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Editorial on the Research Topic
Cancer Ecosystems

Oncology research pioneers such as Stephen Paget focused on how cancer cells favor particular
environments (1) and Judah Folkman on how nutrients are provided to these harsh environments
(2). The tumors consist of a heterogeneous population of cancer cells and a stroma with different
cell types that define a specific microenvironment and form a tumoral ecosystem. The evolution of
the tumors depends on the interactions of the cancer cells with their tumor microenvironment
(TME), determining the progression, eradication, or tumor metastasis. A coral ecosystem is
similar to tumors in that it is highly complex and energetically productive (3, 4) (Table1).
A tropical reef-building coral holobiont is composed of the coral metazoan host (the polyp),
its endosymbiotic photosynthetic dinoflagellates (Symbiodiniaceae) and other microorganisms,
including protozoans, fungi, bacteria, and archaea (5). Despite their complexity and very high
productivity, corals commonly thrive in nutrient-poor environments (14), which are similar to
what is observed in tumors. The contradiction of high coral productivity and limited nutrient
availability has been named as the “Darwin Paradox,” in reference to its first discoverer (19). This
paradox can be explained by the high uptake and efficient recycling of nutrients by coral reef
organisms. A similar paradox has been observed in tumors since it is unclear how this complex
ecosystem thrives in such nutrient deprived conditions (4).

Scientists have debated how the extremely high productivity and diversity of coral reefs can
thrive while living in such an oligotrophic environment, equivalent to a marine desert (13, 20). The
answer relies on coral mutualistic relationships that allow the retention of resources and avoid their
drift away in ocean currents. Sponges have been found to be the basis of this recycling of nutrients
and energy back into the ecosystem (13). The largest resource produced on reefs are dissolved in
organic matter (DOM), and sponges allow DOM to be transferred to higher trophic levels (13). In
tumors, Otto Warburg focused on the idea that the key organic matter is glucose. He postulated
that tumor cells maintain high glycolytic rates even with adequate oxygen supply, although he did
not address how glucose becomes available to cancer cells (21). Compared to differentiated cells,
many tumor cells have an altered energy metabolism. In particular, a change in metabolism based
on respiration to one which is predominantly glycolytic (22, 23). Many glycolytic-related genes are
systematically overexpressed in different types of cancer cells, have diagnostic utility, and may help
predict therapeutic response (24). These data situate the glycolytic phenotype as a distinctive sign
of tumor cells (22, 23, 25), providing advantages for proliferation.

Phosphofructokinase 1 (PFK1) and monocarboxylate transporter 4 (MCT4) are
rate limiting steps in glycolysis (26). In this e-book collection, the role of one of the
main glycolytic regulators, fructose 2,6-bisphosphate (Fru-2,6-P;), in cancer cells is
reviewed by Bartrons et al. Fru-2,6-P, allosterically induces PFK1 activity. TP53 Induced
Glycolysis and Apoptosis Regulator (TIGAR) also regulates glycolysis via Fru-2,6-P, and
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TABLE 1 | Examples of similarities between Tumor and Coral Reef Ecosystems.

Tumor Coral reef

Highly complex ecosystems with
high nutrient utilization rates (4)

Highly complex ecosystems with high
nutrient utilization rates (3)

Nutrient deprivation: Nutrient deprivation:
Compromised blood supply Nitrogen and Phosphorus deprivation
(Zuazo-Gaztelu and Casanovas) (5-7)

Compromised water flow (8)

Metabolic coupling:

Between cancer and stromal
cells (9)

Between cancer cells (10)
Between cancer cell organelles
(Herst et al.)

Metabolic coupling:

Between coral and fish (11, 12)
Between coral and sponges (13)
Between coral and
symbiodiniaceae (14)

Importance of
mitochondria-endosymbiont in
metabolic coupling (4)

Importance of photosynthetic
bacteria in metabolic coupling (15)
Anticancer immunity (Fox et al.) Immunity to maintain homeostasis
(16)

Apoptosis (Leverson and Apoptosis (17)
Cojocari)

TGF-Beta (Fabregat and
Caballero-Diaz)

TGF-Beta (18)

drives metabolic symbiosis between cancer cells and cancer-
associated fibroblasts (27). Another key regulator of glycolysis:
monocarboxylate transporter 4 (MCT4) is also studied by Bisetto
et al. and found to induce tumor aggressiveness. MCT4 is
the main exporter of lactate from cells, a marker of glycolysis
and is regulated by HIF-la. Conversely, MCT1 is the main
importer of lactate into cells, a marker of mitochondrial oxidative
phosphorylation and is regulated by c-MYC (4). Most complex
ecosystems such as coral reefs and tumors have heterogeneous
metabolic activity. Only some cells have high activity of a
particular metabolic pathway. As an example, MCT1 is highly
expressed in cancer cells while MCT1 expression is low or absent
in tumor-associated macrophages (28).

Cancer cells and corals do not exist in isolation. In fact,
all living entities host diverse symbionts that contribute to
their associated functions. Most studies on the metabolism of
cancer cells have focused on the investigation of a single type
of intra-tumoral cell, although recent studies have described a
more complex scene, where the tumor ecosystem via metabolic
symbiosis plays a critical role in cancer progression (9, 10, 29).
Similar metabolic interactions to those observed in tumors occur
in corals. The “coral probiotic hypothesis” states that corals have
a dynamic relationship with their symbiotic microorganisms. By
altering the population of symbionts, the coral host adapts to a
changing environment. This adjustment of a time span of days
to weeks is faster than if it were via mutation and selection
that would take many years (30). In sum, it is the combined
holobiont that exerts the unit of natural selection as opposed to
its individual members and it has been named the hologenome
theory of evolution (31).

Cancer cells have a great capacity to adapt to changes in
the conditions of their TME, developing survival strategies

(Leverson and Cojocari). Similar plasticity has been observed
in coral reefs (17). The tumor and stromal cells establish
a powerful relationship that determines the initiation and
progression of the disease, as well as the patient’s prognosis
(32). Physiologically, the stroma is a physical barrier against
tumorigenesis; however, cancer cells elicit changes to convert
the adjacent TME into a pathological entity, favoring nutrient
exchange, migration of stromal cells, matrix remodeling, and
expansion of the vasculature. In addition to malignant cells, the
TME contains stromal cells that have been implicated in tumor
promotion, such as endothelial cells of the blood and lymphatic
circulatory system, pericytes, fibroblasts, and various bone
marrow derived cells, including macrophages, neutrophils, mast
cells, myeloid cell-derived suppressor cells, and mesenchymal
stem cells, and sometimes even adipocytes (33). The Coral-
Symbiodiniaceae relationship depends on nutrient interactions
and metabolism between the coral host and the microbial
symbionts in response to environmental conditions (34), sharing
features with intercellular relationships in tumors. In fact, species
richness is a key driver of community biomass production and
ecosystem function across a range of ecosystems (35).

Fibroblasts in the TME can be activated. Here they are
referred to as cancer-associated fibroblasts (CAFs), and they
can be recruited to the tumor by different cytokines and
growth factors released by cancer and infiltrated cells. Activation
into CAFs is accomplished through genetic modifications and
altered activation of different signaling pathways, such as NFkB,
IL-6/STAT3, FGF-2/FGFRI, and TGF-B/SMAD (Herst et al.).
Recent research, reviewed by Herst et al., shows that stromal
cells have the ability to transfer mitochondria to tumor cells
deficient in respiration, thus restoring mitochondrial respiratory
capacity. Alterations in nuclear and mitochondrial DNA can
affect mitochondrial respiration, forcing the cells to search for
anaerobic pathways for obtaining energy. These cells with a
predominantly glycolytic metabolism tend to have rapid growth,
are resistant to hypoxia and can produce metastasis. In contrast,
cells lacking mitochondrial DNA cannot form tumors unless they
incorporate mitochondrial DNA from neighboring cells. These
data suggest that mitochondrial exchange between cells could
be used as an additional target in the treatment of cancer. In
addition, cancer cells as well as different stromal cells can modify
their metabolism in response to different signaling pathways,
which can affect the therapeutic response. The resilience of
coral reefs to global warming is also dependent on the crosstalk
between different cells in this ecosystem (36). In this sense,
the NFkB transcription factor, important in regulating cellular
responses, is activated when elevated water temperature or
other environmental perturbations induce the loss of the algal
symbiont Symbiodinium (37) (Table 1).

The crosstalk between cancer cells and macrophages in
the TME is investigated by Li et al, with the aim of
study the intercellular communication in the tumor ecosystem.
Identification of the different mechanisms of transport between
the cells of the TME is essential to understand the mechanisms of
tumor growth and is herein reviewed by Lou et al. These authors
demonstrate that the intercellular exchange of microRNAs,
mitochondria and other components is carried out through
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tunneling nanotubes (TNTs), cytoplasmic extensions based on
actin. This transport through TNTs between malignant and
stromal cells can modify the gene regulation and metabolism of
TME cells, playing a critical role in tumor growth and metastasis,
as well as in resistance to different treatments. Similarly,
species particular trait values, such as fast growth rates and
unique feeding strategies, can strongly affect ecosystem functions,
such as coral reef productivity and nutrient cycling (38, 39).
Alternatively, biodiversity can enhance ecosystem efficiency with
a more complete utilization of resources (40-42). Such synergies
are common in ecosystems like coral reefs, often occurring when
functionally distinctive taxa increase the performance of other
members of the ecosystem (43, 44) (Table 1).

The growth of tumor cells requires the supply of nutrients and
oxygen. Therefore, the angiogenic program driven by TME cells
is one of the first requirements in the tumoral ecosystem (2) and
it is explored by Zuazo-Gaztelu and Casanovas. Angiogenesis, in
addition to providing nutrients and oxygen, also facilitates the
spread of tumor cells. Therefore, the blockade of this process has
been proposed in the treatment of different types of cancer [(2);
Zuazo-Gaztelu and Casanovas]. In this review, special emphasis
is done on the interaction between tumor and stromal cells,
suggesting that the molecular mechanisms of these interactions
may be used for the development of new antiangiogenic agents.
Coral reefs are also subjected to nutrient deprivation on the basis
of changes in water flow (Table 1).

The protection offered by TME to tumor growth can be
diminished by conditions such as chronic inflammation, with
the subsequent release of cytokines and growth factors (45).
In this way, chronic inflammation can trigger a response
in which the proliferative signals induced by stromal cells
are gradually enlarged. Fabregat and Caballero-Diaz review
the role of TGF-B in hepatocarcinogenesis, considering that
when chronic inflammation is established, inflammatory
cells produce mediators, such as TGF-B, responsible for the
activation of quiescent hepatic stellate cells to myofibroblasts
(MFB), which mediate the synthesis of extracellular matrix
proteins and are responsible of fibrogenesis. In parallel, TGF-f
induces also changes in tumor cell characteristics, conferring
migratory properties (Fabregat and Caballero-Diaz), as well
as a glycolytic phenotype (46). TGF-B can also play important
roles in the symbiotic or mutualistic relationships within coral
reefs (Table 1).

Cancer cells near blood vessels grow at a higher rate,
due to the high availability of nutrients and oxygen. Their
energetic needs are supported by glycolysis and mitochondrial
oxidative phosphorylation. In contrast, cells exposed to a
microenvironment where nutrient and oxygen supplies are
reduced, depend more on glycolysis which requires novel
strategies to survive and proliferate. Thus, it is not surprising
that these cells display higher grades of malignancy and chemo-
resistance. Metabolic synergy between cancer and stroma cells
is a driver of cancer aggressiveness and it has been shown
that lactate is an essential metabolic intermediate between TME
cells, fueling the oxidative metabolism of oxygenated tumor
cells. In this way, a tumor symbiosis is produced by which
the glycolytic and oxidative cells exchange metabolic substrates

(4, 10). This metabolic compartmentalization allows for the
exchange of metabolites between stroma and cancer cells, and
this synergy is a result of differential expression of transporters
and isoenzymes (10, 29). The article by Bisetto et al. studies the
role of MCT4, an exporter of lactate, in head and neck squamous
cell carcinoma (HNSCC) aggressiveness. It is demonstrated that
MCT4 is a driver of aggressive cancer, it may be used as a
diagnostic marker and its inhibitors could have therapeutic utility
to prevent invasive HNSCC (Bisetto et al.).

We are beginning to understand the factors and pathways
driving the glycolytic phenotype and metabolic reprogramming
of tumor cells. Many genes are involved in this transformation,
including RAS, TP53, HIF-1, and c-MYC. Although the change to
the glycolytic phenotype is not an indispensable requirement for
malignant transformation, the majority of studies indicate that it
is an important phenomenon associated with survival advantage
for the cells in the TME. In the review by Vaziri-Gohar et al.,
mutant KRAS is analyzed as an important player in the metabolic
reprogramming of the pancreatic ductal adenocarcinoma cells
(PDA). There is growing interest in the therapeutic exploitation
of new metabolic inhibitors and in this review several clinical
trials currently underway in patients with PDA are discussed.

A new and promising strategy for the cancer treatment uses
mitochondria, since they are important in the regulation of
metabolism and apoptosis. Cancer cell mitochondria exhibit
multiple differential features with respect to that of normal cells.
Among them, a stronger mitochondrial membrane potential
that can allow the accumulation of cytotoxic cationic molecules
within the cancer cells. Gonzilez-Rubio et al. investigate the
selective cytotoxic effect of cationic 10-N-nonyl acridine orange
(NAO) on human lung carcinoma H520 cells. This compound is
able to interfere with mitochondrial function and is a promising
antitumor agent. In a similar way, mitochondrial anti-apoptotic
proteins like BCL-2, BCL-XL, and MCL-1 are overexpressed
in cancer cells (47) and offer a mechanism of survival and
selective advantage in the nutrient deprived environment of
tumors and are therefore attractive drug targets. Leverson and
Cojocari review the literature on the BCL-2-inhibitor Venetoclax,
approved for use in chronic lymphocytic leukemia and now being
studied in a number of other hematologic malignancies. The
results presented suggest that lymphoid microenvironments have
a preponderant role in the sensitivity of cancer cells to Venetoclax
(48). Scatena et al. identified new therapeutic targets that are
relatively unique to cancer stem cells (CSCs). CSCs overexpress
regulatory proteins of mitochondrial activity and their inhibition
may represent a potentially new approach to eradicating CSCs.
Different FDA-approved antibiotics, including Doxycycline,
target mitochondria and the results obtained with this drug
clearly show that it can selectively eradicate CSCs in breast cancer
patients in vivo (Scatena et al.). Applying translational research,
a clinical trial performed by Curry et al. used Metformin, an
oral anti-diabetic drug that inhibits mitochondrial complex I, in
patients with head and neck squamous cell carcinoma (HNSCC).
Metformin resulted in an increase in cancer cell apoptosis and
altered the cellular TME with an increased infiltrate of CD8+
Teff and FoxP3 Tregs at the invasive tumor margin of lymph
nodes, suggesting an immunomodulatory effect in HNSCC.
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Furthermore, a review of Lee et al. on Metformin, as a treatment
for endometrial cancer, presents the available clinical data and the
molecular mechanisms by which it exerts its effects, focusing on
how it may modify the TME. The multiple effects of metformin
on the regulation of metabolism, as well as the changes produced
in intercellular communication, make it a promising drug for the
treatment of different types of cancer.

One of the important challenges in the treatment of
cancer is the persistence of drug-resistant cell populations.
Resistant subpopulations arise, among other factors, through
modifications in the TME. The accumulation of extracellular
fibrous proteins and the modification of the extracellular matrix
are associated with tumor progression. Joyce et al. have studied
how this TME affects the sensitivity of breast cancer cells
to chemotherapeutic treatment. The cultured breast carcinoma
cells showed a stromal-dependent response to Doxorubicin,
suggesting that the conditions of the tumor microenvironment
largely govern the response to drugs.

A study by Mojena et al. investigated the effect of
a series of compounds derived from benzylamine/2-
thiophenomethylamine (ethylamine) that showed antitumor
activity on different melanoma tumor cell lines. These
compounds develop a potent cytotoxic/antiproliferative activity
in cells in vitro and in animal models of melanoma tumors,
enhancing animal survival.

Rappaport and Waldman explore the cGMP signaling in the
intestinal epithelium and the mechanisms by which it opposes
intestinal injury. In colorectal tumors, the expression of the
endogenous ligand of Guanylate cyclase C (GUCY2C) is lost and
the reconstitution of GUCY2C signaling through the genetic or
oral replacement of the ligand opposes tumorigenesis in mice.
These results suggest that colorectal cancer may arise in a tumor
microenvironment with a functional inactivation of GUCY2C.

In recent years we have seen the progress of immunological
therapy against different types of cancers. A crucial aspect
for its development has been its ability to reverse the
immunosuppression induced by tumors. In this sense, the
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Tumor microenvironments contain multiple cell types interacting among one another via
different signaling pathways. Furthermore, both cancer cells and different immune cells
can display phenotypic plasticity in response to these communicating signals, thereby
leading to complex spatiotemporal patterns that can impact therapeutic response.
Here, we investigate the crosstalk between cancer cells and macrophages in a tumor
microenvironment through in silico (computational) co-culture models. In particular,
we investigate how macrophages of different polarization (M1 vs. My) can interact
with epithelial-mesenchymal plasticity of cancer cells, and conversely, how cancer
cells exhibiting different phenotypes (epithelial vs. mesenchymal) can influence the
polarization of macrophages. Based on interactions documented in the literature, an
interaction network of cancer cells and macrophages is constructed. The steady states
of the network are then analyzed. Various interactions were removed or added into
the constructed-network to test the functions of those interactions. Also, parameters
in the mathematical models were varied to explore their effects on the steady states of
the network. In general, the interactions between cancer cells and macrophages can
give rise to multiple stable steady-states for a given set of parameters and each steady
state is stable against perturbations. Importantly, we show that the system can often
reach one type of stable steady states where cancer cells go extinct. Our results may
help inform efficient therapeutic strategies.

Keywords: MET-mesenchymal-to-epithelial transition, EMT-epithelial-to-mesenchymal transition, M1-/M2-

polarized macrophages, interaction network, multi-stability

INTRODUCTION

Cancer has been largely considered as a cell-autonomous disease, but recent investigations have
highlighted the crucial role of the tumor microenvironment in determining cancer progression
(1). Cancer cells can communicate bi-directionally through various mechanical and/or chemical
ways with their neighboring cancer cells (2, 3), and/or with other components of the tumor
microenvironment such as macrophages and fibroblasts, driving aggressive malignancy (4-6). The
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Lietal

Macrophage Polarization and Tumor-Cell Plasticity

interconnected feedback loops formed by these interactions
can often generate many emergent outcomes for the tumor.
Interestingly, many of the latest therapeutic innovations such
as immunotherapy are aimed at targeting aspects of the tumor
microenvironment instead of the cancer cells (7).

Tumor-associated macrophages (TAMs) are one of the most
abundant immune cell populations in the microenvironment
(8, 9). They have been shown to promote cancer progression
in many ways, such as promoting angiogenesis, suppressing
function of cytotoxic T lymphocytes, and assisting extravasation
of cancer cells (8-12). Generally, the secretome and functions
of TAMs have been shown to be close to that of the so-
called alternatively activated macrophages (M) (13). In the
case of pathogen infections, macrophages that can engulf the
pathogen and present processed antigens to adaptive immune
cells, are generally characterized as the classically activated ones
(M) (14). M; and M, macrophages have different roles during
wound healing: while M; macrophages initiate inflammatory
responses, M, macrophages contribute to tissue restoration (13).
In the context of cancer, M; macrophages have been generally
considered anti-tumor (15-17), whereas M, macrophages have
been considered as pro-tumor (10).

However, macrophage polarization is not as rigid as the
differentiation of T lymphocytes (18); instead, M;, M, and any
intermediate state(s) of macrophage polarization are quite plastic
(13, 19, 20). Thus, the idea that reverting TAMs in the cancer
microenvironment to its cancer-suppressing counterpart is
tempting, the proof of principle of which has been demonstrated
in mice models (21-25).

Not only TAMs, but also cancer cells themselves can be
extremely plastic, a canonical example of which is epithelial-
mesenchymal plasticity, i.e., cancer cells can undergo varying
degrees of Epithelial-Mesenchymal Transition (EMT) and
its  reverse Mesenchymal-Epithelial ~ Transition (MET)
(26, 27). EMT/MET has been associated with metastasis
(28), chemoresistance (29), tumor-initiation potential (30),
resistance against cell death (31), and evading the immune
system (32).

Importantly, macrophages and cancer cells can interact with
and influence the behavior of one another, as shown by many
in vitro experiments. Specifically, some epithelial cancer cells are
capable of polarizing monocytes into M; -like macrophages (33).
Forming a negative feedback loop, these M;-like macrophages
can decrease the confluency of the cancer cells that polarized
them (33). Moreover, pre-polarized M; macrophages can induce
senescence and apoptosis in human cancer cell lines A549 (34)
and MCF-7 (35). Intriguingly, factors released by apoptosis
of cancer cells can convert M; macrophages into M;-like
macrophages (35), thus switching macrophage population from
being tumor-suppressive to being tumor-promoting. On the
other hand, mesenchymal cancer cells can polarize monocytes
into Mj-like macrophages (33, 36, 37), that can in turn assist
EMT (37, 38). Thus, the interaction network among macrophages
and cancer cells is formidably complex, and the emergent
dynamics of these interactions can be non-intuitive (39) yet are
often crucial in deciding the success of therapeutic strategies
targeting cancer and/or immune cells. For example, even if

TAMs at some time can be converted exogenously to M;-
like macrophages, if most cancer cells still tend to polarize
monocytes to TAMs, other coordinated perturbations may be
needed at different time-points to restrict the aggressiveness of
the disease.

Here, we develop mathematical models to capture the
abovementioned set of interactions among cancer cells in varying
phenotypes (epithelial and mesenchymal) and macrophages of
different polarizations (M;-like and M;-like). We characterize
the multiple steady states of the network that can be obtained
as a function of different initial conditions and key parameters,
and thus analyze various potential compositions of cellular
populations in the tumor microenvironment. This in silico co-
culture system can not only help explain in vitro multiple
experimental observations and clinical data, but also help acquire
novel insights into designing effective therapeutic strategies
aimed at cancer cells and/or macrophages.

RESULTS

Crosstalk Among Cancer Cells and
Macrophages Can Lead to Two Distinct
Categories of Steady States

We first considered the following interactions in setting
up our mathematical model: (a) proliferation of epithelial
and mesenchymal cells (but not that of monocytes My, or
macrophages M; and M;), (b) EMT promoted by M;-like
macrophages and MET promoted by M;-like macrophages,
(c) polarization of monocytes (Mg) to M;-like cells aided by
epithelial cells, and that to M;-like cells aided by mesenchymal
cells, (d) induction of senescence in epithelial cells by M;-
like macrophages (Figure 1A). No inter-conversion among M; -
like and M;-like macrophages or cell-death of macrophages is
considered here in this model (hereafter referred to as “Model
I”; see section Methods).

Furthermore, this model also considers that mesenchymal
cells can secrete soluble factors, such as TGF@, that can induce
or maintain the mesenchymal state in autocrine or paracrine
manners (40, 41). Therefore, we hypothesized that mesenchymal
cells can resist M;-promoted MET. However, this resistance
might not fully suppress MET, as MET still happens in the
presence of M; macrophages (38). Therefore, in Equation (1),
we assume a Hill-like function to represent the resistance to
M;-promoted MET and the resistance term saturates to a
finite value as a function of mesenchymal population M. And
the corresponding half-saturation constant is K%;. Similarly,
epithelial cells adhere to each other via E-cadherin, sequestering
B-catenin on the membrane, thus interfering with the induction
of EMT (42). Thus, we hypothesized that the M;-promoted
EMT can be inhibited by epithelial cells in a cooperative
manner, because this inhibition of EMT requires direct physical
cell-cell contact and hence involves multiple epithelial cells.
Therefore, in Equation (1), we assume a Hill-like function
to represent this resistance to M;-dependent EMT and the
resistance term saturates to a finite value as a function of
epithelial population E. And the corresponding half-saturation
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FIGURE 1 | Cancer-immune interplay can give rise to the co-existence of two types of steady states. (A) Interaction network for Model I. Conversions between cells
are indicated by solid lines. Cell proliferation is indicated by dashed lines. Inhibition (in black) and activation (in red) is indicated by dotted lines. (B) Steady states of the
epithelial population are plotted as a function of Mo -like macrophage population. Stable steady states are plotted in solid blue lines and unstable steady states are
plotted in dotted red line. The key parameters are as indicated. (C) As the cooperativity of epithelial cancer cells in their resistance of Mo-promoted EMT is reduced,
i.e., k =4, 3, 2 (blue, cyan, and light-green line), the overlapped region between state | and Il shrinks and then disappears. Increasing the cooperativity of

Mo -promoted EMT or M4 -promoted MET, i.e., m and n increase from 1 to 2, can expand the overlapped region (between state | and Il) of the system (dark-green
lines). Stable steady states are plotted in solid lines and unstable steady states are plotted in dotted lines. (D) As the total number of macrophages (Mc) increases, the

overlapped region (between state | and Il) of the system shrinks and then disappears.

constant is K%. Furthermore, the epithelial-cell-dependent term
has a cooperativity parameter k to represent the effects of E-
cadherin-f-catenin interaction between multiple epithelial cells.

Note that in all of our calculations, we assumed that there
is a carrying-capacity of cells (Npax, including both cancer cells
and macrophages) in the co-culture system in vitro. We vary the
initial number of different cells while keeping the total number
of macrophages (M;+M;+Mj) to be a constant (M.). Therefore,
the maximum number of cancer cells will be Npax -Me.

In Model I, the final populations of E, M, M, and M; cells are
simply determined by the following equations:

My My
T}meMW = TNemE— T
1T Mk?, 2 )
My + My = M,, E+ M = Nmax — M,

where Mem and Npe are the EMT and MET rate constants,
respectively. The above equations give two categories of stable
steady states: (a) state I, dominated by epithelial cancer cells,
and (b) state II, dominated by mesenchymal cancer cells. The

final steady state of the system depends on the number of M,
macrophages in that state; since there are only three equations
for four unknowns, M, can be used as a parameter specifying
(possibly discrete set of) solutions. As soon as Ma/Nmax crosses
a threshold, the system switches from state I to state II
(Figure 1B). This prediction is largely robust to parameter
variation (Figure S1).

Next, we explored what factors could change the qualitative
behavior of the model, i.e., enable a smoother and continuous
transition of epithelial and mesenchymal percentages as a
function of the M;-macrophage population. We identified that
reducing the cooperativity of epithelial cancer cells in their
resistance of M;,-promoted EMT can lead to a loss of the
feature with two-types of steady states (Figure 1C, blue, cyan,
and light-green lines). Conversely, increasing the cooperativity
of M,-promoted EMT or M;-promoted MET can expand the
region of overlapping between state I and II of the system
(Figure 1C, green lines). Another factor that can alter the
behavior of the model is the initial number of monocytes in
the system. At high enough number of monocytes, the absolute
number of cancer cells will be small, thus the effect of the
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cooperativity between epithelial cancer cells will be reduced, and
consequently, as discussed above, the overlap of the two types of
steady states of the system will disappear (Figure 1D). Together,
this increased propensity of multi-stability in the system upon
including cooperative effects in the interactions among different
species (or variables) is reminiscent of observations in models of
biochemical networks (43).

Note that using the M/Npax as the “control variable” is
specific for Model I, because there is no interconversion between
M; and M, macrophages. For a given set of parameters, the
steady state level of M, can vary continuously from 0 to M,
(Figures 1B-D), and in practice is determined by the initial
conditions (initial number of E, M, M, M,, and Mj). For models
in the following sections, My/Np,x will be shown to be fixed
to discrete allowed values (instead of continuously varying) for
a given set of parameters. For example, if we add a very small
conversion rate between M; and M, the steady state of the
system will collapse to only one steady state (Figure S2): on the
shorter time scale, the trajectory of the system (on the phase
plane of E and M;) will first converge to one steady state in
Model I (with the same M3/Np,ax); on the longer time scale, as
determined by the value of inter-conversion rate between M; and
M,, the system will slowly evolve to the steady state (blue dot in
Figure S2), following along the now-approximate steady states in
Model .

Cancer-Cell Enhanced Interconversion
Between M4- and M,-Like Macrophages
Lead to Bi-Stability

In the next iteration of our model (hereafter referred to as “Model
I1”), we included the possibility of interconversion between M; -
like and M,-like macrophages, as reported in the literature
(13, 35, 44, 45) (Figure 2A, see section Methods). We first
assume constant interconversion between M; and M, (with rates
denoted as 19, and 1%,) and investigate the effects of varying the
rate of conversion of mesenchymal cells to epithelial cells ().
At small values of e, the system has small number of epithelial
cells, which is equivalent to state II in Model I; with increasing
Nme> @ threshold is crossed, and the system can switch to states
with larger number of epithelial cells, which is equivalent to state
Iin Model I (solid black lines, Figure 2B). Thus, we can observe
bi-stability of cancer cell population in this system. However, the
populations of macrophages stay constant as a function of Ne,
since the M /M, ratio is simply determined by ngl/ n(l)z according
to Equation (2) when 12 = 131 = 0). In this model, we focused
on increased cooperativity of M;-assisted EMT and M; -assisted
MET (i.e., m = n = 2), because the interconversion between
M; and M3, in absence of such cooperativity (as considered in
model I with m = n = 1; Figure 1B), gives rise to a narrower bi-
stable region (Figure S3). Note again that in our calculations, we
assumed that there is a carrying-capacity of cells (Nyay, including
both cancer cells and macrophages) in the co-culture system in
vitro. Again, the total number of macrophages is constant, since
no cell death or cell division of macrophages is considered.

We chose Ne as a control parameter, because it can act as
a bottleneck for the transition between the two types of stable
steady states of the system. Lowering the transition threshold of

Nme can be helpful in a sense that the system can potentially stay
at state I (high epithelial state, supposed to be less aggressive)
only. Due to the inherent symmetry in the network, the effect
of lowering the threshold of Ny can be recapitulated via other
perturbations, such as a smaller rate of M -assisted MET (Nem),
lower M; to M, conversion rate (n;2), or higher M, to M;
conversion rate (13;) (Figure §4).

