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Preface

Then Sleep and Death,
two twins of winged race,
of matchless swiftness,
but of silent pace

Homer, The Iliad, Book XVI. Pope’s translation.

For several decades, cancer has been considered as a disease primarily characterized
by unlimited and uncontrollable proliferation. Countless studies have drawn paral-
lels between embryo and cancer cell growth [1], and cancer’s “limitless replicative
potential” is a milestone of the hallmarks paradigm [2].

In parallel with this view, a more nuanced description of cancer has gradually
emerged. Laboratory experiments have shown that cancer cells are able not only to
proliferate but also to alternate periods of quiescence with periods of rapid growth [3].
This reversible quiescent state is called “tumor dormancy” (from Latin dormeo: “1
sleep”). In keeping with this paradigm, clinical observations have indicated that most
neoplasms cannot be described in terms of unstoppable proliferation. For example,
prostate cancer is characterized by prolonged iterative cycles of proliferation and dor-
mancy (Fig. 1). Notably, during these periods of quiescence the neoplasm is often clini-
cally indolent and therefore both patients and clinicians are less concerned about it.

The discovery of cancer dormancy paves the way for many unresolved questions.
First of all: is cellular dormancy an inherited or acquired ability? How are cancer cells
able to alternate proliferation and quiescence? And finally: why does tumor dormancy
seem to be so critical for cancer cells’ survival? Emerging evidence indicates that the
mysterious phenomenon of cancer dormancy might hide the key for understanding
the two deadliest attributes of cancer cells: their ability to resist anticancer treatments
and their propensity to colonize distant organs. In the first two chapters of this book,
Aguirre-Ghiso and Wang analyze the role of epigenetics and metabolic pathways in
shaping the metastatic and drug-resistant potential of dormant cells.

Since dormant cells are generally overlooked by clinicians and resistant to con-
ventional therapies, the “dormancy paradigm” paves the way for the development of
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Fig. 1 The clinical course of prostate cancer is characterized by progressively shorter cycles of
treatment— dormancy-relapse. The duration of the dormancy period is based on clinical evidence of
progression-free survival after prostatectomy (1), androgen-deprivation therapy (2), and docetaxel
treatment (3). An increased mutation rate (red line) correlates with shorter dormancy periods

a completely new class of therapies. In chapters “Tumor Dormancy, Angiogenesis
and Metronomic Chemotherapy” and “Immunoncology of Dormant Tumors” of
this book, Bocci and Bishop discuss the possible role of anti-angiogenic therapy and
immunotherapy in targeting dormant cancer cells.

Finally, we decided to examine the roots of cancer dormancy by investigating the
relationship between cancer proliferation, quiescence, and a thermodynamic
description of biological processes (see chapter “Thermodynamics and Cancer
Dormancy: A Perspective” by Tuszynski and Rietman). We hope that this chapter
will identify new avenues of investigation for this fascinating research field.

We believe that this book is extremely timely and useful to everyone (students,
clinicians, and scientists) who wants to understand more about the increasingly
important concept cancer dormancy and recurrence. To produce an excellent text,
we have decided to invite only outstanding contributors, with a strong track record
of research in their specific area, and we have identified five key themes, corre-
sponding to the chapters of this book. We hope that this first organic collection of
essays on this topic will help to highlight the importance of this novel perspective,
which has the potential to revolutionize our understanding of cancers and to pave
the way for a new generation of therapies.

Vancouver, BC, Canada Yuzhuo Wang
Walton Hall, Milton Keynes, UK Francesco Crea
References

1. Monk M, Holding C (2001) Human embryonic genes re-expressed in cancer cells. Oncogene
20(56):8085-8091

2. Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation. Cell 144(5):646-674

3. Crea F, Nur Saidy NR, Collins CC, Wang Y (2015) The epigenetic/noncoding origin of tumor
dormancy. Trends Mol Med. 21(4):206-211



Contents

Epigenetic Regulation of Cancer Dormancy as a Plasticity
Mechanism for Metastasis Initiation. . . . ............................ 1
Maria Soledad Sosa, Emily Bernstein, and Julio A. Aguirre-Ghiso

Biological and Clinical Evidence for Metabolic Dormancy

in Solid Tumors Post Therapy ... ......... ... .. .. .. ... .. .. ... ..... 17
Noushin Nabavi, Susan L. Ettinger, Francesco Crea,

Yuzhuo Wang, and Colin C. Collins

Tumor Dormancy, Angiogenesis and Metronomic
Chemotherapy. ... ... ... ... . 31
Gianfranco Natale and Guido Bocci

Immuno-oncology of Dormant Tumours ............................ 51
Noushin Nabavi, Morgan E. Roberts, Francesco Crea,
Colin C. Collins, Yuzhuo Wang, and Jennifer L. Bishop

Thermodynamics and Cancer Dormancy: A Perspective............... 61
Edward A. Rietman and Jack A. Tuszynski

vii



Epigenetic Regulation of Cancer Dormancy
as a Plasticity Mechanism for Metastasis
Initiation

Maria Soledad Sosa, Emily Bernstein, and Julio A. Aguirre-Ghiso

Abstract Metastasis is responsible for the vast majority of cancer-related deaths.
However, our understanding of this complex process is still vastly limited, as is the
ability to prevent metastasis. Paradoxically, while clinical trials are commonly per-
formed in patients with advanced metastatic disease, disseminated residual disease is
rarely targeted. This eliminates a critical window of opportunity to prevent metasta-
sis. Disseminated tumor cells (DTCs) that seed metastases can remain undetected
years to decades after treatment of the primary tumor. Late relapse may be due to the
ability of DTCs to survive in a quiescent or dormant state and evade therapies.
Quiescence, a reversible growth arrest coupled to robust survival, has emerged as a
fitting biological definition for dormancy of single DTCs, but these mechanisms
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remain as one of the least understood “black boxes” in cancer biology. Because of the
reversible nature of dormancy, it has been proposed that epigenetic changes are key
in regulating the onset, maintenance and reactivation from this state. This is mediated
by the post-translational modification of histones (PTMs), ATP-dependent chromatin
remodeling, DNA methylation, and the incorporation of specialized histone variants
into chromatin. Many morphogenetic and micro-environmental cues like retinoic
acid, TGFps, hematopoietic stem cell dormancy regulating cues and BMPs are
known to cause chromatin modifications that dictate cell fate; these same cues were
linked to the induction of cancer cell dormancy. Despite progress in understanding
cancer cell dormancy, key questions remain open regarding its epigenetic nature. In
this chapter we attempt to address key questions related to this topic using available
data or hypothetical scenarios to build a model to further dissect how cancer cell
dormancy can be manipulated epigenetically as a therapeutic strategy.

Keywords Dormancy ¢ Diapause ® Dauer ¢ Epigenome ¢ Chromatin ¢ Niche
* Microenvironment ¢ Metastasis ® Relapse ¢ Drug resistance ¢ Differentiation
* Senescence * MRD

Introduction

Metastasis is responsible for the vast majority of cancer-related deaths. However, our
understanding of this complex process is still vastly limited, as is the ability to prevent
metastatic development [1]. Paradoxically, clinical trials are commonly performed in
patients with advanced metastatic disease, while therapies and approaches are com-
monly designed around the biology of primary tumors. Additionally, a fundamental
problem is that disseminated residual disease is rarely targeted therapeutically and
thus, a critical window of opportunity is missed to prevent metastasis [2, 3].

Metastases originate from disseminated tumor cells (DTCs), but it takes months
to decades after treatment of the primary tumor for these lesions to develop [1]. It is
clear that preventing late relapse is a major clinical need. For example, in breast
cancer, >60% of all metastatic relapses occur beyond the 5 year mark post-treatment,
a time during which patients are not commonly treated [4]. This scenario is also true
for other solid cancers, including melanoma and head and neck cancers [1, 5, 6].
Clinical evidence suggests that improved outcomes within the first 5 years are due to
advances in early detection, surgery and anti-proliferative therapies. This success has
led to patients living longer. Nevertheless, they can still succumb to the cancer due
to late recurrences. While a number of mechanisms may contribute, growing evi-
dence suggests that late relapse may be due to the ability of DTCs to survive in a
quiescent or dormant state and evade therapies [1, 7]. Quiescence, a reversible
growth arrest coupled to robust survival, has emerged as a fitting biological defini-
tion for dormancy of single DTCs [1, 8]. Despite important advances in the modeling
and understanding of cancer dormancy, this remains one of the least understood
“black boxes” in cancer biology.
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Fig. 1 (a) Microenvironmental cues (e.g. atRA TGFp2, BMP7, BMP4) produced by stromal cells
that are important in regulating adult stem cell quiescence and tissue differentiation, impose a
quiescence phenotype on disseminated solitary tumor cells [1, 8]. This will take place if the DTCs
express the proper receptors to sense and respond to the microenvironmental cues [1]. Similarly,
specific cues from the microenvironment may lead to reactivation from dormancy [22, 61]. In
response to the niche-derived cues DTCs may undergo a set of epigenetic changes that enforce the
dormant phenotype. (b) Some of these changes (red) are also found in senescent cells [92], while
others like NR2F1 upregulation [24] are linked to lineage commitment and differentiation during
development [76]

Because of the reversible nature of dormancy, it has been proposed that epigenetic
changes have a significant role in regulating the onset, maintenance and reactivation
from this state [9]. Epigenetics is considered a change in the final biological outcome
of a locus or chromosome without changes in the underlying DNA sequence. This is
mediated by the post-translational modification of histones (PTMs), ATP-dependent
chromatin remodeling, DNA methylation, and the incorporation of specialized his-
tone variants into chromatin. Importantly, cancer is considered a disease consisting
of both genetic and epigenetic alterations [10]. Many morphogenetic and microenvi-
ronmental cues like retinoic acid, TGFfs and BMPs are known to cause changes in
chromatin modification that dictate cell fate and differentiation [11-15]. Importantly,
the above-mentioned cues in tissue microenvironments have been also linked to the
induction of cancer cell dormancy [16-24 ] (Fig. 1).

From an evolutionary perspective, there are parallels between dormancy of cancer
cells and dormancy phases in organisms [1, 25]. Several lines of evidence from evo-
lutionary and developmental studies suggest that regulation of tumor cell dormancy
involves the reciprocal crosstalk between the environment and mechanisms that con-
trol transcriptional programs [1, 19, 24, 26-30]. Organisms are known to arrest devel-
opment in response to stress or nutritional changes [26, 29-32]. For example, in
response to oxidative stress or reduced nutrients, C. elegans enters a stage called
dauer during which development is arrested until conditions are propitious [26, 31,
32]. These fate decisions involve specific crosstalk between the microenvironment
and transcriptional programs driving the onset and interruption of the dauer stage
[26]. Similarly in many mammalian species a diapause state is found in blastocysts in
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response to changes in hormonal levels [33]. An important example can also be found
in dormancy of seeds that is controlled by specific signaling and transcriptional pro-
grams but only in response to environmental cues [34, 35]. The parallels with DTC
dormancy are quite remarkable, suggesting that this phase in cancer is not a rarity but
rather a process that recapitulates or taps into evolutionary conserved mechanisms of
survival. Given that these are adaptive mechanisms it is clear that inter-conversion
between dormant and active states are predominantly plastic in nature.

Despite our progress in understanding cancer cell dormancy, key questions
remain open regarding the epigenetic regulation of minimal residual disease (MRD)
biology. In this chapter we attempt to address key questions related to this topic
using available data or hypothetical scenarios.

* Do dormant residual tumor cells shut down cell cycle progression by modifying their
epigenome once they reach a particular microenvironment that stimulates this
program?

* Are some tumor cells epigenetically pre-programmed to enable their diaspora to
enter dormancy as DTCs?

* Are there specific mutations in chromatin modifiers that affect the rate of dor-
mancy onset and awakening?

* Does every microenvironment remodel the epigenome of residual DTCs in the
same way?

Cancer Cell Dormancy within the Dogma of Metastasis

A traditional view of metastasis holds that metastases result from the process of
natural selection of tumor cells with metastatic phenotypes [36]. This process is
hypothesized to be similar to Darwinian evolution where the genetic changes
required for metastasis are stably specified due to genetic mutation. As a result, the
metastatic tumor cells are hypothesized to be very rare, not present throughout the
bulk of the primary tumor, and to appear late in tumor progression. Darwinian evo-
lution of cancer cell genomes is commonly viewed as a way to generate traits that
ultimately propel survival and growth [36]. However, a key feature of Darwinian
evolution in the wild is that it selects for adaptation mechanisms that allow for
organisms to stop growth to ensure species survival [37-39]. This possibility has not
been explored in cancer, but it suggests that dormancy mechanisms might provide a
selective advantage to DTC populations.

Through the recent development of new technologies, including sequencing-
based mutational and expression profiling, analysis of early dissemination mecha-
nisms, high resolution intravital imaging, and the collection and profiling of
disseminated tumor cells (DTC) in animal models and patients [40—43], investiga-
tors have challenged the traditional Darwinian model of metastasis. Such studies
[44, 45-52] indicate that metastatic ability is acquired at much earlier stages of
tumor progression than predicted by the Darwinian model. Importantly, it is clear
that DTCs can enter a diapause-like state and remain non-productive or dormant for
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long periods of time. Intriguingly, this occurs regardless of whether tumor cells
carry altered genomes suggesting that microenvironmental and epigenetic mecha-
nisms can dominate over the genetics to drive dormancy [53-55]. The microenvi-
ronment and epigenetic model of metastasis opens alternative possibilities to explain
clinical phenomena that are not entirely explained by the oncogene-centric view of
tumors. For example, why can patients that carry tumors with oncogenic alterations
display prolonged disease-free periods with MRD, when these oncogenic altera-
tions should fuel proliferation? The long-lived nature of these phenotypes suggests
an epigenetic programming of dormancy fueled by microenvironmental and/or
intrinsic cues that have not previously been appreciated [51, 56, 57].

Defining Dormancy States

Three types of dormancy programs have been described in experimental models and
these have been reviewed extensively [1, 7, 8] (Table 1). Here we cover the basic
definitions for clarity. (1) Angiogenic dormancy refers to a stable small tumor mass
poorly vascularized that is in a transient equilibrium between cell proliferation and
death [1, 25]. Here, an angiogenic switch that leads to enhanced vascularization
would promote reactivation of the tumor mass. This dormancy state has not been
confirmed in clinical scenarios. (2) Immune system-induced tumor dormancy occurs
when a tumor mass is kept at a constant size because cytotoxic T-cell-mediated cell
death compensates for proliferation in a tumor mass. Evidence of this type of dor-
mancy has been inferred, but not proven, from studies of metastasis arising after
organ transplantation [1] and from experimental systems of equilibrium [58, 59]. (3)
Cellular dormancy defines the state where predominantly single disseminated
tumor cells enter a reversible growth arrest that can be induced by several host-
derived signals, such as TGFp2, BMP7, BMP4 or retinoic acid [1, 19, 21, 22, 24].

Table 1 Description of different type of dormancy events

Types of

dormancy Description

Angiogenic Small tumor mass poorly vascularized. Proliferation is balanced by cell

dormancy death caused by insufficient oxygen levels

Immune-mediated | Small tumor mass or residual cell populations are controlled by cytotoxic T

dormancy and/or, NK cell mediated cell death that compensates for proliferation.
Production of INFy and TNFa may also induce dormancy (Fig. 1)

Cellular Single DTCs enter a reversible growth arrest (quiescence) regulated by

dormancy lineage commitment transcription factors and GO/G1 arrest machinery.

Adult stem cells and senescent cells share gene profiles with dormant
cancer cells in experimental models

The three main mechanisms of dormancy defined by experimental systems are indicated. Cellular
dormancy is the best characterized mechanistically and validated across multiple labs and has sup-
port from the detection of the same genes and proliferation-negative DTCs in clinical samples. The
details of mechanisms driving each state have been recently reviewed [1, 8]
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While these categories offer some clarity, emerging evidence suggests that some
molecules attributed to angiogenic dormancy also function in cellular dormancy,
such as thrombospondin [18]. Other scenarios suggests that oncogene inhibition
and induction of dormancy is accompanied by an immune regulatory response that
sustains the dormancy due to oncogene inactivation [60]. Finally, recent work from
the Massague lab showed that Wnt signaling inhibition via DKKI1 results in
microenvironment-induced quiescence and these cells develop mechanisms to avoid
NK cell recognition, thus evading eradication [61]. These data suggest once again
that dormancy is initially dominated by microenvironmental signals, such as those
that control adult stem cell quiescence [1]. This can happen even if within the same
organ there is active expansion of other host cell subpopulations. These programs
are followed by immune evasion and vascular niche remodeling [7, 61] changes that
support quiescence and survival of DTCs, a main function of dormancy.

There are several clinical scenarios where cellular dormancy is detected.
Metastatic dormancy, for instance, happens when DTCs that disseminate from pri-
mary tumors have to adapt and survive new microenvironments [1]. In this situation,
dormancy at a cellular level is detected in single DTCs isolated from bone marrow of
patients with different types of cancer [4, 62, 63]. In addition, metastatic dormancy
also occurs during early stages of tumor progression before an overt primary tumor
is formed. In this case, several lines of evidence support the notion that early pro-
gressed cancer cells that display less evolved genomes, can disseminate and remain
as dormant early DTCs at secondary organs [1, 4, 24, 62—64]. This is demonstrated,
for example, in DCIS patients where DTCs are found in their bone marrow [42, 43,
62, 65, 66].

Dormancy also occurs as therapy-induced dormancy [67-73] where the treat-
ment used in neoadjuvant or adjuvant settings results in a residual tumor cell popu-
lation that can persist for long periods of time, depending on the type of tumors and
treatments. In these scenarios, dormancy is a mechanism of escape from drug-
induced cell death. In this chapter, we will focus primarily on cellular dormancy, as
it is best characterized in patients with evidence for epigenetic mechanisms at play.

