 80(10):3007-3014

Shively CA et al (2018) Consumption of mediterranean versus
western diet leads to distinct mammary gland microbiome popu-
lations. Cell Rep 25(1):47-56 (e3)

Hieken TJ et al (2016) The microbiome of aseptically collected
human breast tissue in benign and malignant disease. Sci Rep
6:30751

Buckland G et al (2013) Adherence to the Mediterranean diet
and risk of breast cancer in the European prospective inves-
tigation into cancer and nutrition cohort study. Int J Cancer
132(12):2918-2927

Castello A et al (2014) Spanish Mediterranean diet and other
dietary patterns and breast cancer risk: case-control EpiGEICAM
study. BrJ Cancer 111(7):1454-1462

Banerjee S et al (2021) Prognostic correlations with the micro-
biome of breast cancer subtypes. Cell Death Dis 12(9):831
Brennan CA, Garrett WS (2019) Fusobacterium nucleatum—
symbiont, opportunist and oncobacterium. Nat Rev Microbiol
17(3):156-166

Abed J et al (2016) Fap2 mediates Fusobacterium nucleatum
colorectal adenocarcinoma enrichment by binding to tumor-
expressed Gal-GalNAc. Cell Host Microbe 20(2):215-225
Parhi L et al (2020) Breast cancer colonization by Fusobacterium
nucleatum accelerates tumor growth and metastatic progression.
Nat Commun 11(1):3259

Jiang YZ et al (2019) Genomic and transcriptomic landscape of
triple-negative breast cancers: subtypes and treatment strategies.
Cancer Cell 35(3):428-440 (e5)

Wang H et al (2022) The microbial metabolite trimethylamine
N-oxide promotes antitumor immunity in triple-negative breast
cancer. Cell Metab 34(4):581-594 (e8)

Alam A et al (2022) Fungal mycobiome drives IL-33 secre-
tion and type 2 immunity in pancreatic cancer. Cancer Cell
40(2):153-167 (ell)

Aykut B et al (2019) The fungal mycobiome promotes pancreatic
oncogenesis via activation of MBL. Nature 574(7777):264-267
Bullman S et al (2017) Analysis of Fusobacterium persis-
tence and antibiotic response in colorectal cancer. Science
358(6369):1443-1448

Cullin N et al (2021) Microbiome and cancer. Cancer Cell
39(10):1317-1341

Fu A et al (2022) Tumor-resident intracellular microbiota pro-
motes metastatic colonization in breast cancer. Cell 185(8):1356—
1372 (e26)

Dieleman S et al (2021) Exploring the potential of breast micro-
biota as biomarker for breast cancer and therapeutic response.
Am J Pathol 191(6):968-982

Stein EM et al (2017) Enasidenib in mutant IDH2 relapsed or
refractory acute myeloid leukemia. Blood 130(6):722-731
Figueroa ME et al (2010) Leukemic IDH1 and IDH2 muta-
tions result in a hypermethylation phenotype, disrupt TET2
function, and impair hematopoietic differentiation. Cancer Cell
18(6):553-567

Turcan S et al (2012) IDH1 mutation is sufficient to establish the
glioma hypermethylator phenotype. Nature 483(7390):479-483
Stine ZE et al (2022) Targeting cancer metabolism in the era of
precision oncology. Nat Rev Drug Discov 21(2):141-162
Lemberg KM et al (2022) Clinical development of metabolic
inhibitors for oncology. J Clin Invest 132(1):e148550

Kumar A et al (2023) Targeting epigenetic regulation for can-
cer therapy using small molecule inhibitors. Adv Cancer Res
158:73-161

@ Springer



244 Page 320f32

F. Martino et al.

372. Corsello SM et al (2020) Discovering the anti-cancer potential of
non-oncology drugs by systematic viability profiling. Nat Cancer
1(2):235-248

373. Jin MZ, Jin WL (2020) The updated landscape of tumor micro-
environment and drug repurposing. Signal Transduct Target Ther
5(1):166

374. Leone RD et al (2019) Glutamine blockade induces divergent
metabolic programs to overcome tumor immune evasion. Science
366(6468):1013-1021

@ Springer

375. Pinkus LM (1977) Glutamine binding sites. Methods Enzymol
46:414-427

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



	Breast cancers as ecosystems: a metabolic perspective
	Abstract
	Introduction
	General aspects of metabolic plasticity in cancer
	The cancer cell viewpoint
	The tumor microenvironment (TME) viewpoint

	The BC metabolic ecosystem
	Molecular, phenotypic, and metabolic heterogeneity in BC
	Intra-tumoral metabolic heterogeneity in BCs
	Metabolic phenotypes in the natural history of BC: the transition from in situ to invasive cancers
	Metabolic phenotypes in the natural history of BC: the determination of the metastatic phenotype
	Metabolic phenotypes in the natural history of BC: exosomes and the pre-metastatic niche
	Metabolic phenotypes in the natural history of BC: dormancy
	Metabolic phenotypes in the natural history of BC: the “reactivation” of dormant metastases

	Adipocyte–cancer interactions in BC
	Microbiota–cancer interactions in BC
	Outlook: metabolism as a target in BC
	Acknowledgements 
	References