We next consider the case where interconversion between
M;-like and M,-like macrophages is enhanced by cancer cells,
i.e,, mesenchymal cells enhance the M;-to-M, transition, while
epithelial cells enhance M;-to-M; transition. In this case, we
observe the existence of a bi-stable region, and the range of the
epithelial-cell-low solution (equivalent to state II) is wider than
that for the previous case without any effects of epithelial (E)
and mesenchymal (M) cancer cells on M;-M; interconversion
(Figures 2B,C, solid blue lines). The reason for the expanded
epithelial-cell-low region is that the positive feedback loop
between mesenchymal and M, cells makes the mesenchymal-
and M;-dominated state more stable. Therefore, a higher 1.
is required to compensate for the effects of low M; population.
For therapeutic purposes, state I is favored, for it is believed
that epithelial cells are typically less aggressive than mesenchymal
ones. Therefore, symmetrical mutual enhancement might not
be helpful for the therapy because of the expanded epithelial-
low (mesenchymal-high) region. For the same reason, the lower
threshold of Ny to switch from state II to state I also shift to a
higher value, which means that for a small 1, the system will
only have one stable steady state, i.e., state I with high number of
mesenchymal cells.

In order to drive the system to be bi-stable at a smaller 1ye, we
tested the case with asymmetrical interconversion rates between
M; and M, i.e., higher conversion rate from M, to M; enhanced
by epithelial cells (12;). In this case, the lower threshold of Ny,
can indeed shift to a smaller value (Figure 2D), which makes
it theoretically possible to switch the system from state II (low
epithelial cells) to state I (high epithelial cells) at a fairly small
Nme Value.

In summary, our results for Model II suggest that one can
switch the system from state II (low epithelial cells) to state I
(high epithelial cells) by increasing both nme and the effective
conversion from M, to M;. Note that the interactions in Model
2 are rather symmetric: the interconversion rates between M;
and M, are either constants or enhanced by the corresponding
cancer-cells. In the following section, we will consider the
asymmetric case where only the M; to M; conversion is enhanced
by factors released by apoptotic epithelial cancer cells.

Cell Apoptosis-Induced M1-to-M2
Conversion Leads to Symmetry Breaking in

the Cancer-lmmune Interaction Network

Finally, we incorporated one other set of experimentally
documented interactions, i.e., M; macrophages can drive the
apoptosis of epithelial cells, and factors released during cancer
cell apoptosis can drive M;-to-M; conversion (referred as Model
I11, see section Methods) (35). The newly introduced interactions
are highlighted in thick lines in Figure 3A. This interaction
induces “symmetry breaking” (46) in the system, as previously
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FIGURE 2 | Effects of interconversion between M4 and M, cells, mediated by cancer cells. (A) Network of Model II. (B,C) Steady states of the epithelial (B) or M4 (C)
populations are plotted as a function of nme. Stable steady states are plotted in solid lines and unstable steady states are plotted in dotted lines. The key parameters
in (B,C) are: n1o =no1 =0 (for black lines) or 1/72 h=1 (for blue lines), m=2,n=2,k =4, 7]81 = 71(1)2 =1/72h~ 1. (D) In this plot, the key parameters are: no1 =1/72
h=1 (for blue lines) or 1/36 h=1 (for green lines), m=2,n =2,k =4, n% = n?2 =1/72h~1, and Ny = 1/72 h='.In (B,D), the gray line is the maximum fraction of
cancer cells (=0.7) as Mg is set as 0.3.

most of the interactions considered were of a “symmetric” nature, ~ Between Nme =0.0663 h™! and nyme =0.0747 h™!, the steady
ie, My cells driving MET and M, cells driving EMT, and  states depicted as a solid red line (Figures 3B-E) are stable;
epithelial cells driving M; maturation while mesenchymal cells ~ here both populations of epithelial and mesenchymal cancer
driving M, maturation. With this new interaction, the system  cells are at a low level. This phenomenon can be understood in
is now biased against epithelial cells, because (a) epithelial but  the following sense: at higher nme, proliferating mesenchymal
not mesenchymal cells, are killed by M;-macrophages, and (b)  cells are continuously being converted to epithelial cells, which
their dead counterparts may convert M; to M cells that can, in ~ will be killed by M; macrophages. This effect brings down
turn, convert some epithelial cells to mesenchymal ones (EMT).  the overall fraction of cancer cells. Note that in this region,
In addition, the conversion from M; to M; is essential to bring  three types of stable steady states co-exist in the system for
the system back from the mesenchymal-cancer-cell biased state  a given set of parameters. As np. increases and goes across
and it can be enhanced by introducing IL-12 (45) or Type 1T 12, =0.0747 h™!, the stable steady states in solid red lines
helper cells (44). disappears and the other two types of stable steady states co-
Thus, in the parameter region investigated, there are 3 types  existed (solid blue and black lines in Figures 3B-E). As Mme
of stable steady states, which are represented by solid blue,  further increases and goes across n5, =0.1532 h™!, there
red and black lines, respectively. At small values of the control ~ is only one stable steady state: cancer cells are necessarily
parameter Mme (rate of M; macrophage assisted MET), there  eliminated from the system. We note in passing that the
is only one type of stable steady state: the system is biased instability that drives the red solution unstable as 1y is lowered
toward the mesenchymal-dominated state (solid blue curves in ~ past 0.0663 h™! is a Hopf bifurcation to an unstable limit
Figures 3B-E), whereas the cancer-extinction state (E = M =  cycle.
0, dashed black curves in Figures 3B-E) is unstable. As N Furthermore, for the breast cancer cell line MDA-MB-231
increases and goes across a critical value 13, =0.0626 h~1),  used in Yang et al. (38), Nye is estimated to be around 1/120
the extinction state (E = M =0) becomes stable as well as a  h™! (~0.0083 h™!). In order to explore the conditions for the
new set of steady states emerges (red lines in Figures 3B-E).  absolute extinction of cancer cells around the estimated 1., we
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FIGURE 3 | Steady state solutions for a model including the M1 to My conversion assisted by apoptotic epithelial cancer cells. (A) Network of Model Ill. In this
network, M4 induces the apoptosis of epithelial cancer cells. And the factors released by apoptotic cancer cells enhance the M4 to My conversion. These interactions
are highlighted by thicker lines. (B-E) Steady states of the epithelial (B), mesenchymal (C,D) and M4 (E) populations are plotted as a function of nme. (D) is a
zoomed-in version of (C). Stable steady states are plotted in solid lines and unstable steady states are plotted in dotted lines. The model-specific parameters are: g =
1/36 h—T1, Bc = 1/1200 h=1, N1 =no1 = 1/72 h="1. When Nme is higher than a critical value n%e, the steady state E = M = 0 becomes stable (D). When nme is
higher than a critical value n%,, the steady state E = M = 0 is the only stable steady state of the system. (F) For a given \, the critical value n%e is plotted.

varied different parameters (such as hyf, Nem, and 121 ) to get the
corresponding 1}, where the extinction state is the only stable
steady state of the system. We found that lowering the growth
rate of mesenchymal cells (hy) can reduce ng,. to the nominal
experimental value 1/120 h~! (Figure 3F) whereas lowering
down mep or increasing m2; might not (Figure S5). Therefore,
for therapeutic purposes, increasing Nme and decreasing hy can
be a promising combination to help to eliminate cancer cell
populations. In addition, increasing the number of macrophages
in the co-culture system can also shift 1}, to a lower value

(Figure S6) because of a potentially higher level of cancer-killing
M, -like macrophages.

EMT Scores Correlate With Multiple Genes
Upregulated in M2 Macrophages

As a proof of principle for the predictions of our model, we
investigated multiple TCGA datasets (see section Methods for
the source of datasets), using our previously developed EMT
scoring metric (47). This metric quantifies the extent of EMT in a
particular sample, and correspondingly assigns a score between
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TABLE 1 | Correlation coefficients of expression levels of specific genes with EMT scores, across many TCGA datasets.

Gene FC (M1/Mp) FC (M2/Mp) Correlation Colorectal Correlation Lung Correlation Prostate Correlation
(n = 286) (n = 515) (n = 497) Breast (n = 1097)
ACTN1 0.46 2.37 0.32 0.41 0.32 0.13
FLRT2 0.47 7.29 0.33 0.36 0.33 0.40
MRC1 (CD206) 0.02 2.82 0.21 0.31 0.21 0.28
PTGS1 0.44 11.02 0.28 0.47 0.28 0.18
RHOJ 0.21 2.96 0.36 0.30 0.36 0.35
TMEM158 0.37 2.99 0.24 0.31 0.24 0.14
ARHGAP24 2.38 0.36 0.29 0.24 0.29 0.37
FIIR 3.43 0.41 -0.12 -0.44 -0.12 -0.19
STATAH 2.27 0.27 -0.02 0.29 -0.02 0.04
RSAD2 3.03 0.09 0.08 0.27 0.08 0.02
TUBA4A 2.18 0.33 0.11 -0.12 0.11 -0.01
XAF1 2.09 0.25 0.05 0.27 0.05 0.05

FC is the fold-change of gene expression levels in My or M» macrophages relative to Mo, which is measured in Jablonski et al. (48) for murine bone marrow derived macrophages
polarized in vitro. Those shown in red indicated upregulated in Mo, those in blue indicate upregulated in M. In all cases, the Pearson’s correlation coefficient (r) is calculated and the

corresponding p-values of those correlation coefficients are <0.05.

0 (fully epithelial) and 2 (fully mesenchymal). We calculated
the correlation coefficients for EMT scores with various genes
reported to be differently regulated in M; or M, macrophages
relative to My macrophages. The list of those genes is taken
from Jablonski et al. (48). Out of 52 genes investigated, we
observed that many genes upregulated in M2 and downregulated
in M; macrophages—-ACTN1, FLRT2, MRCI1, PTGS1, RHOJ,
TMEM158-correlated positively with the EMT scores (Table 1,
first 6 rows) across multiple cancer types. The higher the
EMT scores, the higher the levels of those genes, including the
canonical M, macrophage marker CD206 (MRC1). On the other
hand, out of the 52 genes investigated, many genes upregulated in
M; macrophages but downregulated in M, macrophages-FIIR,
STAT1, RSAD2, TUBA4A, and XAF1-showed either a negative
or an overall weak positive correlation with EMT scores (Table 1,
last 5 rows). The only exception observed in this trend was
that for ARHGP24 which correlated positively with EMT scores
across cancer types. Together, these correlation results in multiple
TCGA datasets offer a promising initial validation of our model
predictions that a state dominated by epithelial cells typically
has higher number of M; macrophages, while the other state
dominated by mesenchymal cells typically has higher number of
M, macrophages.

Furthermore, to go beyond the correlation analysis between
a single gene and the EMT-score, we investigated whether
genes that are expressed higher in M;-like macrophages will
be enriched in EMT-score-high tumors and whether genes that
are expressed higher in M;-like macrophages will be enriched
in EMT-score-low tumors. Again, the lists of genes that are
expressed higher in M;- or M;-like macrophages are from
Jablonski et al. (48) and the EMT-scores were calculated for each
sample of the four TCGA dataset investigated in this work. We
define a tumor to be EMT-score-high if its EMT-score is higher
than the median score of the specific dataset and vice versa.
Then, the expressions of a gene in EMT-score-high and low
tumors in each dataset are used to determine whether this gene

has a significantly high/low expression in EMT-score-high/low
tumors. As expected, the genes that are expressed higher in
M,;-like macrophages (but lower in M;-like macrophages) are
enriched in EMT-score-high tumors across the 4 types of cancers
investigated (Table 2). This result is consistent with our model
predictions: M;-like macrophages and mesenchymal cancer cells
tend to stably co-exist. However, somewhat to our surprise, the
genes that expressed higher in M;-like macrophages (but lower
in M;-like macrophages) are also enriched in EMT-score high
tumors across the 4 types of cancers investigated (Table S1). This
result is not in line with our model prediction where M;-like
macrophages are expected to stably co-exist with epithelial cancer
cells. Possible reasons for this inconsistency will be discussed
later. Nevertheless, the gene enrichment analysis in multiple
TCGA datasets offer a promising initial validation of (most of)
our model predictions.

DISCUSSION

The tumor microenvironment involves multiple cell types that
interact among each other in diverse ways, thus giving rise
to a complex adaptive ecological system (49-51). For such a
system, mathematical models can help reveal the mechanisms
underlying the emergent behavior and eventually aid in designing
effective therapeutic strategies to modulate those aspects of the
microenvironment that fuel disease aggressiveness (52-58).
Here, we focused on the interactions among macrophages
of different polarizations (M; and M;) and cancer cells with
different phenotypes (epithelial and mesenchymal). Based on the
literature, we focused on two types of models: with (Model II
and III) or without (Model I) interconversion between M; and
M, macrophages. All three models share a common feature:
with a given set of parameters, multiple types of stable steady
states can co-exist. More specifically, in Model I (without M; -
M, interconversion), with a given set of parameters, the system
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TABLE 2 | M5 -associated gene set enrichment: Reported are all genes (out of 31 total) having statistically significant differential expression (samples segregated based on
median EMT score) across TCGA colorectal adenocarcinoma (Adeno COL; n = 286), prostate adenocarcinoma (Adeno PCA; n = 497), invasive breast cancer (BCA

invasive; n = 1097), and lung adenocarcinoma (Lung Adeno; n = 515).

Adeno COL Adeno PCA BCA Invasive Lung Adeno

M, Gene p-value 95% ClI p-value 95% CI p-value 95% CI p-value 95% ClI
ACTN1 4.36E—05 (0.14 0.39) 1.61E-17 (0.41 0.65) 1.52E-05 (0.11 0.28) 3.65E—-13 (0.36 0.61)
AMZ1 4.75E—-06 (0.23 0.55) ns (—=0.030.14) 2.50E—-02 (0.03 0.28) 4.92E-06 (0.350.87)
ATPBVOA1 ns (-=0.080.16) 2.89E-02 (-=0.16 —0.01) 4.22E-083 (—=0.16 —0.03) 1.20E-03 (0.07 0.28)
BCARS3 ns (=0.17 0.13) 3.83E-07 (0.19 0.43) 1.37E-02 (0.03 0.28) 1.95E-03 (0.10 0.44)
CCL22 ns (—0.07 0.56) 1.13E-083 (0.13 0.53) 7.21E—-06 (0.22 0.56) 5.58E—-06 (0.36 0.90)
CD300LD ns (—0.03 0.08) ns (0.00 0.01) ns (—0.01 0.00) ns (—0.02 0.03)
CD83 2.08E—-08 (0.330.67) 1.94E-05 (0.15 0.40) 1.86E—14 (0.33 0.55) 5.03E—12 (0.430.76)
CDH1 ns (-=0.150.10) 2.10E-03 (—0.34 —0.08) 1.13E-28 (—=1.25 -0.88) 2.59E-02 (-0.33 —0.02)
CHST7 7.71E-04 (0.13 0.49) ns (—0.06 0.13) 8.64E—-08 (0.150.32) 1.44E-06 (0.20 0.46)
CLEC10A 2.565E-03 (0.190.89) 7.33E-05 (0.22 0.64) 7.562E-15 (0.63 1.05) 1.21E-08 (0.52 1.06)
CLEC7A 1.35E-05 (0.38 0.98) 9.67E-07 (0.24 0.56) 6.03E—10 (0.32 0.62) 4.63E—-16 (0.67 1.07)
EGR2 1.21E-183 (0.88 1.47) 2.16E—-04 (0.24 0.77) 5.27E-27 (0.711.02) 4.60E—11 (0.48 0.87)
EMP2 1.38E-083 (—0.39 —0.09) 2.97E-04 (0.09 0.30) 9.75E—-03 (—0.25 —0.03) ns (-0.230.11)
FLRT2 1.63E-10 (0.78 1.44) 2.25E-23 (0.86 1.25) 3.14E—42 (0.95 1.25) 5.17E-09 (0.48 0.95)
IL6ST 3.97E-03 (0.12 0.60) 4.50E-07 (0.52 1.16) 1.69E-04 (0.24 0.76) 2.09E-08 (0.400.83)
LMNA 2.50E—-02 (—0.27 —0.02) 3.51E-02 (0.01 0.26) 1.29E-02 (-=0.22 —0.03) 1.73E-05 (-0.38 —0.14)
MATK 2.53E—-05 (0.37 0.99) ns (—0.330.22) 8.10E-03 (0.06 0.43) 5.33E—-05 (0.24 0.69)
MMP12 ns (—0.34 0.53) ns (-0.29 0.17) ns (—0.01 0.52) 1.22E-05 (0.53 1.39)
MMP9 1.75E-04 (0.391.23) ns (-0.310.27) ns (—0.11 0.36) 9.30E-08 (0.50 1.07)
MRC1 8.03E—08 0.711.51) 3.75E—08 (0.350.73) 6.62E—19 (0.66 1.03) 2.54E—-10 (0.67 1.20)
MYC 3.50E—-02 (0.02 0.41) ns (-0.150.18) ns (—0.04 0.26) ns (—=0.16 0.23)
OLFM1 3.64E—-06 (0.44 1.06) 7.57E-03 (0.06 0.37) ns (—0.030.398) 7.80E—05 (0.31 0.91)
P2RY1 ns (—0.47 0.06) ns (—=0.340.19 4.96E—16) (0.35 0.56) 1.57E-12 (0.53 0.92)
PLK2 ns (—0.06 0.43) 1.18E-04 (0.150.47) ns (—0.0830.22) ns (—0.02 0.33)
PTGS1 6.95E—-03 (0.11 0.68) 8.55E—11 (0.50 0.93) 1.72E-12 (0.29 0.52) 3.61E-17 (0.61 0.97)
RHOJ 2.08E—-09 (0.51 0.99) 2.83E—-20 (0.53 0.80) 7.62E-32 (0.55 0.77) 2.23E-09 (0.31 0.61)
SOCS6 1.24E-03 (—0.36 —0.09) 4.95E—-04 (0.07 0.25) 1.07E-03 (0.06 0.23) 1.43E-02 (-0.22 —0.02)
TANC2 ns (—0.08 0.53) ns (-=0.130.10) ns (—0.05 0.29) 9.54E-03 (0.05 0.35)
TIAM1 1.22E—04 (0.31 0.93) 2.06E—06 (0.22 0.53) 6.42E—05 (0.130.39) 6.75E—24 (0.831.21)
TMEM158 ns (—0.11 0.40) 2.49E—07 (0.320.72) 1.68E—03 (0.120.51) 3.35E-05 (0.30 0.83)
VWF 4.88E—06 (0.38 0.94) 2.78E—-04 (0.130.42) 2.00E-17 (0.39 0.62) 4.89E-07 (0.330.74)

For each gene, an unpaired t-test at significance level « = 0.05 was performed under the null hypothesis that EMT-high and EMT-low mean gene expression signatures are equal.
Red p-values correspond to the My-associated genes that are enriched in EMT-score-high tumors, whereas blue p-values correspond to the My-associated genes that are enriched in

EMT-score-low tumors. “ns” stands for non-significant.

can converge to continuous range of states depending on the
initial condition. However, these steady states belong to two
categories: state I with a higher epithelial population and state
II with a lower epithelial population. After the system reaches a
steady state, perturbations applied only to cancer cell populations
cannot drive the system out of the original steady state whereas
perturbations on macrophage populations will drive the system
out of the original steady state. However, the perturbation on
macrophage populations might not drive the system out of
the original category of steady states unless the perturbation
is sufficiently strong. In Model II and III, with a given set of
parameters, the system can again converge to two types of steady
states depending on the initial condition: state I with a higher
epithelial population and state II with a lower (or even zero for

Model III) epithelial population. Now, however, the states are
discrete. After the system reaches a steady state, perturbations
of any single cell population might not drive the system out of
the original steady state. Therefore, in general, it is not easy to
switch the cancer-macrophage system from a mesenchymal- and
M;-dominated state to an epithelial- and M, -dominated state.
Mathematical approaches similar to ours may be useful
in explaining, and even predicting, the efficacy of different
therapeutic intervention(s) and their combinations. For example,
various efforts have been made to switch populations of
macrophages from M;- into M;-like (25), such as depletion of
TAMs, reprogramming of TAMs toward M, -Like macrophages,
inhibition of circulating monocyte recruitment into tumor, etc.
The polarization of M, macrophages can also be altered via
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inhibiting the endothelial-mesenchymal transition (EndMT), a
process similar to EMT (59). However, it is unclear that how
effective these types of strategies would be. Our modeling studies
suggest that when we consider the interactions in Model III, the
efforts on manipulating the M; -M; interconversion might not be
effective to eliminate cancer cells; whereas in Model II increasing
the M,-to-M; conversion rate can help the system to switch to
the epithelial cancer cell and M; macrophage dominated state,
which is believed to be less aggressive. Therefore, the effective
therapeutic strategies strongly depend on the type of interactions
present between cancer cells and macrophages.

Furthermore, we attempted to investigate whether the model-
predicted stable co-existence of M;j-like macrophages and
epithelial cancer cells (and likewise M;-like macrophages and
mesenchymal cancer cells) can be seen in the TCGA dataset.
Indeed, we can observe the enrichment of many genes that are
expressed higher in M;-like macrophages in more mesenchymal
tumors. This observation is consistent with our mathematical
modeling analysis. However, we also detected the enrichment
of genes that are expressed higher in M;-like macrophages in
more mesenchymal tumors. There can be several reasons for the
enrichment of M; genes in mesenchymal tumors: (i) the list of
genes used here to identify the ones preferentially expressed in
M; -like macrophages is from a study of mouse macrophages
(48). For human macrophages, not as many markers have
been validated as those in mice; future experiments can help
characterize these better; (ii) for the TCGA sample used, the
gene expression data that are used to calculate the EMT-score
could be not exclusively that of cancer cells but may incorporate
other types of cells, such as fibroblasts. Future experiments
that can separate and measure gene expression of cancer cells

In summary, our results show that the interaction network
between tumor cells and macrophages may lead to multi-stability
in the network: one state dominated by epithelial and M; -like
cells, the other dominated by mesenchymal and M,-like cells.
We also identify that inducing MET and inhibiting cancer-cell
growth might be much more efficient in “normalizing” (1) the
tumor microenvironment that can otherwise be engineered by
cancer cells to support their growth (63).

METHODS
Computational Models

According to in vitro experiments in literature, we construct three
mathematical models. In Model I, factors secreted by epithelial
(mesenchymal) cancer cells will polarize monocytes into M-
like (M;-like) macrophages. M;-like macrophages will induce
senescence of epithelial cancer cells and convert mesenchymal
cancer cells to epithelial ones. On the other hand, M;-like
macrophages will convert epithelial cancer cells to mesenchymal
ones. In addition, a mesenchymal cancer cell can secrete soluble
factors to help maintain the mesenchymal state of itself and its
neighbors, whereas an epithelial cancer cell can maintain the
epithelial state through being in contact with its neighboring
epithelial cancer cells. There is assumed to be no cell growth
or death for macrophages and there is a maximum “carrying
capacity” of cells in the system. The figure that illustrate this

TABLE 3 | Parameters used in our models.

Parameters Values References
separately, through techniques such as laser microdissection,
will be more precise in quantifying the EMT status of cancer Ny, 1 Normalization factor
cells. AE 1/72 h~1 Estimated from (33)

In addition, it is also important to recognize that our model ~ ,, 1779 h—1 Estimated from (33)
suffers from limitations. For instance: (a) it does not consider 100 Estimated from (34)
spatial aspects of these interactions, for instance, mesenchymal 0.1 Nimax Estimated (varied)
cells may migrate and invade through the matrix, thus changing 1/120 h=1 Estimated from (38)
the interactions among the cells considered in our framework; 1779 h—1 Estimated from (38)

(b) it does not consider the effects of senescence on epithelial o 0.1 Nona Estimated
. . M :

cell growth (60); and (c) it considers EMT and macrophages K2 04 Nrme Estimatod
polarization as a bmary. process, whereas emerging repor.ts K 4 Estimated
support the notion that in both cases there is likely to exist B 0or 1/36 h-1 Estimated from (35)
a spectrum of states/ phenotypes (61, .62). A more.reahstlc Ky 1 Nera Ectimated
model that can overcome the abovementioned assumptions and ; Loro Estimated (varied)
thus reflect the dynamics of tumor microenvironment more _ ,

. R m 1or2 Estimated (varied)
accurately can be used to help designing a more effective way to 4 _

. . . . . Bc 1/1200 h Estimated
switch and stably maintain the system into a less aggressive state. } _

. . T 74 1/24 h~ Estimated from (35)

Despite the abovementioned limitations, our model can K N Ectimatod

. . s . Stimate
contribute to identifying key parameters of the system. For £ max
. . . " 1/24 h~1 Symmetric assumption
example, it suggests that to design an effective therapy to < o1 N c |

L . . : timat
maintain the system in a M;-dominated and cancer-free steady M mex SHmate

p Ko 1 Estimated
state, not only the conversion rate from mesenchymal to 5 » , .
epithelial cells should be significant, but also the growth rate of "(1)2 vrzh ; ESt'mateq (varied) . .
mesenchymal cells should be low enough. In other words, MET- "2t e 1 Symmetric assumption (varied)
inducing and cell-growth-suppressing mechanisms can together 12 rzh 1 Estimated from (35) (varied)
synergistically restrict disease aggressiveness. 2 vrzh Symmetric assumption (varied)
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model is in Figure 1A. The equations to describe this system is
as follows:

dE E+ M+ My + M; + M 1
AE| 1 —
1+«

dt Nax e
+1me M? L M : — Nem M "
M+Ky, 2 Ek_,_(Kg)k
amM E4+M+M M M
M a1 + M+ My + My + Moy
dt Nonax
oMM e MY
Nme " M + Nem I (1)
1 0 M+ ——
M+Kyy 2 (kD)
dM, _ E M
it~ "Ev K
dM, _ M
at ~ PMA Ky
dM, _ E M M
dt ~ TE+Ke T PMt Ky

The description and the value of each parameter are given in
Table 3.

In Model II, interconversions between M; and M;
macrophages are included. Furthermore, the interconversions
can be enhanced by corresponding cancer cells. The figure that
illustrate this model is in Figure 2A. The equation to describe
this system is as follows:

dE E+ M+ My + M, + M 1
ME[1—
14+«

dt Nipax e
My My
FimeM——— 35— — NemE =
U7 MAKS, My + O
M _ AMM<1 _E+M+M +M +Mo>
dt Niax
_UmeMLln + NemE M;" )
M+ i My + L
Ef+(Kp)
dM, E . M
T mE—i—KEMO - <’712 + U12m> M,y
0 E
+ (7721 + 7]21E+KE> M,
dM, M o
e ﬁzmMo + (7712 + ﬁ12m> 1
- <7731 + ﬂ21m> M,
dM E M
I _mE-i-KE 0—772M+KMM0

In the third model, additional interactions were introduced
as illustrated in Figure 3A. M, -like macrophages can induce
apoptosis of epithelial cancer cells and factors released by

apoptotic cancer cells can convert M;-like macrophages into
M;-like macrophages. In order to restore the symmetry of the
system, we further consider the therapeutic interaction: M;-like
macrophages can be re-polarized back to M;-like macrophage
by Type 1T helper cells or IL-12. The equation to describe this
system is as follows:

dE ( E+M+M1+M2+Mo> 1
AME(1—
14+«

dt Ninax Mf\ilKl
+NmeM My E My
Nme — Nem
M? + MMKO 5” B 3
K (k)
M,
—BE———
My + K,
dM E+M+M M M,
M a1 — + M + My + My + My
dt Ninax
My 2
—NmeM + NemE (3)
R My +
K (k)
ac BE M, 5.C
dr M, + K, ¢
dMh - _ M € M4 nmM
dt _mE—f-KE 0 nlzC—i—Kc 1T N21M2
Mz _ Mo + € M M
dt —ﬂ2M+KM 0 mzC—{—KC 1 — N21M2
dMy M M’
- MErke T PMayKy O

The description and the corresponding values of additional
parameters are given in Table 3.

Correlation Analysis

For a fixed dataset, linear regression was performed for each gene
of interest against the predicted EMT score (47). In each case
samples were discretized into EMT-high or EMT-low based on
median EMT score for hypothesis testing. The linear correlation
coefficient was recorded in each case. We performed statistical
analysis under the null hypothesis of zero correlation between
gene expression fold-change and EMT score and recorded the
corresponding p-values at significance level a = 0.05 using
unpaired t-test. All datasets (colon adenocarcinoma, n = 286;
lung adenocarcinoma, n = 525; prostate adenocarcinoma, n =
497; breast invasive carcinoma, n = 1,097) were obtained from
the R2: Genomics Analysis and Visualization Platform (http://r2.
amc.nl).
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Pancreatic ductal adenocarcinoma (PDA) is a highly lethal cancer with a long-term
survival rate under 10%. Available cytotoxic chemotherapies have significant side effects,
and only marginal therapeutic efficacy. FDA approved drugs currently used against
PDA target DNA metabolism and DNA integrity. However, alternative metabolic targets
beyond DNA may prove to be much more effective. PDA cells are forced to live within a
particularly severe microenvironment characterized by relative hypovascularity, hypoxia,
and nutrient deprivation. Thus, PDA cells must possess biochemical flexibility in order
to adapt to austere conditions. A better understanding of the metabolic dependencies
required by PDA to survive and thrive within a harsh metabolic milieu could reveal
specific metabolic vulnerabilities. These molecular requirements can then be targeted
therapeutically, and would likely be associated with a clinically significant therapeutic
window since the normal tissue is so well-perfused with an abundant nutrient supply.
Recent work has uncovered a number of promising therapeutic targets in the metabolic
domain, and clinicians are already translating some of these discoveries to the clinic.
In this review, we highlight mitochondria metabolism, non-canonical nutrient acquisition
pathways (macropinocytosis and use of pancreatic stellate cell-derived alanine), and
redox homeostasis as compelling therapeutic opportunities in the metabolic domain.