Microenvironmental Signals Regulate Dormancy

Recent reviews have highlighted the role of microenvironmental signals in control-
ling DTC behavior [1, 7]. Here we highlight some salient findings that provide a
link between the microenvironment and epigenetic mechanisms that we will discuss
later in the context of epigenetic mechanisms driving dormancy.

Work from several labs have focused on metastasis-restrictive (e.g. bone marrow,
BM) or metastasis-permissive (lung) niches as a way of understanding how the
microenvironment might regulate dormancy induction and reactivation [19].
Additional studies showed that DTCs in breast cancer and HNSCC patients and in
mouse MMTV-Neu and PyMT models can remain dormant in the BM, but less so
in lungs [40, 42, 43, 74]. Using HNSCC and breast cancer models we found that
all-trans retinoic acid (atRA) and TGFp2 signaling, which is higher in BM than in
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lungs, induced a high p38/ERK activity ratio and DTC dormancy [24] (Fig. 1). This
work revealed that activation of p38 induced the lineage commitment transcription
factor (TF) NR2F1 that orchestrates quiescence/dormancy [24]. NR2FI is com-
monly downregulated in cancer tissues, in proliferative primary s.c. (T-HEp3 head
and neck squamous cell carcinoma, HNSCC) tumors and lung-derived proliferative
DTC lines that readily form metastasis in vivo [27, 75]. In contrast, NR2F1 is upreg-
ulated in HNSCC cells that are spontaneously dormant s.c. or become dormant in
the bone marrow where HNSCC metastasis is exceedingly rare [19]. Moreover, a
transcriptomic comparison of dormant BM-HEp3 vs. proliferative T-HEp3 cells
[19] revealed that dormant DTCs upregulate atRA regulated genes (RXRa, NR2F1,
ALDHI1A3, DHRS3, SEMA6B, SEC14L2, ARIDSA—unpublished and [24]).
Importantly, knock down of NR2FI in surgery margins, spleen and lung, where
cells commonly remain dormant, also awakened dormant residual tumor cells accel-
erating local recurrences [24]. Surprisingly, NR2F1 knockdown reduced DTCs in
the BM suggesting that NR2F1 regulates BM DTC survival. NR2F1 was identified
as a lineage commitment regulator and it does so through the regulation of specific
enhancers [24, 76]. This work provided the first hints about a microenvironment
regulated TF that can remodel chromatin and induce a dormant state. This work will
be discussed later with a focus on epigenetic functions.

Others have used powerful gain- and loss-of-function screens to dissect the
mechanisms of dormancy regulation. The Giancotti team identified a TGFf family
member, BMP4 as a dormancy inducer, which led to upregulation of p-SMAD lev-
els in DTC nuclei. Expression of the BMP inhibitor Coco/DANDS reversed BMP
signaling and caused reactivation and overt metastasis in lungs [22] (Fig. 1). It was
also found that Numb, a Notch inhibitor, also served as an enforcer of dormancy
[22, 77]. This suggests that in this model, enhanced BMP signaling and reduced
Notch signaling drives dormancy of DTCs in lungs. This highlights how the same
microenvironmental signaling themes emerge in models of HNSCC and breast can-
cer dormancy. As highlighted above, Wnt signaling via DKKI1 also results in quies-
cence of DTCs in models of lung cancer and HER2+ breast cancer. Our work on
TGFp2 revealed that this factor induces long term signaling via SMAD1/5, which
are BMP-regulated SMADs [19]. This suggest that BMPs might be induced long
term by TGFf2, and the role of these molecules is reinforced by the findings that
both BMP4 and BMP7 induce dormancy [21, 22].

Work focused on understanding how targeted therapies might induce dormancy
using unique oncogene-inducible mouse models for Myc, Wnt and ErbB2 revealed
that the latter oncogene, when inhibited with drugs or via de-induction of a
tetracycline-regulated ErbB2 transgene, resulted in the persistence of quiescent resid-
ual cells [69, 78]. Early work from the Felsher lab has revealed similar biology when
manipulating MYC signaling [70, 71, 79-81]. The ErbB2 work identified Notchl
and c-Met signaling as key in the survival of residual quiescent tumor cells, which
was also found in spontaneous dormancy models in HNSCC and TNBC (triple nega-
tive breast cancer). In agreement with these studies, it was also found that ErbB1
activation is inhibited in p38"" dormant HNSCC cells [82]. These data strongly
argue that an imbalance between mitogenic HER1/HER?2 signaling via ERK1/2
allows for stress signaling via p38 to predominate, which can induce dormancy.
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An important aspect to discuss is related to understanding how the micro-
environmental signals maintain dormancy of DTCs for such prolonged periods. In a
recent review, we postulated that just like adult-stem cell quiescence [1], an epigen-
etic reprogramming sustains the program driven by niche signals. Thus, dormancy of
DTCs may follow a pre-established set of rules that evolution has set aside for adult
stem cells or other developmental mechanisms when a pause in development or
growth would be advantageous (see below). We had also proposed that pathways
regulated by organisms like C. elegans that pause development in response to certain
stress signals would be informative of the mechanisms of dormancy. Importantly, it
would be advantageous for cancer cells to follow these rules as it may enable a plas-
ticity capacity that allows for enhanced adaptation. We propose that the microenvi-
ronment is key to induce dormancy, but that epigenetic mechanisms stabilize these
phenotypes following rules of ontogeny conserved over millions of years of evolution
(Fig. 1). From a clinical point of view, one could ask whether induction of a dormant-
like epigenome in residual DTCs in permissive microenvironments could overcome
the proliferation signals. Further investigation is required to address this possibility.

Epigenetic Regulation of Dormancy Transcriptional Programs

An epigenetic mechanism for the inter-conversion between dormant and malignant
states driven by changes in the microenvironment was proposed by Ossowski and
Reich more than 30 years ago [83]. In exploring the epigenetic mechanisms that
drive dormancy downstream of microenvironmental inputs, our group identified a
TF network linked to p38a/p active signaling and dormancy of HNSCC cells [27].
A key epigenetic regulator silenced in dormant cells was DNMT1 accompanied by
a large change in a TF network where key G1-S transition TFs were silenced. These
included FOXM1, FOXDs, FOXLs, EGR1/2/3, PPARy, ELK1 and Jun family
members among others. These data also revealed that MYC and NFkB activity were
silenced in dormant cells although in the case of MYC, the transcript itself was not
downregulated [27]. This work also revealed that the TFs p53 and DEC2 were
upregulated downstream of p38 signaling, along with NR2F1 and RARf in dormant
tumor cells (Fig. 1). NR2F1 and RARp are commonly epigenetically silenced in
several types of cancer via promoter hyper-methylation. The re-expression of these
nuclear receptors in dormancy models suggests that epigenetic regulation can be
instrumental in the regulation of these programs. DEC2 is a circadian rhythm regu-
lator with a quiescence induction function in in muscle differentiation that precedes
terminal MyoD-driven differentiation [27]. Induction of p53 was consistent with its
upstream regulation by p38 and its growth suppressive role [27]. However, the most
connected node in the TF network was NR2F1 followed by RARf and NR1H3. At
the time, their function was unclear in dormant cells and the role of NR1H3 remains
unknown [27].

Follow up work revealed that atRA [24] upregulated the orphan nuclear receptor
and retinoic acid receptor family member NR2F1 as well as RARP [24]. As mentioned
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above, NR2F1 was the most highly connected TF node and it shared a large amount of
target genes with RARP [27]. Linking the microenvironment to epigenetic regulation,
we showed that NR2F1 regulates chromatin changes associated with a global
H3K9me3"e"/H3K27me3"e"/H3K4me3"" repressive chromatin state [24] (Fig. 1). In
local promoter regions, NR2F1 regulated active H3 PTMs on the promoter of its target
genes SOX9 and RARP [24]. Recent analysis of H3 PTMs that mark active and poised
enhancers (H3K4mel/H3K27ac active, H3K4mel only, poised), is improving our
understanding of NR2F1-regulated programs and revealed that many genes induced in
dormant cells are regulated by active enhancers containing binding elements regulated
by NR2F1 and other key TFs controlling GO/G1 exit (unpublished and [76]).

Dormancy could be induced by a combination treatment with 5-azacytidine and
atRA, suggesting that the global chromatin repressive state can be activated in malig-
nant cells. Similar results on reprogramming of dormancy were published by others
using different strategies. For example, treatment with 5-azacytidine as a single agent
resulted in decreased expression of GO/G1 exit genes including DNMT1 and
FOXMI in hematological and epithelial tumor cells [84]. Interestingly, other genes
that are induced by p38 signaling in dormant HNSCC cells [27, 85], such as RARp
and CDKNI1A were induced by 5-azacytidine [84]. Epigenetic modulation of DTC
fate may be achieved with other drugs that affect chromatin modifying enzymes, such
as histone deacetylases (HDACs). In uveal melanoma models, HDAC inhibitors, such
as LBH-589, reprogrammed uveal melanoma lines from a high metastatic risk (Class
2) to a low risk (Class 1) state [86]. This reprogramming was accompanied by induc-
tion of GO/G1 arrest and the activation of gene programs that resembled melanocytic
differentiation. We propose that HDAC inhibitors and/or DNA demethylating agents
might represent alternative therapies to induce dormancy of uveal melanoma or other
cancer cell types. It is also possible that demethylating agents or HDAC inhibitors
coupled to specific RARa, NR2F1, RARP agonists or with specific inhibitors of
FOXM1 or DNMT]1 could be used to reprogram tumor cells into dormancy. As we
identify the key chromatin factors important to target for dormancy induction, we may
identify drugs that specifically target chromatin factors that, in combination with other
targeted therapies, may allow reprograming cells into dormancy and prevent relapse.

Repressive chromatin has been linked to the histone variant macroH2A, which is
involved in gene silencing in senescent, differentiating and quiescent cells [§7-90]
and also found upregulated at the mRNA level in dormant HEp3 cells in response to
p38 activation [27]. Proliferation of melanoma cells has also been linked to upregu-
lation of H2A.Z.2 histone variant [91]. Interestingly this histone variant is down-
regulated in dormant HNSCC cells [27], suggesting that differential regulation of
histone variants is key to establish the dormant phenotype (Fig. 1).

It has also been shown that proteolytic cleavage of histone H3.3, which occurs
during senescence [92] is also found in quiescent cells [92-94]. The cleaved form
of H3.3 is associated with inactive promoters of cell cycle genes in senescent cells
[92]. Thus, dormant cells may tap into similar programs of growth arrest as quies-
cent and senescent cells that allows for a long-lived growth arrest. Whether such
proteolytic processing of histone H3.3 can be stimulated by microenvironmental
cues and whether this is true in dormant DTCs in patients is unknown. Surprisingly,
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senescent fibroblasts induced by oncogenic stress or by overexpression of a cleaved
form of histone H3.3 were found to upregulate TGFp2 and BMP4, two micro-
environmental cues found to induce dormancy [19, 22, 92]. These data argue that
deep growth arrest accompanied by a strong epigenetic remodeling of the chromatin
and alteration of gene expression, are likely to require the sustained signaling from
microenvironmental cues to maintain the phenotype (Fig. 1).

Further linking epigenetic regulation to dormancy regulation, a recent loss of
function screen to identify dormancy ‘enforcers’ revealed that the histone methyl-
transferase Smyd5, which trimethylates H4K20 (repressive mark) is required for
lung DTC dormancy [77] (Fig. 1). Furthermore, the long non-coding RNA MALAT1
(metastasis-associated lung adenocarcinoma transcript 1) is a mediator of meta-
static reactivation in the lung [77]. These data together suggest that specific TFs,
histone variants, chromatin modifiers and non-coding RNAs are important regula-
tors of epigenetic programs linked to dormancy. Molecularly defining the epigenetic
dormancy mechanisms and how they play into late cancer relapse is an essential
outstanding question in cancer dormancy research.

Transcriptional Programs in Adult Stem Cells and Dormant
Cancer Cells

Recent publications suggest that dormancy of DTCs may be regulated by some of the
same rules that regulate adult stem cell biology [1, 19, 21, 22, 24]. Remarkably, there
are several similarities between adult stem cells, embryonic stem cells and dormant
residual tumor cells. In adult stem cells, for instance, around 60% of induced genes
overlap with genes upregulated and previously described during the dormancy state of
tumor cells [1, 95]. In addition, post-surgery residual dormant cells were found to
induce the pluripotency core NANOG, SOX2 and OCT4 [24]. In this scenario, at least
NANOG was required to maintain quiescence of BM DTCs [24]. Remarkably, these
master TFs regulate enhancers and epigenetic modifications (Boyer 2005) during
embryonic development suggesting that similar functions may occur during dormancy
state. Is it possible that dormant cells express these ESC TFs to maintain their epig-
enome in a plastic state that would allow for reactivation despite activating deep quies-
cence programs?

Another feature found in dormant DTCs is the downregulation of a network of
genes regulated by c-Myc [24, 27]. This was also recently reported in ESCs where Myc
depletion induced a reversible pluripotent diapause-like state [33]. This state was char-
acterized by a deep growth arrest, but maintenance of the expression of pluripotency
TFs Nanog, Sox2 and Oct4 [33]. A similar link was previously observed in BM-derived
dormant cells or cells that reprogram into dormancy in response to reduced ERK1/2
and active p38 signaling [24, 96]. These findings indicate that by downregulating Myc
activity, dormant tumor cells and naive ESC enter a reversible cell cycle arrest.
However, they maintain an undifferentiated state and reactivation capacity, albeit with
different fates, which is mediated by the pluripotency core TFs. This differential regula-
tion of pluripotency and proliferation programs was highlighted by Orkin et al. [97],
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and suggests that the reversible nature of cells in diapause or dormancy may rely on the
plasticity of epigenetic programs enabled by the pluripotency TFs. Along these lines,
retinal Muller stem cells require SOX2 to maintain quiescence through the Notchl
pathway as well as self-renewal capacity [98]. The Notch1 pathway was also linked to
dormancy induced after targeting the HER2 oncogene [67] and JAG1 and HES1 upreg-
ulation were linked to NR2F1 regulated dormancy in HNSCC cells [24], arguing for a
function of Notch signaling during residual cancer cell dormancy. These studies sug-
gested that juxtacrine signaling between tumor cells or with host cells may regulate
these epigenetic programs that result in quiescence and/or survival of DTCs.

Transcriptional Programs in Dormant Residual Disease
in Patients

The concept of dormancy or mitotic arrest was first described by Willis and then
Hadfield in the 1940s and 50s [4, 99]. In the clinic, it refers to the period of time
after primary tumor treatment where single tumor cells or small clusters of tumor
cells remain undetectable and quiescent for several years and patients present no
symptoms of disease [25].

DTCs may reside in multiple organs and evidence of metastatic disease after organ
transplantation has served as evidence that residual disease can go undetected for long
periods [1]. These transplantation studies also revealed that changes in the immune
microenvironment can lead to reactivation of DTCs [1]. However, this clinical situa-
tion does not allow the capture of disease during the dormancy phase. Thus, investiga-
tors have resorted to detection of DTCs in the bone marrow and lymph nodes or to
detect circulating tumor cells (CTCs). Detection of DTCs in BM aspirates from post-
surgery asymptomatic and symptomatic patients can predict relapses in different
organs [100]. Even the detection of as little as 1 DTC in the BM predicts poor prog-
nosis [100]. However, relapse can occur a few years or many years after surgery. This
argues that isolating and detecting the gene expression profile of these cells may
allow the determination of whether they are in a dormant or reactivated state.

Genetic and transcriptomic profiling of DTCs in metastasis negative or MO patients
may prove useful to identify targets for which drugs are available and also to discover
new mechanisms. This is illustrated by the discovery that HER2 is more frequently
amplified in DTCs from esophageal cancer patients, an alteration rarely observed in
the primary lesions [40]. Transcriptomic analyses may also provide evidence of tran-
scriptional programs associated with dormancy. Accordingly, the group of Morrisey
was the first to show the dormancy status of BM DTCs and the correlation with clinical
dormancy. In this work, 42.8-47% of residual DTCs from prostate cancer patients with
no evidence of disease (NED) after surgery showed NR2F1, TGFp2 and BMP7 upreg-
ulation vs. 10.3% in advance metastatic disease (ADV) patient-derived DTCs [5]. In
addition, the genes induced in the dormancy signature identified downstream of p38
signaling, were also enriched in these DTCs from NED patients [64]. Enrichment for
the p38 signaling pathway in the genes expressed in dormant NED patient-derived
DTCs was also confirmed independently of the p38-regulated dormancy signature [85]
and this identified additional p38 target genes linked to dormancy in patients [64].
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These results reveal not only that the mechanisms of dormancy can be mapped to
human DTCs, but also that genes such as NR2F1 or others in the dormancy signature,
may serve as markers to identify dormant DTCs.