Keywords: pancreatic cancer, metabolism, redox homeostasis, metabolic dependencies, targeting metabolism

OVERVIEW OF PANCREATIC CANCER TREATMENT AND
BIOLOGY

Pancreatic cancer is the third leading cause of cancer-related death in the United States (1). The
disease is predicted to be the second leading cause within the next decade (2). Cures are exceedingly
rare, and the 5-years survival for patients with metastatic disease is just 3%. Even patients with
localized PDA who undergo resection with curative intent have a 5-years survival of only 30% (1).
This survival rate is by far the lowest of the common cancers, and is attributable in large part to
PDAs uniquely aggressive behavior and resistance to conventional therapy (3, 4).

The majority of pancreatic cancer patients already have experienced macroscopic or microscopic
spread at the time of diagnosis (5-7). Cytotoxic chemotherapeutic agents are the only approved
systemic treatments for these patients, and are grouped into two separate multi-agent regimens
used as standard-of-care: (1) gemcitabine and nab-paclitaxel (albumin-bound paclitaxel or
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Abraxane) or (2) 5-fluorouracil, leucovorin, irinotecan, and
oxaliplatin (FOLFIRINOX). Unless researchers discover effective
strategies to detect PDA earlier or preventative tactics, new ways
to treat invasive PDA are desperately needed (8, 9).

Pancreatic cancer develops over many years due to the
additive effects of numerous genetic changes (10). Gain-of-
function mutations in KRAS at codons 12, 13, and 61 are
observed in over 90% of PDAs. Loss-of-function mutations in
three specific tumor suppressor genes occur in the majority of
PDAs: TP53, CDKN2A, and SMAD4 (11-14). These oncogenic
changes occur early in the adenoma to carcinoma progression
(15, 16). The vast majority of pancreatic cancers are sporadic.
Approximately 10% of patients have one or more immediate
family members with a history of PDA. Germline culprits include
genes that are important for DNA repair, such as BRCA2, PALB2,
ATM, FANCC, and FANCG genes (11, 17).

Histologically, pancreatic tumorigenesis passes through
three non-invasive, pre-malignant stages before acquiring an
invasive phenotype. The premalignant stages are referred to
as pancreatic intraepithelial neoplasia (PanIN 1, 2, and 3).
More detailed descriptions of the genetics and pathobiology
of pancreatic cancer appear elsewhere (18-20). In addition to
well-characterized genetic mutations, there other molecular
abnormalities common to PDA including hyperactivated
growth factor signaling, epigenetic changes, dysregulated
gene expression (transcriptional or post-transcriptional), and
abnormal post-translational modifications (18, 21-23).

THE TUMOR MICROENVIRONMENT AND
IMPLICATIONS FOR AN AGGRESSIVE PDA
PHENOTYPE

The PDA tumor microenvironment is characterized by one of the
most abundant stromal compartments of any tumor type, and
this feature is the principal biologic driver of the PDA metabolic
program. Neoplastic epithelial cells account for roughly 10-15%
of the tumor mass, while non-neoplastic elements comprise the
remainder of the tumor. The stroma, or desmoplastic response,
consists of an extracellular matrix and diverse cellular elements
including fibroblasts, myofibroblasts, lymphatic vessels, blood
vessels, pancreatic stellate cells, and immune cells (24, 25). As
a result of these elements, the stroma is extremely dense, with
a high interstitial fluid pressure (26). Consequently, blood vessels

Abbreviations: ALDH3AIl, aldehyde dehydrogenases; ASCT2, alanine-
serine-cysteine transporter 2; dCTP, deoxycytidine triphosphate; Drpl,
dynamin-related protein 1; EIPA, 5-(N-ethyl-N-isopropyl)amiloride; G6PD,
glucose-6-phosphate dehydrogenase; GLUD, glutamate dehydrogenase; GLUT],
glucose transporter 1; HIF-la, hypoxia-inducible factor-la; IDH, isocitrate
dehydrogenase; LDH, lactate dehydrogenase; ME, malic enzyme; MTHED,
methylenetetrahydrofolate dehydrogenase; NAD™, oxidized nicotinamide
adenine dinucleotide; NADK, NAD' kinase; NADPt, oxidized nicotinamide
adenine dinucleotide phosphate; NADPH, reduced nicotinamide adenine
dinucleotide phosphate; NAMPT, nicotinamide phosphoribosyltransferase; NMN,
nicotinamide mononucleotide; NNT, nicotinamide nucleotide transhydrogenase;
NRF2, nuclear factor erythroid 2 related factor 2; OAA, oxaloacetate; OXPHOS,
oxidative phosphorylation; PanIN, pancreatic intraepithelial neoplasia; PDA,
pancreatic ductal adenocarcinoma; PDHKI, pyruvate dehydrogenase kinase 1;
PGD, phosphogluconate dehydrogenase; PPP, pentose phosphate pathway; ROS,
reactive oxygen species; ShRNA, short hairpin RNA; TCA, tricarboxylic acid.

are compressed by biochemical forces and microscopic arteriolar-
venular shunts are common events (27, 28). Compounding this
significant biologically relevant perfusion challenge, microscopic
vessel density is markedly reduced in PDA stroma as compared
to normal pancreata (26).

PDA hypovascularity is easy to appreciate macroscopically.
Transected PDAs are pale gray and necrotic (Figure 1A). On
imaging, PDA appears as a hypodense tumor, easily distinguished
by the well-perfused and contrast-enhancing normal pancreatic
parenchyma (Figure 1B). This biologic reality accounts for
the harsh, nutrient deprived, and hypoxic conditions that are
hallmarks of the PDA microenvironment. Indeed, PDA survives,
and thrives, in a desert!

Studies implicate mutant KRAS as a key driver of the
desmoplastic response. Temporally, this genetic model fits
since. KRAS mutations arise in PanIN1 lesions when the
stroma first develops. As evidence, withdrawal of mutant
KRAS expression using shRNAs in genetically engineered KPC
mice (autochthonous PDA mice with conditional expression
of oncogenic KRAS and TP53 mutations) (16) resulted in the
disappearance of the stromal compartment (29).

GLUCOSE METABOLISM

Oxidative phosphorylation is an energy extracting process where
pyruvate enters the mitochondria matrix via pyruvate translocase
and is oxidized to generate ATP, H,O, and CO,. Oxygen acts
as a final electron acceptor in the electron transport chain. As
a result of the associated redox reactions, an electrochemical
potential is generated across the inner mitochondrial membrane,
which drives a proton-motive force across the membrane, and
directly results in the formation of ATP. Thus, carbon flows
through the tricarboxylic acid (TCA) cycle and is oxidized to its
simplest form, creating basic energy subunits with high energy
phosphate bonds that drive other chemical reactions required
for cell viability. Well-perfused and differentiated normal cells
generate the bulk of their cellular energy through oxidative
phosphorylation in the mitochondria (30). Cancer cells, on the
other hand, are often oxygen-poor. This scenario theoretically
poses an obstacle for effective oxidative phosphorylation. Even
in the presence of sufficient oxygen, however, scientists believed
for decades that cancer cells were reprogrammed.

Scientists posited that cancer cells relied on cytosolic glycolysis
to produce ATP instead of oxidative phosphorylation, even
though the energy yield was far less efficient (2 ATP vs. 36 ATP).
A preference for aerobic glycolysis is eponymously referred to
as the “Warburg’s effect” (31), and there have been numerous
lines of evidence that in fact reveal robust glycolytic activity in
pancreatic cancer cells in certain experimental models, including
patient samples. For instance, endogenous expression of many
glycolytic enzymes is increased, including hexokinase 2, enolase
2, and lactate dehydrogenases (both LDHA and LDHB isoforms)
(32-35). Consequently, glycolytic metabolites, including lactate,
are also elevated in pancreatic cancer cells (32, 33, 36).

Generally speaking, a biochemical penchant for glycolysis
can serve cancer cells in multiple ways. First, Lactic acid
build-up reduces cellular and extracellular pH. This contributes
to invasiveness by promoting genetic changes in PDA cells
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(spurring on genetic selection), impairing the anti-tumor
immune response (protecting cancer cells from immune
patrol), reducing adherens junctions on cancer cell membranes
(facilitating detachment and metastases), and hydrolysis of
extracellular proteins to encourage cell invasion (37). Just as
important, enhanced glycolytic activity minimizes combustion
of carbon from glucose to CO,. Instead, organic carbon is
preserved, and diverted into cellular building blocks through
biosynthetic pathways, such as lipid synthesis, the hexosamine
biosynthesis pathway, and the pentose phosphate pathway. This
reprogramming effort promotes the macromolecular synthesis
needed for cell proliferation (i.e., anabolism) (30, 38, 39). As
stated above for desmoplasia (and a common theme for many
of the adaptive reprogramming responses described below),
oncogenic KRAS drives glycolytic activity in PDA. For instance,
KRAS activation leads to increased glucose uptake and elevated
levels of glycolysis-associated metabolites (40, 41). In vivo
models modified by an inducible KRAS extinction mechanism in
pancreatic tumors corroborate these findings (29).

Additional studies show that oncogenic KRAS activity
supports glycolysis by replenishing the supply of NAD™, via
upregulation of NAD(P)H oxidase (42). At a regulatory level, the
Pasteur effect (an increase in glucose consumption and lactic acid
fermentation under low oxygen conditions) is also encouraged
by certain transcription factors and related proteins (34, 43). As
examples, HIF-1a and MUCI upregulate glucose transporter 1
(GLUT1) and aldolase A, which leads to increased glucose uptake
and glycolysis. MUCI collaborates with HIF-1a for this purpose.
Additionally, under hypoxic conditions, pyruvate dehydrogenase
kinase 1 (PDHK1) protein expression is increased, leading to a
reduction in pyruvate dehydrogenase (32, 44, 45) activity, and
consequently a reduction in oxidative phosphorylation (46).

THE IMPORTANCE OF MITOCHONDRIAL
FUNCTION IN PDA

As it turns out, the classic Warburg model misses a large part of
the story. Current perspectives maintain that a balance between
aerobic glycolysis and oxidative phosphorylation is much more
complex, and seems to be highly variable between different tumor
types. Moreover, the balance is not fixed in a given tumor. Rather,
the metabolic program is dynamic, and responds to ambient
conditions (47). Contrary to Warburg’s teachings, mitochondria
in cancer are often highly functional, and aerobic respiration is
even critical for cancer cell survival (48). A preponderance of
new evidence shows that pancreatic cancer cells are especially
dependent on mitochondrial oxidative phosphorylation under
low nutrient conditions, and that mitochondrial metabolism
represents a key metabolic vulnerability (47-51).

Diverse macromolecular substrates are utilized by pancreatic
cancer cells for catabolic and anabolic purposes, but glucose
is consistently viewed as the most important nutrient. Glucose
is even likely more limiting in the microenvironment than
oxygen, especially in poorly perfused PDA. Oxygen levels exist
in the microenvironment around 1.5% (compared to 21% in the
atmosphere and 5% in normal tissues (52). At these low levels,

mitochondria still function relatively well. In fact, mitochondria
perform sufficiently at oxygen levels as low as 0.5% (53, 54).
Glucose concentrations frequently dip below 1 mM in poorly
perfused tumors, and these levels are profoundly deleterious.
Cell necrosis is the outcome at these levels, even when sufficient
oxygen is present (55).

An siRNA screen of 2,752 metabolic genes revealed that
mitochondrial genes encoding electron transport chain
components were functionally the most important genes in
cancer cell survival under low glucose conditions (51). Moreover,
when 28 cell lines were evaluated for their ability to withstand
low glucose conditions, resistant cell lines consistently increased
oxygen consumption on demand, as compared to the most
vulnerable cell lines. Further, the vulnerable cell lines exhibited
higher rates of genetic mutations in mitochondria-encoded
electron transport genes (51). Studies revealed that under low
glucose, cell proliferation markedly decreases (49, 56, 57). All of
these findings suggest a model where cancer cells that are well-
adapted to harsh and unfavorable metabolic conditions prioritize
the conservation of glucose, and reprogram their biology
to maximize energy yields through enhanced mitochondrial
respiration. This metabolic shift ensures the production of
sufficient ATP to power critical cellular processes. Under austere
conditions, cancer cells choose to divert carbon away from
biosynthetic pathways, which minimizes unnecessary ATP
utilization. Cell proliferation is deferred for a later time when
energy supplies become more available, or the cells become
even more adept at scavenging nutrients from a deprived
microenvironment (Figure 2).

A number of bioenergetic observations support this model.
As glucose levels decline, cellular respiration markedly increases.
The mitochondrial matrix becomes more acidic as protons return
to the matrix through ATP synthase, and hydroxide anions
are expelled in phosphate/OH™ exchangers. This supports ATP
production. A burst of oxidative activity is usually observed
(49). Morphologically, the matrix condenses, and cristae
expand in functional and working mitochondria. Mitochondrial
fusion and elongation are favored over fission events (58-60).
Inhibition of an important fission-related protein, dynamin-
related protein 1 (Drp1), has been shown to shift the balance from
mitochondrial fission to fusion under low nutrient conditions
(61).

We have recently found that an RNA-binding protein and
regulator of acute survival processes, HuR (ELAVLI), plays
an important role in increasing mitochondrial performance
in stressed PDA cells. This occurs over a very short timescale.
We observed that HuR-proficient PDA cells cultured under low
glucose conditions exhibited higher rates of oxygen consumption
and ATP production, as compared to isogenic HuR-deficient
cancer cells (50). Additionally, HuR expression promoted
mitochondrial ~ biogenesis  (Vaziri-Gohar,  unpublished).
Consequently, HuR-deficient PDA cells were unable to ramp
up mitochondrial activity under metabolic stress, and were
especially vulnerable under low glucose conditions in vitro.

Thus, it stands to reason that mitochondrial biology
represents a promising therapeutic target in nutrient-deprived
cancers (e.g., PDA). There are some clinical studies that support
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FIGURE 1 | Pancreatic ductal adenocarcinoma. (A) Resected human PDA. The arrow identifies the characteristically pale, gray, and hypovascular pancreatic ductal
adenocarcinoma. The asterisk marks pancreatic parenchyma. (B) On CT scan imaging with intravenous contrast, PDA appears hypodense (dark gray), while
well-perfused normal pancreatic parenchyma shows bright enhancement due to penetration by the contrast.
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this idea in pancreatic cancer patients. A common diabetic
drug, metformin, inhibits complex 1 of the electron transport
chain. A meta-analysis of nine retrospective studies and two
randomized studies in patients with pancreatic cancer revealed
that metformin use was associated with prolonged survival (62—
64). Notably, however, the two randomized, phase II studies
included in the meta-analysis (both in patients with advanced
PDA) were negative studies (63, 64). Prolonged survival was only
observed in patients with localized PDA, suggesting that the drug
may not be effective in patients with macroscopic distant disease
(62). The strategy may be correct, but for improved efficacy, a
more potent drug may be required.

More recently, a novel mitochondrial inhibitor was tested in
a phase I study of patients with advanced pancreatic cancer.
The results were extremely promising. CPI-613 is a lipoic acid
analog that disrupts the activity of two mitochondrial enzymes:
pyruvate dehydrogenase and a-ketoglutarate dehydrogenase (65,
66). The drug was given to 18 patients at a maximum tolerated
dose of 500 mg/m? on days 1 and 3, of a 2-weeks cycle, and
in combination with modified FOLFIRINOX (67). The disease
control rate, response rate, and complete response rate were 89,
61, and 17%, respectively. In contrast, the rates for FOLFIRINOX
alone in a prior phase III study are 71, 32, and 0.6%, respectively
(68). A registration phase III trial is planned to begin shortly as
of this manuscript writing, and we are poised to test the same
combination in a phase II trial of patients with locally advanced
PDA at our institution. These studies are expected to be actively
accruing by the start of 2019.

NUTRIENT ACQUISITION PATHWAYS

PDA cells also adapt to low nutrient conditions by recruiting
unconventional nutrient sources or biochemical salvage
pathways to meet bioenergetic demands in a nutrient-deprived
microenvironment. There is a small, but important body of
literature that highlights some of these biologic processes.
Like mitochondrial biology, these non-canonical metabolic
pathways represent novel therapeutic opportunities. We

have categorized them as intracellular processes (intrinsic)
or those dependent on the microenvironment (extrinsic).
While some salvage pathways, like nucleotide salvage,
are not directly addressed here, we have focused on ones
that have received attention in the recent pancreatic cancer
literature.

INTRINSIC NUTRIENT ACQUISITION
MECHANISMS

Autophagy

Autophagy is a cytoplasmic recycling process that breaks
down dysfunctional organelles and unfolded proteins into their
basic components for reuse by cells. Mechanistically, unwanted
structures are enwrapped by a double-membrane structure
called a phagophore to produce an autophagosome. When the
vesicle fuses with a lysosome, the contents are enzymatically
digested. Autophagy is driven by starvation-induced activation
of AMPK, and is suppressed by mTORC1 in normal cells (69,
70). However, oncogenic KRAS signaling appears to regulate or
induce autophagy in PDA cells (71, 72). Conceptually, autophagy
functions as an effective nutrient salvage pathway for KRAS-
driven PDA, especially when extrinsic nutrient sources are
deficient. Cleaved LC3 is an indicator of active autophagy (70, 73)
and is increased in late PanIN lesions, as well as in PDA (74).
Increased autophagy markers have also been associated with
worse prognosis in patients with PDA (75). At the subcellular
level, inhibiting autophagy in PDA cells disrupts mitochondrial
oxidative phosphorylation and exacerbates oxidative damage
(74). Autophagy inhibitors like chloroquine and Bafilomycin Al
have been shown to reduce PDA growth in cell culture and
pre-clinical animal models (74, 76).

NAD* Salvage Pathway

NADH is an essential cofactor for enzymatic reactions in both
glycolysis and respiration. The molecule provides reducing
equivalents for the electron transport chain, which drives
the proton-motive force to ultimately yield ATP for basic
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FIGURE 2 | Metabolic features in PDA cells under nutrient abundance and deprivation. Under nutrient abundance, PDA cells have a proliferative phenotype and
macromolecular synthesis is prioritized over ATP generation. Under nutrient deprivation, PDA cells have a survival phenotype, and nutrient conservation with maximal

Harsh,
nutrient-deprived
environment

Metabolism

- Low glucose utilization
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- High ATP yield

- Survival

cellular functions. The regeneration of NAD" as an upstream
substrate of NADH production is, therefore, an absolute
requirement PDA cell survival, particularly when mitochondrial
demands escalate. Tryptophan is the principal source of
NAD™ production through canonical biochemical pathways
(77). However, PDA cells show increased reliance on a
separate NAD™ salvage pathway. In the cancer-associated salvage
pathway, nicotinamide phosphoribosyltransferase (NAMPT)
is the rate-limiting step in the production of the NAD™
precursor molecule nicotinamide mononucleotide (NMN).
NAMPT expression was found to be elevated in PDA cell
lines and tissues (78), and its expression was inversely linked
to miR-206 activity (78). Based on these findings, NAMPT is
recognized as another promising metabolic target against PDA.
Inhibitors like FK866 and STF-118804 reduce NAD™ levels,
glycolytic activity, and mitochondrial function. Importantly,
these drugs reduced PDA growth both in vitro and in vivo
(78-80).

EXTRINSIC NUTRIENT ACQUISITION
MECHANISMS

When glucose is scarce, amino acids are able to fuel
the tricarboxylic acid cycle through various anaplerotic

reactions that involve the conversion of aspartate to
oxaloacetate (aspartate transaminase), glutamate to o-
ketoglutarate (glutamate dehydrogenase), or alanine to

pyruvate (alanine transaminase). Biologic processes exploited
by PDA cells to extract these anaplerotic substrates from the
microenvironment represent additional metabolic dependencies
(81), and consequently are also metabolic vulnerabilities
and therapeutic targets in the context of an austere PDA
microenvironment.

Macropinocytosis

As with so many other adaptive responses used by PDA cells
in the context of severe stress, macropinocytosis is enhanced
by oncogenic KRAS (35, 82). In this cellular process, the
plasma membrane envelops ambient polypeptides, such as
albumin within a macropinosome. Like autophagy, the protein
containing vesicle fuses with lysosomes, and proteins are
proteolyzed into constituent amino acids (83). Glutamine is
the most abundant amino acid released through this process.
As a result of macropinocytosis, PDA cells are able to sustain
the tricarboxylic acid cycle in the absence of glucose or free
glutamine. Targeted inhibition of macropinocytosis with 5-(N-
ethyl-N-isopropyl)amiloride (EIPA) in tissue culture models
impaired PDA growth (35). In vitro studies revealed that
PDA cells experienced sustained viability in the absence of
essential amino acids, as long as albumin was present in the
media (84). When resected PDA tissues were incubated with
tetramethylrhodamine-conjugated dextran (TMR-dextran) for
detection purposes, macropinosomes were clearly visualized by
immunofluorescence microscopy (84).

Pancreatic Stellate-Derived Alanine

While PDA stroma has relatively low levels of free nutrients, the
stroma is, in fact, replete with non-neoplastic cell types that are
potential fuel sources. Pancreatic stellate cells appear important
to PDA cells toward this end. These cells are myofibroblasts
that generate the extracellular matrix in the exocrine pancreas
and provide a scaffold for desmoplasia in PDA. Studies indicate
that pancreatic stellate cells produce alanine by autophagy.
Interestingly, PDA cells appear to stimulate this process, possibly
through paracrine signaling, although the inducing factor
remains unknown. Free alanine excreted by pancreatic stellate
cells is imported into PDA cells and converted into pyruvate
by alanine transaminase. Alanine anaplerosis than supplies the
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FIGURE 3 | Intrinsic and extrinsic nutrient acquisition pathways in PDA cells. PDA cells hijack stromal elements to fuel the tricarboxylic acid (anaplerosis) and other
biochemical processes when nutrients are limited. Carbon is extracted by macropinocytosis (A) and autophagy (B) after auto-digestion by lysosomes. PDA cells also
stimulate pancreatic stellate cells to produce and excrete free alanine (C). Non-functional mitochondria are dark in the figure and are targeted for autophagy.

tricarboxylic acid cycle to sustain it under nutrient stress (85).
The authors refer to the communication and interdependence
between PDA cells and pancreatic stellate cells as an example of
metabolic cross-talk. It is becoming increasingly clear that multi-
lineage 3-D models to study metabolic cross-talk in PDA may
yield new key insights into additional metabolic vulnerabilities.

In summary, macropinocytosis and metabolic cross-talk
between PDA cells and pancreatic stellate cells offer two
compelling examples of how PDA cells hijack existing biologic
processes or resources from the microenvironment for their own
survival advantage. By recruiting these pathways, PDA cells have
discovered alternative strategies to fuel the tricarboxylic acid
cycle and meet their bioenergetic when the pantry is otherwise
bare (Figure 3).

Redox Homeostasis

PDA cells utilize a positive feedback loop between oncogenic
KRAS signaling and reactive oxygen species (ROS) to sustain
tumor growth (86, 87). This interplay seems to be especially
important early in the adenoma-to-carcinoma progression

sequence when ROS levels are manageable. ROS stimulates other
pro-growth pathways early on in cancer progression as well, like
PI3K signaling (88). The generation of genetic mutations by ROS
may also play a tumor-promoting role in cancer development
(89). The link between ROS and early cancer progression fits
with the timing of KRAS mutations, which first appear in PanIN1
lesions. Along these lines, a reduction in mitochondrial ROS
using a mitochondrial antioxidant, mitoQ, actually thwarted
PanIN formation in an animal model (86).

However, as PDA precursor lesions advance, and invasive
PDA matures, the stroma becomes more pronounced, conditions
are more severe, and nutrients are in shorter supply. The
nutrient-deprived stroma becomes more oxidative under these
conditions. More specifically, low glucose conditions drive a
surge in ROS levels (50, 90-92), principally because glucose is
the main substrate for multiple NADPH-generating pathways.
The pentose phosphate pathway and serine biosynthesis
with one-carbon metabolism are perhaps the best-studied
examples (90). Chemotherapy adds to ROS levels in the PDA
microenvironment, which further compounds the oxidative
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FIGURE 4 | Signaling pathways that restore redox homeostasis in PDA. Nutrient scarcity in the PDA microenvironment augments oxidative stress. Multiple adaptive
strategies are recruited by PDA cells. KRAS signaling promotes NADPH production through glutamine catabolism, followed by ME1 activity. In addition, NRF2 and
NADK are upregulated. HuR cytoplasmic translocation stabilizes IDH to enhance reductive power. GLS, glutaminase; GOT, aspartate transaminase; ME1, malic
enzyme 1; IDH1, isocitrate dehydrogenase 1; TCA, tricarboxylic acid; ROS, reactive oxygen species; NADK, NADT kinase.
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TABLE 1 | Metabolic dependencies in PDA.

Event Mediated by References
MITOCHONDRIAL METABOLISM
Increased oxidative Down regulation of Drp1 61)
phosphorylation

HuR (50)
Increased biogenesis HuR Unpublished
NUTRIENT ACQUISITION
Autophagy Oncogenic KRAS (74)
NADT salvage pathway miR-206 (78, 79)
Macropinocytosis Oncogenic KRAS (35)
Increased alanine uptake Oncogenic KRAS (85)
REDOX HOMEOSTASIS
Upregulation of ME1 Oncogenic KRAS (57)
Upregulation of NRF2 Oncogenic KRAS 97)
Upregulation of IDH1 HuR (50)

perils routinely faced by these malignant cells (93). Thus,
as the dangers of ROS mount, adverse consequences and
toxicities associated with ROS start to outstrip any pro-survival
benefits favoring tumor growth. Enhanced antioxidant defense
mechanisms become paramount to PDA cells for survival
(94).

KRAS-driven pancreatic cancer cells bypass the oxidative
phase of the pentose phosphate pathway (29). Therefore,
alternative  NADPH-generating pathways are likely to be
important for maintenance of cellular reductive power. There are
13 different metabolic enzymes known to directly interconvert

NADP* to NADPH, and augment the basic reducing currency
in cells. These enzymes include: ME (1, 2, and 3), IDH (1
and 2), MTHFD (1 and 2), G6PD, PGD, NNT, GLUD (1
and 2), and ALDH3AI1. Reducing equivalents from NADPH
maintain glutathione in its reduced form. Glutathione and
NADPH collaborate to biochemically prime the remainder
of the antioxidant defense system, which consists of roughly
40 enzymes including superoxide dismutases, catalases,
glutathione peroxidases, thioredoxins, peroxiredoxins, and
glutaredoxins (95).

Son and colleagues demonstrate that malic enzyme 1 (ME1)
plays an especially key role in augmenting NADPH levels in PDA.
In this non-canonical NADPH biosynthesis pathway, glutamine
is converted to glutamate by GLS1 in the mitochondria.
Glutamate is generated and transports out of the mitochondria
into the cytosol through the malate-aspartate shuttle, where it
is converted to cytosolic oxaloacetate (OAA). Mitochondrial and
cytosolic aspartate transaminase (GOT2 and GOT1, respectively)
are required for this sequence (57). After additional oxidative
reactions in the cytosol, ME1 finally yields NADPH. As seen
before, oncogenic KRAS appears to influence this adaptive PDA
redox program. The authors, and others identified GOT1 and
GOT?2 as promising therapeutic targets based on these biologic
insights (57, 96).

Oncogenic KRAS also induces the transcription of the NRF2
transcription factor (97). NRF2 positively regulates antioxidant
defense elements, such as genes that drive glutathione synthesis,
glutathione peroxidase, glutathione reductase, glutathione
transferases, thioredoxins, and several NADPH-generating
enzymes (G6PD, GPD, IDH1, and MEL1) (98, 99). Additionally,
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TABLE 2 | Clinical trials targeting key steps of PDA metabolism.

Target Agent Phase and status NCT no. References
MITOCHONDRIAL OXPHOS
ETC Metformin 4 gemcitabine + ertotinib Il; Completed NCT01210911 (63)
Metformin + paclitaxel II; Completed NCT01971034 (103)
Metformin + gemcitabine/nab-paclitaxel I; Recruiting NCT02336087
Metformin + mFOLFIRINOX II; Active NCT01666730
Metformin + rapamycin Ib; Active NCT02048384
Metformin + radiosurgery I; Active NCT02153450
TCA cycle CPI-613 I; Completed NCT01839981
CPI-613 + mFOLFIRINOX I; Active NCT01835041 67)
CPI-613 + gemcitabine/nab-paclitaxel I; Active NCT03435289
NUTRIENT ACQUISITION
Autophagy HCQ II; Completed NCT01273805 (104)
HCQ + gemcitabine I/II; Active NCTO01128296
HCQ + gemcitabine + abraxane I/Il; Active NCT01506973
CQ + gemcitabine I; Completed NCTO1777477 (105, 106)
REDOX HOMEOSTASIS
Glutaminase CB-839 I; Active NCT02071862

HCQ, hydroxychloroquine; CQ, chloroquine; mFOLFIRINOX, modified FOLFIRINOX.

NAD™ kinase (NADK) was recently identified as an additional
component of PDA antioxidant defense. The enzyme converts
NAD™ to NADPT, and is upregulated in PDA cells, as compared
to normal cells. Silencing NADK increased ROS levels, and also
diminished PDA growth in cell lines and in vivo (100).

We recently reported that HuR enhances antioxidant defense
through post-transcriptional stabilization of the NADPH-
generating enzyme, IDH1 (50). When PDA cells are exposed
to an acute oxidative stress, HuR rapidly binds to the 3'-
untranslated regions of IDHI1 transcripts, stabilizes the transcript,
increases IDH1 protein expression and activity, augments
NADPH levels, and reduces intracellular ROS (50). The whole
process is executed in just a few hours, which enables PDA
to respond to acute oxidative stress in short order. Genetic
modulation of IDH1 with siRNAs reduced PDA survival under
glucose withdrawal more than any other NADPH-generating
enzyme (Vaziri-Gohar, unpublished). While IDH1 mutations
are oncogenic in other cancer types, our work highlights the
importance of wild-type IDHI1 in PDA pathogenesis. Moreover,
while IDH1 is cytosolic, enhanced reductive power related to this
enzyme also appears to impact redox levels in the mitochondria
[Vaziri-Gohar, unpublished, and also (101, 102)]. Figure 4
summarizes PDA adaptations that restore redox balance.

CONCLUSION AND SUMMARY OF
METABOLIC VULNERABILITIES IN PDA

While the molecular determinants of aggressive PDA biology
have not been definitively determined, it seems plausible that
the adaptive mechanisms used by PDA cells to overcome the
harsh metabolic milieu also contribute to the aggressive and
chemotherapy-resistant phenotype responsible for poor patient

outcomes. PDA’s transformation toward a seemingly invincible
state is akin to a runner training at high altitudes or a cactus
surviving in a desert. These performance enhanced cells simply
cannot be eradicated by conventional DNA targeting agents (i.e.,
chemotherapy) currently in use. A better understanding of the
metabolic dependencies needed to survive harsh conditions will
likely uncover metabolic vulnerabilities, and these alternative
therapeutic strategies are not likely to be as critical to well-
perfused normal cells.

In this review, we highlighted mutant KRAS as an important
player in adaptive metabolic reprogramming to the PDA
microenvironment. However, new targets or strategies have also
come to light, including NRF2, HuR, mitochondrial biology,
non-canonical nutrient acquisition processes (autophagy,
macropinocytosis, alanine uptake), and antioxidant defense
(NADPH-generating enzymes like ME1 and IDH1) (Table 1).
There is a growing interest in exploiting new insights into
cancer metabolism with good reason. A number of clinical trials
targeting metabolic pathways in patients with PDA have been
completed or are underway (Table 2).
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In the original article, references in Table 2 were not provided in the reference list. The
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TABLE 2 | Clinical trials targeting key steps of PDA metabolism.

Target Agent Phase and status NCT No. References
MITOCHONDRIAL OXPHOS
ETC Metformin + gemcitabine + ertotinib Il; Completed NCT01210911 (63)
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Metformin 4+ mFOLFIRINOX Il; Active NCT01666730
Metformin + rapamycin Ib; Active NCT02048384
Metformin + radiosurgery I; Active NCT02153450
TCA cycle CPI-613 I; Completed NCT01839981
CPI-613 + mFOLFIRINOX I; Active NCT01835041 67)
CPI-613 + gemcitabine/nab-paclitaxel I; Active NCT03435289
NUTRIENT ACQUISITION
Autophagy HCQ II; Completed NCT01273805 (104)
HCQ + gemcitabine I/II; Active NCT01128296
HCQ + gemcitabine + abraxane I/II; Active NCT01506973
CQ + gemcitabine I; Completed NCTO1777477 (105, 106)
REDOX HOMEOSTASIS
Glutaminase CB-839 I; Active NCT02071862

HCQ, hydroxychloroquine; CQ, chloroquine; mFOLFIRINOX, modified FOLFIRINOX.
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Cancer cell mitochondria represent an attractive target for oncological treatment as they
have unique hallmarks that differ from their healthy counterparts, as the presence of a
stronger membrane potential that can be exploited to specifically accumulate cytotoxic
cationic molecules. Here, we explore the selective cytotoxic effect of 10-N-nonyl acridine
orange (NAO) on human lung carcinoma H520 cells and compare them with healthy
human lung primary fibroblasts. NAO is a lipophilic and positively charged molecule that
promotes mitochondrial membrane adhesion that eventually leads to apoptosis when
incubated at high micromolar concentration. We found an enhanced cytotoxicity of NAO
in H520 cancer cells. By means Fluorescence lifetime imaging microscopy (FLIM) we
also confirmed the formation of H-dimeric aggregates originating from opposing adjacent
membranes that interfere with the mitochondrial membrane structure. Based on our
results, we suggest the mitochondrial membrane as a potential target in cancer therapy
to mechanically control the cell proliferation of cancer cells.

Keywords: NAO, mitochondrial targeting, membrane adhesion, cancer therapy, NSCLC cells, FLIM, phasor
analysis

INTRODUCTION

Cancer remains one of the most common causes of death worldwide. In particular, lung cancer is
usually detected at later stages of development (1). Additionally, the appearance of drug resistance
during the course of treatment often leads to unsatisfying outcomes and a poor prognosis of
patients (2) limited to a 5 years survival rate (3).

Traditional chemotherapeutics interfere with replication or cell division to prevent cell growth,
increase cell death and restrict the spreading of the cancer (4). Side effects of traditional cancer
treatments as surgery, chemotherapy or radiation therapy are significant as many healthy cells
are killed during the treatment, due to the lack of target specificity. With the aim to specifically
target only cancer cells, a new generation of cancer treatment has been developed recently known
as the targeted cancer therapy (5), where pharmacological agents (monoclonal antibodies, small
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molecule inhibitors or immunotoxins) that interfere with specific
signaling proteins involved in tumor genesis are used (5).
For instance, the epidermal growth factor receptor (EGFR)
represents currently a major target in lung cancer therapy.
However, the development of acquired resistance is now
well recognized for promising monoclonal antibodies acting
as EGFR inhibitors (6, 7). A new promising strategy for
cancer therapy focuses on mitochondria as they participate as
key regulators in the apoptosis. Mitochondria of cancer cells
exhibit unique and multiple characteristics that differ from
their healthy counterparts. Among them, a stronger (more
negative) mitochondrial membrane potential (8) that suggests
an underlying increased accumulation of cytotoxic cationic
molecules within cancer cells (9-13). The compounds directed
to mitochondria and able to interfere with the mitochondrial
function, become promising antitumor agents (4, 14-16) and
may represent a more selective and effective option for therapy.

As a proof-of-concept, we explore here the selective cytotoxic
effect of the compound 10-N-nonyl acridine orange (NAO)
on human lung carcinoma H520 cells. NAO is a lipophilic
fluorescent molecule used as a mitochondrial marker that stains
the inner mitochondrial membrane (IMM) (11). NAO was
previously shown to be cytotoxic when present at low milimolar
concentrations (17) and we have recently shown the underlying
molecular mechanisms of this cytotoxicity. The formation H-
aggregates of NAO molecules originating from opposing adjacent
membranes elicits interbilayer adhesion of mitochondria and
interferes with mitochondrial dynamics leading to apoptosis (18).

We demonstrate the specific cytotoxic activity of NAO
in H520 human lung carcinoma cells exposed at NAO
concentration that are not harmful for healthy human lung
primary fibroblast (HLPF). H520 cells represent a paradigmatic
non-small cell lung cancer (NSCLC) cells and they have proven
to be a powerful tool for cancer research. We also identify by
means of Fluorescence life time imaging microscopy (FLIM) the
presence of long-lifetime H-dimers of NAO, generally formed
when present at high local concentration.

RESULTS

NAO Exhibits a Strong Cytotoxic Activity in
H520 Cancer Cells

To determine the enhanced cytotoxicity of NAO in cancer cells,
H520 cancer cells and healthy HLPF (control) were exposed
for 60 min to increasing amounts of NAO (1 nM—1mM) and
cell viability was determined by the MTT assay (Figure 1). The
viability of H520 starts to be compromised in the presence of
0.1 M and cells were severely killed in the presence of NAO
at concentrations up to 1 mM. The cell viability of HLPF is
not affected until the presence of 10 uM of NAO and shows
a survival of approximately 30% in the presence of 1mM of
NAO. The calculated CCsq values vary 25 fold with ~15uM for
H520 and ~385uM for HLPF (Figure 1). Alternative cationic
dyes 1,1’-Dioctadecyl-3,3,3',3'-Tetramethylindotricarbocyanine
Iodide (DiR) and Tetramethyl rhodamine methyl ester (TMRM)
were also tested for cell toxicity. DiR is long-chain lipophilic
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FIGURE 1 | Cell viability of HLPF and H520 cells upon NAQO incubation. The
experimental data were satisfactorily fitted by a classical sigmoidal curve that
is obtained with the Hill model (19). The Hill model is based on the equation
Chin = Co+ %;CO 7 » Which describes the cytotoxic effect Cyjy
(%)

obtained at a given concentration C; where CCsg is the relative 50% cytotoxic
concentration reducing cell viability by 50%, H is the Hill exponent, Cxo is the
maximum cytotoxicity and Cq is the viability in the absence of NAO. Inset:
Chemical structure of 10-N-nonyl acridine orange (NAO).

carbocyanine dye (20) and TMRM is a dye used for monitoring
the mitocondrial membrane potential (21). The obtained CCs
values of these dyes vary from ~3 x 10> uM for H520 cells to >
mM for HLPF cells (Figure S1). The toxicity of DiR and TMRM
were only observed in cancer cells and at one order of magnitude
higher than observed for NAO. Hereinafter we focus on NAO
because of its enhanced cytotoxicity.

Next, we measured the conformational arrangement of NAO
in H520 and HLPF cells by means of fluorescence confocal
microscopy. The incubation with high concentration of NAO
leads to cell death accompanied with a green-to-red emission
shift where the maximum emission wavelength at hey =
525 nm shifts to 640 nm due to the formation of supramolecular
aggregates (22) that result from the m-7 interactions between
the stacked acridine orange moieties (23, 24). In agreement with
the previous literature and our own observations (11, 18) the
incubation of NAO at low nM concentrations merely stains
the mitochondrial network of both H520 and HLPF cells, but
does not exhibit visual signs of cytotoxicity (Figure S2). The
low red shift of NAO observed in HPLF cells did not induced
apoptosis, even for long incubation times (up to 48h). In
contrast, at high pM concentrations, the mitochondria of H520
immediately stained and cells entered apoptosis that can be
appreciated by the global morphological changes as membrane
blebbing or cell shrinkage (Figure 2). As previously shown, this
morphological remodeling of the mitochondrial network into
spherical liposomal appearance is simultaneously accompanied
by the red shift of NAO and a direct consequence of the formation
of supramolecular NAO zippers among adjacent mitochondrial
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FIGURE 2 | Interbilayer NAO dimers elicit cytotoxicity in HLPF and H520 cells. Confocal fluorescence micrographs (green channel, hexc = 488 nm and red channel,
hexc = 561nm) of HLPF and H520 mitochondria in the presence of 5 WM of NAO. NAO induces apoptosis and the spectral shift from green to red, indicative for the
formation of interbilayer NAO dimers (See main text for details). Scale bars are 10 um.

membranes (Figure 2) (18). At high concentrations, also HLPF
control cells were compromised and both the red shift and
the morphological changes of mitochondria were appreciated at
longer incubation times (Figure 2).

The Cytotoxic Effect of NAO in H520 and
HLPF Cells Originates From the
Supramolecular Assembly of NAO Dimers

in Mitochondrial Membranes

Time-resolved fluorescence imaging allowed us to characterize
the molecular basis of the NAO induced cytotoxicity.
Within eukaryotic cells and depending on the administered
concentration of NAO, three spectroscopic molecular species
of NAO can be observed in the mitochondrial membranes.
The molecular species are characterized by different excited-
state lifetimes of 0.2 ns (very short excited-state species),
2.0 ns (intermediate excited-state species), and 10 ns (long
excited-state species). The very short species corresponds to the
self-quenched clustered form of NAO, the intermediate species
to the monomeric form and the long excited-state species to the
red-shifted dimeric form (18). Note that, the 10-ns lifetime NAO

species was only detected in the red channel #1; whereas the
2.0-ns and 0.2-ns NAO species were detected in both emission
channels, but mainly in the green channel #2.

Two-photon FLIM-phasor images of a representative group
of H520 and HLPF cells incubated for 60 min with 10 nM NAO
show the presence and the quantification of the three species. All
three lifetimes (10, 2.0, and 0.2 ns) lie on the universal phasor
circle (black cursors) (25). In the low nM concentration regime
(Figure 3), the phasor clusters determined for the channel #1
and #2 FLIM images correspond to nearly pure NAO monomer
molecules for both cell lines. Note that the lower accumulation
of NAO in HLPF cells leads the phasor cluster of the channel #1
to overlap the phasor cluster corresponding to autofluorescence.
When both H520 and HLPF cells are incubated for short times
(up to 60 min) with NAO at high wM concentrations the phasor
cluster correspond to a mixture of the three species as indicated
by the localization of the phasor cluster inside the three species
triangle in channel #1 and #2 (Figure 4).

Though the population of NAO (2.0 ns) monomers species
predominates (blue cursor and blue color in the phasor color
map) in the early stages of the interaction, the (10 ns) long
excited-state NAO species becomes predominant (in red channel
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FIGURE 3 | Spatial distribution of NAO molecular species in HLPF and H520 cells. Basal XY sections of representative groups of cells treated with 10nM NAO for
60 min and their corresponding phasor plots showing regions enriched in intermediate-lifetime NAO monomers (blue cursor; as detected in channel #1 and channel
#2). Gray cursors show cell autofluorescence. Black cursors on the phasor plot represent 100% pure NAO species: NAO antiparallel H-dimers (r = 10 ns),
monomeric NAO (r = 2.0 ns), and self-quenched NAO aggregates (r = 0.2 ns). Black dashed lines joining the three pure species phasors form a triangle that would
contain phasors from all possible intensity-weighted combinations of the three NAO molecular species. Pixels corresponding to the cluster of phasors enclosed by the
colored circles are highlighted on the intensity image using the same color. Aexc = 850 nm, red channel (#1) FFO1 685/40, green channel (#2) FFO2 520/35, dichroic

02 04 06 08 g 02 04 06 08 g

#1; red cursor and red color in the phasor color map) and the
(0.2 ns) self-quenched population species emerges (blue channel
#2; light blue cursor and light blue color in the phasor color
map) during the progress of NAO accumulation. As previously
shown (18) the formation of red-shifted NAO-dimers indicates
the supramolecular assembly of molecular zippers between
stacked NAO from opposing bilayers producing membrane
remodeling in mitochondria that compromise the survival of the
cell (Figure 2). This molecular mechanism by which the widely
used mitochondrial dye NAO exhibits cytotoxicity is enhanced
in NSCLC H520 cells as compared to HLPF cells (Figure 1).

DISCUSSION

The primary function of mitochondria is to provide the
chemical energy to eukaryotic cells in the form of adenosine
triphosphate (ATP). As this function is essential for cell viability,
mitochondria are being explored as a promising target for
therapeutic purposes. The fact that mitochondria of cancer cells
exhibit characteristics different from healthy cells, allow the
design of new strategies focusing on enhanced selectivity and
reduced acquired drug resistance. Beyond its well-established
role in cellular energetics, mitochondria are key controllers
of apoptosis (26). Pro-apoptotic factors, such as cytochrome
¢, reside in the mitochondrial intermembrane space and are

liberated to the cytoplasm during apoptosis. This activates
caspase proteases and the subsequent cleavage of structural
and regulatory proteins in the cytoplasm and the nucleus
(27). New cancer therapies aim to specifically induce apoptosis
through pharmacological agents acting on mitochondria and
promoting mitochondrial failure or damage (14). Cancer cells
exhibit a stronger (more negative) mitochondrial membrane
potential, a particular feature that opens the way to control of
cell proliferation and survival by means of regulation of the
mechanical properties of mitochondrial membranes. This strong
membrane potential of mitochondria allows the accumulation
of cationic lipophilic molecules within the mitochondrial matrix
at non-effective concentrations of normal cells. This rational
leads to the design and synthesis of mitochondrial dyes (18, 28),
such as NAO, a lipophilic and positively charged fluorescent
dye able to diffuse spontaneously into membrane environments
(17). The incubation with concentrations in the uM range of
NAO induces cytotoxicity (26). In contrast to other cationic
dyes that accumulate in mitochondria (DiR and TMRM), it
is only required a lower concentration of NAO to produce
fatal consequences for cell viability (17). The ability of NAO to
form supramolecular stacks is provided by the acridine orange
moiety (23), but the presence of the aliphatic chain enhances
the partitioning of NAO into the membrane and promotes
its cytotoxic mechanism (18). NAO dimers from opposite
membranes trigger their adhesion and cause severe mechanical
alterations of mitochondrial dynamics, promoting mitochondrial
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FIGURE 4 | Spatial distribution of H-dimers in HLPF and H520 cells. Basal XY sections of representative groups of cells treated with 5 .M NAO at different times.
Their corresponding phasor plots show regions enriched in long-lifetime NAO antiparallel H-dimers (red cursor; as detected in channel #1), intermediate-lifetime NAO
monomers (blue cursor; as detected in channel #2) and the short-lifetime NAO self-quenched clusters (light blue cursor; as detected in channel #2). Gray cursors
show cell autofluorescence. Black cursors on the phasor plot represent again 100% pure NAO species: NAO antiparallel H-dimers (r = 10 ns), monomeric NAO (t =
2.0 ns), and self-quenched NAO aggregates (r = 0.2 ns). Black dashed lines joining the three pure species phasors form a triangle that would contain phasors from all
possible intensity-weighted combinations of the three NAO molecular species. Pixels corresponding to the cluster of phasors enclosed by the colored circles are
highlighted on the intensity image using the same color. 1exc = 850 nm, red channel (#1) FFO1 685/40, green channel (#2) FFO2 520/35, dichroic filter FF560-Di01
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membrane remodeling. As a result, mitochondria lose their
characteristic ultrastructure and form double-membrane vesicles
comprising the outer and inner membranes (18, 29). The
stronger cytotoxicity of NAO on carcinoma H520 cells is
compatible with a higher accumulation of NAO into cancer
mitochondria producing cell death at lower effective dose
compared to non-cancerous cells (Figure 1). We also show a
similar accumulating effect in cancer cells for the other cationic
dyes tested (Figure S1).

Note that the mitochondrial membrane potential established
by the Nernst equation:

where E is the membrane potential, [NAO], is the cytosolic
concentration of NAO, [NAO]; is the mitochondrial
concentration of NAO, R is the ideal gas constant, T is the
temperature, z is the charge of the dye and F is the Faraday’s
constant. Thus, a stronger (e.g., two-fold) mitochondrial
potential in cancer cells (21, 29) will result in a ten-fold
accumulation of the cationic probe within the cancer cell
(Figure 5). Additional factors as an increased mitochondrial
mass (30) or a different composition of negatively charged lipids
as cardiolipin (31) can also control the enhanced selectivity of
lipophilic and positively charged molecules. To reliably ground

RT

NAO
E= 23— log [ Jo
zF

[NAO]J;

the physico-chemical mechanisms that drive the enhanced NAO
accumulation in cancer mitochondria the direct measurement of
both the membrane potential and the absolute concentration of
NAO in living cells is required (32).

Anticancer drugs that directly target mitochondria might
have the potential to bypass the drug-resistance acquired by
cancer cells during chemotherapy treatment. In particular, novel
targeted therapies must be based on physical mechanisms at
the mesoscale, the adhesion of mitochondrial membranes in
our case, instead of interfering with the molecular biochemical
signals that can be easily reprogrammed by the cell. The
mechanical targeting proposed here may provide a unique tool
to circumvent the acquired survival mechanisms and may be
effective in otherwise resistant forms of cancer. The proof-of-
concept still needs to explore the therapeutic window with more
NSCLC cell lines including those that acquired resistance during
chemotherapy and more important with other kind of healthy
cells, in particular for those more susceptible to mitochondrial
functioning. Also, in vivo experiments with murine models are
essential for a complete validation of the approach.

MATERIALS AND METHODS

Chemicals
10-N-nonyl acridine orange (NAO),
3,3,3',3/-Tetramethylindotricarbocyanine Iodide

1,1’-Dioctadecyl-
(DiR) and
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FIGURE 5 | Strategy focusing on enhanced selectivity for cancer cells. The negative membrane potential of healthy mitochondria (HLPF cells) enables lipophilic and
positively charged molecules (NAO) to accumulate in the inner membrane. A more negative membrane potential in cancer cells (H520 cells) triggers an enhanced

ANao+

Tetramethyl rhodamine methyl ester (TMRM) were supplied
by Thermofisher. Ultrapure water was produced from a Milli-Q
unit (Millipore, conductivity below 18 M2 cm).

Cell Culture

The cell line of human lung primary fibroblast (HLPF) was
provided by Pr. Alejandro Sweet-Cordero from University of
California San Francisco (UCSF) under the terms of a Material
Transfer Agreement; and no ethical approvals were required
for their use in this study as per local legislation and national
guidelines. HLPF cells were maintained in DMEM + GlutaMax-
I, supplemented with 10% fetal bovine serum (FBS), penicillin
(50 U/mL) and streptomycin (50 pg/mL) (Thermofisher) and
human lung tumor cells (H520) were maintained in RPMI-
1640 medium, supplemented with 10% fetal bovine serum
(FBS), penicillin (50 U/mL) and streptomycin (50 jg/mL)
(Thermofisher). All cells were maintained in a humidified
incubator at 37°C and 5% CO; atmosphere (Forma Steri-
Cycle Themofisher; 5% CO,). Cells were plated in 75 cm?
flasks (Thermofisher) and were passaged when reaching 95%
confluence, by gentle trypsinization 0.05% trypsin/0.53 mM
EDTA; Invitrogen Life Technologies).

Cell Viability

Cell  viability = was evaluated by  using  the
methylthiazoletetrazolium assay (MTT; Sigma-Aldrich). All
experimental conditions were performed in quadruplicate. Cells
were seeded in 96-well flat-bottom plates at 5,000 cells/well.
After 24h, the medium was replaced with 100 pl medium
with different concentrations of NAO, DiR and TMRM (1
nM—1mM). After 60, 90, 120, and 150 min, each well was
replaced with 100 pl MTT solution (5 mg/ml). After 2h
incubation at 37°C, 5% CO,, each well was replaced with 100
pl DMSO (Sigma-Aldrich). The cell viability was determined by
measuring the absorbance at 570 nm using a spectrophotometer
(Multiskan™ FC, Thermofisher). Results are presented as the
percentage survival in relation to untreated control cells.

Confocal Microcopy

Confocal microscopy images of cells were collected at 37°C with
a Nikon Ti-E inverted microscope equipped with a Nikon C2
confocal scanning confocal module, 488 and 561 nm continuous
lasers, emission bandpass filters, and a Nikon Plan Apo 100 x
NA 1.45 oil immersion objective. Both H520 and HLPF cells were
seeded at 3 x 10* cells per cm? in a four-chamber Lab-Tek®
slide (Thermofisher) and incubated with complete DMEM for
HLPF cells and RPMI for H520 cells, both for 24 h at 37°C. Prior
to confocal fluorescence imaging, cells were supplemented with
NAO (5nM or 5 uM).

Two-Photon Fluorescence Lifetime
Imaging

Two-photon, two-color (red channel #1 and green channel
#2) fluorescence-lifetime imaging (2P-FLIM) of XY sections of
cells was carried out on a MicroTime200 system (PicoQuant,
Germany) equipped with a mode-locked, femtosecond-pulsed
Ti:Sapphire laser (Mai-Tai, Spectra Physics, CA) operating at a
repetition rate of 80 MHz, horizontally polarized, and tuned to
850 nm; an Olympus IX71 inverted microscope mounted with
a 60X water-immersion objective NA1.2; a piezo XY-scanning
table and two single-photon counting avalanche diodes (z-
SPAD, PicoQuant, Germany), and a PicoHarp 300 PC-board
(PicoQuant, Germany), synchronized with the excitation laser
pulses using the Time-Tagged Time-Resolved (TTTR) detection
mode at 23°C. The TTTR mode allows the recording of every
individual fluorescence photon from each pixel, together with
its timing and emission color (channel #1, channel #2). The
acquisition time per pixel accounted for 1.2 ms, resulting in an
image overall acquisition time of 180s. Once the acquisition
of the image was finished, all the detected photons per pixel
were used to build steady-state fluorescence intensity images
or to produce Fast FLIM (Figure S3) and FLIM phasor images
using the ps-temporal resolution of the system, SymphoTime
64 software (Fast FLIM; PicoQuant, Germany), and SimFCS
software (Phasor Analysis) developed at the Laboratory of
Fluorescence Dynamics (LFD, UC Irvine). The filters used in
this study were all from Semrock (Germany). Red channel (#1):
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FF01-685/40; green channel (#2): FF01-520/35; with a dichroic
beam splitter FF560-Di01. Although in the red channel #1 we
mostly select red NAO aggregates, a non-negligible bleed through
from NAO monomers may exist, particularly when the monomer
NAO population is the majority. The excitation power was lower
than 1 mW at the sample, and it was adjusted using a variable
optical attenuator LS-107AT (Lasing, S.A. Spain) to achieve
counting rates below 10° photons/s. Both H520 and HLPF cells
were seeded at 2 x 10* cells per cm? in an 8-chamber Lab-
Tek® slide (Thermofisher) and incubated with complete RPMI
1640 or DMEM for 24/36 h at 37°C. Prior to FLIM imaging at
the micro-spectrometer, cells were washed with Tyrode-glucose
buffer (NaCl 145 mM, KCI 4 mM, MgCl, 1 mM, CaCl, 1.8 mM,
HEPES-Na 10 mM, glucose 10 mM, pH 7.4) and supplemented
with NAO (10 nM or 5 wM).
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BCL-2 family proteins regulate the intrinsic pathway of programmed cell death (apoptosis)
and play a key role in the development and health of multicellular organisms. The
dynamics of these proteins’ expression and interactions determine the survival of all
cells in an organism, whether the healthy cells of a fully competent immune system
or the diseased cells of an individual with cancer. Anti-apoptotic proteins like BCL-2,
BCL-X_, and MCL-1 are well-known for maintaining tumor cell survival and are therefore
attractive drug targets. The BCL-2-selective inhibitor venetoclax has been approved for
use in chronic lymphocytic leukemia and is now being studied in a number of other
hematologic malignancies. As clinical data mature, hypotheses have begun to emerge
regarding potential mechanisms of venetoclax resistance. Here, we review accumulating
evidence that lymphoid microenvironments play a key role in determining hematologic
tumor cell sensitivity to venetoclax.

Keywords: venetoclax, BCL-2, microenvironment, resistance, tumor

INTRODUCTION

The BCL-2 Family: Arbiters of Cell Survival and Programmed Cell
Death

The BCL2 gene was discovered as part of the #(14;18) translocation associated with follicular
lymphoma (1) and was later characterized as the first oncogene to work by maintaining tumor
cell survival (2-5). Scientists went on to discover a host of related proteins that now comprise
the BCL-2 family (Figure 1A) [see (6) for review]. These proteins are characterized by closely
related structural units known as BCL-2 homology (BH) motifs—a collection of alpha-helices
that assemble to form surfaces that mediate interactions amongst family members. The BH1-BH4
motifs of anti-apoptotic proteins such as BCL-2, BCL-X, and MCL-1 form a shallow, hydrophobic
groove that accommodates binding of the amphipathic BH3 motif of certain pro-apoptotic
family members like the multi-domain “effector” proteins BAK and BAX. Each BCL-2 family
member exhibits a binding selectivity profile reflecting its tendencies to interact more avidly
with certain counterparts (Figure 1B). For example, the effector protein BAK tends to be
sequestered by BCL-Xy, MCL-1, or Al, whereas BAX exhibits binding to all the anti-apoptotic
proteins. Likewise, all anti-apoptotic proteins are thought to be capable of sequestering the
so-called “BH3-only” protein BIM, a pro-apoptotic “activator” that can promote the insertion of
BAX into the mitochondrial outer membrane. Thus activated, BAX can oligomerize and form
complexes with BAK to form pores in the mitochondrial outer membrane (Figure 1C). When
so-called “sensitizer” proteins bind to anti-apoptotic counterparts, they can preclude sequestration
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of activators and effectors, thereby promoting apoptosis. For
example, the pro-apoptotic protein BAD binds to BCL-2, BCL-
X, and BCL-W but not to MCL-1, whereas NOXA binds
preferentially to MCL-1 and Al (Figure 1B). Certain cellular
stresses can lead to elevations in pro-apoptotic proteins, which
can then overwhelm the anti-apoptotic proteins and go on
to trigger the key events of intrinsic apoptosis, including
mitochondrial outer membrane permeabilization (MOMP) by
BAK-BAX oligomers, the release of mitochondrial cytochrome
¢ into the cytosol, the proteolytic activation of caspases, and
the eventual dismantling of the cell and its engulfment by
macrophages (Figure 1C).

For cancer cells, which often must evolve to survive in harsh
environments, the overexpression of anti-apoptotic proteins
allows increased numbers of pro-apoptotic proteins to be
sequestered, offering a mechanism of survival, and a selective
advantage. However, because they carry such high levels of these
complexes, these cells essentially exist on the brink of initiating
apoptosis, a state which has been referred to as “primed for death”
(7). In an attempt to exploit this therapeutically, small-molecule
BH3 mimetics have been designed to bind competitively to anti-
apoptotic proteins and liberate pro-apoptotic proteins in the
hopes of triggering apoptosis in primed cancer cells (Figure 1C)
[see (8) for review]. Decades of intense drug discovery efforts
have recently borne fruit with regulatory agency approvals of
venetoclax, a selective BCL-2 inhibitor.

The BCL-2-Selective Inhibitor Venetoclax

The first BH3 mimetics, such as ABT-737 and ABT-263
(navitoclax), exhibited the same binding profile as the BH3-only
protein BAD, inhibiting BCL-2, BCL-Xy, and BCL-W (9, 10).
This profile accounted for both the early anti-tumor activity
that was observed in CLL (11) and the dose-limiting toxicity of
thrombocytopenia, with BCL-2 inhibition driving the former and
BCL-Xy, inhibition the latter (12, 13). Based on these findings,
drug discovery scientists designed BCL-2-selective agents, such
as ABT-199/venetoclax and S55746/BCL201, which maintain
killing activity against CLL cells while sparing platelets (8, 14).
Venetoclax was the first BCL-2-selective agent to enter the
clinic and quickly showed signs of anti-tumor activity. Tumor
lysis syndrome (TLS) was observed in two of the first three
CLL patients to receive a dose (14) and objective response
rates nearing 80% were reported for relapsed/refractory patients,
including those with high-risk forms of the disease (15). Based
on these and other data, venetoclax was approved by the FDA for
use in relapsed/refractory CLL with 17p deletion. A host of other
clinical trials are now under way, including combination studies
in CLL, acute lymphocytic leukemias, myeloid leukemias, non-
Hodgkin lymphomas, and breast cancer [see (16) for review].