Conclusions

Understanding dormancy of cancer cells opens an incredible opportunity to prevent
metastasis by enforcing the quiescence programs or by inducing cell death in resid-
ual tumor cells. Exploration of the epigenetic mechanisms driving dormancy is key
to achieve such goals. Chromatin modifiers can be targeted pharmacologically
offering an opportunity to enhance or block programs that induce dormancy or dor-
mant cancer cell survival, respectively. It will be important to functionalize the role
of the epigenetic regulators found in the various models and validate their expres-
sion and function in human DTCs. As mentioned above, the complementary
approach of directly interrogating the epigenome of residual DTCs in patients from
distinct organ sites will provide an unbiased and exceptional opportunity to under-
stand how the epigenome is reprogrammed during the different stages of cancer
progression. Advances in single cell genomics and epigenome analysis will surely
allow researchers to probe these important questions in the near future.
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Biological and Clinical Evidence for Metabolic
Dormancy in Solid Tumors Post Therapy
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Abstract Despite many advances in the understanding of cancer biology, patient
survival has only modestly improved over the past few decades. This is partly due
to the dismissal of an important phase of cancer progression called therapy-induced
dormancy which arises during the course of (neo)adjuvant therapy. This review
describes recent efforts in understanding the mechanisms that ‘dormant’ cancer
cells adopt to survive and develop resistance prior to their relapse into secondary
tumors. The focus is particularly on metabolic reprogramming that ensues as a con-
sequence of tumor adaptation to therapy.
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Fig. 1 (a) The clinical course of a majority of cancer types initiating with an increasing tumor
burden until treatment with first (neo)adjuvant chemotherapy or targeted therapy. The dormancy
phase ensues upon reduction of tumors to a minimum size before emergence as therapy resistant
tumor. (b) Cancer cell’s metastatic dissemination in distant organs through extravasation and neo-
vascularization of new tissues

Introduction

Tumor dormancy is signified by the period in cancer progression during which there
is a minimal residual disease-state as a consequence of surgical resection or neo-
adjuvant treatment of primary tumors and prior to relapse either locally or in distant
organs (Fig. la). Tumor dormancy post-therapy ensues when proliferation is
counter-balanced by apoptosis, and the transition has been ascribed to four main
attributes: (i) angiogenic dormancy, (ii) immunologic dormancy, (iii) micrometa-
static dormancy, and (iv) dormancy regulation through microenvironmental factors
[1]. Cellular dormancy occurs when cancer cells transition to a stem-cell like revers-
ible growth arrest phase following treatment, the mechanisms of which are poorly
understood. These quiescent residual dormant cells must acquire profound genetic
or epigenetic reprogramming that allow them to escape immunosurveillance, and
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help them adapt to an unwelcoming microenvironment in order to relapse. Whether
these are cancer stem cells is still an active topic of debate in many cancer fields.

Hence, dormancy is an important phase to consider clinically because patient
mortality is often due to the permanence of residual tumor cells (RTCs) or dissemi-
nated tumor cells (DTCs) that are highly resistant to therapy and capable of generat-
ing metastatic and incurable diseases. Circulating tumor cells (CTCs), on the other
hand, are associated with active and metastatic malignancies [2] and distinct from
the former two (Fig. 1b). The ‘seed and soil” hypothesis of ‘tumor and stroma’ inter-
actions account for relapse and metastasis of tumors that eventually cause a major-
ity of patient deaths in many cancer types [3]. This is important because the
expression of many of the tumor suppressors and oncogenes is context-dependent
and require specific tissue microenvironments to exert their functions [4].

Considering the conflicting clinical results and logistical challenges in address-
ing tumor dormancy, animal models that closely recapitulate the clinical discourse
of cancer are incredibly valuable [5-9]. Use of post-treatment patient-derived xeno-
graft models allow one to rule out the confounding metabolic adaptations typically
found in vitro models due to tissue culture conditions.

Some of the challenging questions that remain to be investigated include the
causes of dormant cancer cell re-awakening, distinctions and similarities of various
dormant cancer types, and the dormant cancer cell signature of long-term versus
short-term patient survivors.

Here, we introduce ‘metabolic dormancy’ in the context of cancer. Previously, this
term has been used to describe aquatic invertebrates (e.g. Caenorhabditis
elegans) entering a state of developmental and metabolic dormancy for coping with
their extreme environmental conditions [10]. In microbiology, metabolic dormancy
has been used to describe Mycobacterium avium’s evolved response to starvation
[11]. E. coli and S. cerevisiae also enter a stationary phase during which the metabo-
lism of carbohydrates, amino acids, and phospholipids are considerably reduced [12]
under the close regulation of reactive oxygen species (ROS) and superoxide dis-
mutases, MTOR, and stress response transcription factors [13, 14]. Metabolic dor-
mancy in the context of cancer is attributed to a reprogramming and switch in
metabolism during dormancy in order to use a minimum supply of energy for sur-
vival either at the site of origin, as minimal residual disease post-treatment, or in a
new microenvironmental niche occupied by disseminated dormant tumor cells. Since
the bone marrow acts as the recipient organ of many cancer cell metastases (dissemi-
nation to the bone), understanding the hematopoietic stem cells niche of the bone
marrow is also essential [15—17]. Therefore, it is not surprising that many different
mechanisms need to converge in order to result in maintenance of quiescence (Fig. 2).

Thus, there exists an urgent need for identifying the effective survival strategies
of dormant cancer cells and for determining prognostic and diagnostic markers of
specific cancers. The ultimate aim of this chapter is to evaluate recent findings that
intervene in progression, and metastatic relapse of cancer, targeting the energetics
switch of cancer cells after therapy. Understanding the intricate biology of dormant
tumors and metabolic mechanisms that lead to their switch from dormancy to relapse
into secondary tumors are critical steps towards designing therapeutic strategies.
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Metabolic Rewiring in Treatment-induced Dormancy
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Fig. 2 Comparison between properties of proliferative active tumors and quiescent treatment
induced dormant tumors. A heterogeneous mass of proliferative tumors exhibit increased cell
cycle, anabolic and catabolic metabolism to supply energy for growth. Other attributes include
chemoresponsiveness and vascularization. Dormant tumors, on the other hand, exhibit lowered
cycling and metabolic activities to support their survival. Other attributes include development of
chemoresistance and profound genetic/epigenetic reprogramming

The Derangement of Metabolic Wiring in Cancer

In the presence of oxygen, most normal tissues derive their energy by metabolizing
glucose to pyruvate through glycolysis, and then oxidize the majority of the generated
pyruvate to carbon dioxide in the mitochondria through the tricarboxylic acid (TCA)
cycle coupled to oxidative phosphorylation (OXPHOS) [18]. Under anaerobic condi-
tions, normal cells redirect the pyruvate generated from glycolysis away from oxphos
towards lactate production [19]. The fundamental paradigm shift that Otto Warburg
proposed was that in contrast to normal cells, rapidly proliferating cancer cells rewire
their metabolic programming and switch to accelerated aerobic glycolysis and lactate
production [20]. Recent studies now show that in addition to high rates of glucose
metabolism, some cancer cells can maintain high rates of oxphos as well [21]. The
process of aerobic glycolysis is more rapid than oxphos and while it provides the
increased rate of ATP production required for increased cell division it also diverts
glucose into anabolic biosynthetic pathways upstream of pyruvate production [22]
required for the vital replication of cellular biomass. These anabolic pathways include
the pentose phosphate pathway which generates pentose phosphates for ribonucleo-
tides and NADPH; and the serine biosynthesis pathway which generates amino acids
and initiates the one-carbon metabolism cycle [23]. Besides NADPH generation, one-
carbon metabolism is also involved in the anabolic synthesis of amino acids, proteins,
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nucleotides and phospholipids, and has a role in the methylation reactions involved in
post-translational modifications [24]. Additionally, during aerobic glycolysis, some
glucose is diverted to glycerol-3 phosphate for fatty acid synthesis [21] and in the mito-
chondria, to the precursor, acetyl CoA for eventual cytosolic synthesis of lipids [22].

Apart from glucose metabolism, several other highly interconnected and multistep
metabolic pathways and intermediates are involved in energy production and de novo
synthesis of biomolecules. Other carbon fuels including glutamine, proline, serine, and
fatty acids can ultimately feed into the TCA cycle to provide electron donors for the
electron transport chain (ETC) and the generation of ATP [25]. Emerging evidence
suggests a role for non-essential amino acids in tumor cell proliferation. For instance,
arginine can promote tumor cell proliferation through nitric oxide synthesis.
Additionally, the conversion of arginine to ornithine in the urea cycle, interconnects
with the proline cycle leading to the generation of glutamate for the TCA cycle and
glutamine synthesis [26]. Additionally, proline metabolism promotes cancer cell sur-
vival and energy production and regulates redox balance and biomass production [27].
The chemical energy of these fuels is harnessed by reducing electron carriers NAD+
and FAD to NADH and FADH2. These pathways eventually satisfy the three metabolic
demands of cancer cells: (i) bioenergetics, (ii) macromolecular biosynthesis, and (iii)
redox maintenance through NADPH/NADP* ratios. Additional pathways that regulate
metabolic flux include MTOR, PI3K, AMPK, and autophagy [14].

However, there are multiple layers of complexity that should be accounted for when
considering cancer metabolism. The heterogeneity of metabolism is multiple folds and
can be attributed to (i) lineage-specific or selective expression alterations of metabolic
transcripts that affect uptake, secretion, or other functions, (ii) genomic aberrations in
metabolic genes such as mutations, deletions, amplification, and splicing events, (iii)
epigenomic or non-genetic landscape changes, (iv) ATP generation affected by both
cell type and the conditional context, (v) secondary metabolites of metabolism acting as
tumor suppressors or oncogenes and (vi) stromal influences/tumor microenvironment.

‘Metabolic’ Dormancy and Related Biological Mechanisms

Altered tumor metabolism during dormancy need not consist entirely of adaptations that
are driven to satisfy the bioenergetics demands of cell survival. Instead, such metabolic
rewiring may also result in the development of specific dependencies that must be met
to maintain cell survival [32-36]. For example, several tumor types are auxotrophic for
one or more amino acids owing to deficiencies in a corresponding endogenous biosyn-
thetic pathway. Particularly, some quiescent cells have a reliance on the import of amino
acid(s), such as proline, from the extracellular matrix or serum [37] without which
tumorigenesis ensues [38]. For instance, lymphoblastic leukemia and ovarian carcino-
mas depend on non-essential amino acid L-asparagine for survival [39]. Similarly, a
large fraction of hepatocellular carcinomas, metastatic melanomas, and renal cell carci-
nomas are auxotrophic for L-arginine [40, 41]. The systemic depletion of such amino
acids as a therapeutic strategy is of particular interest given the poor prognosis of these
cancers and the difficulty in treating them with conventional chemotherapeutics.
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Whereas tumor cells must maintain catabolic metabolism for the production of
energy and anabolic metabolism for the synthesis of biomolecules required for rapid
cell division, as mentioned above, dormant cells are relieved of this anabolic pressure
and so presumably adopt a basal catabolic metabolism. Dormant tumor cells, thought
to undergo a reversible cell cycle arrest in response to unfavorable conditions such as
anti-neoplastic treatment, retain their ability to re-enter the proliferative cell cycle when
conditions improve. This dormant phase is characterized by cell cycle arrest with 2N
DNA, condensed chromosomes, reduced rRNA synthesis, decreased translation and
decreased cell size [14]. Interestingly, non-neoplastic tissues including stem cells, eggs,
spores and seeds respond similarly during conditions unfavorable to proliferation [28],
accumulating DNA damage that is then repaired upon entry into cell cycle in the case
of quiescent hematopoietic stem cells. In other accounts, such entry of hematopoietic
stem cells into quiescence protects them from cytotoxic effects of chronic exposure to
cytokines [29]. Survival of other types of tumors during stress-induced growth arrest,
following therapy or growth factor withdrawal, depends on activation of stress and
autophagy signaling pathways as well as survival signals (e.g. decorin) from the micro-
environment (Fig. 3a) [30, 31]. Indeed, during dormancy, tumor cells are characterized
by decreased rates of protein synthesis (via decreased MTOR activity) (Fig. 3c) and

Autophagy as a regulator of dormant tumour cell metabolism and survival

b \ TSlez —] MTOR —, Protein synthesis

UIK1/2 J_ it Cell growth/survival
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ctivation of Autophagy Fatty Acid o
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Fig. 3 Autophagy as a regulator of dormant tumour cell metabolism and survival. Treatment-
induced dormant tumour cells lack adequate growth factors and nutrients and in a context-
dependent manner, rely on compensatory signals from the extracellular matrix (ECM) and
catabolic processes, such as autophagy, for energy and survival. (a) Decorin (DCN), a partial
agonist of VEGFR2 induces autophagy through activation of AMPK and the association of the
autophagy-initiation complex (Beclin interactome). (b) AMPK is activated by nutrient deprivation
and low AMP/ATP ratios, as well as by LKB1 and CaMKKB which also induce autophagy. AMPK
also inhibits ACC2 thus stimulating Fatty Acid Oxidation as a fuel source. (¢) Decorin, binds
EGFR and inhibits EGFR activation of MTOR, an inhibitor of ULK1 and autophagy
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macromolecule synthesis [14]. To compensate for these deficiencies, dormant tumor
cells may activate energy-sensing pathways including LBK1/AMPK-induced autoph-
agy for the breakdown of macromolecules that allow them to reclaim energy and
metabolites (Fig. 3b). The supply of these macromolecules can either be intracellular
or come from a repertoire of matrix constituents (e.g. collagen network, decorin, lam-
inin) [31]. Additionally, stress-response transcription factors (ATFs) and forkhead box
subclass O3 (FoxO3) may enhance survival of dormant cells by activating PI3K/Rheb/
MTORCI pathway in a context-dependent manner, thereby enabling these cells to
adapt to their new environment [30].

Regulation of Metabolic Dormancy

The non-genetic component of metabolic dormancy attributed to stromal influences or
metabolic intermediates cannot be underestimated as it can affect the final outcome of
tumor fate. The hiding dormant niche can be exposed to differential vascularization
that expose the tumors to varying spatial and temporal gradients of nutrients (energet-
ics), oxygen (HIF1-induction in low concentrations), and pH (lactate secretion causing
local acidification) [42, 43]. The alteration in metabolic pathways in dormancy is likely
stimulated to adapt to such dynamic and energetically stressful conditions.

Both metabolic and proteostatic stress sensors are essential to adaptation to environ-
mental stimuli such as therapy. These include transcription factors that regulate ER
stress (i.e. IREla, PERK, ATF6, and XBP-1) or chaperones regulating the unfolded
protein response (BiP, Grp78, HSP70 and -90) [44, 45]. Apart from these, metastasis-
related transcription factors such as p53 loss [46], Sharp-1 [47], and NR2F1, regulated
by the p38/ERK pathway, are also responsible for quiescence or cell cycle arrest of
squamous carcinoma cells in vivo [48, 49]. P38 mitogen-activated protein kinase
(MAPK) is one of the signaling pathways responsive to the stress stimuli and have been
shown to be activated in quiescent tumor cells [49]. In hematopoietic stem cells,
P38MAPK pathway restricts their cycling and promotes their entry into dormancy in
the bone marrow niche [50].

Additionally, ROS and MTOR signaling pathways have also been associated with
switching to a quiescence state in hematopoietic stem cells [51-53].

The Myc family of oncogenes are other transcriptional regulators of tumorigenesis,
including genes involved cell growth and metabolism. However, depletion of Myc has
varying effects in a context-dependent manner. For example, in mouse embryonic stem
cells, inhibition of Myc decreases transcription of several genes leading to reversible
cell cycle arrest and biosynthetic quiescence/dormancy [54]. Furthermore, highly qui-
escent dormant hematopoietic stem cells survive in a Myc-depleted environment
whereas all other hematopoietic cells undergo apoptosis [55].

Apart from metabolic enzymes that act as tumor suppressors and oncogenes (e.g.
succinate dehydrogenase, fumarate hydrogenase, isocitrate dehydrogenase among oth-
ers), secondary metabolites and metabolic pathways in the context of tumor dormancy,
one should also consider the two main regulatory axes of energy sensing: (i) PI3K/Akt/
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mTORC and (ii) LBK1/AMPK/Autophagy. The well-characterized PI3K/Akt/MTOR
pathway lies directly downstream of receptor tyrosine kinase (RTK) activation regulat-
ing glucose transporters, fatty acid synthesis, and growth. The AMP-activated protein
kinase (AMPK), on the other hand, senses changes in the cellular ratio of AMP to ATP,
allowing for adaptation to a metabolic stress. Under energetic stress, liver kinase B1
(LKB1), a tumor suppressor, regulated by AMPK, further regulates the signaling axis
of metabolic control. As outlined in Fig. 3, these opposing pathways appear to be
actively involved in regulating cellular dormancy or quiescence [56, 57].

The dormancy phase of cancer brings a renewed interest for the role of cellular
metabolism and reappraises the notion that metabolic dormancy is a key feature of
cancers that survive in their niche post therapy. It further proposes a renaissance for the
potentials of metabolic targeting that have escaped scrutiny over the years.

Although we can expect that the metabolic rewiring during dormancy can revert
back to that of normal proliferating cells, the dormant cells are presumably aberrantly
driven by a combination of genetic lesions and non-genetic factors such as the tumor
microenvironment [32]. For this reason and the inherent context-dependent heteroge-
neity of tumors, a single model of altered tumor metabolism does not describe the sum
of metabolic changes that can support cellular quiescence. Thus, better understanding
of metabolic dormancy can enable the development and optimization of therapeutic
strategies that target tumor metabolism.