PREDICTING MECHANISMS OF
RESISTANCE TO VENETOCLAX

As the first encouraging signs of venetoclax activity were being
observed in the clinic, translational scientists were already
at work, hoping to anticipate mechanisms of resistance that

might emerge. Early efforts focused on cancer cell lines that
acquired resistance after prolonged culture with venetoclax. By
comparing the parental cells to the resistant populations that
emerged, a variety of potential resistance mechanisms were
identified. Unlike the very specific “gatekeeper” mutations that
primarily account for tyrosine kinase inhibitor resistance in
CML, a more diverse array of alterations were observed in
the cell lines exhibiting venetoclax resistance. Not surprisingly,
resistance in some cell lines was associated with elevations in
anti-apoptotic proteins such as BCL-X;, or MCL-1 (17), which
can serve to back up BCL-2. Conversely, pro-apoptotic proteins
like BIM and BAX were seen to be mutated, reduced or even
lost in resistant populations (17, 18). There were also some
surprising cases, analogous to gatekeeper mutations, in which
BH3-binding pocket mutations in BCL-2 reduced venetoclax
binding while apparently retaining affinity for endogenous pro-
apoptotic ligands. Mutations in phenylalanine 101 (F101C,
F101L) of murine Bcl-2 were identified in venetoclax-resistant
murine cell lines (18) while, in a separate lab, the corresponding
mutation (F103) was observed in a resistant population of the
human cancer cell line SC-1 (17). Taken as a whole, these findings
indicate that numerous, distinct mechanisms could account for
resistance to venetoclax when given as monotherapy.

VENETOCLAX RESISTANCE AND THE
TUMOR MICROENVIRONMENT

While these first clues about cancer cell-intrinsic mechanisms
of venetoclax resistance were emerging, other labs began to
explore the role of extrinsic factors found in the tumor
microenvironment. Like normal hematopoietic cells, which rely
on interactions with stromal cells and certain immune cells as
they develop and differentiate, cancer cells retain a dependence
on supportive cells in lymphoid organs such as the bone marrow,
spleen and lymph nodes. Within these organs stromal cells and
immune cells deposit extracellular matrix and secrete growth
factors, chemokines, and interleukins that provide tumor cells
with homing, adhesion, growth, proliferation and survival signals
[see (19) for an excellent review]. For example, malignant
B-cells receive survival signals from supporting T follicular
helper (Tgn) cells expressing the CD40 ligand (CD40L), which
drives NFkB signaling downstream of CD40 engagement. B-cell
receptor (BCR) signaling, crucial to normal B-cell survival and
development, also remains active in most lymphomas and certain
leukemias, either as a function of self-antigen engagement in the
tumor microenvironment or through mechanisms that leave the
BCR constitutively activated and antigen-independent. Toll-like
receptors (TLR) like TLR9 have also shown a role in mediating
tumor cell survival signals originating in lymphoid organs.

VENETOCLAX RESISTANCE IN CHRONIC
LYMPHOCYTIC LEUKEMIA

Researchers exploring these concepts and their potential impact
on venetoclax resistance began to recognize some familiar
themes. Just as previous work had demonstrated that kinase
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FIGURE 1 | (A) The intrinsic (mitochondrial) pathway of apoptosis is regulated by structurally related proteins in the BCL-2 family, which share from one to four BCL-2
homology (BH1-BH4) motifs. These proteins can be sub-classified as anti-apoptotic (pro-survival) or pro-apoptotic (pro-death). Pro-apoptotic proteins can be further
sub-divided into multi-BH effector proteins (BAX, BAK, BOK) and so-called BH3-only proteins. Certain BH3-only proteins like BIM can bind and allosterically activate
effector proteins, promoting their insertion into mitochondrial membranes and subsequent oligomerization. Other BH3-only proteins, such as NOXA, can act as
sensitizers of apoptosis by binding to anti-apoptotic proteins and precluding their sequestration of pro-apoptotic effectors and activators. (B) Anti-apoptotic proteins
bind the BH3 motifs (depicted as small, green rectangles) of specific pro-apoptotic proteins, thereby sequestering them and preventing the initiation of apoptosis.
Each pro-apoptotic protein demonstrates its own selectivity profile regarding which anti-apoptotic protein(s) it tends to associate with. (C) Synthetic small-molecule
“BH3 mimetics” (depicted as small, yellow rectangles) like venetoclax are designed to bind certain anti-apoptotic proteins and compete for binding with pro-apoptotic

proteolytic activation of caspases and the dismantling of the cell.

proteins. Pro-apoptotic proteins liberated by BH3 mimetics are free to initiate the key molecular events of programmed cell death, including effector activation,
mitochondrial outer membrane permeabilization (MOMP), the release of apoptogenic factors like cytochrome ¢ (depicted as small red circles) into the cytosol, the

signaling cascades downstream of CD40 engagement signal
the upregulation of anti-apoptotic proteins like BCL-Xp, MCL-
1 and BFL-1/A1l in B-cells (20-24), so CLL cells co-cultured
with CD40L-expressing fibroblasts were found to upregulate
BCL-X}, MCL-1 and BFL-1 (25)—changes that rendered these
cells essentially insensitive to venetoclax. Consistent with other
reports (26), BCL-Xp seemed to play the most prominent role
in this resistance, as its siRNA-mediated silencing, but not
that of MCL-1, led to some re-sensitization of these cells to
venetoclax. Based on the elucidation of signaling pathways
known to function downstream of CD40, these teams began
to assess kinase inhibitors that might resensitize tumor cells
to venetoclax. ABL tyrosine kinase inhibitors like imatinib and
dasatinib were able to prevent CD40L-dependent upregulation of
BCL-X;, MCL-1, and BFL-1 and reverse resistance to venetoclax,

whereas BCR signaling inhibitors like the BTK inhibitor ibrutinib
and the PI3K3 inhibitor idelalisib had little effect. Similarly,
in another study of venetoclax resistance mediated by BCR
pathway stimulation, ibrutinib and idelalisib were less effective
than the SYK tyrosine kinase inhibitors R406 and entospletinib
at reducing MCL-1 levels and sensitizing CLL cells to venetoclax
(27). The SYK/JAK inhibitor cerdulatinib has also been shown
to synergize with venetoclax by inhibiting the upregulation of
BCL-X;, and MCL-1 in CLL cells treated with CD40L and IL-4
or co-cultured with nurse-like cells (28). Significant resistance
to the BCL-2/BCL-Xy inhibitor ABT-737 was also observed
in CLL cells cultured in the presence of IL-4 and CDI115-
expressing fibroblasts, which induced the expression of BCL-
X1 and BCL2A1 (22). A phase 1 study is currently under
way to explore the combination of venetoclax and the SYK
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inhibitor TAK-659 for patients with relapsed/refractory NHL
(NCT03357627). The cytoplasmic tyrosine kinase LYN has also
been implicated as a mediator of microenvironment-mediated
CLL cell survival (29) and may play crucial roles in the supporting
stromal cells themselves.

Although these studies suggested that BTK inhibitors and
PI3K inhibitors may not be ideally suited for counteracting
venetoclax resistance when tumor cells are residing in protective
niches, it is important to note that these inhibitors are highly
effective at mobilizing tumor cells out of those niches into
peripheral circulation. In fact, it is common to observe large
elevations in circulating lymphocytes (lymphocytosis) in the first
1-2 months of ibrutinib treatment, as abnormal B-cells migrate
out of lymphoid organs upon disruption of BCR signaling
(30). Based on the co-culture experiments described above,
the prediction would be that these cells should be particularly
susceptible to venetoclax-mediated killing while in circulation.
Indeed, residual tumor cells isolated from the blood of CLL
patients taking BTK inhibitors such as ibrutinib or acalabrutinib
have been shown to be highly sensitive to venetoclax (31, 32).
Similar results were observed when venetoclax was added to
mantle cell lymphoma (MCL) cells isolated from circulation
after ibrutinib treatment (33). Moreover, early data from clinical
studies exploring the combination of venetoclax and ibrutinib
have shown impressive objective response rates, including high
rates of minimal residual disease (MRD)-negativity (see section
below).

Other kinase signaling pathways have also been implicated in
stroma-mediated venetoclax resistance. CLL cells collected from
peripheral blood were shown to upregulate MCL-1 when co-
cultured with NK-tert bone marrow stromal cells (34). Although
cyto-protective, the interaction with stromal cells did not induce
proliferation of the CLL cells. Stroma-mediated elevations in
MCL-1 were associated with increased AKT and MAPK/ERK
signaling, which may reduce MCL-1 proteolysis, as well as
increased phosphorylation of serine 5 of the RNA polymerase-
II C-terminal domain, which is mediated by CDK9 and known
to support the elongation of MCLI transcripts. Other studies
support the idea that combinations with MEK (35) or CDK9 (36—
38) inhibitors could enhance venetoclax activity and circumvent
resistance, and ongoing clinical studies in acute myeloid leukemia
(AML) may soon provide clinical data (see below).

While most early resistance studies focused specifically on
alterations in BCL-2 family members (a rational starting point),
more recent work has begun to explore venetoclax resistance
in an unbiased fashion. For example, Herling et al. performed
whole-exome sequencing of samples from CLL patients before
receiving venetoclax and after developing resistance (39). Similar
to the work done in vitro, these studies identified a number of
potential resistance-associated alterations, including mutations
in BTGI or BRAF, homozygous deletion of CDKN2A/B and
high-level focal amplification of CD274, the gene encoding the
immune checkpoint protein PD-L1. Although the sample size
of this study was small (n = 8) and the causative role of these
potential resistance mutations remain to be confirmed, it is
anticipated that data accrued from this and similar unbiased
analyses will continue to define novel venetoclax resistance
mechanisms.

VENETOCLAX RESISTANCE IN
NON-HODGKIN LYMPHOMAS

Although the early results from venetoclax studies in CLL were
highly encouraging, data from studies in follicular lymphoma
(FL) and diffuse large B-cell lymphomas (DLBCL) have been less
compelling. In a monotherapy study, objective response rates of
38 and 18% were reported for FL and DLBCL, respectively (40).
These results were somewhat perplexing, given the fact that these
tumors are often defined by the #(14;18) translocation, which
drives high-level expression of BCL-2 in most cases. Although
preclinical studies using FL and DLBCL cell lines had suggested
a strong correlation between t(14;18)-positivity or BCL2 gene
amplification and sensitivity to venetoclax in vitro (14), the link
does not seem as strong in the clinic. While disappointing,
this may not be surprising given the potential intratumoral
heterogeneity of BCL-2 expression in follicular lymphomas (41).
One possibility is that the £(14;18) translocation is a crucial
driver of tumor initiation but, as the cancer evolves, becomes
dispensable for survival and tumor maintenance.

In a recent study, #(14;18)-positive lymphoma cells were
treated with venetoclax for an extended period to induce
resistance (42). Comparing the venetoclax-resistant and parental
cell lines, the resistant FL cells had significantly higher levels of
ERK1/2 and BIM phosphorylation at serine 69. Phosphorylation
of BIM at serine 69 has been shown to target BIM for proteasomal
degradation, thus reducing the pro-apoptotic priming of the cells
(43). Targeting the cell surface protein CD20 with the chimeric
monoclonal antibody rituximab prevented the phosphorylation
of ERK1/2 and BIM, and improved the activity of venetoclax in
xenograft models of these FL cells (42). Similar findings were
reported in MCL (44).

The influence of the tumor microenvironment in lymphomas
(19) could also account for the weaker-than-expected efficacy
signals. FL cells are known to split time between peripheral
circulation and germinal centers, where processes like activation-
induced cytidine deaminase (AID)-mediated mutagenesis could
drive clonal evolution and acquired dependencies on other anti-
apoptotic proteins (45). Similarly, lymphoma cells may simply
upregulate other BCL-2 family survival proteins while residing
in lymph nodes, making them distinct from cell lines that are
cultured in monolayers in vitro. Indeed, MCL cells co-cultured
with CD40L-expressing fibroblasts were shown to express
elevated levels of BCL-X| downstream of NFkB signaling (33,
44). Jayappa et al. described a similar mechanism in response to
CD40, IL-10 or TLR9 agonists that can account for the resistance
of MCL cells to venetoclax-ibrutinib combinations (46).

VENETOCLAX RESISTANCE IN MYELOID
MALIGNANCIES AND MULTIPLE
MYELOMA

Although most of its early clinical trials were focused on B-cell
malignancies like CLL and NHLs, venetoclax has also begun to
show activity in myeloid malignancies. For example, a Phase
2 study exploring venetoclax as monotherapy in patients with
relapsed/refractory AML reported a 19% objective response rate
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(47), though the durability of responses was limited. Sequencing
of paired patient samples from that study indicated that
FMS-like tyrosine kinase (FLT3) mutations are associated with
basal and acquired resistance (48), and so combinations with
FLT3 inhibitors like quizartinib or gilteritinib would therefore
represent rational combinations. Venetoclax combinations
with standard-of-care agents such as hympomethylating agents
(HMAs) and low-dose cytarabine (LoDAC) are already being
explored in elderly, treatment-naive populations who are unfit
for high-intensity induction regimens. Objective response rates
(ORR), which include complete responses (CR), complete
responses with incomplete bone marrow recovery (CRi)
and partial responses (PR), have been reported as 62% for
combination with LoDAC (49) and 61-67% for combinations
with HMAs (50, 51)—well above historical values reported for
those agents on their own. Based on these data, the FDA granted
breakthrough therapy designation for both combinations.
Venetoclax combinations with CDK9 inhibitors like alvocidib
(NCT03441555) or dinaciclib (NCT03484520) are also being
pursued, with the hypothesis that these agents will synergize with
venetoclax based on their ability to inhibit MCL-1 expression
[see (36-38)]. There is also optimism that BH3 mimetics
such as AMG176, which can inhibit MCL-1 directly [see (8)
for review], will prove safe enough in ongoing AML and
multiple myeloma studies (NCT02675452) to combine with
venetoclax.

Plasma cells are known to depend on MCL-1 for survival
and, following malignant transformation, multiple myeloma
cells appear to preserve this dependency. However, studies
using cell lines or ex vivo cultures of patient cells treated
with venetoclax or ABT-737 have shown that there are also
subsets of myeloma cells that are primarily BCL-2-dependent
(52, 53). A Phase 1 trial of venetoclax monotherapy showed
that myeloma patients with #(11;14)-positive tumors, which
tend to express high levels of BCL-2 and low levels of BCL-
Xy and MCL-1, showed an objective response rate of 40%
(54). In the non-#(11;14) population, BCL-X|, and/or MCL-1
are likely to play a larger role in maintaining myeloma cell
survival, and the tumor microenvironment likely plays a role
in driving their expression. Some studies have indicated that
bone marrow stromal cell-derived cytokine Interleukin-6 (IL-
6) can upregulate MCL-1 and BCL-X], expression in myeloma
cells, thus providing a possible mechanism of resistance to
venetoclax (55). More recent studies have revealed that IL-6
may also influence sensitivity to venetoclax through mechanisms
other than regulating the expression of BCL-2 family proteins
(56). Using an immortalized bone marrow stromal cell line
or conditioned media from these cells, the authors induced
resistance to either venetoclax or ABT-737 in myeloma cell
lines, and this resistance was reversed by a neutralizing IL-
6 antibody. Interestingly, IL-6 did not alter the expression of
BCL-2 family member proteins but instead shifted BIM binding
from BCL-2/BCL-Xj, to MCL-1. This shift in priming occurred
through the ERK1/2-mediated phosphorylation of serines 69
and 77 on BIM, similar to an acquired resistance mechanism
observed with venetoclax in FL (42). As a result, the shift
to MCL-1:BIM priming, and thus MCL-1 dependence, was

prevented by inhibitors of either JAK1/2 or MEK signaling
pathways.

Despite the observed synergy between JAK and BCL-2/BCL-
Xy, inhibition in myeloma it was unclear whether the tumor
microenvironment plays a similar role in other malignancies,
and whether JAK inhibitors might combine with venetoclax to
counteract bone marrow stroma-mediated resistance in those
diseases. One team screening a panel of 304 inhibitors against
AML patient samples identified bone marrow stromal cell
conditions that significantly reduced responses to around 10%
of the molecules (57). In the presence of cytokines from stromal
cell-conditioned media, AML cell killing mediated by venetoclax
was significantly lower. The cytokines activated JAK/STAT
signaling to support AML cell proliferation and survival and
decreased the expression of BCL-2 relative to BCL-Xy,. Unlike
multiple myeloma, where IL-6 was found to be crucial, GM-
CSF was the essential stroma-derived factor for AML cell
survival. The JAK2 inhibitor ruxolitinib was more active in the
presence of the cytokine-rich media and, when combined with
venetoclax, demonstrated synergistic killing activity. This result
was recapitulated in a systemic xenograft model of AML. Another
team employing an ex vivo drug sensitivity profiling screen
using freshly isolated patient samples identified the venetoclax-
ruxolitinib combination as the most active in killing malignant
myeloid cells (58). Despite the lack of stromal cell culture media
in these screens, drug sensitivity was evaluated ex vivo within 24 h
of sample collection, which may have preserved the bone marrow
stromal effects.

Most of the tumor cell resistance mechanisms described
here have focused on the modulation of BCL-2 family proteins
that can occur downstream of stromal cell engagement.
However, the interplay between tumor cells and cells in their
microenvironment may be even more complex. Intriguing new
work has begun to show that metabolites and organelles,
including some as large as mitochondria, can be transferred
between cells, including cancer cells and their “normal”
neighbors in tumor microenvironments. One study recently
described how AML cells, which are thought to be reliant
on oxidative phosphorylation (OxPhos) to generate energy,
can (mis)appropriate the mitochondria of stromal cells in the
bone marrow, with the apparent survival benefit of enhanced
OxPhos capacity. In an elegant series of experiments, Marlein
et al. showed that AML cells can accomplish this mitochondrial
pilfering through the use of tunneling nanotubes (TNTs),
filamentous actin-based structures that may exceed 200 nm in
diameter (59). In order to visualize this process, the plasma
membranes of AML cells were labeled with a red dye to
distinguish them from co-cultured bone marrow stromal cells.
The latter were labeled with green Mito tracker, making it
possible to track the localization and any inter-cellular migrations
of stromal cell mitochondria. Intriguingly, red-labeled TNTs
could be observed extending out from AML cells to contact
neighboring stromal cells. In addition, speckles of red dye could
be observed pock-marking the surface of stromal cells that
had thus been probed. These TNT access points, or “TAPs,
seemed to be concentrated on specific stromal cells, which the
investigators took as a clue that some form of active signaling
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might be involved. The group went on to show that NADPH
oxidase-2 (NOX2) on the surface of AML cells may produce
concentrated zones of superoxide, which stromal cells read
as a signal to increase production of mitochondria. Indeed,
proliferator-activated receptor gamma coactivator 1-alpha (PGC-
la) signaling was found to be upregulated in the stromal
cells, and drove the increased expression of genes encoding
mitochondrial components (60). Once this crop of mitochondria
has been produced, the AML cells begin TAPping these cells to
harvest the mitochondria and reap the benefit of their enhanced
OxPhos capacity.

It is tempting to speculate that AML cells thus acquiring
“foreign” mitochondria, could acquire a new BCL-2 family
dependence profile based on the complement of anti-
apoptotic proteins populating those mitochondria. While
these mitochondrial profiles would not be inherited permanently
(BCL-2 family proteins are not encoded by mitochondrial
genes), it is conceivable that such a mechanism could provide
enough survival advantage to promote the outgrowth of certain
sub-clones. It will be interesting to see how this nascent field
matures and whether therapeutic strategies to target these
microenvironment-driven mechanisms prove effective.

OVERCOMING TUMOR
MICROENVIRONMENT-MEDIATED
VENETOCLAX RESISTANCE

Based on the mechanisms of venetoclax resistance that have
been observed preclinically, a number of rational combination
hypotheses have emerged. For example, CD20 antibodies such as
rituximab and obinutuzumab were shown to reverse venetoclax
resistance that occurred when CLL cells were co-cultured with
stromal cells (25). Because these agents are standards-of-care
for many B-cell malignancies, their combination with venetoclax
was already being explored clinically. Strong activity in a single-
arm Phase 1b study of relapsed/refractory CLL combining
venetoclax with rituximab (ORR: 86%, CR: 51%, MRD-negativity
in bone marrow: 57%; n = 49) (61) led to the granting of
breakthrough therapy designation by the FDA, and data were
recently reported for the randomized Phase 3 study MURANO
(62), which compared venetoclax-rituximab to the combination
of rituxumab and the alkylating agent bendamustine in patients
with relapsed/refractory CLL. That study reported an ORR of
93.3% and a CR/CRIi rate of 26.8% for the venetoclax-rituximab
arm, per investigator assessments (ORR: 92.3%, CR/CRi: 8.2%
by independent review committee). The median progression-
free survival (mPES) of patients receiving venetoclax-rituximab
(n 194) had not been reached after a median follow-up
of 24.8 months, compared to a median PES (investigator-
assessed) of 17 months for the bendamustine-rituximab arm
(n = 195) (hazard ratio: 0.17, 95% confidence interval: 0.11-
0.25, p = 0.0001). Independent review committee assessments
were similar, with mPFS for the venetoclax-rituximab arm not
reached, vs. 18.1 months for patients receiving bendamustine-
rituximab (hazard ratio: 0.19, 95% confidence interval: 0.13-0.28,
p = 0.0001). These data led the FDA to grant full approval

of venetoclax in combination with rituximab for patients with
CLL having received at least one prior therapy. A Phase 1b
study of venetoclax plus obinutuzumab in previously untreated
CLL reported an ORR of 100% and a CR/CRi rate of 72%
(n = 32) (63). Similarly, the CLL14 Phase 3 study (venetoclax
plus obinutuzumab in previously untreated CLL patients with
coexisting medical conditions) reported an ORR of 100% and a
CR rate of 58%, with MRD-negativity in peripheral blood of 92%
(n=12) (64).

Based on their ability to mobilize leukemia cells out of
protective lymphoid niches, BCR pathway inhibitors are also
being explored in combination with venetoclax. An initial period
of tumor debulking is typically implemented with the mobilizing
agent alone to mitigate the risk of tumor lysis syndrome
associated with venetoclax. Results from ongoing studies of
venetoclax and ibrutinib have been particularly promising. In
the CLARITY study, an objective response rate of 100% was
reported, with 60% CR/CRi (n = 25) (65). When assessed in bone
marrow, an MRD-negativity rate of 28% was observed. A separate
Phase 2 study of venetoclax combined with ibrutinib includes
a cohort of treatment-naive CLL patients and has reported an
overall response rate of 100%, with CR/CRi and MRD-negativity
rates increasing over time (CR/CRi: 61%, MRD-negativity: 21%
after 3 months of combination, n = 33; CR/CRi: 75%, MRD-
negativity: 45% after 6 months of combination, n = 20; CR/CRi:
80%, MRD-negativity: 80% after 9 months of combination, n =
10) (66). There are also preclinical data demonstrating synergy
between venetoclax and PI3K inhibitors like the PI3K3 inhibitor
idelalisib and the dual PI3K8/PI3KYy inhibitor duvelisib (67). SYK
inhibitors like entospletinib (27) or cerdulatinib (28) have also
shown promise preclinically. The cytoplasmic tyrosine kinase
LYN may also be a good target, having roles in BCR signaling
as well as in cells of the tumor microenvironment (29).

CONCLUSION AND FUTURE DIRECTIONS

The studies described here are excellent examples of how
preclinical data can inform improved clinical strategies. With the
identification of potential mechanisms of venetoclax resistance
mechanisms have come clear hypotheses for combination
strategies to avert or reverse it. Some of these hypotheses are
already being tested clinically and are showing signs of promise.
Venetoclax combinations with CD20 antibodies or BCR pathway
inhibitors have shown clear improvements in efficacy relative
to the respective monotherapies. Moreover, improved depth-
of-response and increased rates of MRD-negativity have also
been observed, raising hopes that some CLL patients could
discontinue treatment and experience extended treatment-free
periods. However, some questions still remain about how the
tumor microenvironment influences venetoclax sensitivity, even
in CLL.

According to the 2008 International Workshop for CLL
response criteria, a patients disease must show not only a
major reduction in circulating tumor burden (blood lymphocytes
<4,000/pL), but also a reduction in the size of all affected
lymph nodes (with none measuring >15mm), an elimination
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of any splenomegaly or hepatomegaly, and a clearance of the
bone marrow (normocellular, with <30% lymphocytes and no B
lymphoid nodules) to qualify as a complete response. Therefore,
the CRs described in studies to-date indicate that, at least in
some CLL patients, venetoclax is able to significantly reduce
tumor burden not only in the periphery, but also in primary and
secondary lymphatic sites. Although these data seem inconsistent
with factors in the lymph nodes and bone marrow mediating
resistance to venetoclax, it is not clear whether venetoclax is
actually killing tumor cells in situ (within these compartments)
or simply triggering apoptosis of cells that have temporarily
migrated away from their protective niches. It is possible that,
when compared to the rapid clearance of circulating tumor cells,
the extended amount of time required for venetoclax to clear
lymph nodes and bone marrow reflects the protective impact of
the microenvironment and the kinetics of tumor cell migration
into and out of those niches. The kinetics of venetoclax-mediated
reductions in lymphadenopathy and the clearance of disease
from bone marrow have not been examined exhaustively, and so
it is possible that these effects are actually occurring more rapidly
than the current schedule of assessments would indicate. It would
be interesting to assess the kinetics and localization of apoptosis
by real-time live imaging or other approaches that could shed
light on the drug’s mechanisms of action.
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Background and objectives: Cancer stem cells (CSCs) have been implicated in
tumor initiation, recurrence, metastatic spread and poor survival in multiple tumor
types, breast cancers included. CSCs selectively overexpress key mitochondrial-related
proteins and inhibition of mitochondrial function may represent a new potential approach
for the eradication of CSCs. Because mitochondria evolved from bacteria, many classes
of FDA-approved antibiotics, including doxycycline, actually target mitochondria. Our
clinical pilot study aimed to determine whether short-term pre-operative treatment with
oral doxycycline results in reduction of CSCs in early breast cancer patients.

Methods: Doxycycline was administered orally for 14 days before surgery for a daily
dose of 200 mg. Immuno-histochemical analysis of formalin-fixed paraffin-embedded
(FFPE) samples from 15 patients, of which 9 were treated with doxycycline and 6 were
controls (no treatment), was performed with known biomarkers of “stemness” (CD44,
ALDH1), mitochondria (TOMMZ20), cell proliferation (Ki67, p27), apoptosis (cleaved
caspase-3), and neo-angiogenesis (CD31). For each patient, the analysis was performed
both on pre-operative specimens (core-biopsies) and surgical specimens. Changes from
baseline to post-treatment were assessed with MedCalc 12 (unpaired t-test) and ANOVA.

Results: Post-doxycycline tumor samples demonstrated a statistically significant
decrease in the stemness marker CD44 (p-value < 0.005), when compared
to pre-doxycycline tumor samples. More specifically, CD44 levels were reduced
between 17.65 and 66.67%, in 8 out of 9 patients treated with doxycycline.
In contrast, only one patient showed a rise in CD44, by 15%. Overall, this
represents a positive response rate of nearly 90%. Similar results were also obtained
with ALDH1, another marker of stemness. In contrast, markers of mitochondria,
proliferation, apoptosis, and neo-angiogenesis, were all similar between the two groups.
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Scatena et al.

Doxycycline Effectively Reduces CSCs

Conclusions: Quantitative decreases in CD44 and ALDH1 expression are consistent
with pre-clinical experiments and suggest that doxycycline can selectively eradicate
CSCs in breast cancer patients in vivo. Future studies (with larger numbers of patients)
will be conducted to validate these promising pilot studies.

Keywords: doxycycline, mitochondria, cancer stem cells, translational study, mitochondrial biogenesis

INTRODUCTION

Tumor-initiating  cells (TICs) share many functional
characteristics with normal stem cells and are important
drivers of tumor initiation and cancer progression (1-7). As
such, new therapies for targeting TICs [a.k.a., cancer stem cells
(CSCs)] could be used for cancer prevention. Interestingly,
circulating tumor cells (CTCs) can also functionally behave as
initiators of tumor formation.

Because of their resistance to conventional anti-cancer
treatments (i.e., chemo-therapy and radio-therapy), CSCs are
also thought to underpin the cellular and molecular basis of
tumor recurrence, distant metastasis and ultimately treatment
failure, in most cancer types (1-6). Thus, new treatment strategies
are urgently needed to help remedy this unmet clinical need
(1-4).

One simplistic idea is to identify novel therapeutic targets that
are relatively unique to CSCs, which can be then be inhibited with
FDA-approved drugs that show few side effects and have excellent
safety profiles (1-3). We recently used this promising approach
to identify mitochondria in CSCs as a conserved therapeutic
target (7). In this context, the antibiotic doxycycline emerged
as an excellent candidate for drug repurposing (8, 9). In 1967,
Doxycycline was first approved by the FDA, more than 50 years
ago. It shows minimal side effects and is currently used world-
wide as a broad-spectrum antibiotic, mainly for the treatment
of acne and acne rosacea. Doxycycline has excellent pharmaco-
kinetics, with very good oral absorption (~100%) and a long
serum half-life (18-22 h), at the standard dose of 200 mg per day.

Doxycycline functionally behaves as a non-toxic inhibitor
of mitochondrial biogenesis, because of the evolutionarily
conserved similarities between bacterial ribosomes and
mitochondrial ribosomes (10-12). Therefore, this “manageable
side-effect” of doxycycline could be repurposed as a “therapeutic
effect,” to target and inhibit mitochondrial biogenesis in CSCs
(13, 14).