Technological, Biological, and Clinical Challenges to Study
Metabolic Tumor Dormancy

The glycolytic activity of tumors is commonly exploited clinically by 18F-deoxyglucose
positron emission tomography (FDG-PET). Radiolabeling of 18F-deoxyglucose helps
in detecting tumors precisely by virtue of their enhanced ability to take up and metabo-
lize glucose compared to normal tissue. However, the challenge with dormant tumors
be it disseminated or residual, is that they are few in number, have minimal metabolic
activities, and are often hidden from non-invasive detection (e.g. scanning technologies
or blood stream circulation in the case of CTCs). Thus, the lack of drugs to target tumor
dormancy and more specifically metabolic dormancy arises because of a lack of a
mechanistic understanding of the dormancy phase and a lack of models for screening
for new drugs that target this phase of cancer progression. Unfortunately, there are few
cell lines that can exhibit a dormant phenotype in experimental mice partly because
commonly used cell lines are selected for rapid metastatic ability. Hurst et al. has
recently compiled recently compiled existing in vitro and in vivo models for dormancy
for bone, lung, breast, ovarian, and pancreatic cancer [58]. We also wish to point to the
existing models of patient-derived cell and tumor xenografts in prostate cancer [8, 9].
These in vitro and in vivo models can be therapeutically treated to enter a therapy-
induced dormancy phase and so offer an improved alternative for the study of meta-
bolic dormancy [1, 9] and understanding the inherent heterogeneous diversity of
different cancer types. These models can be used for biochemical, transcriptomic, and
metabolomics studies, not entirely dissimilar to approaches used for cancer stem cell
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investigations [59—63]. These studies are expected to refine cancer-specific dormant
cell markers that allow soring of cells to a high purity for functional in vitro assays or
in vivo re-transplantations. Beyond these studies, suitable models for tumor metabo-
lism in vivo such that it mimics the physiological conditions of the microenvironment
are extremely rare [64]. The metabolic dependencies and liabilities within a given
tumor cell should then ideally guide the utilization of specific radiolabeling and tech-
nology requirements. This is further exacerbated by the challenges involved in design-
ing clinical trials that address tumor and cellular dormancy. Although these reasons
hamper the development of new approaches to in vivo metabolic analyses, there are
several breast cancer clinical trials designed for studying breast cancer progression fol-
lowing adjuvant treatments, i.e. TEACH [64, 65], HERA trial [66], or metastatic pros-
tate cancer progression in NCTO00309985 trial [67]. Thus, recognition of tumor
dormancy complexity aided by the progress of various “omics”-based strategies ideally
leads to the continued exploitation and integration of imaging technologies.

Premise of Therapeutic Targeting of Metabolic Dormancy

Given that metabolic reprogramming in cancers is widely recognized, therapeutic
targeting of this rewiring has garnered significant attention and investigation.
However, there remains a vast disconnect between identification of dormant tumors
and the design of appropriate clinical trials. Targeting of tumor dormancy, therefore,
remains an elusive field of research. This is expected for the difficulty of detecting
and targeting this phase of cancer. Some of the first-line chemotherapeutic agents,
such as nucleoside analogues and antimetabolites that target the direct inhibition of
enzymes used in DNA synthesis, are no longer feasible for dormancy. Other thera-
peutic opportunities explored for cancers, small-molecule inhibition of key enzymes
involved in metabolic pathways such as glycolysis and fatty acid synthesis, offer
limited potential. These strategies are equally unspecific and irrelevant in the con-
text of dormancy. Therefore, we need to rethink the development of strategies that
target this ‘therapeutic window’ of cancer. One crucial consideration that remains
common in the development of anticancer therapeutics irrespective of dormancy is
to the extent to which a given drug can achieve its intended mechanism of action
without additionally exerting unacceptable toxicities for normal cells. This is espe-
cially relevant as any targeting strategy for the dormancy phase will be aimed either
for long-term maintenance of dormancy without stimulating a malignant evolution
(let the sleeping dogs lie) or killing the cells as they sleep [64].

Conclusions

The collection of advances made in our understanding of tumor metabolism in recent
years is not sufficient for targeting metabolically dormant cancer cells. Therefore, a
better understanding of the diversity of mechanistic adaptations and context-dependent
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determinants that can drive metabolic rewiring of dormant cancer cells is direly
required. As our understanding of dormant tumor metabolism continues to evolve by
advances in analytical technologies and animal models, we can progress in capitaliz-
ing upon the exploitation of their atypical metabolic features. Finally, distinguishing
the interplay between genetic and microenvironmental elements of tumor dormancy
can serve as critical factors in determining therapeutic targets that enable maximal
drug efficacy and minimal deleterious effects on normal cells.
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Tumor Dormancy, Angiogenesis
and Metronomic Chemotherapy

Gianfranco Natale and Guido Bocci

Abstract Angiogenic dormancy can be defined as the condition in which cancer cell
proliferation is counterbalanced by apoptosis owing to poor vascularization. Indeed,
the lack of tumor angiogenesis impedes tumor mass expansion beyond a microscopic
size, resulting in an asymptomatic and non-metastatic state. Thus, the tumor angio-
genic switch is essential to promote fast-growing and expansion of tumor masses and
to develop the metastatic process. In the avascular tumor lesion, angiogenesis process
results blocked from the equilibrium between pro- and anti-angiogenic factors, such
as vascular endothelial growth factor (VEGF) and thrombospondin-1 (TSP-1),
respectively. The angiogenic switch of non-dormant tumors mainly depends on the
disruption of the balance in the tumor microenvironment between anti-angiogenic
and pro-angiogenic factors, in favor of the latter. Moreover, this tumors activate and
recruit the circulating endothelial progenitors (CEPs) that facilitate the shift toward
the generation of new blood vessels. Metronomic chemotherapy—a regular adminis-
tration of drug doses able to maintain low but active concentrations of chemothera-
peutic drugs during prolonged periods of time—is a promising therapeutic approach
that can induce or re-induce the angiogenic tumor dormancy. Metronomic chemo-
therapy upregulates TSP-1 and decreases pro-angiogenic factors such as VEGF, and
suppresses the proangiogenic cells such as CEPs both in adjuvant setting or in the
treatment of metastatic disease. In this perspective, metronomic chemotherapy may
be able to play a main role in the modulation of the angiogenic tumor dormancy, but
further preclinical and clinical studies are needed to better investigate this particular
aspect of this interesting therapeutic tool.
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Introduction

The concept of tumor dormancy refers to the presence of asymptomatic and tempo-
rarily non-invasive cancer cells which are diagnostically undetected for months or
decades. Indeed, autopsies of several people who did not die for tumors revealed the
accidental presence of non-expanding microscopic primary cancer and the occur-
rence of these non-invasive dormant cells can be considered “normal” in healthy
subjects [1]. Nevertheless, this condition of occult cancer can represent the early
stage of tumor development, but it can also account for tumor recurrence after a
successful treatment, as well as micro-metastases. Accordingly, cancer progression
can be regarded as a multistep process. Both experimental and clinical studies sug-
gest that cancer cell dissemination occur at very early stages of tumor growth and
that these disseminated cells can remain dormant for a long time. The phenomenon
of metastatic tumor dormancy is on the basis of tumor metastasis which can occur
also several years after an apparently effective therapy. Then, tumor dormancy is
clinically relevant in both primary and secondary tumors, which arise from residual
disseminated cancer cells. However, the peculiar features of tumor dormancy
impede to have appropriate experimental models and clinical accessibility and the
problem remains poorly investigated [2—4].

It is important to distinguish between quiescent solitary cells (tumor cell dor-
mancy) and small-sized asymptomatic cancerous lesions (tumor dormancy). Indeed,
these two types of dormancy represent completely distinct conditions that signifi-
cantly differ in their characteristics and underlying regulatory mechanisms [3].

It is particularly noteworthy to identify those factors that are able either to main-
tain cancer cells in an occult state or to promote the escape from dormancy. Taking
into account that preventing screening tests are unable to reveal such undetectable
abnormal solitary cells, the knowledge of tumor dormancy pathophysiology is
essential to understand cancer development and to design therapeutic strategies.
Tumor dormancy would involve quiescence, consisting of reversible cell cycle
arrest. However, some tumor cells seem to be also able to reverse senescence, con-
sisting of permanent cell cycle arrest, and a combination of both mechanisms might
lead to tumor dormancy [4-6].

The complex interactions occurring in the tumor microenvironment, in particular
the relationship of the cancer cell with the extracellular matrix and other normal cell
types (e.g., endothelial cells, fibroblast), appear determinant in contrasting tumor
growth. The expression of some receptors, including urokinase and epidermal
growth factor (EGF) receptors, has been associated to the regulation of the
quiescence-based dormancy of tumors [7, 8]. Considering the ability of different
organs to support disseminated tumor cells growth, microenvironments have been
classified as dormancy-permissive or dormancy-restrictive and this distinction
might account for the different incidence of metastases and disseminated tumor
cells in the same organ (“seed and soil” theory) [9, 10].

The immune surveillance plays a pivotal role in suppressing cancer growth and
both cellular and humoral responses are needed to maintain the occult state of
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cancer mass [11]. However, the inflammatory state that associates to the release of
cytokines during some immune reactions can trigger angiogenesis-mediated escape
from dormancy [12].

Specific changes in cytoskeleton architecture, involving fibronectin production
and activation of integrin p-1 signalling pathway, may be associated to the pattern
of the dormant cell [13].

Other factors that facilitate the permanence of the tumor in a dormant state
include the hormonal withdrawal and the inhibition of angiogenesis [3, 14, 15].
Apart from adjuvant chemotherapy strategies, various dietary components, in terms
of food intake, energy balance and physical activity, might also influence cancer
cells and their microenvironment. Indeed, several dietary phytochemicals can affect
the behavior and gene expression patterns of both tumor cells and host tissues [16].

The Role of Angiogenesis in Tumor Dormancy

Angiogenesis is a biologic process consisting in the formation of new capillaries
from pre-existing blood vessels [17]. This process occurs in several physiological
conditions, including embryogenesis, ovulation, wound healing and repair. However,
it can be also observed in pathological conditions, such as arthritis, diabetic reti-
nopathy, endometriosis and tumors. The growth of solid tumors includes an avascu-
lar and a subsequent vascular phase. Most tumors seem to begin as small sized and
non-angiogenic cellular aggregates which cannot grow until vascular network is
established. Indeed, an important mechanism behind tumor dormancy is the ability
of cancer cells to induce angiogenesis. In solid tumors the transition from the avas-
cular to the vascular phase is critical for the proliferation of cancer cells in sifu and
at distant sites, as metastases. In this respect, tumor growth is thought to be
angiogenesis-dependent and the inhibitors of angiogenesis have been then proposed
as anticancer therapy [18, 19].

Not surprisingly, a pivotal mechanism behind tumor dormancy is represented by
the ability of tumor cells to induce angiogenesis and, more importantly, to realize
successfully and correctly the complete process of new blood vessel formation.
Indeed, failure in one or more of the angiogenic steps leads to dormancy [3].

Tumor dormancy may be referred to a single cancer cell (tumor cell dormancy)
which lies in cell cycle arrest (GO-G1 arrest), or to active proliferating tumor cells
(tumor mass dormancy) whose growth is significantly limited by efficient immune
surveillance, or insufficient blood supply (angiogenic dormancy), leading to
dynamic equilibrium between cell proliferation and apoptotic death. In fact, dor-
mant tumor cells are generally considered in an arrested state, but a debate exists
whether micrometastatic disease consists in a balance of cell proliferation and death
that only appears as an arrested state [6, 10].

Aguirre-Ghiso [6] just defined angiogenic dormancy the condition in which can-
cer cell proliferation is counterbalanced by apoptosis owing to poor vascularization.
As a consequence, the cancer cells are unable to grow. Then, malignant properties of
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cancer cells are not enough to develop a tumor that becomes lethal: a cancer without
disease! Tumor angiogenesis is strictly necessary to promote fast-growing and
expansion. The lack of tumor angiogenesis impedes tumor mass expansion beyond
a microscopic size, resulting in an asymptomatic and non-metastatic state [20].

The normal angiogenesis results from the equilibrium between pro- and anti-
angiogenic factors. The first pro-angiogenic factor, named tumor angiogenic factor
(TAF), was hypothesized 45 years ago by Judah Folkman [21], who also suggested
that tumor growth strongly depends on angiogenesis and proposed anti-angiogenic
therapy as a new approach to treat cancer disease [22]. In subsequent years, other
receptor-mediated agents activating and regulating angiogenesis were identified,
among which fibroblast growth factors 1 and 2 (FGF-1 and 2) [23], the most impor-
tant vascular endothelial growth factor (VEGF) family (VEGF A to D) [17], pla-
centa growth factor (PLGF) [24], platelet-derived growth factors (PDGFs),
insulin-like growth factors (IGFs), angiopoietin 1, EGF, hepatocyte growth factor
(HGF), hypoxia-inducible factor-1 a and f (HIF-1 o and B), transforming growth
factor-a and f (TGF-a and f), tumor necrosis factor-a (TNF-a), interleukins (IL)-1
B, 3, 6, 8, neuropilin 1 and 2, angiogenin, adrenomedullin, stromal cell-derived fac-
tor-1 (SDF-1) [18, 25, 26].

Apart from hypoxia, other environmental stressors are able to induce the expres-
sion of pro-angiogenic factors, including glucose deprivation, accumulation of reac-
tive oxygen species (ROS), cellular acidosis or iron deficiency, or the activation of
oncogenes, such as Ras [27] and Myc, or the loss of the function of tumor suppres-
sor genes [3].

Dormant cancer cells appear to undergo a stable genetic reprogramming process
during their escape towards the fast-growing phenotype and this would occur during
the angiogenic switch: progress from non-angiogenic to angiogenic phenotype,
with recruitment of new blood vessels. This condition is considered an early marker
of neoplastic transformation. Although dysfunctional, with irregular shape and
architecture, tumor blood vessels are essential for the growth of malignant cancer
cells. An important concept is that the acquisition of angiogenic capacity is required
a long time before the emergence of an invasive malignancy [3].

Human tumors contain cancer cell subpopulations with different angiogenic poten-
tial. In a human liposarcoma cell line (SW-872), three different clone patterns of
growth have been isolated and observed: highly angiogenic clones with rapid tumor
growth; weakly angiogenic clones with slow tumor growth; non-angiogenic clones
corresponding to vital but dormant tumors and also named “non-tumorigenic” or “no-
take”. This concept has been also explored in animal models of tumor dormancy,
especially by inoculating human cancer cells in immunocompromised mice [20, 28].

Environmental hypoxia in cancer cell proliferation appears to be a crucial factor
inducing angiogenic switch, this expression indicating the transition from the non-
angiogenic to the angiogenic tumor phenotype, with subsequent disease progression.
When a small-sized tumor mass attempts to grow, central cancer cells remain too
distant from normal surrounding blood vessels to benefit of oxygen diffusion and
tend to necrosis. This hypoxic condition might trigger compensatory mechanisms in
suffering cells, with an increased expression and activation of the transcription factor
HIF-1 pathway or HIF-1-independent pathways, as well. Subsequently, other pro-
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angiogenic factors are recruited, including VEGF, PDGF and nitric oxide (NO) syn-
thase. The angiogenic switch would depend on the disruption of the normal
equilibrium in the microenvironment between anti-angiogenic and pro-angiogenic
factors, in favor of the latter. The initial step is represented by hyperemic reaction at
the periphery of the tumor, due to vasodilation, followed by a process of angiogen-
esis. A transient angiogenic switch delivered by factors of the tumor microenviron-
ment can also convey tumorigenic properties to cancer cells [12, 14, 29].

In particular, the switch of dormant cancer cells was associated with down-
regulation of the angiogenesis inhibitor thrombospondin-1 (TSP-1) and decreased
sensitivity to angiostatin. Cancer cell secretion and intracellular levels of TSP-1 in
non-angiogenic and angiogenic tumor cell populations isolated from the human
breast cancer cell line MDAMB-436 were compared, indicating that angiogenic
cancer cells contain significantly lower levels of TSP-1 than non-angiogenic tumor
cells and secretion of TSP-1 from non-angiogenic tumor cells was 20-fold higher
than angiogenic cells. The decrease in TSP-1 levels seems to be mediated by phos-
phatidylinositol 3-kinase (PI3K) [30, 31].

It was shown that in the endothelium the expression of the angiogenesis inducers
epoxyeicosatrienoic acids (EETs) stimulated escape from tumor dormancy in mice.
In line with this, EETs stimulated metastasis of various xenograft tumors, including
Lewis lung carcinomas (LLC) and B16-F10 melanomas [32].

The Notch signaling pathway is largely used by endothelial cells to coordinate cel-
lular activities during the blood vessel formation that occurs in angiogenesis. Then, not
surprisingly, an interactive cross-talk between cancer and endothelial cells has been
shown to favor the escape of tumors from dormancy, this transition being mediated by
the Notch ligand DIl4 on endothelial cells and Notch 3 signaling in tumor cells, pro-
moting a tumorigenic phenotype. In agreement with this, Notch 3 levels are low in
dormant tumors. These data provide a novel angiogenesis-driven mechanism involving
the Notch pathway in controlling tumor dormancy. Metabolic features also participate
in the regulation of tumor dormancy. The activity of the LKB1/AMPK system, deputed
to monitor cellular ATP levels, is enhanced by anti-VEGF therapy, leading to glucose
depletion and reduction of ATP levels, with tumor regression [10, 33, 34].

It was reported that local traumas, injuries, wounds, burns and surgery can cause
a permissive microenvironmental niche for tumor growth. These conditions are
unlike to induce the onset of malignant cells, rather they promote the escape from
tumor dormancy. The occurrence of an inflammatory state and the ability to attract
circulating cancer cells or to mobilize circulating endothelial progenitors (CEPs),
with an increase in VEGF plasma levels, might explain such a transition to a non-
dormant state [7, 14].

Apart from cancer cells themselves and local stromal microenvironment, distant
bone marrow cells, once recruited into tumor masses, also participate to the
induction of the angiogenic switch. The stromal cells that surround tumor masses
mainly include fibroblasts, lymphocytes, neutrophils, macrophages and mast cells,
which communicate through intercellular signalling pathways, mediated by surface
adhesion molecules, cytokines and their receptors. Paradoxically, infiltrating cells
of the immune system are important constituents of tumors and can represent a
fundamental source of growth stimulatory signals. Although at a different extent
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and with data still debated, several bone marrow-derived cell (BMDC) types have
been implicated in the escape from tumor dormancy, as well as in the metastatic
dissemination. These cells include endothelial progenitor cells, Tie-2 expressing
monocytes, the heterogeneous family of immature myeloid cells, hemangiocytes,
M1 and M2 tumor associated macrophages, dendritic cells, and mast cells. As in
other pathophysiologic conditions such as healing, infection, inflammation or isch-
emia, several cytokines and chemokines would be released by cancer cells to recruit
a large body of BMDC types which contribute to the angiogenic switch. In this
respect, inflammation is regarded as a strong promoter for angiogenic switch, and
also circulating platelets have been implicated in the transport and dissemination of
such pro-angiogenic factor [3, 7, 35]. These data suggest that a lot of angiogenic
factors are required to trigger tumor angiogenesis. On this basis, Indraccolo et al.
[36] proposed the “spike hypothesis”, according to which a transient but consistent
supply of angiogenic factors is able to promote the angiogenic switch.

The exosomes released by cancer cells contain soluble cytokines, growth factors,
integrins, mRNA and microRNA which are able to reprogram bone marrow pro-
genitor cells with pro-angiogenic and pro-metastatic activity [37]. In particular,
exosomes released by renal carcinoma cells were able to activate an angiogenic
phenotype in normal endothelial cells in vitro and tumor cell colonization of the
lung and angiogenesis in vivo [38].

Some data indicate that certain tumors are able to transform bone marrow cells
into pro-tumorigenic even prior to their mobilization into the circulation. This pro-
cess through which humoral signals released from certain tumors stimulate bone
marrow cells, which are mobilized into the circulation and subsequently induce the
growth of otherwise dormant cancer cells residing at distant anatomical sites, is
defined systemic instigation. Certain breast tumors (instigators) release the cytokine
osteopontin (OPN) into the circulation and tumor-derived OPN programs hemato-
poietic progenitor cells to adopt a pro-tumorigenic state, in part, by inducing their
over-expression of the secreted glycoprotein, granulin (GRN) [39].

Autophagy is a highly conserved self-degradative mechanism that plays an
important role in removing dysfunctional cellular components and takes part in sev-
eral physiopathological processes, including starvation, infections, programmed
cell death, repair and degenerative mechanisms. Its role in cancer is dual. From one
hand, it promotes survival of cancer cells, and from the other hand, it behaves as a
tumor suppressor. In this respect, autophagy seems to favour tumor dormancy by
inducing growth arrest with consequent prevention of programmed cell death,
according to the dormant stem-like state of cancer cells. Accordingly, stimulation of
autophagy induces quiescence and growth arrest in cancer cells, whereas inhibition
of autophagy causes rapid cell death. In M2 tumor associated macrophages and
fibroblasts, autophagy seems to promote pro-invasive, pro-angiogenic and pro-
metastatic phenotype [37].

Considering that the transition from dormant to fast-growing tumor is
angiogenesis-dependent and requires a stable transcriptional reprogramming, this
phenomenon has been also evaluated by genome analysis. Cancer cells expressing
microRNA cluster 126 (miR-126) have been shown to reduce the recruitment of
endothelial cells to the tumor site by blocking GAS6/MER signaling [40]. It was
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Table 1 Definition of non-angiogenic/dormant tumors, modified from [14, 20]

1. Tumors are unable to induce angiogenic activity, by avoiding existing blood vessels in the
local stroma and/or relative absence of intratumoral microvessels

2. Tumors remain harmless to the host until they switch to the angiogenic phenotype

3. Tumors express equal or more anti-angiogenic (i.e., TSP-1) than pro-angiogenic (i.e., VEGF,
bFGF) proteins

. Tumors grow in vivo to ~1 mm in diameter or less, at which time further expansion ceases

. Tumors are only visible with a hand lens or a dissecting microscope (5—10x magnification)

. Tumors are white or transparent by gross examination

. Tumors are unable to spontaneously metastasize from the microscopic dormant state

0NN N A

. Tumors show active cell proliferation and apoptosis in vivo and remain metabolically active
during the dormancy period

9. Human tumors are heterogeneous and contain both non-angiogenic and angiogenic cells: In
dormant tumors the non-angiogenic promoting cells are prevalent

Table 2 Definition of angiogenic/non-dormant tumors, modified from [14, 20]

1. Tumors are able to induce angiogenic activity, by recruiting blood vessels from the
surrounding stroma and/or forming new blood vessels within the tumor tissue

. Tumors are lethal to the host if not treated

. Tumors express significantly more pro-angiogenic than anti-angiogenic proteins

Tumors grow along an exponential curve until they kill the host

Tumors are visible and easily detectable based on their macroscopic size

. Tumors appear red by gross examination

. Tumors can spontaneously metastasize to various organs

oo v AW

. Tumors show very active cell proliferation and a low grade of apoptosis in vivo during the
growth period

9. Human tumors are heterogeneous and contain both non-angiogenic and angiogenic cells: In
non-dormant tumors the angiogenic promoting cells are prevalent

also observed that suppression of the heat shock protein (HSP) 27 associates the
non-angiogenic pattern with the inhibition of endothelial cell proliferation leading
to long-term dormancy in human breast cancer [41]. Almog et al., [42] evaluated 19
microRNAs dealing with the phenotypic switch to fast-growth of four human dor-
mant tumors: breast carcinoma, glioblastoma, osteosarcoma, and liposarcoma. Loss
of expression of dormancy-associated microRNAs was the prevailing regulation
pattern correlating with the switch of dormant tumors to fast-growth. Reconstitution
of a single dormant microRNA led to phenotypic reversal of fast-growing angio-
genic tumors towards long-lasting tumor dormancy. Furthermore, transcriptional
reprogramming of tumors by means of dormant microRNAs over-expression led to
down-regulation of pro-angiogenic factors, such as bFGF and TGF-a. Anti-
angiogenic and dormancy promoting pathways such as EphAS and angiomotin
were up-regulated in dormant microRNA over-expressing tumors [42].

Taking into account the above-mentioned features of angiogenesis in tumor dor-
mancy, non-angiogenic/dormant tumors can be defined as reported in Table 1,
whereas angiogenic/non-dormant tumors can be defined as shown in Table 2 [14, 20].
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Metronomic Chemotherapy as an Inducer of Angiogenic
Tumor Dormancy: A Promising Research Field

Metronomic chemotherapy could be defined as a frequent, regular administration of
drug doses designed to maintain a low, but active, range of concentrations of che-
motherapeutic drugs during prolonged periods of time without inducing excessive
toxicities [43]. Various mechanisms of action of metronomic chemotherapy have
been suggested for different chemotherapeutic drugs and for the same drugs but at
different plasma concentrations (e.g. cyclophosphamide) [43]. This is consistent
with the numerous evidences that this type of therapy is a complex approach involv-
ing both tumor cells and their microenvironment, including microvessels and cells
of immune system [44].

Numerous findings support the hypothesis that metronomic chemotherapy
caused antitumor effects by inhibiting tumor angiogenesis [45] because of a prefer-
ential antiendothelial activity [46]. But this is not the sole mechanism for it causing
antitumor effects. There is a growing scientific literature that indicates low doses of
certain chemotherapeutic drugs—especially cyclophosphamide—could cause stim-
ulation of cytotoxic T cells by targeting T regulatory cells [47]. Metronomic chemo-
therapy may also have significant direct antitumor cell effects [48], also through an
activity on the putative cancer stem cell (CSC) or tumor-initiating cell (TIC) sub-
population [49, 50].

Metronomic Chemotherapy and the Anti/pro-Angiogenic
Growth Factor Equilibrium

As described in the previous section of this chapter, the unbalanced expression of
endogenous inhibitors (e.g., TSP-1) of angiogenesis and pro-angiogenic factors
(e.g. VEGF or bFGF) toward the first ones is an important characteristic of the
maintenance of a dormant tumor angiogenesis [25]. Metronomic chemotherapy
may be a therapeutic approach that can induce or re-induce the tumor dormancy
through a marked modulation of anti- and pro-angiogenic factors (Fig. 1) both in
adjuvant setting or in the treatment of metastatic disease.

Bocci and colleagues in 2003 [51] reported, for the first time, that the metronomic
chemotherapy (e.g., paclitaxel, epothilones and cyclophosphamide) could induce
expression of TSP-1 in vitro and in vivo. In particular, the authors demonstrated that
the in vivo antiangiogenic and antitumor effects of daily oral metronomic cyclophos-
phamide were lost in TSP-1-null C57BL/6 mice affected by LLC, whereas, in con-
trast, these effects were maintained in TSP-1 wild type mice. More importantly,
higher increases in circulating TSP-1 were detected in the plasma of responder
human prostate (PC3) tumor xenograft-bearing mice treated with metronomic low-
dose cyclophosphamide [51]. These findings were later confirmed using metronomic
cyclophosphamide by Hamano et al. in in vivo models of murine cancers such as
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Fig. 1 Angiogenic tumor dormancy, angiogenesis-dependant tumor growth, and metronomic
chemotherapy-induced angiogenic tumor dormancy. Metronomic chemotherapy modulates the
equilibrium of anti- and pro-angiogenic factors in tumor microenvironment, upregulating throm-
bospondin-1 (TSP-1) and decreasing the vascular endothelial growth factor (VEGF). Moreover,
the low-dose chemotherapy blocks the recruitment of circulating endothelial progenitors (CEPs) in
the tumor mass

LLC and B16F10 melanoma [52] and by the group of Norrby in rats bearing a malig-
nant prostate tumor (Dunning AT-1) [53], as well as by Vives and colleagues in mice
with a human xenograft of ovarian cancer cell lines [54]. Moreover, also other met-
ronomically-administered drugs were able to increase both the gene expression and
the protein secretion of TSP-1 in preclinical in vitro and in vivo model. Metronomic
gemcitabine was successfully used in human pancreatic adenocarcinomas xeno-
grafts, causing the reduction of tumor growth and the significant increase of TSP-1
[55, 54], whereas low dose capecitabine determined an antiangiogenic effect on
human colorectal cancer COL-1 xenografts inducing TSP-1 expression in tumor tis-
sues [56] and decreased microvessel density (MVD) in colon cancer elevating TSP-1
expression [57]. Metronomic S-1 (a 5-FU-based drug) and metronomic S-1 with
vandetanib (a dual tyrosine kinase inhibitor of VEGFR-2 and EGFR) decreased
MVDs and increased apoptosis in hepatocellular carcinoma tissues, upregulating the
expression of TSP-1 [58]. Other examples of this phenomenon were the metronomic
ceramide analogs (eg., C2 and AL6) that inhibited angiogenesis and tumor growth in
pancreatic cancer through up-regulation of TSP-1 and caveolin-1 [59], whereas long
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term, low concentrations of SN-38 (the active metabolite of irinotecan) increased
both TSP-1 gene expression and secretion by HT-29 colorectal cancer cells [60].
Finally, tubulin inhibitors such as paclitaxel and docetaxel have shown strong anti-
angiogenic characteristics at low concentrations [61, 62]. In particular, low doses of
paclitaxel and of its different pharmaceutical formulations (e.g. nanoparticles) deter-
mined antiangiogenic effects through the marked increase of TSP-1 levels in tumor
vascular endothelial cells [63] and in different tumor types such as ovarian carci-
noma [64], colon cancer [65], breast cancer [66]. Furthermore, docetaxel increased
the expression of TSP-1 in a gastric cancer model [67], blocking the angiogenic
process and the tumor growth.

Interestingly, this significant upregulation of TSP-1 during metronomic chemo-
therapy was not only limited to preclinical findings but it was also found in patients
enrolled in various phase II, metronomic chemotherapy clinical trials, involving
different types of cancer. Indeed, Allegrini and colleagues described an increase of
TSP-1 plasma levels in metastatic colorectal cancer patients at day 49 of treatment
with a continuous low dose infusion of irinotecan (1.4 and 2.8 mg/m*/day) [68].
This finding was later confirmed in metastatic gastrointestinal cancer patients
treated with a combination of metronomic cyclophosphamide (50 mg/day), UFT
(100 mg/day) and celecoxib (200 mg/twice a day). Patients with a stable disease,
during the metronomic schedule, had higher values of TSP-1 Area Under Curves
(AUCsS) if compared with patients with a progressive disease [69]. Recently, a simi-
lar result was obtained in metastatic castration-resistant prostate cancer patients
treated with metronomic vinorelbine (30 mg/day p.o. thrice a week) plus 1 mg/day
dexamethasone. Indeed, responder patients maintained higher plasma TSP-1 AUCs
if compared to the non-responder ones [70]. Long-term oral administration of daily
low-dose mercaptopurine and weekly low-dose methotrexate are used as mainte-
nance chemotherapy in the treatment of acute lymphoblastic leukemia in children.
Also this metronomic-like treatment have been described to determine a significant
increase in TSP-1 plasma levels [71].

Besides the increased levels of the endogenous inhibitor of angiogenesis TSP-1,
metronomic chemotherapy determine, in parallel, a well-described decrease of pro-
angiogenic factor levels, such as VEGF, both in preclinical studies and in clinical
trials. As such, the investigation of the antiangiogenic effects of the metronomic
chemotherapy has focused on the modulation of the balance between angiogenic
stimuli and natural inhibitors of angiogenesis. Indeed, another way that metronomic
chemotherapy can conceivably cause an antiangiogenic effect, at least with certain
drugs such as topotecan, a topoisomerase 1 inhibitor, or the anthracycline adriamy-
cin is by suppression of the expression of HIF-1a—as originally reported by the
group of Melillo and colleagues [72, 73]. HIF-1a is a known driver of VEGF-
angiogenesis because it stimulates the VEGF production and secretion by hypoxic
tumor cells [74]. Therefore, the pro-angiogenic VEGF levels were reduced in vitro
in ovarian HeyA8 and SKOV3ipl cancer cells by low concentrations of topotecan,
independently of proteasome degradation and topoisomerase I inhibition [75].
Moreover, another camptothecin such as irinotecan have shown to reduce the
expression of VEGF and HIF-1o in malignant glioma xenografts [76]. It has been
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also demonstrated that metronomic etoposide impaired the angiogenic equilibrium
in tumors by inhibiting VEGF-A and FGF-2 secretion from tumor cells and by
increasing endostatin plasma levels [77]. In another preclinical research performed
in pancreatic cancer xenografts, metronomic gemcitabine decreased tumor levels of
various proangiogenic molecules such as EGF, IL-1a, IL-8, ICAM-1, and VCAM-1
[78]. Moreover, Aktas and colleagues [79] tested lower doses of chemotherapeutic
drugs such as 5-florouracil (5-FU), irinotecan, oxaliplatin, paclitaxel and docetaxel
in different tumor cell lines, showing that these drugs decreased VEGF secretion
from tumor cells without causing substantial cell killing. Both the expression and
secretion of VEGF significantly decreased in BGC-823 gastric cancer cells treated
with metronomic docetaxel [67], whereas the long term (144 h), continuous treat-
ment with SN-38 of colon cancer cells (HT-29 and SW620) determined a significant
decrease of secreted VEGF in cell media [60]. The 5-FU prodrug capecitabine met-
ronomically administered decreased VEGF levels in in vivo colon cancer [57], and
in gastric cancer [80] models. Furthermore, metronomic GMX1777, a
chemotherapeutic drug affecting cellular energy metabolism, in a mouse model of
neuroblastoma decreased stromal VEGF-A and PDGF-B mRNA in response to
treatment [81]. These effects were also achieved combining different metronomic
chemotherapy schedules. Mainetti and colleagues investigated the therapeutic effi-
cacy of a combined treatment including metronomic cyclophosphamide and doxo-
rubicin in two mouse mammary adenocarcinoma models. Interestingly, the
combination was more effective than each monotherapy to decrease the VEGF
serum concentration and increase tumor apoptosis [82].

Numerous phase I-II clinical studies in different types of cancer, using various
chemotherapeutic drugs, have clearly suggested that plasma or serum VEGF is
decreased during or after metronomic chemotherapy schedules, also combined with
other drugs. In metastatic castration-resistant prostate cancer patients treated with
metronomic cyclophosphamide (50 mg/day), celecoxib, and dexamethasone, the
VEGEF levels markedly increased in non responder subjects and remained signifi-
cantly higher than in responders for more than 3 months [83]. In contrast, VEGF
concentrations in responder patients constantly decreased to values corresponding
to the half of the baseline [83]. Moreover, another phase II clinical trial performed
in the same type of prostate cancer patients but treated with a combination of met-
ronomic vinorelbine (30 mg/day p.o. thrice a week) plus dexamethasone, showed a
plasma VEGF AUC .., significantly increased in non-responders if compared to
the subjects with a PSA decrease [70]. Interestingly, germline VEGF-A polymor-
phisms predicted progression-free survival among advanced castration-resistant
prostate cancer patients treated with metronomic cyclophosphamide [84]. In par-
ticular, patients harboring the VEGF-634CC genotype had a median progression-
free survival (PFS) of 2.2 months whereas patients with the genotype -634CG/GG
had a median PFS of 6.25 months (P = 0.0042) [84]. The decrease of plasma VEGF
levels during metronomic chemotherapy have been also well described in metastatic
breast cancer patients. Calleri and colleagues found out that patients affected by
breast cancer with lower VEGF levels after 2 months of metronomic cyclophospha-
mide (50 mg/day) treatment had higher PFS, whereas at the time of progression
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there was a significant increase of VEGF [85]. A similar drop of serum VEGF was
found in 171 metastatic breast cancer patients treated with metronomic cyclophos-
phamide (50 mg/day) combined with methotrexate or thalidomide after 2 months of
therapy [86], whereas EL-Arab and co-workers treated the same type of patients
with the combination of capecitabine (500 mg twice daily) together with oral cyclo-
phosphamide (50 mg once daily), causing a significant decline of the median serum
VEGEF level after 2 and 6 months of therapy among subjects with a complete or
partial response and a stable disease [87]. Interestingly, also in primary breast can-
cer, there was a significant suppression of VEGF-A expression in the letrozole/
metronomic cyclophosphamide-treated group (50 mg/day) of patients if compared
to the letrozole-treated group [88] with a lower VEGF expression at post-treatment
residual histology. These data were later confirmed by Bazzola et al. who found that
VEGEF expression declined in tumor tissues in response to treatment with metro-
nomic cyclophosphamide and letrozole [89]. Recently, the metronomic therapy
including etoposide and cyclophosphamide determined the significant decrease of
serum VEGF levels in relapsed or refractory non-Hodgkin’s lymphoma patients
with overall response and disease control during different cycles of therapy [90].