Previously, doxycycline has been used clinically to target
cancer-associated infections, with promising results, leading to a
complete pathological response (CPR) or “remission” in patients
with MALT lymphoma (15, 16). Interestingly, this CPR did
not correlate with the presence of micro-organisms, possibly
suggesting that doxycycline might be acting on the tumor cells
themselves.

In 2015, the Sotgia/Lisanti laboratory first demonstrated
that doxycycline treatment was sufficient to successfully halt
the propagation of CSCs in vitro (13, 14). For this purpose,
we tested 12 different human tumor cell lines, representing
eight different cancer types, such as DCIS, breast [ER(+) and

ER(-)], lung, ovarian, pancreatic, and prostate carcinomas, as
well as glioblastoma (GBM) and melanoma (13). Remarkably,
doxycycline inhibited CSC propagation across this entire panel
of diverse cell lines (13).

Further mechanistic studies, using luciferase based assays
in MCF7 cells (a human breast cancer cell line) revealed
that doxycycline treatment effectively inhibits CSC signaling,
across multiple pathways, including Wnt, Notch, Hedgehog and
STAT1/3-signaling (14). Therefore, doxycycline is an excellent
candidate for drug repurposing, in clinical pilot studies aimed
at validating its ability to target CSCs in cancer patients.
As such, here we evaluated the ability of doxycycline to
target CSCs in breast cancer patients in vivo, using well-
established CSC markers (CD44 and ALDHI1) as a read-
out.

The ability of doxycycline to target breast CSCs in vitro has
already been confirmed independently (17, 18) and extended to
several other classes of antibiotics and mitochondrial OXPHOS
inhibitors (19-24). Consistent with these findings, mitochondrial
mass is increased in CSCs (25, 26) and high expression
levels of mitochondrial markers directly correlates with poor
clinical outcome in ovarian (27) and breast cancer patients
(28).

Finally, as early as 2002, it was first reported that doxycycline
effectively reduces bone metastasis, by up to ~60-80%, in an
in vivo pre-clinical murine model of human breast cancer (29).
Mechanistically, these findings may be due to the ability of
doxycycline to eradicate CSCs, although this hypothesis was not
tested at that time.

RESULTS

Description of the Breast Cancer Patient

Population

A summary diagram highlighting the organizational structure
of this doxycycline “window-of-opportunity” study (Phase II) is
shown in Figure 1.

A total of 15 female patients with early breast cancer
participated in the current pilot study. Nine patients received
doxycycline (200mg per day) for a 14-day period, while
six patients remained untreated. A summary of the clinical
characteristics of the patient population are shown in Table 1.

Briefly, in the doxycycline treatment group, patient age at
diagnosis ranged between 42 and 65 years of age, tumor size
was between 10 and 30 mm, and 6 out of 9 patients were grade
2. In addition, 7 out of 9 patients were ER(+), with 6 being of
the luminal A sub-type and one of the luminal B sub-type. In
addition, two patients were of the HER2(+) sub-type.
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FIGURE 1 | Schematic diagram summarizing the organizational structure of
the Doxycycline clinical pilot study. Note that this Phase Il
“Window-of-Opportunity” format provides an excellent clinical mechanism for
evaluating FDA-approved antibiotics, as potential candidates for drug
repurposing.

TABLE 1 | Clinical characteristics of the patient population.

Treated patients Age Tumor size (mm) Grade Molecular subtype
Case 1 42 12 2 Luminal A

Case 2 57 15 3 HER2pos

Case 4 65 23 3 HER2pos

Case 5 52 10 2 Luminal A

Case 7 46 12 2 Luminal A

Case 8 46 27 2 Luminal B

Case 13 50 10 2 Luminal A

Case 14 52 13 1 Luminal A

Case 15 44 30 2 Luminal A
Untreated patients

Case 3 71 25 3 Luminal B

Case 6 50 15 2 Luminal A

Case 9 51 12 2 Luminal A

Case 10 48 25 3 Luminal B

Case 11 41 21 2 Luminal A

Case 12 69 16 3 Luminal/HER2pos

In the untreated control group, patient age ranged between
41 and 71 years of age, and tumor size was between
12 to 25mm; 3 patients were grade 2 and 3 patients
were grade 3. All 6 patients were ER(+), with 3 of the
luminal A sub-type, 2 of the luminal B sub-type and
one showing characteristics of both luminal/HER2(4) sub-
types.

Thus, both groups were well-matched for age and clinical
characteristics.

Status of Biomarkers in Tumor Tissue
Sections, Before and After Receiving Oral
Doxycycline

We quantitatively assessed the expression of several diverse
biomarkers in paraffin-embedded tumor tissue sections. These
included markers of “stemness” (CD44, ALDH1), mitochondria
(TOMM20), cell proliferation (Ki67, p27), apoptosis (cleaved
caspase-3), and neo-angiogenesis (CD31).

Figure 2 highlights that most of the tumor markers remained
unchanged before and after receiving oral doxycycline, with the
exception of CD44—a marker of “stemness.” More specifically,
CD44 was reduced on average by ~40% (p < 0.005), in
the patients examined. Note that 4 out of 9 patients showed
reductions of 50% or greater in CD44.

The results of multi-variate analysis are included as
Supplemental Information and demonstrated that CD44
reductions remained significant (ANOVA; p < 0.0007) and
were independent of all the other variables tested [including
histological grade (1, 2, 3), tumor diameter type (small, large)
and molecular subtype] (see Tables S1-S15). In contrast, cleaved
caspase-3 levels appeared to be elevated after receiving oral
doxycycline; however, this did not reach statistical significance,
except in the case of low histological grade (See Table $4).

Figure 3 shows a waterfall plot of CD44 expression in the
9 individual breast cancer patients. Remarkably, CD44 levels
were reduced between 17.65 and 66.67%, in 8 out of 9 patients
treated with doxycycline. Representative images of this reduction
in CD44 immuno-staining are illustrated in Figure 4 for two
patients. In contrast, only one patient showed a rise in CD44, by
15%. Overall, this represents a positive response rate approaching
90%. It is worth noting that the levels of cleaved caspase-3 were
most strikingly elevated in the two patients (Cases 8 & 14) that
showed the largest reductions in CD44 expression (Figure 5).
Therefore, a certain threshold level may need to be reached to
augment the activation of caspase-3.

The two patients of the HER2(+4) sub-type, also showed
positivity for another stem cell marker, namely ALDHI.
Interestingly, ALDH1 levels were reduced by nearly 60% in one
patient (Case 2), while ALDHI levels were reduced by ~90%
in the other patient (Case 4) (Figure6), all in response to
doxycycline. These results are also consistent with reductions in
CD44; in these same two HER2(+) patients, CD44 levels were
reduced by nearly 40% (Case 2) and 60% (Case 4), respectively
(Figure 3).

Status of Biomarkers in Tumor Tissue
Sections From the Untreated Control
Group, Before and After Surgery

In contrast to our results with the doxycycline treated patient
population, patients in the untreated control group did not
show any statistically significant changes in the expression of
CD44, when tumor tissue sections were compared before and
after surgery (Figure S1). The results of multi-variate analysis
are included as Supplemental Information (Tables S11-S15) and
showed that CD44 remained unchanged (see Table S13; ANOVA;
P < 0.7707).
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FIGURE 2 | Effects of doxycycline administration on the expression of six different classes of biomarkers in early breast cancer patients (Ki67, Cleaved Caspase-3,
CD31, CD44, p27, and TOMMZ20). Note that only CD44 levels were significantly reduced on average by nearly 40% (***; p < 0.005), while the levels of other markers
remained unchanged. The results of multi-variate analysis are included as Supplemental Information and show that CD44 remained significant (ANOVA; p < 0.0007)
and was independent of all the other variables tested [histological grade (1, 2, 3), diameter type (small, large) and molecular subtype] (see Tables S1-S15).

Therefore, surgery itself was not sufficient to significantly
change the expression levels of the tumor markers examined,
including CD44.

DISCUSSION

Here, we conducted a clinical pilot study with doxycycline, to
assess its effects in early breast cancer patients. Importantly, most
biomarkers tested remained unchanged, with the exception of
CD44, which was reduced on average by nearly 40%, in a period
of only two weeks of treatment. Analysis of waterfall plot data
revealed that in 8 out of 9 patients treated with doxycycline, CD44
levels were reduced between 17.65 and 66.67%. In contrast, only
one patient showed a rise in CD44, by 15%. Two patients of
the HER2(+) sub-type, also showed positivity for another stem
cell marker, namely ALDHI. In these HER2(+) patients, ALDH1
levels were reduced by nearly 60% in one patient, while ALDH1
levels were reduced by 90% in the other patient, in response to
doxycycline. Thus, oral doxycycline treatment effectively reduced
the expression of two CSC markers, in early breast cancer
patients.

Our current in vivo results are consistent with recent findings
in MCF7 and MDA-MB-468 cells, two human breast cancer

cell lines in culture, which showed significant reductions in the
CD44(+)/CD24(-/low) CSC population, after treatment with
doxycycline (17). In addition, the expression levels of other
“stemness” markers (Oct4, Sox2, Nanog and CD44) were also
reduced by >50%, in response to doxycycline, as assessed by
mRNA levels and independently confirmed by immuno-blot
analysis (17).

Similarly, doxycycline has been shown to reduce ALDH(+)
breast CSCs in HER2(+4) and triple-negative human breast
cancer cell lines in vitro (18). As such, doxycycline may be useful
for targeting both the CD44(+) and ALDH(+) sub-populations
of human breast CSCs (17, 18).

The levels of cleaved caspase-3 appeared to be elevated
after treatment with Doxycycline; however, this did not reach
statistical significance in all the tumor grades. Nevertheless,
Doxycycline has been shown to induce apoptosis in human breast
cancer cell lines in vitro (17).

CONCLUSIONS

Pre-operative treatment with oral doxycycline (200 mg per
day) for 2 weeks is sufficient to reduce both CD44 and
ALDHI expression in tumor tissue from early breast cancer
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FIGURE 3 | Effect of doxycycline administration on the expression of CD44 in
early breast cancer patients: Waterfall plot. Note that CD44 levels were
reduced between 17.65 and 66.67%, in 8 out of 9 patients treated. In
contrast, only one patient showed a rise in CD44, by 15%. Overall, this
represents a positive response rate of nearly 90%. Also, note that 4 out of 9
patients showed reductions of 50% or greater in CD44.

patients. However, additional clinical studies (with larger patient
numbers) will be required to further validate these promising
clinical pilot studies.

MATERIALS AND METHODS

Trial Construction, Ethical Review and EU

Clinical Trial Registration

A Phase II clinical trial (pre-operative “window” study; Figure 1)
for the use of oral doxycycline in early breast cancer patients
was submitted, reviewed, and approved by the local and national
ethics committees at the Pisa University Hospital and the
Italian Ministry of Health (Rome, Italy). All patients underwent
informed written consent, prior to their inclusion in the
study. Doxycycline was administered during the “window-of-
opportunity,” after diagnosis and exactly 14 days before the date
of surgery, while the patient was waiting for tumor excision
at surgery. The acronym for the trial is ABC (Antibiotics for
Breast Cancer) and the EudraCT registration number is 2016-
000871-26. EudraCT is the European Clinical Trials Database
(European Union Drug Regulating Authorities Clinical Trials).
The full title of the study is: “A Phase I Open-Label Randomized
Controlled Pre-Surgical Feasibility Study of Doxycycline in Early
Breast Cancer.” The objective and primary goal of the trial

is: To determine whether short-term (2-weeks) pre-operative
treatment with oral doxycycline of stage I-to-III early breast
cancer patients results in inhibition of tumor proliferation
markers, as determined by a reduction in tumor Ki67 from
baseline (pre-treatment) to post-treatment (at time of surgical
excision). Doxycycline (Bassado-brand) was administered orally,
100-mg twice a day for a total of 200-mg per day, for
a period of 14-days. During this period, the control group
received no medical therapy (i.e., standard of care: waiting for
surgery). Information about study subjects is kept confidential
and managed according to the requirements of the EU and
Italian regulations. All of our breast cancer cases were NST (No
Special Type, invasive carcinomas), previously known as “ductal”
carcinomas.

Plasma Doxycycline Levels

Doxycycline oral intake was validated by measuring the
concentrations in plasma samples, obtained immediately prior
to surgery [mean +/- SD, 0.76 + 0.41 mg/L, range 0.25-1.57
mg/L]. Doxycycline levels were determined by mass spectrometry
analysis. This precise monitoring confirmed the compliance of
patients to the planned treatment regimen, proposed to them at
the time of enrollment.

Immuno-Staining Reagents
Antibodies for immuno-staining were purchased from
commercial sources, as briefly summarized in Table S16.

Immuno-Staining and Quantitation

Tumor expression of Ki67, p27, cleaved caspase 3, CD31, CSC
markers (CD44, ALDH1), and mitochondria (TOMM20) was
performed on formalin-fixed paraffin-embedded tumor tissues.
Tissue sections (4 micron) were de-paraffinized with xylene
and rehydrated through a graded alcohol series. After rinsing
with phosphate buffer saline (PBS) sample were immersed in
sodium citrate buffer (pH 6) for p27 and cleaved caspase 3 and
in UNMASKER buffer (pH 7,8) for CD44, TOMM?20, ADLH]1,
and heated in a microwave oven at 100°C. The endogenous
peroxidase was blocked by 10min incubation in 3% H,O,.
After blocking with normal goat serum for 10min at room
temperature, the slides were further incubated overnight at
4°C with the following primary antibodies: mouse anti CD44
(1:1000, clone 156-3C11), mouse anti-ALDHI1A1, (1:500, clone
703410), rabbit anti cleaved caspase 3 (Aspl75; 1:150), rabbit
anti-p27 (1:250) and mouse anti TOMM20 (1:250, clone F-10). A
biotin conjugated goat derived secondary antibody was applied
followed by the enzyme-labeled streptavidin and substrate
chromogen (Rabbit/Mouse specific HRP/DAB-ABC detection
IHC kit, Abcam). Slides were counterstained with hematoxylin.
The immunostaining for Ki67 (ready to use, clone MIB-1,
Dako) and CD31 (ready to use, clone JC70, Ventana Medical
Systems) instead was performed in an automated immunostainer
(BenchMark Ultra, Ventana Medical Systems). Staining intensity
and percentage of positive tumor cells was measured. Ki67 is a
nuclear marker expressed in all phases of the cell cycle except
Go. The “Ki67 index” (percentage of nuclei showing nuclear
immuno-reactivity of any intensity) was determined as per
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FIGURE 4 | Effect of doxycycline administration on the expression of CD44 in early breast cancer patients: Representative images are shown. Note that treatment
with doxycycline reduces the expression of CD44, as seen by immuno-histochemical staining. Representative images from two case are shown. Magnification, 40X.
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FIGURE 5 | Effect of doxycycline administration on the levels of cleaved
caspase 3 in early breast cancer patients. Note that the levels of cleaved
caspase 3 showed the largest increases in two patients, which demonstrated
the highest reductions in CD44 levels (Cases 8 and14); compare with

Figure 3. In addition, the levels of cleaved caspase 3 were increased in 4 out
of 9 patients studied (~44 %).
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FIGURE 6 | Effect of doxycycline administration on the expression of ALDH1
in HER2(+) early breast cancer patients. The two patients of the HER2(+)
sub-type, also showed positivity for another stem cell marker, namely ALDH1.
Note that ALDH1 levels were reduced by nearly 60% in one patient (Case 2),
while ALDH1 levels were reduced by 90% in the other patient (Case 4), in
response to doxycycline.

routine protocols. p27 (nuclear staining) is a cell cycle inhibitor
that negatively correlates with Ki67. Caspase-3 (cytoplasmic
and/or nuclear staining) is synthesized as an inactive pro-enzyme
which is activated by cleavage in cells undergoing apoptosis.
CD31 (membranous staining) is expressed by endothelial cells
and is used as a marker of angiogenesis. CD44 (membranous
staining: complete or incomplete, of any intensity) and ALDH1
(cytoplasmic staining) are well-established markers that are
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elevated in cells with “stem-like” characteristics. TOMM?20
(cytoplasmic staining), a central component of the receptor
complex responsible for the recognition and translocation of
cytosolically synthesized mitochondrial preproteins, is used as a
marker of mitochondria. Staining percentage of positive tumor
cells was measured independently by two blinded-pathologists.
Discrepancies in interpretation or scoring (<5% of cases)
were resolved by consensus conference at a double-headed
microscope. All changes in tumor markers were analyzed as
a percentage (pre-post/pre x 100) and an absolute (pre-post)
change from baseline.

Statistical Analysis

The values of the markers before the treatment were our reference
(100%), and all the other values measured after the treatment
are presented as a post/pre ratio, to point out any increases or
decreases from the reference value. The values in the graphs are
represented by the average value of each endpoint, with relative
standard error of the mean (SEM). The significant differences
were assessed with MedCalc 12 (unpaired #-test). Values of
p <0.05 were considered statistically significant. Multi-variate
analysis with ANOVA was also carried out and the results of
this analysis are included as Supplementary Information (see
Tables S1-S15).
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Background: Metformin, an oral anti-hyperglycemic drug which inhibits mitochondrial
complex | and oxidative phosphorylation has been reported to correlate with improved
outcomes in head and neck squamous cell carcinoma (HNSCC) and other cancers. This
effect is postulated to occur through disruption of tumor-driven metabolic and immune
dysregulation in the tumor microenvironment (TME). We report new findings on the impact
of metformin on the tumor and immune elements of the TME from a clinical trial of
metformin in HNSCC.

Methods: Human papilloma virus—(HPV-) tobacco+ mucosal HNSCC samples
(n = 12) were compared to HPV+ oropharyngeal squamous cell carcinoma (OPSCC)
samples (n = 17) from patients enrolled in a clinical trial. Apoptosis in tumor samples
pre- and post-treatment with metformin was compared by deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assay. Metastatic lymph nodes with extra-capsular
extension (ECE) in metformin-treated patients (n = 7) were compared to archival lymph
node samples with ECE (n = 11) for differences in immune markers quantified by digital
image analysis using co-localization and nuclear algorithms (PD-L1, FoxP3, CD163,
CD8).

Results: HPV-, tobacco + HNSCC (mean A 13.7/high power field) specimens
had a significantly higher increase in apoptosis compared to HPV+ OPSCC
specimens (mean A 5.7/high power field) (o < 0.001). Analysis of the stroma at
the invasive front in ECE nodal specimens from both HPV—HNSCC and HPV+
OPSCC metformin treated specimens showed increased CD8+ effector T cell infiltrate
(mean 22.8%) compared to archival specimens (mean 10.7%) (o = 0.006). Similarly,
metformin treated specimens showed an increased FoxP3+ regulatory T cell infiltrate
(mean 9%) compared to non-treated archival specimens (mean 5%) (o = 0.019).
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Conclusions: This study presents novel data demonstrating that metformin differentially
impacts HNSCC subtypes with greater apoptosis in HPV—HNSCC compared to HPV+
OPSCC. Moreover, we present the first in vivo human evidence that metformin may
also trigger increased CD8+ Teff and FoxP3+ Tregs in the TME, suggesting an
immunomodulatory effect in HNSCC. Further research is necessary to assess the effect
of metformin on the TME of HNSCC.

Keywords: head and neck cancer, squamous cell carcinoma, metformin, tumor microenvironment, immune

infiltrate, HPV, tumor metabolism

INTRODUCTION

Metformin is an oral biguanide anti-hyperglycemic and the
most commonly prescribed medication for type 2 diabetes
mellitus. Interestingly, data suggests that metformin may have
antineoplastic properties as well. Retrospective epidemiologic
analyses, while limited due to the number of confounders, have
also shown a decreased incidence of HNSCC in patients taking
metformin (1, 2). Diabetics treated with metformin have a cancer
risk reduction of approximately 40% compared to diabetics not
treated with metformin (3, 4). Other studies have also shown
a reduction in the frequency of cancer with metformin use
(5). Evans et al. reported that the risk of subsequent cancer
diagnosis was reduced in patients with type 2 diabetes who
received metformin (with an odds ratio of 0.85 for any metformin
exposure versus no metformin exposure) (6).

Extensive preclinical data support the effectiveness of
metformin as an antineoplastic agent (7-10). In HNSCC
specifically, metformin inhibits proliferation of carcinoma cells
and induces apoptosis in vitro and in vivo, in addition to reducing
colony formation with cell cycle arrest in vitro (7). In vitro and
in vivo animal models have also shown that metformin can
prevent the conversion of premalignant oral lesions to squamous
cell carcinoma. Metformin has been shown to reduce the size and
numbers of oral tumors in mouse models treated with 4NQO and
halt the progression of potential premalignant lesions (11). This
study, by Vitale-Cross et al. not only showed a decrease in the
total number of oral lesions in animals treated with metformin
compared to control, but also showed almost complete absence
of transformation to squamous cell carcinoma.

Additional preclinical data was recently published suggesting
that there may be a synergy between immune-oncology agents
and metformin. Scharping et al. demonstrated a substantial
increase in response rate in the murine B16 melanoma model and
MC38 colon adenocarcinoma model with combination therapy
utilizing PD-1 axis inhibition in combination with metformin
(12). PD-1 blockade alone in B16 resulted in no reduction of
tumor burden and 20% reduction of tumor burden in MC38
mice. Metformin alone demonstrated no reduction in tumor
burden. However, combination therapy of PD-1 blockade and
metformin resulted in tumor regression in 70% of B16 mice
and 80% of MC38 mice. Moreover, CD8+ effector T cells
(Teff) showed increased production of effector cytokines in the
combination therapy group, suggesting a direct impact on the
immune TME. The interplay of the immune antitumor response

and metabolism in the TME is an area of active investigation, as
dysregulated metabolism in immune cells critically alters effector
function. Immune cell metabolic exhaustion is believed to be
one of the key factors contributing to suppressed cytotoxic CD8
effector function in the TME (13). Further, T cells undergo
reversible anergy when they are placed in a low pH environment,
characteristic of many cancers and particularly HNSCC (14,
15).

To further explore the impact of metformin in HNSCC,
we performed a window of opportunity trial using metformin
alone prior to definitive surgical resection in HNSCC patients.
This study showed increase in the percent of samples showing
caveolinl (CAV1) expression in cancer associated fibroblasts
(CAFs) from an average of 17-65% of the samples tested
(16). This “rescue” of CAV1, a key regulator of mitochondrial
metabolism, in CAFs suggests that metformin may induce a
partial reversal of the metabolic phenotype of CAFs (17). We
demonstrated a significant increase in tumor cell apoptosis
in tumor cells after treatment with metformin by TUNEL
(terminal deoxyribonucleotidyl transferase mediated dUTP-
digoxigenin nick end labeling) assay (p < 0.001). Here we
report results of novel sub-analyses on cancer cell apoptosis in
HPV+ and HPV- groups and alterations in the immune TME
mediated by metformin and an exploration of the impact of
metformin treatment on the immune TME of involved lymph
nodes.

MATERIALS AND METHODS
Subjects

The metformin clinical trial specimens were primary tumor
and lymph node samples obtained from a surgical trial in
HNSCC patients. This study was carried out in accordance
with the recommendations of Internal Review Board (IRB) of
Thomas Jefferson University with written informed consent
from all subjects. All subjects gave written informed consent in
accordance with the Declaration of Helsinki. The protocol was
approved by the Internal Review Board of Thomas Jefferson
University. The trial was conducted with IRB approval and
design, enrollment, and demographics are as described in
detail elsewhere (16). (https://www.clinicaltrials.gov/ct2/show/
NCT02083692). The flow for the trial is shown in Figure 1.
Briefly, paired pre- and post-operative primary tumor tissue
samples were compared for each patient. Patients included
had a new, pathologically-confirmed diagnosis of HNSCC.
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Demographics are shown in Table 1. Enrolled patients received
metformin titrated up every 3 days up to a standard anti-diabetic
dose of 1000mg twice daily for up to 28 days prior to surgery
with only specimens from patients with >9 days (range 9-24,
mean 13.6 days) of therapy being analyzed. Patients received
no additional cancer treatment while metformin was being
administered. Of the 50 HNSCC patients enrolled, 39 completed
the course of at least 9 days and had evaluable data and pre and
post treatment specimens; of these 17 were HPV+ oropharyngeal
squamous cell carcinoma (OPSCC) and 22 were HPV- HNSCC.
Primary tumor samples were categorized according to HPV and
smoking status. HPV status was demonstrated by pl6 staining
and subsequent in situ hybridization for HPV16 and 18. The
pre-treatment and post-treatment specimens were compared by
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay for tumor cell apoptosis. For the current TUNEL
comparison, HPV+ OPSCC samples (n = 17) were compared to
HPV-, tobacco + HNSCC samples (n = 12). To assess immune
elements of the TME, analysis of CD8, FoxP3, PD-L1, and CD163
staining intensity was carried out via digital image analysis using
Aperio (Leica Biosystems, Wetzlar, Germany) co-localization and
nuclear algorithms for assessment of intensity and quantification.
FFPE lymph node specimens from patients on the trial with nodal
metastasis demonstrating ECE (n = 7) were compared to archival
FFPE ECE lymph node specimens (#n = 11) from patients not
receiving metformin either on trial or as a part of their medical
record prior to surgery. Archival specimens were obtained with
IRB approval.

Immunohistochemistry

Tissue sections (4pum) for ITHC analysis were dewaxed,
rehydrated through graded ethanols, and antigen retrieval
was performed on the Ventana Discovery ULTRA staining
platform using Discovery CCI (Ventana cat#950-500) for a
total application time of 64 min. Secondary immunostaining
used a Horseradish Peroxidase (HRP) multimer cocktail
(Ventana cat#760-500) and immune complexes were visualized
using the ultraView Universal DAB (diaminobenzidine
tetrahydrochloride) Detection Kit (Ventana cat#760-500). Slides
were then washed with a Tris based reaction buffer (Ventana
cat#950-300) and stained with Hematoxylin II (Ventana cat
#790-2208) for 8 min. The CD8 antibody (CONFIRM Anti-CD8
SP57 Rabbit Monoclonal Primary antibody) and PD-L1 antibody
(VENTANA PD-L1 (SP263) Rabbit Monoclonal Primary
Antibody were obtained from Roche-Ventana, Tucson,AZ,
USA). The FoxP3 (SP97) antibody was obtained from Spring
Biosciences (Pleasanton, CA). The CDI163 antibody (MRQ-
26 mouse monoclonal antibody) was obtained from Cell
Marque (Rocklin, CA, USA). Sections were counterstained with
hematoxylin.

For quantification of apoptotic cells the TUNEL-based
ApopTag Peroxidase in situ Apoptosis Detection Kit (Millipore
Sigma Lifesciences, Burlington, MA) was used. The number of
nuclei with TUNEL staining per high power field (hpf) was
averaged over five HPFs in each specimen, and the mean was
reported. For each sample, scores from two pathologists were
averaged to yield a final score for statistical analysis.

TABLE 1 | Demographics for clinical trial patients.

Demographics

Age 61.7 (35-80)
Gender 28 m/11f
Days on metformin 13.56 (9-24)

Anatomic subsite

Oral cavity 13 (33.3%) Oropharynx 21 (53.8%)
Skin 1(2.6%) HPV+ OPSCC 17/21 (81.0%)
Larynx 3 (7.7%) Hypopharynx 1(2.6%)
Staging (AJCC 2017)
T stage N stage
Tis 1(2.6%) NO 16 (41.0%)
T 8 (20.5%) N1 3(7.7%)
T2 19 (48.7%) N2a 5 (12.8%)
T3 3(7.7%) N2b 12 (30.8%)
T4a 8 (20.5%) N2c 0 (0%)
T4b 0 (0%) N3 3(7.7%)
Pathologic markers Differentiation
ECE 10 (25.6%) in situ 1(2.6%)
Positive margins 4 (10.3%) Well 3(7.7%)
PNI 16 (41.0%) Moderate 18 (46.2%)
LvI 14 (35.9%) Poor 16 (41.0%)

HPV, human papilloma virus; OPSCC, oropharyngeal squamous cell carcinoma; AJCC,
American Joint Commission on Cancer; Tis, tumor stage in situ; ECE, extracapsular
extension; PNI, perineural invasion; LVI, lymphovascular invasion.

Digital image analysis of CD8, FoxP3, CD163, and PD-L1 IHC
was performed employing digital pathology with Aperio software
as previously described (18). CD8 was utilized as a marker
for Teft cells. FoxP3 was utilized as a marker for regulatory T
cells (Tregs). CD163 was utilized as a marker for suppressive
(M2) tumor associated macrophages (TAM). Programmed death
ligand 1 (PD-L1) is highly expressed on cancer cells and some
immune cells in the TME, such as TAMs. Briefly, tissue sections
were scanned on a ScanScope™ XT at 40x, with an average scan
time of 120s (compression quality 70). Images were analyzed
using the Color Deconvolution and the Colocalization Aperio
Image Analysis tool. Areas of staining were color separated from
hematoxylin counter-stained sections and the intensity of the
staining was measured on a continuous 0 (bright white) to 255
(black) scale. For each marker, only the cells of highest intensity
staining (digitally scored on a scale of 0-3+) were counted in
the region of interest. Measurements from 5 hpf were taken and
averaged to score each sample. The results are reported as % of
nuclei/cells in a given region of interest with high intensity (3+)
staining.

Statistical Analysis
Linear regression to assess strength of associations between
continuous variables was performed. Significant p-values were
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Diagnosis of HNSCC
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* Diabetics already on metformin, insulin or sulfonylurea

v

v

* Severe Liver or cardiac disease.

Enrolled (n=50)

‘ + Age >90

Excluded:

b, A

* Withdrew consent (n=1)

Initiate therapy
* Metformin 1000mg x3 days
* Increase to 100mg BID up to surgery date (max 28 days)

.