Metronomic Chemotherapy and the Circulating Endothelial
Progenitors

Although the role of BMDC in the early stages of tumor progression is still debated,
it is well accepted that the induction of angiogenesis is a key step in the progression
of microtumors. Therefore, this tumors have to activate ad recruit distant and nor-
mal cells such as CEPs that will facilitate the shift toward the generation of new
blood vessels [3]. The development of therapeutic approaches that are able to block
and inhibit the mobilization and viability of CEPs and other pro-angiogenic BMDCs
will maintain or prolong the tumor dormancy due to the angiogenesis stoppage. In
this perspective, the metronomic chemotherapy could be a perfect tool to achieve
this aim (Fig. 1). Indeed, it has been described that low dose chemotherapy is able
to suppress the BMDC proangiogenic cells such as CEPs [44]. In 2003, there was
the first evidence of this effect in mice affected by lymphoma that underwent cycles
of oral low-dose cyclophosphamide therapy [91]. The metronomic schedule mark-
edly suppressed the number of CEPs during the therapy whereas, at the end of the
drug administration, the number of endothelial progenitors increased again and
tumors started to grow [91]. Furthermore, 2 years later the Kerbel’s team showed a
clear correlation between the maximal suppression of CEP levels and the maximum
antiangiogenic activity in mice treated with different drugs metronomically admin-
istered such as cyclophosphamide, vinblastine, cisplatin, or vinorelbine [92, 93].
For this reason, it has also been suggested that CEP suppression could be one of the
main mechanisms of action of metronomic chemotherapy [94] and that this decline
in blood of CEP levels could be used as pharmacodynamic biomarker of therapeutic
efficacy [95]. Also oral metronomic topotecan in combination with pazopanib
determined a significant reduction in viable CEPs as well as circulating endothelial
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cells (CECs), reducing the tumor MVD in several preclinical models of pediatric
solid tumors [96]. The CEP percentage was found to be decreased in the peripheral
blood of gastric tumor-bearing mice after the treatment with metronomic 5-FU or
capecitabine [80]. Interestingly, Daenen et al. found that daily oral low-dose metro-
nomic cyclophosphamide was capable of preventing the CEP spike and tumor colo-
nization induced by a vascular disrupting agent if administered simultaneously [97].
Clinically, after the administration of trofosfamide-based conventional schedules
of chemotherapy the numbers of circulating CEPs increased, whereas, in sharp con-
trast, under low-dose metronomic trofosfamide, the numbers of circulating CEPs
declined significantly in blood of tumor patients [98]. Calleri and colleagues showed
that in a group of 15 long-term responders to metronomic chemotherapy, there were
significant trends toward lower levels of CEPs and CECs [85]. In a population of
gastrointestinal cancer patients, the levels of progenitor or stem cell mRNA (i.e.
CD133), during the metronomic combined treatment of UFT and cyclophospha-
mide, were consistently lower in those with stable disease whereas a substantial
increase of CD133 gene expression was found in the progressive disease [69].

Conclusions

Angiogenic tumor dormancy occurs as a result of a dynamic equilibrium state in
which antiangiogenic and pro-angiogenic stimuli are balanced and angiogenesis
process is blocked. It can take place at the primary site of cancer, but also in meta-
static lesions. Thus, a therapeutic approach that can achieve an induction or a “re-
induction” of the angiogenic tumor dormancy in primary and/or metastatic tumors
is highly welcomed in the clinical oncology field. In this perspective, metronomic
chemotherapy, by upregulating the endogenous inhibitor TSP-1 and, parallely,
decreasing pro-angiogenic factors or blocking CEPs, may be able to play a main
role in the modulation of the angiogenic tumor dormancy. Further studies are needed
to better investigate this particular aspect of this promising therapeutic tool.
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Immuno-oncology of Dormant Tumours
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Colin C. Collins, Yuzhuo Wang, and Jennifer L. Bishop

Abstract Cancer is a complex, often aggressive disease. As such, cancer treatment
requires a diverse approach that often includes surgery, chemotherapy, radiotherapy,
targeted therapy, or immunotherapy. Despite the potency of these treatments, cancer
cells adapt to escape killing and survive either in their original microenvironmental
niche, or as disseminated cancer cells in distant organs. Depending on tumour type
and treatment modality, tumours display a variety of growth patterns, from rapid
proliferation and invasion to a more controlled dormant phenotype. This dormant
phenotype is characterized clinically as the asymptomatic period post therapy before
relapse, and biologically by an enrichment in cancer cells that are not dividing but
survive in a quiescent state, arrested in GO-G1 phase of cell cycle. Dormancy is a
tumour intrinsic characteristic that corresponds to the equilibrium phase of the
immune-editing hypothesis, in which tumour cells neither proliferate nor are elimi-
nated by the immune response. In this chapter we provide an overview of anti-tumour
immunity and ways in which the immune response may shape tumour dormancy.
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Anti-cancer Immunity: An Overview

The immune system is an intricate and organized system of cells and organs that
functions to protect the body from pathogens. Healthy immunity is achieved when
cells of both the innate and adaptive arms of the immune system are able to prevent
disease while avoiding destruction of host tissue, or auto-immunity. This “toler-
ance” of self is essential in a properly functioning immune system, yet it also poses
a significant challenge to mounting an immune response against cancer, which
arises from self-tissues.

Despite sharing many characteristics of normal tissue, tumour cells do express
and produce antigens that are recognized as foreign by the immune response. In the
1950s, Burnet and Thomas were the first to propose that the immune system is able
to detect and prevent the growth of tumours; this was the cancer immunosurveillance
hypothesis [1]. It took almost 50 years and the development of highly sophisticated
transgenic mouse models, where select components of the immune response could
be manipulated, to prove that both innate and adaptive immunity are essential to
prevent a variety of tumour types. In the early 2000s, the cancer immunosurveil-
lance hypothesis was refined and concept of cancer immunoediting emerged. This
process includes three distinct phases; i) elimination, in which cancer cells are rec-
ognized and destroyed by immune cells, ii) equilibrium, in which cancer cells sur-
vive and may be recognized by the immune response but are not eliminated by them,
and iii) escape, in which the immune response is no longer able to prevent cancer
cell proliferation or metastasis [2], (also depicted in Fig. 1). In the equilibrium
phase, a tumour microenvironment (TME) consisting of tumour cells, immune and
non-immune stromal cells, and their secreted products, is established that plays a
large role in dictating whether tumours will eventually escape the immune response.

Many components of the immune system contribute to an effective anti-cancer
immune response, however CD8* cytotoxic T cells have emerged as a major driver
of tumour rejection, through the direct killing of tumour cells. Induction of an effec-
tive CD8* T cell response is a multistep process that requires coordinated interac-
tions between numerous cell types [3, 4]. This process begins with the expression of
tumour antigens that can be taken up by antigen presenting cells (APC) such as
dendritic cells (DCs) and presented in the context of major histocompatibility com-
plex (MHC). These APCs then migrate to draining lymph nodes and present the
antigen to a T cell that expresses a T cell receptor (TCR) specific for that antigen-
MHC complex. Effective T cell priming and activation depends on the presentation
of antigen with concomitant co-stimulatory and cytokine signals, and leads to the
proliferation and clonal expansion of tumour-antigen specific effector T cells.
Activated T cells then travel via the bloodstream and infiltrate vascularized tumours
where they recognize and kill tumour cells.

Each of these steps is carefully controlled by multiple mechanisms of immune-
regulation [1, 2, 5-9], many of which may be co-opted by tumours enabling immune
escape. Escape from equilibrium depends on both tumour intrinsic mechanisms of
immune evasion and mechanisms of immunological tolerance [10, 11]. For exam-
ple, tumours secrete multiple factors that have pleiotropic suppressive effects on
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Fig. 1 (a) Tumour burden and volume decreases following adjuvant or neoadjuvant therapy prior
to tumour recurrence, a period signified as tumour dormancy. (b) Cancer stem cell like interactions
with immune system. The three stages of cancer immunoediting involved in growth of clinical
tumours describe the intricate relationship between a tumour mass and its infiltrating immune
cells. The three phases of editing consist of eradication, equilibrium, and escape. Eradication:
Highly immunogenic tumour cells are eradicated by an armamentaria of immune cells. Equilibrium:
Moderately immunogenic tumour cells are partially eradicated by immune cells and some remain
dormant. Evasion: Poorly immunogenic tumour cells evade immunosurveillance and invade their
microenvironment

immune cells in the TME. While cytokines and growth factors like IL-1p, GM-CSF,
and VEGF have been implicated in driving the expansion of myeloid derived sup-
pressor cells (MDSCs) within the TME that promote tumour growth [12], others
like TGF-f [13] and IDO [14] secreted by DCs play important roles in the conversion
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of effector CD4* T cells towards a T regulatory (Treg) cell phenotype. The accumu-
lation of MDSCs and Treg cells within the TME is a poor prognostic indicator
across multiple cancer types [15-18].

Tumour intrinsic mechanisms of immune escape also include the expression of
surface molecules that interact directly with infiltrating immune cells, thereby pre-
venting their activation or anti-tumour effector functions. The most well studied are
Ig family molecules such as programmed death ligand-1 (PD-L1), which acts as an
inhibitory signal when bound to its receptor, programmed cell death 1 (PD-1),
expressed on activated T cells, natural killer (NK) cells, B cells and some myeloid
subsets. Overall, immune escape occurs as a result of induction of potent immuno-
suppressive mechanisms, or through immune editing, in which the immune system
kills immunogenic tumour clones effectively selecting for cancer cells that are non-
immunogenic and fall “under the radar” of immune surveillance.

The clinical significance of the tumour immunosurveillance is highlighted by the
increased incidence of cancer in patients undergoing immunosuppressive therapy
[19, 20]. Furthermore, the effective use of immunotherapies targeting inhibitory
receptors, so called checkpoint molecules, that limit T cell effector activity, have
now re-established the capacity of the immune system to effectively eradicate
tumours. The use of checkpoint inhibitors has led to dramatic and long-lasting clini-
cal responses in a subset of patients with a variety of cancers, including metastatic
melanoma and bladder cancer [21]. Indeed, anti-cytotoxic T lymphocyte associated
protein 4 (CTLA-4) monoclonal antibodies (mAb) (ipilimumab), and anti-PD-1
mAb (pembrolizumab and nivolumab) have been approved by the FDA for use in
metastatic melanoma, while the anti-PD-L1 mAb (atezolizumab) has been approved
for use in metastatic bladder cancer, and numerous clinical trials are currently ongo-
ing [11, 21]. This, together with numerous studies identifying positive associations
between tumour immune infiltrates with better prognosis, highlight the importance
of the immune system in regulating cancer progression [22, 23].

Dormant Tumour-Immune System Interactions

Tumour dormancy can exist as either a state in which rates of cell proliferation
match those of cell death, or when tumour cells themselves are in a state of quies-
cence [10]. Dormant tumour cells are by default in a state of equilibrium with the
immune response. In the context of the immune-editing hypothesis, tumour cells
exiting dormancy will therefore be either eliminated by, or escape anti-tumour
immunity. The length of the dormancy equilibrium period, signified with minimal
residual diseased-state, depends on the patient and cancer type [24, 25]. Prostate
[26], breast [27], melanoma [28], and non-hodgkin’s lymphoma [29] patients show
relatively longer disease free periods post therapy prior to recurrence compared to
higher mortality cancers of pancreas [30], brain [31], lung [32] and esophagus [33].
Importantly, although dormant tumours are in equilibrium with immune responses
and tumour cells exiting dormancy must evade or trigger immune responses, the
variability in dormancy periods across cancers cannot be explained by one
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“immune-phenotype”. Indeed, how dormant tumour cells specifically interact with
immune cells at this stage remains unclear.

The value of immunity directed against cancer stem cells (CSCs) however, is an
area of rapidly expanding research that may provide insight as to how dormant cells,
which share many features of CSCs in terms of their microenvironmental niche and
survival mechanisms [34, 35], induce or prevent immune responses. CSCs across
multiple tumour types alter cell surface molecules known to inhibit both innate and
adaptive anti-tumour immunity, including the anti-phagocytosis receptor CD47
[36], MHC I [37], MHC II [38], and PD-L1 [39-42]. In certain CSC types, tumour
neoantigens are also expressed at lower levels compared to non-CSCs, and induce
expansion of Treg cells [43]. CSCs in renal cell carcinoma have also been shown to
prevent the differentiation of mature DCs [44].

Despite these immune evasion strategies, CSCs express multiple tumour associ-
ated antigens, which have been exploited as efficacious vaccine strategies in models
of ovarian [45], metastatic melanoma [46, 47] and pancreatic [48] cancers. The lat-
ter study was recently expanded to a phase I clinical trial (NCI-2010-01868 and
NCI-2013-02238) exploring safety and tolerability for a pancreatic cancer CSC
vaccine [49]. These studies show selective depletion of CSCs in tumours after puls-
ing DCs with CSC-derived material, indicating that a specific T cell response can be
generated against CSCs in vivo and is efficacious in reducing tumour burden. In
addition to cytotoxic T cells, NK cells have also been shown to have preferential
killing ability towards CSCs, which upregulate the NK cell recognition ligands
MICA/B as well as the death receptors FAS and DRS5 [50].

Immunotherapy for Dormant Tumours

While it remains unclear whether dormant tumour cells may share similar immune-
modulatory properties as CSCs, if they do, these reports suggest that common
immunotherapeutic strategies may target dormant tumour cells [51-53]. Certainly,
reports of high expression of PD-L1 on CSCs [54] suggests that these cells could be
targets of monoclonal antibody immunotherapies directed against the PD-1/PD-L1
checkpoint pathway, such as nivolumab, pembrolizumab and atezolizumab [55-57].
Across many solid tumour types, defining checkpoint molecule expression and
immune cells in the tumour and circulation predict response to immunotherapy and/
or correlate with prognosis. Multiple studies have shown greater objective responses
to immunotherapies where targets, such as PD-L1, are present on tumour [58-62]
cells. However, this is not an absolute requirement for response, and mounting evi-
dence indicates the importance of tumour infiltrating lymphocytes (TIL) and circu-
lating immune cell correlates in disease progression. For example, expression of
PD-L1/PD-1 by circulating innate immune and T cells is a prognostic indicator for
glioblastoma, pancreatic, hepatocellular and lung cancer [5, 6, 8, 9] as well as
responses to checkpoint blockade with Ipilimumab [7]. Furthermore, in a study that
looked at seven different tumour types, PD-L1* TILs were strongly associated with
response to anti-PD-L1 therapy [63]. Importantly however, these studies have all
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been conducted using sections from primary, or relapsed metastatic tumours, which
cannot be defined as dormant tumours. It thus remains highly unclear whether in a
dormant setting, the presence of checkpoint molecules on tumour or immune cells
are similarly prognostic.

By definition, dormant tumour cells are in equilibrium with the immune response;
therefore a rationally designed immunotherapeutic strategy against dormant tumours
must either initiate their exit from dormancy or specifically target the unique ele-
ments of dormant tumours. Classical interventions like chemotherapy or radiation
may provide the initial trigger causing tumour cells to exit the dormant phase, after
which an immune response can be mounted. For example, dendritic cells increase
tumour antigen presentation at low chemotherapeutic doses [64] and the abscopal
effect that is observed after radiotherapy to localized tumours has been attributed to
immune-mediated clearance of distant metastases [65, 66]. Chemotherapy can also
have direct effects on immune cells; immunogenic drugs, such as oxaliplatin com-
bined with cyclophosphamide, increase sensitivity of tumours to checkpoint block-
ade therapy [67]. Similarly, epigenetic targeting therapies are associated with
upregulation of immune checkpoints. In leukemia [68, 69] and NSCLC [70], treat-
ment with the DNA hypomethylating agent Azacitidine increases PD-1 or PD-L1
promoter demethylation and their expression. Importantly, the exit from dormancy
initiated by chemo or radiotherapy is most likely associated with the release of neo-
antigens and other damage-associated molecules from the tumour that trigger
immune responses [71]. The importance of increasing immunogenicity of tumours
is underscored by the widespread efforts to design anti-cancer vaccines [72-74].
These may be especially relevant in the context of more dormant tumours such as
Prostate, for which the first and only cancer vaccine has been approved [75, 76].

Thus, combining immunotherapies with therapies such as chemotherapies, radi-
ation or epigenetic therapies, that alter the neo-antigen repertoire or checkpoint
expression pattern of dormant tumour cells, is a potentially promising treatment
strategy.

Ultimately, anticancer immunity is a prerequisite for the successful outcome of
conventional cancer therapies [65, 66, 77-79]. While the immune response against
tumour associated antigens can be elicited by either the innate or adaptive immune
systems [78, 80], the goal of active immunotherapy is to achieve anti-tumour immu-
nity. Therefore, apart from designing comprehensive studies related to phenotyping
and genotyping of dormant tumours, it is important to consider therapies or combi-
natorial therapies that are designed for the specific dormant cancer phenotype.
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Thermodynamics and Cancer Dormancy:
A Perspective

Edward A. Rietman and Jack A. Tuszynski

Abstract In this review we elaborate on the hypothesis that concepts adapted from
statistical thermodynamics, such as entropy and Gibbs free energy, can provide very
powerful quantitative measures when applied to cancer research, in particular to
cancer dormancy. We discuss how on all size scales of biological organization hier-
archy from DNA to tissue and organ representation, cancer progression can be cor-
related with these thermodynamic measures. Significant diagnostic, prognostic and
therapeutic implications of these new organizing principles are presented.

Keywords Cancer ¢ Statistical thermodynamics ¢ Entropy ¢ Information * Gibbs
free energy * Dormancy

Introduction: Entropy and Information

Physics has evolved over the past 400 years from an empirical science to a funda-
mental basis of human knowledge. This took place as a result of several revolutions
in our understanding of nature ushered by the discovery of new organizing princi-
ples called laws of physics. To name some of them, Newton’s laws of mechanics,
Maxwell’s theory of electromagnetism, quantum mechanics as embodied by
Schrodinger’s, Heisenberg’s and Dirac’s equations for the time-dependence of
states and theory representations and, finally, Einstein’s theories or special and gen-
eral relativity [1], can be viewed as major framework for our description of the
universe. All of these mathematical representations of physical reality changed the
way we understand, interpret and shape the world around us. No less dramatic,
albeit less known to the general public, was the introduction of the laws of
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thermodynamics into the physics vocabulary by Ludwig Boltzmann [2]. Boltzmann’s
concept of entropy, despite being one of the most powerful ideas in physics, was
fiercely resisted by his contemporaries. Yet, Boltzmann’s finding that all closed
physical systems tend to a state of maximum entropy is a very powerful observation,
which is yet to be contradicted by any experimental evidence, and which has found
numerous applications not only in physics, but also in fields as diverse as sociology,
financial markets and drug discovery [3].

The present expansion of biology is reminiscent of the state of physics at the turn
of the nineteenth and twentieth century. Reams of data about physical systems are
being collected, but there is a dire lack of organizing principles or major conceptual
framework. Most of the research in the area of life sciences is advanced on the basis
of ad hoc hypotheses and their empirical validation. Molecular biology and sister
fields such as genetics, cell biology and others continue to collect masses of real-life
data, but the data can only be visualized or organized computationally. The lack of
organizing principles leaves researchers at the mercy of computational tools. In
1944 in his book entitled “What is Life”, Erwin Schrodinger, a Nobel-Prize winning
physicist, exposed some of the main challenges found in biology from physics point
of view [4]. He implied for example that the reduction of entropy in living systems
seems to contradict the second law of thermodynamics. The answer to this conun-
drum lies not only in physics but also in information science because entropy is
negatively correlated with information as defined by the great computer scientist
Claude Shannon [5].

In thermodynamics, entropy (denoted commonly by the symbol §) is a measure
of the number of microscopic configurations that correspond to realization of a
thermodynamic system in a state specified by certain macroscopic variables. For
example, gas in a container with known volume, pressure, and temperature could
have an enormous number of possible configurations of the individual gas mole-
cules, each of which may be regarded as random. Hence, entropy can be understood
as a measure of molecular disorder within a macroscopic system. The second law of
thermodynamics states that an isolated system’s entropy never decreases.
Thermodynamic systems spontaneously evolve towards thermodynamic equilib-
rium, which can be mathematically proven to be the state with maximum entropy.
Non-isolated systems, i.e. those that interact with their environment, may reduce
their entropy, provided their environment’s entropy increases by at least the same
amount. Since entropy is a thermodynamic state function, the change in entropy of
a system is determined by its initial and final states. This applies whether the pro-
cess is reversible or irreversible. However, irreversible processes increase the com-
bined entropy of the system and its environment while entropy is conserved in
reversible processes. Entropy is an extensive thermodynamic property which means
that it is additive, so that the entropy of a system composed of a number of subsys-
tems is the sum of their respective subsystem entropies. This is very useful, espe-
cially in the context of biological systems, which by definition are heterogeneous
and hierarchical.
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In statistical thermodynamics the most general mathematical formula for the
thermodynamic entropy S of a thermodynamic system is the so-called Gibbs entropy
introduced by J. Willard Gibbs in 1878 as

S=-k, > p,Inp, ()

where kg is the Boltzmann constant, and p; is the probability of a particular micro-
state denoted by the subscript i. The connection between thermodynamics and
information theory was first made by Ludwig Boltzmann and expressed by his
famous equation expressing entropy as

S =kyIn(W) @

where S corresponds to the thermodynamic entropy of a particular macrostate
(defined by macroscopic thermodynamic parameters such as temperature, volume,
energy, etc.), W is the number of microstates that can yield the given macrostate. It
is assumed that each microstate is equally likely, so that the probability of a given
microstate is p; = 1/W. When these probabilities are substituted into the above
expression for the Gibbs entropy, Boltzmann’s equation results. In information the-
oretic terms, the information entropy of a system is the amount of “missing” infor-
mation needed to determine a microstate, given the macrostate. The average amount
of information, /, that is gained with every event is equal to the opposite of entropy
(negentropy), i.e.:

1
>'p; log—. 3)

¢ i

In the modern microscopic interpretation of entropy in statistical mechanics,
entropy is the amount of additional information needed to specify the exact physical
state of a system, given its thermodynamic description. Understanding the role of
thermodynamic entropy in various processes requires an understanding of how and
why that information changes as the system evolves from its initial to its final condi-
tion. It is often said that entropy is an expression of the disorder, or randomness of
a system, or of our lack of information about it. The second law of thermodynamics
is often seen as an expression of the fundamental postulate of statistical mechanics
through the modern definition of entropy. A tendency towards equilibrium in statis-
tical systems of many particles can be viewed as simply a natural evolution to the
most probable situation. In isolated systems this means maximum entropy under
constraints. In interacting systems, this means a minimum of an appropriate thermo-
dynamic potential such as the Gibbs free energy. These simple statements laid the
foundations of numerous applications of statistical mechanics in physics and beyond
and form a conceptual framework that allows us to think about immensely complex
systems of many particles within a single organizing principle.
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Complexity of Cancer

The need to organize biological information is particularly acute in cancer research.
Despite vast amounts of accumulated and emerging genetic, molecular, cellular,
histological and epidemiological information, and despite intense efforts to identify
predisposing factors (e.g. carcinogens, reactive oxidants, genetic/family history),
cancer remains an enormous and in general unresolved enigma. Malignant cells
have selectively evolved to divide and multiply at the expense of the host. They
evade programmed cell death (apoptosis), and further enhance proliferative poten-
tial. As they invade surrounding tissues and ablate tissue architecture, they disturb
normal paracrine systems and stimulate coagulation, inflammation and formation of
blood vessels (angiogenesis). Because terminal cell differentiation (cell phenotype)
depends on tissue stimuli, the process is disturbed, leading to lack of cell matura-
tion, de-differentiation, or even trans-differentiation in the form of epithelial to mes-
enchymal transformation [6, 7].

In the early twentieth century German biologist Theodor Boveri observed cell
division (“mitosis”) in normal and cancerous cells [8]. Boveri noticed that while
normal cells exhibited symmetrical, bipolar division of chromosomes into two
equivalent mirror-like allocations, cancer cells were different. Cancer cells had
higher frequency of imbalanced divisions of chromosomes, with asymmetrical and
multipolar imbalanced (“aneuploid”) distributions. Boveri had suggested that the
abnormal distribution of chromosomes and genes was caused by aberrant mitosis,
and reasoned that even though most abnormal distributions would be non-viable,
some would lead to viable cells with proliferative advantage. Furthermore, because
imbalance in chromosomal distribution could not result in recurrent, identifiable
division pattern, aneuploidy would change with each subsequent generation leading
to what is now known as “genomic instability”. In the past, most scientists assumed
that the abnormal distributions of chromosomes were a result, rather than a cause of
malignant transformation and that cancer originated from intrinsic mutational
changes [9]. While in retrospect, genomic instability appears to be a logical conse-
quence of abnormal mitosis, the belief that cancer resulted from randomly accumu-
lated genetic mutations has become a widely accepted standard, a “dogma”.

As DNA and genetics became better understood and took a prominent position
in life sciences, the hypothesis that cancer is the result of cumulative mutations
became entrenched and a somewhat simplistic model of sequential genetic muta-
tions facilitating an accelerated somatic cell evolution into a fast proliferating, drug
resistant cancer clone emerged. The theory was supported by the observation that
many cancers arose from persistently proliferating tissues such as hepatocellular
carcinoma in chronic viral hepatitis, or esophageal cancer caused by Barrett’s
esophagus. This was further reinforced by publications documenting that genetic
alterations are considerably more abundant in cancer cells than previously expected,
with 11,000 genomic events per (colon) carcinoma cell [10].

The cancer cell-specific alterations in the DNA, whether spontaneous or induced
by carcinogens, were thought to lead to changes in the respective proteins encoded
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by cancer-related genes. Two types of cancer-related genes were identified: the first
included tumor suppressor genes, which lead to cancer predisposition, and the sec-
ond were oncogenes, which directly induce malignant transformation. Tumor sup-
pressor genes can work in many ways; they can remove an inhibitor on a proliferative
pathway (e.g. PTEN), create chromosomal instability (e.g. p53), or cause an abnor-
mal DNA repair (RB)—in each case a second mutation (a “second hit”) is needed
for cancer to develop. Oncogenes, in contrast, are genomic alterations resulting in
over-expression or constitutional activation of genes that stimulate growth and cell
division, or which inhibit apoptosis.

But the oncogene/tumor suppressor gene theory has failed to fully explain carci-
nogenesis or cancer progression. In particular, the linear cancer progression model
has failed to describe the fact that cancer progression is not a continuous incremen-
tal process. In fact, cancer cells can plastically stop their proliferation to adapt to
challenging environments such as those posed by toxicity due to pharmacological
agents and then resume the proliferation after years or they can trigger metastases to
find a suitable niche environment for their successful proliferation. We have not
been able to identify a set of gene mutations that would consistently correlate with
cancer initiation, progression or dissemination. Even tumors with identical clinical
and pathological diagnosis, exhibit unique and genetically distinct set of DNA alter-
ations, that seem to be independent of the genetic make up of the host. This unique-
ness is particularly evident in the tremendous genetic variability that occurs within
a single individual tumor. As such, the concept of genomic instability, i.e. the con-
tinuous change in the tumor genetic makeup resulting from imbalance in chromo-
somal distribution with each subsequent mitotic cycle, is gaining acceptance.

The theory of sequential accumulation of random mutations leading to evolution
of proliferative cancer clone, as well as the theory of imbalanced (“‘aneuploid”)
distribution of DNA leading to cancer, can be combined by considering that both
theories must submit to the physical pressures occurring within the tumor microen-
vironment. Cancer evolution and the development of a heterogeneous, genetically
and metabolically distinct tumor subclones may be a direct consequence of thermo-
dynamic environment-dependent evolutionary pressures.

We argue here that thermodynamics is the driving force for cancer initiation,
progression, dissemination and dormancy. While we recognize that mutations and
in situ evolution plays a significant part, but those processes are driven by molecu-
lar, cellular, tissue and organ-specific thermodynamics. Thermodynamics dictates
the possible. Kinetics dictates the probable.

In the following we address each scale in turn.

Molecular Scale

Some specific DNA factors are indeed related to genomic instability. These include
unrepaired DNA damage, stalled DNA replication forks processed inappropriately
by recombination enzymes, and defective telomeres, which protect ends of



66 E.A. Rietman and J.A. Tuszynski

chromosomes. But again, inherent DNA mutation and sequelae—the “‘standard
dogma”—don’t explain the entire picture. Other approaches suggest that a combi-
nation of DNA defects and other problems are responsible for genomic instability
and malignancy.

One approach is called “modified dogma” which revives an idea from 1974 by
Loeb and colleagues [11] who noted that random mutations, on average, would
affect only one gene per cell in a lifetime. Some other factor—carcinogen, reactive
oxidants, malfunction in DNA duplication and repair machinery—is proposed to
increase the incidence of random mutations [12]. Another approach is “early insta-
bility” [13] which suggests that master genes are critical to cell division—if they are
mutated, mitosis is aberrant. But master genes are still merely proposals. Recently,
Tomasetti and Vogelstein [14] presented epidemiological evidence which indicates
that as many as 2/3 of all cancers are a result of random mutations since their inci-
dence correlates with the frequency of cell divisions.

A cell is comprised of a large variety of molecules of different sizes, shapes and
physical attributes interacting in a complex network. Whenever one, or more, of the
molecular species lose the normally prevailing chemical equilibrium with their
reaction partners, the resulting difference in chemical-potential alters the normally
occurring chemical reactions within the network driving them in new directions.
These new chemical, physical and energetic changes lead to evolutionary pressures
enabling an entirely new set of mutational adaptations. It is well accepted in biology
that a persistent change in intracellular environment leads to preservation/selection
of a “protective” mutation. As an example of a chemical potential imbalance, a per-
sistent abundance in extracellular glucose supply leads to preferential ATP produc-
tion in the cytoplasmic fluid rather than the mitochondria [15]. This excess
production in the cytoplasm results in a slight pH imbalance and the mitochondrial
walls may breakdown. Since GTP is produced in the citric acid cycle in the mito-
chondria, this results in an inadequate supply of GTP—the end-cap for the microtu-
bules (MT) in the cytoplasm. Insufficient numbers of end-caps for the MTs can
result in mitotic catastrophe, or in aneuploidy and cancer [16].

One can therefore use the degree of entropy of established protein-protein inter-
action (PPI) networks to assess cancer risk and survival. Because the degree entropy
of a PPI network is essentially a Boltzmann distribution, it is a thermodynamic
observation. Breitkreutz et al. [17] found that the degree entropy of cancer PPI net-
works included in the Kyoto Encyclopedia of Genes (KEGG) inversely correlated
with 5-year survival of cancer patients. Each cancer PPI network is characterized by
a type of different entropy, but in all cases studied entropy of the network could be
inversely correlated with 5-year survival. The observed degree entropy corre-
sponded to the complexity of the molecular PPI network, and a mathematical elimi-
nation of proteins leading to decrease in network complexity could be correlated to
improved survival rates [18].
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Cellular Scale

Multiple mechanisms within a cell are responsible for maintaining cell integrity and
function. A great example of these mechanisms is the production of ATP through
oxidative phosphorylation in the mitochondria, which is responsible for providing
energy to cells. Mitochondrial function is subject to strict temporal and spatial co-
ordination, and thus a hub of dynamic instability. Variations in mitochondrial
metabolism may be secondary to changes in cellular events such as glycolysis [19],
Ca?* influx [20], changes in membrane potential [21], or may be intrinsic [22] to
mitochondria.

Carels et al. [23] have applied the concepts of entropy maximization in the con-
text of different breast cancer cell lines. They extended it to develop a strategy for
the optimized selection of protein targets for drug development against breast can-
cer as an example. By combining human interactome and transcriptome data from
malignant and control cell lines they described and quantified the highly connected
proteins in these PPI networks. They assumed that proteins that are most upregu-
lated in malignant cell lines are suitable targets for chemotherapy with a decreased
rate of undesirable side effects since normal cells express them to a much lower
degree. The most connected proteins that act as protein network hubs in the signal-
ing network have been identified. In addition to traditional drug targets such as
EGFR, MAPK13 or HSP90, they found several proteins, not generally targeted by
drug treatments, which might justify the extension of existing formulation by addi-
tion of inhibitors designed against these proteins with the consequence of improv-
ing therapeutic outcomes. Their results reveal GABARAPL1 and GAPDH as hubs
in BT-20 cells (triple negative breast cancer). Another class of targets is the group of
genes involved in cell signaling and cell communication such as membrane pro-
teins, HER2 and 3 or EGFR, signal transduction proteins such as MYC, TK1, NPM,
YWHAB, MCM?7, EIF4A3, HDGF, GRB2, CHD3, PAK2, PA2G4, and transport
proteins such as KPNAZ2. It is not surprising that in this work, control genes of the
cell cycle or apoptosis were pinpointed such as MAPK13, HSPO9OAB1, MAGOH,
CSNK2B, EEFI1G, PDIA3, ICT1, SRPK1, and also those involved in the EMT pro-
cess such as VIM, which play a major role in tumor development HSP9OAB1 was
found to be the only upregulated protein hub common to all cell breast cancer types
in this study, which highlights the fact that the cancer subtypes share a core of pro-
liferative signaling pathways common in breast cancers, but with many
specificities.

The molecular alterations observed in breast cancer cell lines represent either
driver events and/or driver pathways that are necessary for breast cancer develop-
ment or progression. However, it is clear that signaling mechanisms of the luminal
A, B and triple negative subtypes are different. Furthermore, the up- and downregu-
lated networks predicted subtype-specific drug targets and possible compensation
circuits between up- and downregulated genes. These results may have significant
clinical implications in the personalized treatment of cancer patients allowing an
objective approach to the recycling of the arsenal of available drugs to the specific
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case of each breast cancer given their distinct qualitative and quantitative molecular
traits.

In a follow-up study, Carels et al. [24] investigated breast cancer cell lines and
found that the entropy of their protein interaction networks is negatively correlated
with their sensitivity to target-specific drugs of high potency. This sensitivity is
defined as half cell growth inhibition (GlIs,) with respect to drug administration. By
contrast, they have found no correlation for drugs that are either of low potency or
with no specific molecular targets (broadly cytotoxic). Interestingly, dormant cells
are less sensitive to chemotherapy, which preferentially targets dividing cells and
hence the plastic ability of cancer cells to alternate between dormant and proliferat-
ing states could be linked to increased cellular entropy. This is because increasing
phenotypic phase space by adding dormancy is clearly an entropy-increasing out-
come. As a result of the analysis above, all anti-cancer drugs have been divided into
target-specific and generally cytotoxic according to the GIs, they produce in malig-
nant cell lines. By extrapolation, these authors have predicted that the inactivation
of the top-5 upregulated protein hubs by specific drugs may reduce the protein net-
work entropy by ~2%, on average, which is expected to substantially increase the
benefit of a personalized chemotherapeutic strategy for patient survival anticipating
complete remission over a 5-year period of beyond.