Excluded:

Definitive surgery

* Withdrew due to side effects: diarrhea (n=2)

Excluded:
* Did not complete </= 9 days of metformin (n=2)

h 4

v

* Pretreatment biopsy not evaluable (inadequate tumor

Analysis of Pre-metformin biopsy vs Post-metformin
surgical resection specimen (n=39)

tissue) (n=5)

v

Completion of study

)

1. Excluded:

Adjuvant therapy according to NCCN guidelines

| ;

HPV-, tobacco- mucosal HNSCC (n=6)

HPV- cutaneous HNSCC (n=1)

A4

v

* Non-evaluable specimens (n=3)
2. Excluded:

Current sub-analyses:
1. HPV+ OPSCC vs HPV- (n=17), tobacco+ mucosal HNSCC (n=12)
2. ECE+ lymph nodes (n=7) vs archival ECE+ lymph nodes (n=11)

* Pretreatment biopsy not evaluable (inadequate
tumor tissue) (n=5)

FIGURE 1 | Consort flow chart for the clinical trial.

considered < 0.05. TUNEL assay results were compared by
multivariable robust linear mixed model with predictors (pre- vs.
post-treatment) and HPV status as well as their interaction. CD8,
FoxP3, CD-163, and PD-L1 IHC intensity was analyzed using
Aperio as described above using a membrane staining algorithm
using linear regression as above. Data were analyzed with R v3.5.0
(R-project.org).

RESULTS
TUNEL Apoptosis Assay

The metformin pre- and post-treatment groups were stratified
and compared by tobacco and HPV status for analysis of
tumor cell apoptosis in the primary tumor samples. Among
these patients, there was a significantly greater increase in
apoptosis with metformin treatment in HPV-, tobacco+
mucosal HNSCC (n = 12, mean A 13.7/hpf) compared to
HPV+ OPSCC (n = 17, mean A 5.7/hpf) (p < 0.001)
(Figures 1-3). Number of days treated with metformin for
the two groups was similar (p = 0.92, t-test), with a
mean 13.58 days for the HPV-tobacco+ group (range: 10-
16 days) and a mean 13.71 days for the HPV+ group
(range: 9-24).

Immune Infiltrate in Node Specimens

To analyze the immune TME of the invasive tumor front,
post-treatment lymph node specimens showing ECE were also
compared to archival specimens with ECE. In a previous study,
we demonstrated that the invasive front of lymph nodes with ECE
is histologically similar to the invasive primary tumor front (19).
The nodal samples were used to preserve limited pre-treatment
primary tumor biopsy tissue for possible future analysis. Using
the Aperio digital image analysis software, comparisons of
staining intensity for CD8, FoxP3, CD163, and PD-L1 was made
to quantify percentage of cells staining positive for each marker
in the various compartments in the TME. In both groups, the
CD163, FOXP3, and PD-L1 expression in the perinodal stroma at
the site of invasion were significantly higher compared to regions
with an intact lymph node capsule (p < 0.001) (Figures 4, 5).
Further, these areas were similar at the invasive front between the
metformin and non-metformin groups with respect to CD163
and PD-L1 suggesting that there was no significant change related
to metformin treatment. Most interestingly, CD8 infiltrates were
significantly greater in the tumor stroma at the invasive front
of the metformin group (mean 22.8%) compared to the control
(mean 10.7%) (p = 0.006). Moreover, FoxP34 Tregs were also
greater in metformin treated group (mean 9%) compared to the
non-metformin treated group (mean 5%) (p = 0.019).
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DISCUSSION

Here we present novel data on analysis of specimens from
a clinical trial of metformin in HNSCC demonstrating a
significantly increased cancer cell apoptosis in HPV- tobacco+
mucosal HNSCC compared to HPV+ OPSCC tumor samples
after metformin treatment (p < 0.001, Figures1, 2). This
differential effect on the two tumor types is intriguing, but

of unclear etiology. The mechanism by which metformin may
exert its anticancer effects is not entirely understood, but it is
known to impact cellular metabolism by multiple mechanisms,
including inhibition of mitochondrial complex I, upregulation
of AMP kinase and subsequent regulation of mTOR (20). Thus
the effect on cancers may be attributed to the metabolic impact
on the TME by metformin. In one study, HPV- HNSCC has
been shown to be highly glycolytic, generate large amounts
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FIGURE 4 | IHC for CD8 and FoxP3: (A) non-treated and (B) metformin treated samples stained for CD8 showing higher Teff cell count in the metformin treated
specimens. (C) non-treated and (D) metformin treated specimens stained for FoxP3, showing a higher Treg count in metformin treated specimens.
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FIGURE 5 | Violin plot for regression analysis of CD8 and FoxP3 IHC data.

of lactate and have high levels of hypoxia, while HPV+  on glycolytic metabolism in HPV-, tobacco4+ HNSCC. It is
tumors demonstrated that effective utilization of glycolysis and  possible that metformin exerts a metabolic strain that is beyond
oxidative phosphorylation (21). We previously demonstrated  the tolerance of the already highly glycolytic HPV- tumors. Yet,
that HNSCC samples with high expression of the lactate  further research is required to test this hypothesis. Alternatively,
exporter, monocarboxylate transporter 4 (MCT4), staining have  the anticancer effects of metformin may be indirectly mediated
a worse prognosis; high expression of MCT4 correlates with ~ through effects on other elements of the TME such as enhanced
high glycolysis (22). Taken together, these data suggest differing ~ immune activity as seen in animal models of other tumor
metabolism between the two tumor types with higher reliance  types (12).
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Therefore, we hypothesized that the anticancer effects of
metformin may also be due to an increased anti-tumor immune
response. Dysregulated metabolism in the TME contributes
to immune evasion through various mechanisms including
impairment of tumor infiltrating T cell function, TAM function
and checkpoint inhibition among other mechanisms (23, 24).
Mitigation of this dysregulation in cancer may result in enhanced
immune function. We analyzed specimens for alterations in key
immune elements, including CD8, FoxP3, CD163, and PD-LI.
For this exploratory analysis, we utilized lymph nodes with ECE
as the invasive front at the site of ECE is a point of direct
interaction with the surrounding tissue and stroma (19). We
compared metformin treated specimens to matched archival
specimens without metformin exposure. This group of ECE+
nodal specimens consisted of both HPV+ and HPV- lymph
nodes from the trial, as the individual groups from the trial
were too small to analyze separately. The archival samples were
matched HPV+ and HPV- samples. No significant difference
in PD-L1 or CD163 staining was noted in the cancer or tumor
stroma of samples from patients that had received metformin or
the controls.

However, there was a significant increase in the CD8+ T
cell infiltrate in the tumor stroma at the invasive front in
metformin treated patients compared to archival specimens.
(Figures 4, 5) This finding represents the first clinical data
to point to a link between a metabolic and immune altering
mechanism for metformin. As described above, preclinical data
in an immunocompetent C57BL/6 murine model with syngeneic
MC-38 colon adenocarcinoma and B16 melanoma cancer cells
demonstrates that metformin synergizes with PD-1 inhibition
to substantially increase the antitumor effect of immunotherapy
(12). Metformin inhibited oxygen consumption within the
tumor, resulting in mitigation of hypoxia mediating enhanced
effect of PD-1 inhibition. This preclinical data combined with
evidence of clinical efficacy provides support to explore the
combination of metformin with anticancer immunotherapy in
clinical trials. Further, there is currently a clinical trial underway
in HNSCC to study the impact of metformin on tissue hypoxia
(NCT03510390).

Interestingly, we also identified an increase in FoxP3+ Tregs
in the metformin treated group. This finding was unexpected in
light of the increased CD8+ T cells, as typically Tregs are thought
to be suppressive and thought to inhibit an effective anti-tumor
response (25). However, a recent meta-analysis suggests that in
HPV- HNSCC a higher infiltration of FoxP3+ Tregs correlated
with an improved prognosis (26). There is little data on the effects
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Intercellular communication is vital to the ecosystem of cancer cell organization and
invasion. Identification of key cellular cargo and their varied modes of transport are
important considerations in understanding the basic mechanisms of cancer cell growth.
Gap junctions, exosomes, and apoptotic bodies play key roles as physical modalities
in mediating intercellular transport. Tunneling nanotubes (TNTs)—narrow actin-based
cytoplasmic extensions—are unique structures that facilitate direct, long distance
cell-to-cell transport of cargo, including microRNAs, mitochondria, and a variety of other
sub cellular components. The transport of cargo via TNTs occurs between malignant
and stromal cells and can lead to changes in gene regulation that propagate the cancer
phenotype. More notably, the transfer of these varied molecules almost invariably plays
a critical role in the communication between cancer cells themselves in an effort to
resist death by chemotherapy and promote the growth and metastases of the primary
oncogenic cell. The more traditional definition of “Systems Biology” is the computational
and mathematical modeling of complex biological systems. The concept, however, is
now used more widely in biology for a variety of contexts, including interdisciplinary fields
of study that focus on complex interactions within biological systems and how these
interactions give rise to the function and behavior of such systems. In fact, it is imperative
to understand and reconstruct components in their native context rather than examining
them separately. The long-term objective of evaluating cancer ecosystems in their proper
context is to better diagnose, classify, and more accurately predict the outcome of cancer
treatment. Communication is essential for the advancement and evolution of the tumor
ecosystem. This interplay results in cancer progression. As key mediators of intercellular
communication within the tumor ecosystem, TNTs are the central topic of this article.

Keywords: angiogenesis, cancer ecosystems, cancer pathophysiology, intercellular communication, intercellular
transfer, tumor microenvironment, tumor microtubes, tunneling nanotubes
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Cancer Ecosystem and Tunneling Nanotubes

INTRODUCTION

Malignant tumors are heterogeneous and highly dynamic
ecosystems. Cellular communication is a critical component
of heterotypic and homotypic interactions in the complex,
ever-changing tumor microenvironment. Tunneling nanotubes
(TNTs) are long filamentous actin-based cellular protrusions that
contribute to these interactions, with a special role in long-
range communication (Rustom et al., 2004; Onfelt et al., 2005;
Eugenin et al., 2009; Gousset et al., 2009, 2013; Chauveau et al.,
2010; Plotnikov et al., 2010; Lou et al.,, 2012; Pasquier et al.,
2013; Zhang and Zhang, 2015). While substantial progress has
been made in understanding the function of TNTs over the
past 5 years, there remain many unknowns, such as whether or
not there exist a single or multiple sets of structural or other
biomarkers that are characteristic of and specific to TNTs across
cell types. In addition, many of their behavioral characteristics
remain unclear.

By using a systems biology approach to characterize
TNTs, we can further shed light on the interactions that
are mediated within the tumor microenvironment. These
interactions include not only cell-to-cell communication among
malignant cells, but also interactions between malignant
and stromal cells within the extracellular matrix, including
vascular endothelial cells and cancer-associated fibroblasts.
These are just two examples of stromatous cell types that
are susceptible to potential reprogramming. Downstream
effects of cellular reprogramming that result from indirect
or direct cell communication have strong implications in
altering not only the growth of tumor but also its metastatic
potential.

Here, we discuss our theory that investigating the tumor
ecosystem by focusing on long-range communication via TNTs
will yield novel perspectives on their role in the evolution
of cancer. There is strong interest in the identification
of stimulatory factors and molecular machinery of TNT
formation and maintenance as potential biomarkers of the
disease. We follow up on our previous report that hypoxia—
a physiologic condition that is characteristic of the tumor
microenvironment and one that is heavily associated with
metabolic dysfunction and tumor invasiveness—induces TNTs
in ovarian cancer cells (Desir et al., 2016), by confirming
this in another model system (colon cancer). Taking this a
step further, we hypothesize that the conditions of hypoxia
are not only favorable for the formation of TNTs but
also that these TNTs in turn are capable of propagating
hypoxia-inducible factor-1ae (HIF-1a) and vascular endothelial
growth factor (VEGF) between connected cells to stimulate
angiogenesis. Another form of heterotypic interaction occurs
between malignant cells and the hematologic system, including
red blood cells (RBCs) and platelets, which themselves have
been found to form pseudopodia-like protrusions that may in
fact signify TNTs. We also examine other potential candidate
components of the plasma membrane (proteoglycan chondroitin
sulfate proteoglycan 4, or CSPG4) and cellular machinery of
motility (UNC-45A) in relation to cancer cell TNTs. Another
form of transmembrane protein, the nucleoside transporter

human equilibrative nucleoside transporter 1 (hENT1), whose
expression is associated with more efficient cell-to-cell diffusion
of fluoropyrimidine chemotherapeutic drugs, is also of interest;
we examine whether this protein varies with TNT formation. The
growing body of evidence that TNTs play a role in connecting
cells within the cancer ecosystem provides a basis for expanding
potential applications of TNTs to explain fundamental processes
in cancer as well as in normal cell function. The clinical relevance
of this field is focused on TNTs as structural components of cells
that are potential targets for drug therapy or for other targeting
strategies.

TNT FORMATION IS UPREGULATED BY
HYPOXIC CONDITIONS IN MULTIPLE
FORMS OF CANCER, INCLUDING COLON
CANCER

Tunneling nanotubes are a form of cellular stress response to
conditions that favor physiologic and metabolic dysregulation
(Lou et al., 2012; Wang and Gerdes, 2012). In 2016, we reported
that hypoxia, a state that is characteristic of invasive malignancies
and the solid tumor microenvironment, induced a higher rate
of TNT formation in ovarian cancer cells (Desir et al., 2016).
Moreover, the effect was most pronounced in chemoresistant
ovarian cancer cells even after treatment with a compound
that effectively suppressed TNTs in sensitive cells. To provide
further confirmation that this observation could be applied to
other cancer cell types, we compared TNT formation under
conditions identical to colon cancer cells subjected to hypoxia
vs. normoxia. We used three different cell lines (SW480, HCT-
116, and DLD-1), in addition to two non malignant cell types,
the colon adenoma (premalignant)-derived cell line AAC1 and
fibroblasts (NIH 3T3 cell line). Following the same experimental
approach that previously showed upregulated HIF-1a expression
(Desir et al., 2016), we detected TNT formation when all
three of the colon cancer cell lines were cultured in hypoxic
conditions (Figure1). The AACI cells failed to form TNTs
under normoxic conditions, and this lack of TNT formation
was again observed even under hypoxic conditions. We also
confirmed that NIH 3T3 fibroblasts readily formed TNTs under
both conditions. Upon analysis of absolute numbers of TNTs
it was found that SW480 and HCT-116 carcinoma cells and
NIH 3T3 cells formed more TNTs under hypoxic than normoxic
conditions, but DLD-1 cells demonstrated no difference. To
account for alterations in cell metabolism and cell viability, we
again used absorbance as a surrogate for the direct quantification
of cells using the Cell Counting Kit (see Methods section for
details); this procedure ensured that differences in numbers of
TNTs could not be attributed to changes in cell proliferation
under differing conditions. After accounting for altered cell
metabolism from hypoxia, the differences in TNT formation were
most profound for the HCT-116 and NIH 3T3 cells by 72h.
Conversely, TNT formation was negligible for SW480 cells. In
contrast, DLD-1 cells were less responsive to hypoxia; overall,
the TNT/absorbance ratio was actually lower for these cells after
hypoxic exposure at all three time points (24, 48, and 72 h).
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FIGURE 1 | Hypoxia induces TNT formation in colon cancer cells, independent of alterations in cell proliferation. Graphs demonstrate changes in average number of
TNTs at 24 h, 48 h, and 72 h (top row) under normoxic vs. hypoxic conditions and average optical density as a surrogate for cell proliferation at the same time points
(bottom row) for the colon cancer cell lines DLD-1, HCT-116, and SW-480 and for the comparison of the fibroblast cell line NIH 3T3. Materials and Methods section
for experiments shown in the figure is available in the Supplementary Material.

HETEROTYPIC INTERACTIONS BETWEEN
MALIGNANT CELLS AND STROMA
MEDIATED BY TNTs: DECIPHERING
COMMUNICATION BETWEEN VASCULAR,
HEMATOLOGIC, AND IMMUNE CELLS

Overall, these results provided confirmation and support for
our prior work demonstrating that hypoxic conditions induce
metabolic stress that results in upregulated TNT formation
in some invasive cancer cells but not in others. Nonetheless,
the confirmation of the hypoxic effects of TNTs on both
malignant and stromal (fibroblast) cells provides further support
for an important spatial and developmental timing niche for
TNTs in the process of tumor growth. This prospect opens
the door to deciphering the potential role of these TNTs
in mediating heterotypic matrix-cancer cellular interactions
in invasive, hypoxic tumors. A prime translational example
of this context is angiogenesis, the process of vascular tube
formation that arises in reaction to hypoxia that stems from
diminished diffusion of oxygen that usually permeates toward the
central portions of tumors. Angiogenesis is central to vascular
interactions within the cancer ecosystem. As tumors grow and
oxygen levels decrease, malignant cells secrete soluble VEGF
that diffuses across the intercellular space and is taken up
by the vascular endothelium via its corresponding receptor.
This process results in angiogenesis, in which malignant cells
essentially direct the construction of their own stromal matrix
and mediate a new form of enriched oxygenation through
increased blood flow. To date, the secretion and downstream
effects of VEGF have been assumed to occur solely by diffusion
through the microenvironment. However, it is also conceivable
that TNTs can form between malignant and vascular endothelial
cells and act as conduits for VEGF transfer. If true, this concept
would expand our view of stromal-cancer cell interactions and
the understanding of this stage of cancer pathophysiology. The

images and schematic in the accompanying figure (Figure 2)
provide a glimpse of this potential, as we have observed and
confirmed intercellular connection via TNTs that form between
malignant and human vascular endothelial cells (HUVEC);
furthermore, it was confirmed via time-lapse imaging that
these TNTs transfer VEGF and even HIF-1la. This provides a
prime example of how malignant cells contained within the
extracellular matrix can not only contact but also potentially
reprogram other cells, thereby, leading to invasion and
metastasis. As a whole, this collective set of interactions
would effectively serve as a mammalian and cancer version
of quorum sensing (Schertzer and Whiteley, 2011; Doganer
et al, 2016) but with the significant addition of TNTs as a
more intimate and direct mode of interaction and exchange
of information. While the term “quorum sensing” is usually
reserved for bacteria, it should also be used to effectively describe
the choreography of complex and dynamic interactions and
exchange of “social information” among cancer cells by TNTs and
other means.

A natural clinical extension of angiogenesis is the fact that
cancer provides not just a pro-inflammatory state but also
one that is prothrombotic. The transmembrane receptor tissue
factor (TF) is known to bind plasma factors that initiate
the cascade of events leading to hypercoagulation, and this
process is expedited by TEF-positive microparticles released by
cancer cells (Geddings and Mackman, 2013). For this reason,
the risk of venous thromboembolism (VTE) is significantly
increased in the presence of cancer, and the development of
VTE can potentially be fatal when not diagnosed and treated
with anticoagulation therapy in a timely fashion. Part of the
biochemical cascade that results in VTE includes activation of
thrombin, a serine protease that converts fibrinogen to fibrin.
A recent elegant study demonstrated the ability of thrombin
to induce TNTs in endothelial cells (Pedicini et al., 2018),
providing further support to the notion that TNTs play a
previously uncovered role in this cancer-related process.
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FIGURE 2 | TNTs induced by hypoxia stimulate a potential positive feedback loop by mediating intercellular transfer of HIF-1a and VEGF. Heterotypic forms of TNTs
include malignant cell-endothelial cell TNT formation, as well as potential TNT formation among clusters of platelets. (A) Composite of images from a time-lapse series
demonstrating intercellular transfer of GFP-tagged HIF-1a via a TNT that connects SKOV3 ovarian cancer cells. (B) SKOV3 cells expressing GFP-VEGF form TNTs
that transfer VEGF. (C) HUVECs stained with Dil connected via a long TNT. (D) Heterotypic TNT formation between a HUVEC (left) and a breast cancer cell (MCF-7, on
the right). (E) A cluster of platelets cultured in vitro forming many fine pseudopodia-like protrusions representing potential TNTs. (F) Schematic demonstrating potential
interplay among microthrombi formed by platelets and/or RBCs communicating via TNTs, in the same ecosystem as malignant cells communicating with TNTs. Scale
bars = 100 wm. Materials and Methods section for experiments shown in the figure is available in the Supplementary Material.
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In addition to heterotypic TNT connections between
hematologic, malignant, and vascular endothelial cells, there
is also potential for TNTs to connect cell bodies and factors
that comprise thromboemboli, including platelets. There are
emerging data to support this concept. Platelet aggregation has
a strong association with advanced malignancy; the resulting
VTE or microthrombi are not just by-products of this cancer-
induced inflammatory state. Paraneoplastic thrombocytosis is
a known phenomenon in which inflammatory cytokines, such
as interleukin-6 (IL-6), released by malignant cells lead to
increased synthesis of thrombopoietin and platelet number,
which in turn further stimulate tumor growth (Stone et al,
2012). If platelet-tumor cell interactions are direct, rather
than dependent on diffusible soluble factors, this form of
communication would be highly effective in the relatively
enclosed space of the tumor-hematologic interface within
the cancer microenvironment. Studies that employ electron
microscopy (EM) to examine platelets have led to visualization
of podosome-like structures that are composed of actin nodules
(Poulter et al., 2015). Moreover, longer slender actin-based
protrusions that connect platelets, containing bead-like bulges
that may represent transported cargo, have been identified and
labeled as pseudopodia or other types of cell protrusions (Junt
et al,, 2007; Schwertz et al, 2010; van Rooy and Pretorius,
2016). However, in hindsight, some or all of the above forms of
protrusions may in fact have been TNTs. In culturing human
platelets in vitro, we too have identified similar pseudopodia
connecting platelets in a fashion identical to TNTs connecting
cancer cells (Figure2). We speculate that TNTs may form
and play a role in communication not just between cells but
also between anucleate structures, such as RBCs and platelets
(Swanepoel and Pretorius, 2013; Olumuyiwa-Akeredolu and
Pretorius, 2015).

Platelets and RBCs can interact, and the membrane structure
of both of these hematologic components is dictated by lipid
content, which includes the formation and maintenance of lipid
rafts. In fact, over a decade ago it was reported that tubular
budding of RBCs led to the formation of TNTs and that
these TNTs function by permitting vesicular transfer between
connected erythrocytes (Iglic et al,, 2007). Furthermore, our
group has previously reported that cells that form TNTs are
enriched in lipid rafts, and this finding includes localization
of these raft complexes at the base of TNTs (Thayanithy
et al,, 2014a); a finding that is consistent with the report of
tubular budding as an early precursor of TNT formation. The
observations and background findings summarized above open
new avenues to a potential role of TNTs in benign hematologic
studies as well as in malignancy by providing a direct link
between intercellular communication and the pro-inflammatory
state that induces a higher degree of tumor aggressiveness.

There is a growing body of evidence that TNTs also mediate
cellular interactions between malignant cells and immune cells
that infiltrate the tumor microenvironment. Correlation of
immune infiltration of tumors with patient prognosis and
risk of recurrence following definitive treatment is now better
recognized. For example, in patients with stages I-III colon
carcinoma, the extent of tumor-infiltrating T cells is inversely

correlated with risk of recurrence (Pages et al, 2018). It
is, therefore, conceivable that T cells infiltrating the tumor
matrix are communicating with each other, with other immune-
type cells, vascular endothelium, hematologic cells, and even
with the malignant cells themselves via TNTs to enact an
antitumor response (Lachambre et al., 2014; Al Heialy et al,,
2015). Another example of immune cell TNT formation has
been identified in macrophages (Hanna et al., 2017). Tumor-
associated macrophages (TAMs) present in colon tumor stroma
are associated with more invasive forms of this disease (Zhang
etal., 2013). Intercellular cross talk between malignant colon cells
and the M2 phenotype of macrophages induces a faster migration
of the malignant cells, which in turn secrete cytokines such as
IL-10 that promote further differentiation of the macrophages
(Zhang et al., 2013). It is conceivable that this form of cross
talk could also be mediated by TNTs, which in this scenario
are promoting a more aggressive phenotype within the tumor
ecosystem. The above represents just two of the many potential
possibilities for immune-cancer interactions that are facilitated
by TNTs. Whether TNT-mediated interplay between immune
cells and other heterogeneous components of the tumor matrix
results in a net increase or decrease in metastatic potential is a
possibility that needs to be explored.

TUNNELING NANOTUBES AND THE
DUNBAR NUMBER: UNCOVERING THE
EXTENT AND LIMITATIONS OF
INTERCELLULAR CONVERSATIONS

There is potential merit in learning from and borrowing concepts
of social interactions in society to behavior at the cellular
level. This approach is compatible with the cancer systems
biology approach of examining cells—which themselves are small
components of an ever-changing, dynamic, and heterogenous
tumor microenvironment—in their greater context rather than
in isolation.

A unique concept from the field of anthropology and
mathematics has emerged in which the number of potential
social interactions by a human being is defined and limited.
Richard Dunbar, an anthropologist, proposed a very specific and
finite number for the potential social interactions by a human:
150 (Dossey, 2017). We found the hypothesis and his rationale
to be intriguing and considered that TNTs—the purveyors of
connections and communication at the cellular level—might also
have a finite number in any given cell system. In our previously
reported work, we gained insight into the heterogeneity of
intercellular interactions and communication via TNTs that
formed between chemoresistant and chemosensitive ovarian
cells as well as between malignant and benign ovarian-derived
cells (Desir et al., 2016). To further investigate the notion
that there might be an equivalent Dunbar’s number for TNTs
that are formed in vitro, we reanalyzed the time-lapse imaging
we had produced that documented TNT formation between
cancer cells. As an example, we conducted a frame-by-frame
examination of one of our time-lapse videos of malignant
(Mg63.2-GFP-expressing osteosarcoma cell line) cells cocultured
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with osteoblast (the hFOB cell line stained with red Dil
lipophilic dye) cells characteristic of the bone matrix (Figure 3,
Supplementary Video 1). Each image represented a time frame
of 30min, over a total time of 40h of cell culture. There
was a range of average duration of TNTs—the time length of
the intercellular “conversations” taking place—of 30 min to 2h,
but the vast majority of TNTs lasted no longer than 30 min
(136/168 or >80%). The total percentage of TNTs that lasted 1-
2h was cumulatively small, at ~19% (32/168), and none lasted
longer than 2h. Interestingly, the overall proportion of cells
that developed intercellular interactions with TNTs was small
(7%) within the first 10 h in culture. However, between 10 h and
40 h, while there was a wide fluctuation between frames in some
periods (range of TNTs = 0-8; range of ratio of cells with TNTs
= 0-0.266), the average percentage of cells with TNTs tended
to equilibrate despite this range of fluctuation throughout this
period. The mean percentage of cells that formed TNTs was 3.5%
within the first 10h but 9.1% during the remainder of the 40-h
period. In terms of the absolute numbers of TNTs, the mean was
1.05 TNTs within the first 10 h and 2.75 during the remainder of
the 40-h period.

This preliminary analysis supports the notion that while TNTs
are finite and dynamic structures, the overall ecosystem of semi-
confluent cells in culture generally equilibrates to an overall stable
number of TNTs at any given time. Whether this number is
the “cellular equivalent” of a Dunbar’s number is speculative,
it underscores the role of systems biology as a key element in
the development and survival of the overall tumor ecosystem.
While it is likely that the actual number and percentages will
vary from cell type to cell type, the concept that TNTs—as
conduits of intercellular interactions and communication—may
actually follow similar rate-limiting steps as social interactions is
fascinating and further open the door to viewing the function and
mechanisms that support TNTs in a new light.

ULTRASTRUCTURE OF TNTs: ARE THEY
SINGLE OR MULTI-LANE CELLULAR
HIGHWAYS OR CAN THEY ALSO ACT AS
INTERCELLULAR BRIDGE TRACKS FOR
CARGO SURFING?

An ongoing debate that is central to the function, mechanism,
and structural biology of TNTs is whether they are open-ended
or closed structures. It is clear that TNTs are conduits that are
capable of mediating cell-to-cell spread of cargo. Whether they
are truly “tunneled” at both ends, remains a matter of debate. For
that reason, in some studies the term “membrane nanotubes” or
the equivalent is the preferred nomenclature. Advances in high-
resolution microscopy are beginning to address these questions
and will be crucial in the accurate evaluation of TNTs in the
in vivo setting (Lou et al., 2017). In our initial studies, using
malignant pleural mesothelioma as a model system, we reported
from electron microscopic imaging that some TNTs had multiple
insertion points in the cell membrane (Lou et al, 2012). By
EM, we also identified single or multiple cable-like insertions
that stem from the cell membrane (Figure 4A). Although we
assumed that these short strands form the base of TNTs and
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FIGURE 3 | Quantification of the intercellular interactions that occur via TNTs:
in search of a Dunbar’s number for TNTs. We analyzed a 40-h time-lapse set
of images of a coculture of Mg63.2 osteosarcoma cells with hFOB osteoblast
cells. (A) The duration of TNTs is relatively short, as nearly all of the TNTs that
were formed lasted for 1 hour or less. (B) The absolute number of TNTs
increases after 10 h in culture, as does the ratio of number of cells with TNTs
(C). All of these images are presented in video form in

Supplementary Video 1. Materials and Methods section for experiments
shown in the figure is available in the Supplementary Material.

merge into a single thicker TNT, we also considered that each
of these strands represent independent TNTs that ultimately run
parallel to each other on their way to connecting distant cells.
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Such a scenario might explain the heterogeneity of widths seen
in TNTs across different cell types (across cancers and between
cancer and non-cancer cells) as well as differences seen between
nanotubes in vitro and tumor microtubes seen in in vivo tumor
models (Osswald et al., 2015; Jung et al., 2017; Weil et al., 2017). A
recent preprint article presented strong evidence supporting this
concept using cryo-correlative light- and electron microscopy
(CLEM) (Sartori-Rupp et al., 2018). The definition of what is and
what is not a TNT continues to remain a bit of a controversy.