Tissue Scale

The metabolic activity of mitochondria within a cell is the result of the coordination
of several highly dynamic processes characterized by complex temporal patterns,
which can display dynamic instability. An example of spatio-temporal coordination
of mitochondrial metabolism in multi-cellular organisms in sifu has been recently
presented by Porat-Shliom et al. [25]. It is conceivable that pathological changes at
a tissue level lead to disorganization and desynchronization, which in the context of
metabolic oscillations, has a tendency to increase the entropy of the metabolic net-
works within the cancer tissue.

Rietman et al. [26] have described how to compute Gibbs free energy of PPI
networks and discovered that it correlates with cancer stage. Their Gibbs free energy
is a genuine thermodynamic measure computed from using the mRNA expression
values for cancer patient tissues and overlaying that on the human PPI from BioGrid
(http://thebiogrid.org).

One can calculate the Gibbs free energy from the chemical potential. For com-
puting the Gibbs energy of a cell we use mRNA expression or RNAseq counts as a
surrogate for protein concentration. Greenbaum et al. [27], Maier et al. [28], Kim
et al. [29], Wihelm et al. [30], Liu et al. [31], Berretta and Moscato [32] all point to
the use of RNA abundance as a measure of protein concentration. Once we have the
concentration of each protein we can rescale the entire vector of transcriptome to be
between 0 and 1. Essentially, this sets the lowest abundance RNA at 0 and the high-
estat 1.


http://thebiogrid.org
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These concentration values can now be used to compute the Gibbs free energy
from knowledge of the PPI. For any given node in the PPI, i, the concentration is
given by ¢; and the free energy is:

G =c¢In| <= “)

where the sum is over all interaction neighbors j, including i. Carrying this out on
several TCGA cancers, this can be first computed as indicated in the equation for the
individual Gibbs free energy for a particular protein, but then it should be summed
over all proteins to obtain the total Gibbs free energy of the network. This now rep-
resents an average of the Gibbs energy for that tissue sample from the biopsy.
Table 1 (reproduced from Rietman et al. [33]) shows the Gibbs free energy correlat-
ing with 5-year survival.

Extending that work to look at Gibbs free energy of cancer stage using the same
set of TCGA cancers and including two GEO datasets for prostate cancer GSE3933
[34] and GSE6099 [35] and a GEO dataset for liver cancer GSE6764 [36]. Processing
the data for rescaling as described above, we can then calculate the Gibbs free
energy on the individual cancer stage biopsy samples. The cancer stage, typically
represented as a Roman numeral, was simply assigned an ordinal number. Then
computing the Spearman’s rho and Kendall tau as measures of fit we get the results
shown in Table 1. The sign in front of the value for rho or tau indicates the slope of
the fit. The tissue type dictates the slopes. It is not clear to us at this stage why these
coefficients are positive in some types of cancer and negative in others. However, as
can be readily seen, several of these cancers show very significantly linear correla-
tion of Gibbs free energy to cancer stage. This is highly suggestive that the Gibbs
free energy has captured a real thermodynamic measure of cancer stage.

Metabolic Entropy Increase in Cancer

Earlier we described how a glucose imbalance outside the cell will percolate, via the
molecular network to result in a pH imbalance within the cell. Gillies et al. [37]
have described an acidic extracellular environment of tumors. They go on to show
that there is a similar imbalance in the pO, level and this can induce metastasis and
invasion. The low pH and low pO, also results in resistance to therapies.

It is now generally accepted that tumors in general have an increased uptake of
glucose. This high demand for glucose, even in the presence of adequate oxygen
supply, has been referred to as the Warburg effect. The causes and advantages of
increased glucose consumption of tumors have been extensively studied and
reviewed in a number of publications [38—41]. These effects include protection
from apoptosis, a resultant acidic microenvironment that gives cancer a proliferative



PIOQ Ul UMOYS dIB PUB UOIR[ALIOD SUOXS B AJBIIPUI G'()—> PUEB G'()< SAN[BA NEJ S [[BPUIY PUR OYI S uewIeadg

E.A. Rietman and J.A. Tuszynski

[ecl o0
ueunary (69099SD
Y01 S 6L Cl 8 000" T— 000 T— 98 ‘€E6£ASD) AwISOIg 0dd
[egl o0
ueuary
IL LT 81 L 0l 01 6 000'T— 666°0— 98 (Y9L9HSD) 1oAIT (0)519)
[43 [4 € 4 €C 009°0 0080 | AITITT 1190 snowrenbs Sun osN1
Sl ¥ 143 123 8 000°0 001°0— | AL T T BUWOUTDIEIOUSPE SUN'T avni
LET Y4 8% 65 cl 0000 8¢T0| AI'TII T BUWIOUIDIES0USpE UO[0)) avoo
Al
‘DI 4111
6¢S 8L L8¢| 0¢ 8¢ 91 L99°0 008°0 VIIT ‘I ]| BWOUIDIEIOUAPEISKD SNOIAG AO
8y 8 € € 143 008°0— 006'0— | AI'TII‘TIT, [emAwopu sndiod duLalfy 0doN
AL DI
‘11T VI
€LS | Sl €¢| Sl 98 9Tl 90¢ 01 1LS°0 9L0| “dIIVILT BUIOUIDIED SAISBAUT JSealq vodd
0L S 4! el 8¢ £ee0— 00¥'0— | AITI T ‘T [[99 Tea[d [eUAI AoUpTY] oX:10:1
N L 9 S ¥ IS Z 1| neyqepusy| ouya s ueurreadg sagels ad£y 100uR) Jureu
VOOL
eloL, a3e)s Teurpio ur sopdwes Jo IquunN a3e3s 1od sqqID) JO SoFrIOAR WOIJ ‘9Fe)S JOOURD "SA SqQID)

70

[g€] sadA) 190URD [BI0ADS 10J 95B)S 190UEBD JO UONOUN) B SB ASIOUD sqqio) | d[qel,



Thermodynamics and Cancer Dormancy: A Perspective 71

advantage, as well as a mechanism to create most rapidly the biomass for tumor
proliferation.

This increased consumption of glucose in cancer is associated with upregulated
glycolysis, an anaerobic mechanism, which may lead to a significant energy burden
to the cancer patient not previously integrated into resting energy expenditure (REE)
estimates. REE is normally calculated by indirect calorimetry, which measures oxy-
gen consumption, carbon dioxide production, and urea excretion. Complete aerobic
metabolism is assumed [42], and thus anaerobic energy production is not accounted
for. Therefore, the potentially large anaerobic energy usage of tumors is not factored
into many calculations of the energy deficit of patients with cachexia, and thus late-
stage cancer patients with large tumor burdens may have a much larger “hidden”
energy deficit than commonly calculated.

Friesen et al. [43] have proposed a quantitative model incorporating a tumor’s
unique energy metabolism to describe how a tumor of sufficient mass will lead to an
energetic burden, with glucose and glutamine consumption that could lead to the
body’s muscle wasting in order to fuel the tumor’s energetic demands. The body
may break down muscle preferentially as muscle breakdown is able to supply the
additional need for glucose and glutamine by the tumor, causing cachexia. This
muscle loss has the greatest impact on patients’ quality of life and is associated with
a poor survival outcome [44]. Furthermore, Friesen et al. [43] modeled this muscle
and fat loss as a result of this energetic deficit based on our previous data on patients
with advanced colorectal cancer and metastases in the liver, as well as previous
studies monitoring glucose turnover in cachexic patients, and suggested specific
treatment strategies based on this bioenergetic view of cancer cachexia. These
authors have calculated that the energetic cost of a tumor may approach or exceed
1330 kcal/kg tumor/day when including the energetic cost of the tumor in feeding
and fasting states and Cori cycling of lactate generated by the tumor. As tumors
grow, this cost may eventually become prohibitive, and combined with reduced
caloric intake as a result of the tumor, may lead to a catabolic, cachexic state. A cor-
responding picture of cancer development and progression through the stages end-
ing with cachexia and death can be viewed as a continuous increase in metabolic
entropy produced due to a highly inefficient glucose metabolism with a concomitant
growth of the glycolytic rate as predicted by Warburg [45]. Additionally, going
through cycles of growth and quiescence may be a clever evolutionary strategy to
maintain the host alive so that the tumor can continue its parasitic relationship. This
aspect can be simulated computationally by using a prey-predator type of mathe-
matical modeling.

Organismal Scale

One of the most fundamental differences between animate and inanimate matter
from the point of view of thermodynamics is that by definition the former exists in
states that are far from thermodynamic equilibrium. Living systems survive only
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because there is a flux of matter and energy between them and their surroundings,
and excess entropy transfer into their surroundings to compensate for the creation
and maintenance of structural order (entropy reduction) and functional
organization.

To apply thermodynamic concepts to cancer, we first need to determine what the
relevant order and control parameters are. In the case of a transition from normal to
cancer cells, the nature of the change taking place is one of molecular and cellular
reorganization leading to a drastic elimination of various cell cycle check points and
a simplification of the cell’s functional program to one that seems to be aimed
mainly at survival and proliferation, which could involve dormancy phases required
for the establishment of distant metastases and for mounting effective drug resis-
tance as an additional survival strategy under harsh environmental conditions.
Although the trigger for cancer may reside at the molecular level (for example, the
switching on of an oncogene, the disablement of a tumor suppressor gene or accu-
mulated damage to DNA due to UV radiation or toxins), thermodynamic treatments
are normally formulated in terms of macroscopic variables. Cells function as meta-
bolic networks defined by a large ensemble of interacting enzymes within a sub-
strate mediated by processes typically described using chemical kinetics
transforming one metabolite into another. The existence of such networks supports
the concept of describing cells in terms of aggregate variables; macroscopic param-
eters that are functions of the structure of the network and the biochemical interac-
tions between the elements. In the case of cancer, it is not hard to identify relevant
physical changes at the macroscopic level taking place in the affected organism.
Indeed, it is mostly from such changes that cancer is diagnosed. These include the
gross alterations in the structure, function, and organization of cells, and even to a
certain extent the surrounding tissue microenvironment. For example, cancer cells
display marked changes in viscoelastic properties, morphology, nuclear structure
and chromatin architecture, and heterogeneity as well as dramatic changes in
metabolism, pH values, and trans-membrane potentials. A qualitative description of
the transformation from normal to cancer tissue using the concepts of phase transi-
tion that include order parameters, control parameters, Gibbs free energy and
entropy and susceptibility has been provided by Davies et al. [46].

Fractal geometry is a powerful mathematical concepts that allows to quantify
systems with self-similar properties by introducing the definition of fractal dimen-
sion. Furthermore, fractal dimension has been linked to both Shannon’s entropy and
Kolmogorov entropy, the latter describes the measure of chaoticity of a disordered
system [47]. There are numerous studies measuring fractal dimension of cancer
cells as well as cancer tissues. Very few studies, however, related Shannon entropy
to diagnosis and prognosis of cancer [48]. This area still requires more quantitative
and systematic studies, which could relate the fractal dimension of the tumor tissue
with the corresponding entropy and further to the grade and stage of cancer.
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Rietman et al. [33] describe the concept of Gibbs free energy on cancer stage, but
go beyond that and apply a topological concept known as “filtration” [49] to pro-
duce what is known as a persistent homology from the energy landscape that the PPI
with transcriptome represent. At any given threshold an energetic subnetwork is
produced. Figure 1 is an example for oligodendroglioma (low-grade glioma). This
is specific to this patient. Different patients will have different energetic persistent
homology networks. If we now apply another topological concept known as the
Betti number [18], essentially a count of the number of rings of four or more pro-
teins, and find which node in the network when removed will drop the Betti number
the most, as described by Rietman et al. [33] this becomes a suitable target for pro-
tein inhibition in treating this specific cancer patient.

We have already described correlations between molecular network thermody-
namics and molecular network topology and cancer patient survival as demonstrated
by Breitkreutz et al. [17] in great detail. Rietman et al. [33] show that Gibbs free
energy correlates with 5-year survival. A corresponding quantitative analysis of the
glycolytic switch rate and the resultant entropy increase correlating with a reduction
in 5-year survival is conceptually straight-forward but to the best of the authors’
knowledge has not been published yet.

Conclusions

In this paper we have brought evidence to support the statement that drug resistance
and cancer progression (in terms of distinct stages) are associated with progressive
changes in entropy and Gibbs free energy. Both phenomena have been linked to
tumor dormancy, for example see [50]. A specific loss of p53 function as a “guard-
ian of the genome” playing a central role in cell cycle maintenance is also linked to
drug resistance and further to dormancy [51]. We also believe that dormancy fits
into the organizing principle of entropy by enlarging the state space of the cancer
cell and leading to increased heterogeneity. This is consistent with an entropy
increase.

While the time dependence of the tumor growth is not explicitly built into this
model, it appears that a monotonic representation of a continued progression of the
cancer state into more malignant states is not supported by recent work on cancer
modeling where competition between cancer and normal (including immune sys-
tem cells) phenotypes leads to nonlinear behavior well described by a prey-predator
set of differential eqs. [52]. The resultant oscillatory tumor growth pattern is known
to produce “cycles” of quiescence and proliferation in most cancers. At present, it is
not clear how time dependence in deterministic models of this type can be con-
nected to entropy maximization without coupling the two subsystems (normal and
malignant) in a dynamic interaction with opposite tendencies, i.e. the normal tissue
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striving for entropy minimization under spatial and energetic constraints and tumor
cells maximizing entropy. A mathematical description of this type of process is still
lacking.

A war on cancer was boldly declared by US President Richard Nixon over
40 years ago and close to a trillion dollars was spent on cancer research since then.
While incremental progress can be claimed on several fronts including advances in
targeted chemotherapy, radiation tomotherapy and more accurate diagnostic tools,
we are still almost clueless regarding the molecular-level causes of cancer and hence
clinical outcomes have been far from impressive. Many of the cancer chemotherapy
drugs are very expensive, provide modest clinical improvements and have signifi-
cant negative side effects. We believe what is needed to make serious progress in
cancer therapy is to uncover an organizing principle in cancer cell transformations
towards greater and greater malignancy. We know that cells become cancerous as a
result of complex genetic and epigenetic reprogramming involving complicated
regulatory networks leading to their immortality and uncontrolled division.
Hundreds of oncotargets have been identified and some therapeutics developed aim-
ing at their inhibition. It is clear that we can’t inhibit all oncotargets at once since
multiple overlapping toxicities would first kill the patient. Moreover, we cannot
possibly inhibit the oncotargets also because cancer cells are plastic and if chal-
lenged, they start quiescence programs and “learn” how to survive. Much of our
selection of cancer targets and the development of therapies is very ad hoc and lacks
a consistent logical basis. Based on our preliminary studies we hypothesize that
cancer can be characterized by a tendency, which is consistent with a stability crite-
rion for a corresponding thermodynamic function of state. One such trend is to
maximize entropy at all levels of the hierarchical organization from DNA to tumor
tissue. We have shown is several examples that an analogous criterion may involve
a trend towards a Gibbs free energy minimum. In both cases cancer initiation and
progression follows a predictive trajectory in a thermodynamic phase space. This is
in contrast to normal cells whose main dynamical objective is homeostasis (stability
around its defined equilibrium state) and orchestrated functioning in concert with
other tissues to serve the organism. Cancer cells do not fulfill these objectives. By
contrast, they eliminate a number of cell cycle checkpoints and simplify their pro-
gram to achieve two main goals: immortality and cell division. Analyzing cancer
hallmarks from DNA mutations, to histone methylation, to DNA packaging, to
aneuploidy, to cell metabolism (the Warburg effect), to cell morphology, to cell-
organization (epithelial to mesenchymal transformation), to (fractal) tumor mor-
phology and even to metastases, one can introduce an organizing principle at all
levels of transformations in cancer, which involves a tendency to evolve its thermo-
dynamic state function (entropy increase or Gibbs free energy decrease).

In this chapter we advanced a hypothesis at all levels of biological organization
as described above and drawn practical conclusions in terms of both prognostic
information for cancer patients and therapeutic interventions that would be aimed at
reversing the process in order to reduce entropy resulting in slowing down or even
halting the progression of cancer. This involves the critical question of the optimal
selection of the molecular therapeutic targets in order to control cancer cell
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proliferation viewed here as a tendency to a maximum entropy state. While there is
an acute need for developing better anti-cancer drugs, the lengthy time and huge
costs associated with cancer drug development, together with high failure rates and
limited efficacy of targeted drugs necessitate alternative approaches to cancer drug
discovery and novel treatment methods. These approaches should not be simply dif-
ferent from the standard of care but should be based on rational hypotheses. In fact,
we propose a completely new and ground-breaking paradigm shift from a descrip-
tive to a quantitative measure of cancer based on the application of a physical orga-
nizing principle that of entropy maximization or Gibbs free energy minimization as
a specific representation of this principle under thermodynamics constraints. In a
nutshell, as Erwin Schrodinger famously pondered in his seminal book “What is
Life” [4], life is a tendency to reduce entropy of a system, in contrast to inanimate
systems, which left to themselves, increase entropy. We hypothesize that cancer, as
a pathological, unsustainable state of a living organism is also characterized by
entropy increase leading to disorder, disorganization and ultimately death. Reversing
this tendency by a variety of therapeutic means including appropriate nutrition,
exercise and specifically selected pharmacological agents has a potential of prevent-
ing this trend from continuing towards the patient’s demise.
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