There is also precedence for the notion that if some nanotubes
are indeed membranous but not necessarily tunneled, then cargo
can still be transported by utilizing the tubes as “tracks” to
guide the way to recipient cells. A prime example is retroviral
virion particles “surfing” along the outer surface of TNT-like
filopodial bridges as a means for intercellular transport (Sherer
et al., 2007). Our work on TNTs in malignant mesothelioma
showed that tumor cell-derived exosomes stimulated formation
of more TNTs in this cell type; furthermore, using time-lapse
fluorescence microscopy, we visualized exosomes tracking along
and/or within these TNTs to connecting cells (Thayanithy et al.,
2014a). The concept of exosomal/extracellular vesicles (ECVs)
transferring within TNTs is not entirely new and is supported
by work from other labs as well (Hood et al., 2009; Mineo et al,,
2012). By scanning EM, we have captured at least one instance
that further distinguished TNTs at their insertion/extrusion point
in the membrane. What was most noticeable, however, was an
adjoining TNT-like protrusion that appeared to be “carrying” an
ECV (or microvesicle) that adhered to this protrusion by two
short cable-like structures (Figure 4B). We speculated that this
finding represents a form by which ECV cargo tracks along TNTs
or similar cell extensions to more efficiently move from cell-to-
cell. Overall, the refined use of EM and other high-resolution
microscopic techniques will better elucidate the topography,
landscape and interaction of cells, TNTs, and ECVs within the
tumor ecosystem.

OVEREXPRESSION OF CSPG4 IS
ASSOCIATED WITH INCREASED RATE OF
TNT FORMATION

The search for structural or functional markers of TNTs
remains a significant challenge. We have theorized, based on
our experience so far, that while there are commonalities
between TNTs in different cell types, there may also be unique
structural features of TNTs that are upregulated in specific
disease states, including cancer. One of the best characterized
potential biomarkers of TNTs, to date, is M-Sec (TNF-aip2),
which has been examined primarily in macrophages and other
immune cells (Hase et al., 2009; Ohno et al., 2010; Schiller
et al, 2013). We found that M-Sec was also upregulated in
malignant mesothelioma cells cultured in conditions conducive
to upregulation of TNTs (Ady, 2014). Thus, this marker may be
the closest universal candidate that has been characterized, to
date, across multiple cell types. Other standard components of
cellular actin-based machinery, such as Cdc42 and Racl, have
also been associated with TNT formation (Hanna et al., 2017).

FIGURE 4 | Scanning electron microscopy imaging of TNTs in MSTO-211H
malignant mesothelioma cells. (A) Electron micrograph revealing multiple
insertion points vs. points of extrusion of TNTs in the membrane of a MSTO
cell (Scale bar = 2 wm; Magnification 14.62 k X; width = 20.52 um). (B) A TNT
is seen on the left, and on the right is a TNT-like protrusion vs.
filopodia/invadopodial extension. An extracellular vesicle is overlying the
extension on the right (Scale bar = 1 wm; Magnification 24.69 k X; width =
12.15 um). Materials and Methods section for experiments shown in the figure
is available in the Supplementary Material.

We have reported that mesothelioma cells that form TNTs
are enriched in lipid rafts as compared with cells in coculture
that do not form TNTs (Thayanithy et al., 2014a). Lipid rafts are
cholesterol microdomains that aggregate at the intracytoplasmic
domain in regions on the invasive leading edge of cells and
have, therefore, been implicated in malignant invasion. We
hypothesized that similar cell surface markers involved in cell
migration and invasion might also be associated with and
possibly stimulated TNT formation. Thus, we selected CSPG4,
also known as neuron-glial antigen 2 or NG2. A transmembrane
proteoglycan, CSPG4 plays a key role in stabilizing cell-
substratum interactions in early melanoma cell invasion. Most
importantly, it is overexpressed in mesothelioma but not in
normal mesothelium (Rivera et al., 2012) and plays a role in
mediating pericyte interaction with endothelial cells. Ablation
of CSPG4/NG2 in a breast cancer animal model resulted in
decreased progression and development of vasculature (Gibby
et al, 2012). Targeting CSPG4 using monoclonal antibodies
decreases mesothelioma cell invasiveness as well, and it has been
proposed as a potential target for the treatment of mesothelioma,
breast cancer, and melanoma (Wang et al., 2010; Price et al., 2011;
Yu et al., 2011; Rivera et al., 2012). On the basis of our findings
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in mesothelioma, we concluded that the association of certain
cellular markers such as lipid rafts with TNTs is an indicator
of cell invasion (i.e., CSPG4) and that this leads to increased
formation of TNTs.

To test this hypothesis, we used the melanocyte-derived
radial growth phase melanoma cell line WM-1552, which
was transfected to stably express CSPG4 (Yang et al., 2004)
and was designated as WM1552-CSPG4. The expression of
CSPG4 in WMI552 cells causes enhanced cell adhesion
and spreading, increased motility, enhanced epithelial-to-
mesenchymal transition (EMT), anchorage independent growth,
and tumorigenic potential compared with the CSPG4 negative
mock transfected counterparts (Yang et al., 2009; Price et al.,
2011). In the current study, we compared TNT formation in
WMI1552¢ mock transfectants lacking CSPG4 with WM1552¢
CSPG4-expressing melanoma cell lines. We cultured WM1552
mock and CSPG4 cells separately in low-serum, hyperglycemic
RPMI medium (2.5% FCS, 50mM glucose) and counted
TNTs manually at 24-h intervals for 96h. To assess the
rate of cellular proliferation, we also determined the relative
absorbance of a surrogate measure of cell growth over time.
We detected significantly higher numbers of TNTs at 96h in
WM1552-CSPG4 culture as compared with WM1552-mock cells
(Figure 5). This increase in TNT formation was independent
of two-dimensional cell growth. After accounting for a higher
cellular absorbance rate for the former cell line as a measure
of cell proliferation, TNT/absorbance remained significantly
higher for WM1552-CSPG4 (1.2-fold higher or 21% higher,
at 72h), suggesting an association and potential stimulatory
role of CSPG4 in the formation of TNTs. Functionally, CSPG4
is localized on the tips of filopodia and stimulates key
oncogenic signaling pathways, including focal adhesion kinase,
constitutively activated BRAF/Erk 1,2 and Rho family GTPases,
all of which could be important for the stimulation of TNT
formation (Price et al., 2011). Furthermore, the function of
CSPG4 requires the cytoplasmic tail of the core protein. Thus,
studies that interrogate CSPG4 may shed considerable insight
into the molecular mechanisms that govern TNT formation
(Price et al., 2011). Since CSPG4 is a potential target, studies that
interrogate mechanisms of CSPG4 function may also positively
identify the importance of TNTs as a clinical target in malignant
progression.

THE QUESTION OF ACTIVE vs. PASSIVE
DIFFUSION: THE MYOSIN CHAPERONE
UNC-45A CORRELATES WITH TNT
FORMATION FOR A LIMITED TIME, BUT IS
INVERSELY ASSOCIATED WITH TNT
FORMATION AFTER 48H IN CULTURE

There remain many questions regarding the active vs. passive
nature of intercellular cargo transport that is mediated by TNTs.
Discovery of a defining molecular component that is specific to
TNTs remains elusive, and it is conceivable that a single one may
not exist. The prevailing thought is that these filamentous actin-
based cell protrusions employ the myosin motor complex in a
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FIGURE 5 | Melanoma cells that overexpress CSPG4 form TNTs at a higher
rate over time. We quantified TNTs between WM1552C-CSPG4 and
WM1552C-mock cells at 24 h, 48 h, and 72 h. The average number of TNTs
per time point is shown (Top) as well as cell proliferation measured as average
optical density (Bottom). Materials and Methods section for experiments
shown in the figure is available in the Supplementary Material.

fashion similar to other well-established modes of actin-based
machinery.

UNC-45A is a chaperone protein that has been well
characterized for its function in the assembly and maintenance
of the myosin II motor complex. It has been shown to be
overexpressed in serous ovarian carcinomas and is associated
with significantly increased cancer cell proliferation as well
as motility (Bazzaro et al., 2007). Furthermore, the UNC-
45A protein tracks at the leading edge of cells and is known
to accumulate at the cell furrow during cytokinesis. We
postulated that as TNTS arise at the cell edge, they might utilize
UNC-45 for formation and maintenance. Thus, we examined
TNT formation in ovarian cancer cells with intact UNC-45A
expression as compared with the same cell line (SKOV3) with
shRNA knockdown of UNC-45A; a scramble version of the
lentivirus offered an additional form of control. We quantified
the number of TNTs and cells in 20X fields of view to establish
the TNT index (number of TNTs/cell over time), a method
we have described in detail in other publications (Ady, 2014).
Interestingly, we found that while the average number of TNTs
per cell was significantly lower in the UNC-45A-knockdown
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group at 24h and 48h, by 72h the reverse was seen, as on
average there were more TNTs/cell among the cells in which
~80% of UNC-45A had been suppressed via siRNA knockdown
(Figure 6). This finding was initially unexpected, but, upon
further analysis, it made sense in the overall context based on
the known role of UNC-45A in modulating cellular motility and
proliferation.

This finding provides stimulus for examining the time course
of TNTs and better understanding their niche, not just spatially
but also in time. Tunneling nanotubes are most prolific in
subconfluent cell cultures. As cultures become increasingly
confluent, the physical space between cells is diminished, and
there is less need for TNTs to form bridges between these
cells. Knockdown of UNC-45A continued to suppress cell
proliferation by 72h; in comparison with scramble and wild
type, the ratio of the number of TNTs/cell was naturally higher
(Figure 6). This observation provided potential insight into the
notion that UNC-45A and other mediators of myosin motors
might be essential to the early stages of TNT formation among
non-crowded cell populations; however, its importance might
diminish over time in more confluent or nearly-confluent cell
populations and in terms of maintenance, rather than formation,
of TNTs.

hENT1 EXPRESSION IS INVERSELY
CORRELATED WITH TNTs IN PANCREATIC
CANCER

The tumor microenvironment comprises a vast and complex
set of players that mediate intracellular and intercellular
discussion. Important players of intercellular communication
include diffusible soluble hormone signals, exosomes and
other ECVs, and connexin-based gap junctions for cells in
immediate proximity. In certain cancers, there are other forms of
transporters. One such example is hENT1. Human equilibrative
nucleoside transporter 1 is highly expressed in malignant
pancreatic tumors, has a life cycle of 14 h, and has been associated
with improved prognosis in pancreatic cancer (Nivillac et al,
2011), although there is no apparent correlation of hENT1
expression to survival (Poplin et al., 2013).

The rationale for studying hENT is that it functions effectively
as a transporter of nucleosides. More specifically, hENT1 permits
intercellular transfer of chemotherapeutic agents such as the
fluoropyrimidine gemcitabine, a standard of care drug that is
potentially effective once it has successfully penetrated the dense
stroma-rich microenvironment that is characteristic of this type
of cancer. We recently reported that despite the especially dense
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FIGURE 6 | Knockdown of the UNC-45A myosin motor protein chaperone diminishes TNT formation, but this finding is limited in duration. Upper left: western blot
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nature of the pancreatic stromal reaction, TN'Ts could be detected
in human pancreatic tumor tissue (Desir et al., 2018). We further
postulated that if TN'Ts were the mediators of local and regional
invasion and metastasis, then their presence would be inversely
proportional to the expression of hENT1. As proof of concept,
we examined a metastatic pancreatic carcinoma-derived cell line,
S2013, for hENT1 expression using a fluorescent antibody. We
detected focal expression of this transporter protein along the
membrane, as expected. Quantifying its expression as arbitrary

units (a.u.), and accounting for the area of each cell and the
TNTs, we reported the expression in a fashion identical to our
previously published study that examined lipid raft enrichment
in TNT-forming cells (Thayanithy et al., 2014a). Consistent with
our hypothesis, we found an inverse correlation between hENT1
expression and TNTs in these pancreatic cancer cells (Figure 7).
In the S2013 cells, hENT1 expression was 1.8-fold higher in cells
not forming TNTs than in cells in the same culture forming TNTs
(p = 0.0023).
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FIGURE 7 | Cancer cells forming more TNTs demonstrate lower expression of hENT1. (A) hENT1 expression in S2013 pancreatic cancer cells, A270 ovarian cancer
cells, and LOVO colon cancer cells with and without TNTs. (B) Corresponding images for each cell line are located beneath each graph. Cells were stained with
immunofluorescent antibody that marks the expression of hENT1, and the expression was quantified as described. Scale bars = 50 um for each of these panels.

(C) The larger image on the bottom demonstrates a particularly long and curved TNT (indicated by white arrows) connecting hENT1-expressing S2013 cells. Materials
and Methods section for experiments shown in the figure is available in the Supplementary Material.
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FIGURE 8 | Connexin expression may be inversely correlated with TNT formation, and its expression co-localizes most prominently at the base and/or tips of TNTs.
This experiment was performed using malignant mesothelioma cell lines MSTO-211H and VAMT. The upper panel shows representative images following
fluorophore-tagged connexin staining of both cells lines. The lower panels show graphs of connexin expression in cells forming no TNTs (blue column) compared with
those forming TNTs (red column). MSTO cell data are in the lower left graph, and VAMT data are in the lower right. Scale bars = 10 wm. Materials and Methods
section for experiments shown in the figure is available in the Supplementary Material.
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Although hENTI is most often associated with pancreatic
carcinomas, it is also present in other forms of cancer, including
ovarian cancer (>90% expression) (Farré et al., 2004) and colon
cancer (Liu et al., 2017). Thus, for comparison, we performed
the same analysis in representative cell lines from these cancers
as well. The results in those cell lines were consistent with our
findings of inverse correlations of hENT1 to TNTs, indicating
that TN'Ts may be indicative of more chemoresistant and/or more
invasive cells. The expression of hENT1 was 2.4-fold higher in
A2780 cells not forming TNTs as compared with those forming
TNTs (p = 0.0126); this difference was 1.4-fold in LOVO cells,
respectively (p = 0.0049).

It will be important not only to substantiate but also
reconcile this finding with some of our own recent findings
that TNTs are also conduits for mediating intercellular efflux

of chemotherapeutic drugs (Desir et al., 2018). In fact, it has
been reported that TNT-like tumor microtubes (TMs) seen in
gliomas correlate with a higher degree of cellular invasion and
drug resistance (Osswald et al., 2015, 2016; Jung et al., 2017; Weil
etal., 2017).

LOCALIZATION OF CONNEXIN PROTEINS
IN RELATION TO TNTs

Connexin channels that compose gap junctions mediate
intercellular transfer of calcium and other small soluble
factors; they are also not inherently separate from TNTs.
Tunneling nanotubes and TMs have also been shown to mediate
intercellular calcium flux effectively between malignant cells
(Osswald et al., 2015; Lock et al., 2016). In fact, in both
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angiogenesis and other processes that are critical to the ecosystem.

FIGURE 9 | Schematic of cross talk via hypoxia-induced TNTs that facilitate the intercellular transfer of cargo. TNTs facilitate dynamic interplay that has implications in

of these cited studies, the localization and attachment of
connexins was found to be crucial to this TNT/TM-mediated
process.

It is well established that gap junctions are downregulated in
cancer cells undergoing EMT, a state that is strongly associated
with stem cell-like properties and metastasis, which our own
group showed was associated with significant upregulation in
TNTs in malignant mesothelioma cells (Lou et al., 2012). Gap
junctions have been reported to be localized at the tip of TNTs,
for example in astrocytes (Wang and Gerdes, 2012), but reports,
to date, have been inconsistent with this finding. The finding may
be variable based on the timing of TN'T formation, detection in its
state at the time (e.g., in the midst of forming, transporting cargo,
or disconnecting from recipient cells), the state of confluence of
the cell culture being examined, and the cell type (malignant vs.
non malignant or even heterogeneous between different cancer
cell types). Furthermore, it is not yet firmly established whether
gap junctions actually mediate the formation of TNTs from the
plasma membrane and/or represent structural foundations of
TNTs across all cell types. It remains to be determined whether
connexins localize more at the base of TNTs where they emerge
from the donor cell or at the point of entry into putative recipient
cells.

The question remains as to whether connexin expression
differs quantitatively between cancer cells with or without TNTs.
The answer is likely time-dependent; that is, dependent on the
extent of cell confluency, distance between cells, and number
of TNTs. We have extensively characterized TNT formation,
function, and characterization in several cell lines of malignant
mesothelioma (Lou et al., 2012; Ady, 2014, 2016; Thayanithy

et al., 2014a). To examine connexin localization in these cells, we
stained MSTO-211H and VAMT cells with immunofluorescent
markers and performed inverted microscopy. A preliminary
analysis was performed to quantify differences in connexin
expression relative to expression in non-TNT forming cells. We
found a 1.7-fold increase in connexin expression in MSTO cells
not forming TNTs, as compared with cells forming TNTs; for
the VAMT cell line, the difference was 1.28-fold (Figure 8).
In the scope of systems biology, no component of the tumor
matrix works independently. Rather, all of the components are
dynamic and function as a unified process. For example, it is now
established that exosomes interact synergistically with TNTs in
cancer (Thayanithy et al., 2014a); connexin channels associated
with TNTs may play a role in their initial formation and/or
maintenance. It will be important to determine the variability
between cancer cell types based on tissue of origin, state of EMT,
and molecular status and also between cancer and non-cancer cell

types.

CONCLUSIONS

Cancer cells cannot be studied in isolation, as they interact
in a complex biological system. With the improved and
rapidly expanded understanding of the function and importance
of intercellular communication in modulating the tumor
microenvironment, it is critical to investigate malignancy as a
unique and continuously evolving ecosystem. These interactions
can take many forms. Homotypic interactions of malignant
cells are mediated via TNTs, exosomes, gap junctions, and a
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wide ranging list of diffusible and soluble factors. Heterotypic
interactions include interactions of the extracellular matrix with
malignant cells, vascular endothelium with cancer, immune
cells with cancer, and hematologic components with cancer.
Altogether, these events comprise a spectrum of intratumoral
interactions that reprogram cells for invasion, metastasis,
and emergence of resistance to treatment. The interplay and
dynamics of the subtopics that we have begun to examine
here are illustrated in the accompanying schematic (Figure 9).
Perturbations to this complex ecosystem, such as those provided
by drug- or radiation-induced injuries, can instead induce
cellular stress responses that in turn increase the extent
of any or all of these inflammatory interactions. Increased
characterization of TNTs and their role in cancer cell invasion
and chemoresistance over the past decade continues to provide
novel mechanistic insights into how the heterogeneous tumor
microenvironment adapts and evolves over time. Continued
work in this exciting field, including concepts described here and
elsewhere, will clarify to what extent TNTs play an important role
in mediating the tumor ecosystem.
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Exploding interest in immunometabolism as a source of new cancer therapeutics
has been driven in large part by studies of tryptophan catabolism mediated
by IDO/TDO enzymes. A chief focus in the field is IDO1, a pro-inflammatory
modifier that is widely overexpressed in cancers where it blunts immunosurveillance
and enables neovascularization and metastasis. The simple racemic compound
1-methyl-D,L-tryptophan (1MT) is an extensively used probe of IDO/TDO pathways that
exerts a variety of complex inhibitory effects. The L isomer of 1MT is a weak substrate
for IDO1 and is ascribed the weak inhibitory activity of the racemate on the enzyme.
In contrast, the D isomer neither binds nor inhibits the purified IDO1 enzyme. However,
clinical development focused on D-1MT (now termed indoximod) due to preclinical cues
of its greater anticancer activity and its distinct mechanisms of action. In contrast to
direct enzymatic inhibitors of IDO1, indoximod acts downstream of IDO1 to stimulate
mTORC1, a convergent effector signaling molecule for all IDO/TDO enzymes, thus
possibly lowering risks of drug resistance by IDO1 bypass. In this review, we survey
the unique biological and mechanistic features of indoximod as an IDO/TDO pathway
inhibitor, including recent clinical findings of its ability to safely enhance various types
of cancer therapy, including chemotherapy, chemo-radiotherapy, vaccines, and immune
checkpoint therapy. We also review the potential advantages indoximod offers compared
to selective IDO1-specific blockade, which preclinical studies and the clinical study
ECHO-301 suggest may be bypassed readily by tumors. Indoximod lies at a leading
edge of broad-spectrum immunometabolic agents that may act to improve responses
to many anticancer modalities, in a manner analogous to vaccine adjuvants that act to
boost immunity in settings of infectious disease.
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INTRODUCTION

Immune therapy has risen to the forefront of cancer therapy in
recent years, providing a new approach to cancer therapy, and
in some instances has begun to shift the paradigm of cancer
care from chemotherapy to immunotherapy. One of the factors
crucial to the success of immunotherapy is reversing tumor-
mediated immunosuppression (1). The tryptophan catabolic
enzyme indoleamine 2,3-dioxygenase-1 (IDO1) has received a
great deal of attention as a driver of tumor-mediated suppression
(2-4). IDO1 has been shown to be active in many human
cancers and its expression has been associated widely with poor
prognosis (5, 6). Accordingly, inhibitors of the enzymatic activity
and effector functions of IDO1 have been developed as tools to
leverage cancer therapy (7).

Elevated tryptophan catabolism as a characteristic of patients
with cancer was initially reported over 60 years ago (8). The
basis for this observation and later observations in various types
of cancer patients was not clear until IDO1 was discovered
in the 1960s. An association of elevated tryptophan cata olism
with inflammation was established in the 1970s—1980s with
demonstrations that IDO1 is induced strongly in the lungs by
LPS, viral infection and interferon (9-12). In a seminal line of
work in the late 1990s by Munn and Mellor and colleagues,
tryptophan catabolism was implicated in immunosuppression
during pregnancy, based on the preferential sensitivity of T cells
to tryptophan deprivation leading to an impairment of antigen-
dependent T cell activation (13-15). In these studies, the key
probe in defining this mechanism of immune tolerance was the
racemic compound 1-methyl-tryptophan (IMT), a tryptophan
mimetic with complex IDO inhibitory effects discussed further
below. Indeed, much of the huge amount of subsequent work
on IDO and disease pathogenesis has relied on this compound,
including most importantly cancer studies.

A causal relationship between IDO1 activity and cancer
growth was founded by pivotal studies in the 2000s that have
been reviewed in detail elsewhere (7). IDO1 was found to be
overexpressed widely in human cancers and IMT could slow the
growth of murine tumors (6, 16, 17). IDO1 overexpression in
cancer cells was linked genetically to inactivation of BIN1 (18), a
tumor suppressor gene widely attenuated in human cancer (19).
Loss of BIN1 empowers IFN/STAT and NFkB mediated IDO1
transcription and later studies also implicated the RAS/MAPK,
COX2, and PI3K pathways in driving IDO1 expression (18, 20—
22). Interestingly, drugs that target molecules relying on these
pathways may act in part by indirectly blocking IDO1 expression,
such as the case with imatinib (Gleevec) (23). Pharmacological
blockade with IMT or true catalytic inhibitors of IDO1 enzyme
were found to display unimpressive efficacy unless combined
with DNA damaging therapies, which led to regression of
otherwise unstoppable tumors (18, 24, 25). Preclinical genetic
proofs of IDO1 as a valid therapeutic target in cancer were
enabled in IDO1-deficient mice, where fundamental connections
between IDO1 expression and cancerous inflammatory programs
were also established (21, 26, 27).

In the tumor microenvironment or draining lymph nodes,
IDOL1 activity suppresses the function of T effector cells (Teff)

and natural killer (NK) cells and promotes the induction
and activation of T regulatory cells (Treg) and the activation,
recruitment and expansion of myeloid-derived suppressor
cells (MDSC) (Figure 1) [Fallarino(21, 29-36)]. IDOL1 effector
functions are mediated by the tryptophan catabolite kynurenine
(Kyn) and by two stress signals generated by locoregional
deprivation of tryptophan (7), as discussed further below.
Investigations of IDO1 in immune tolerance have focused heavily
on antigen-presenting dendritic cells where IDOL1 is upregulated
by interferons, TLR ligands and other immune signals (37).
Beyond its roles in provoking Treg development, IDO1 also
acts in certain dendritic cells to directly suppress effector T cell
responses (38, 39).

BIOLOGICAL ROOTS OF INDOXIMOD AS
AN IMMUNOMETABOLIC ADJUVANT FOR
CANCER THERAPY

The racemic compound 1-methyl-D,L-tryptophan (1MT) was
first described as a competitive inhibitor of the IDO1 enzyme
by Cady and Sono in the early 1990s (40). After the seminal
demonstration that 1IMT could elicit allogeneic conceptus
rejection by ablating T cell tolerance to paternal fetal antigens
(13), IMT was shown to weakly retard the growth of cancer
cells in mouse tumor graft or spontaneous transgenic models
of cancer (16, 17). While the anticancer effects of 1MT
were unremarkable as monotherapy, its striking therapeutic
power was revealed in combinations with DNA damaging
chemotherapy which elicit regressions of otherwise recalcitrant
tumors (18). This discovery was an important advance in
providing the first indication of how to use an IDO inhibitor
to improve cancer therapy. The regressions achieved by 1MT
in combination therapy did not appear to reflect drug-drug
interactions that raised the cytotoxicity of the chemotherapies
tested, as the efficacy was increased without increasing the
known side-effects of the chemotherapies tested (18). Further,
T cell depletion in subjects nullified the therapeutic benefits of
IMT administration, establishing that its action was based in
provoking T cell attacks in the presence of chemotherapy (18).
Opverall, these observations challenged the paradigm at the time
that active immunotherapy and chemotherapy are fundamentally
incompatible by offering one of the first demonstrations of a
productive immunochemotherapy regimen based exclusively on
small molecule drugs (41).

Careful biochemical studies with purified IDO1 enzyme
revealed that only the L racemer of IMT exerted any catalytic
inhibitory activity (42), and it became apparent that L-1MT is
actually a weak substrate rather than a true catalytic inhibitor
of IDO1 as discussed in detail elsewhere (43). Unexpectedly,
the D racemer lacking enzyme inhibitory activity was actually
more potent in empowering chemotherapy as well as relieving T
cell suppression by IDO1-positive dendritic cells from mouse or
human sources (42), although there are conflicting data on T cell
suppression (44, 45). Mouse genetic studies were consistent with
IDOI1 pathway targeting in showing that the anticancer efficacy of
D-1MT relied genetically on the presence of a functionally intact
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FIGURE 1 | Sites of indoximod action in cancer. IDO1, TDO, and IDO2 are expressed variously in malignant, immune, stromal and vascular cells in the tumor
microenvironment and in antigen-presenting cells (APC) of tumor-draining lymph nodes. TDO and IDO2 are relatively more narrowly expressed than IDO1 in human
cancers, with TDO overexpressed in some tumors independently or in parallel with IDO1 and IDO2 expressed in antigen-presenting cells including B cells where it may
influence IDO1 function (28). Tryptophan catabolism in tumor cells leads to locoregional generation of kynurenine at the cost of tryptophan, enabling suppression of
local T effector cells (Teff), licensing and recruitment of myeloid-derived suppressor cells (MDSC) and support of a tumor-enabling vasculature. The tumor
microenvironment variously recruits cancer-associated fibroblasts, vascular endothelial and inflammatory myeloid cells that express IDO1 and/or IDO2. Tumor antigens
absorbed by IDO1/IDO2-expressing antigen-presenting cells (APC) rove to draining lymph nodes where they promote the formation and activation of T regulatory cells
(Tregs). Studies suggest that indoximod enables Teff in tumors and attenuate in draining lymph nodes, in the latter case by acting on dendritic cells leading to
suppression and/or reprogramming of Tregs and the formation of Th17-expressing T helper cells.
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IDO1 gene (42), similar to bona fide IDO1 enzyme inhibitors
(24, 25). However, subsequent studies of D-IMT make it clear
that its antitumor effects in cells and in animals is likely to
be complex (7, 43). Indeed, mechanistic studies have made it
clear that neither racemer of 1MT is a valid probe of IDO1
enzyme activity, a question ultimately addressed by isolation
of several unique structural classes of true enzymatic inhibitors
with related antitumor properties, as reviewed elsewhere (7).
Cellular mechanisms of action for indoximod have been defined
which involve relief of suppression of Teff cells in tumors,
limitations on the generation of Tregs, and re-programming of
Tregs to Th17 helper cells in draining lymph nodes (Figure 1)
(2, 46, 47). The robust preclinical efficacy of D-1MT/indoximod
in combination with DNA damaging chemotherapy led to its
inclusion on a list of ‘top ten’ agents for clinical evaluation
by an NCI immunotherapy workshop (48, 49). In 2008, a
decision was made to advance D-1MT/indoximod (NLG-8189)
to first-in-man trials as a single molecular species through an
FDA investigational new drug application by a collaborative team
of investigators from the Medical College of Georgia, Lankenau
Institute for Medical Research, National Cancer Institute and
NewLink Genetics Corporation as corporate sponsor.

CLINICAL EVALUATION OF INDOXIMOD

Phase 1 studies of indoximod as a monotherapy or in
combination with chemotherapy showed it to be well-tolerated
in patients with advanced breast cancers or other solid tumors
(50, 51). In a first-in-man dose escalation study conducted in
advanced breast cancer patients receiving standard of care taxane
therapy, the administration of indoximod was well-tolerated to
a maximum delivered dose of 1,200 mg twice daily. Four partial
responses were observed in the patients studied (n = 22) in
the absence of any apparent drug-drug interactions (50). In a
larger dose escalation study of advanced cancer patients with
various solid tumors, the maximum tolerated dose was not
reached until 2,000 mg twice daily (51). Notably, several patients
on the indoximod trial who had been treated previously with
ipilimumab developed hypophysitis, an autoimmune reaction
to the pituitary gland which had been documented in patients
treated with ipilimumab. In these patients, stable disease >6
months was observed, encouraging the notion that indoximod
can reactivate latent T cell immunity in cancer patients. In
the initial trials of indoximod, its relative apparent safety is
notable given comparisons to the acute side-effects of immune
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checkpoint therapy, however, a case of Parkinsonism was
reported recently in a patient receiving indoximod treatment
(52). While safety studies were not able to identify a maximum
tolerated dose (MTD) for indoximod, pharmacokinetic analysis
indicated that 1,200 mg twice daily (BID) was the maximum
exposure that could be achieved in a patient based on a plateau
that occurred in plasma AUC and Cmax beyond this dose.
Oral dosing generated a Cmax at 2.9h with a serum halflife of
10.5h. Interestingly, there was evidence in indoximod-treated
patients of increased levels of both C reactive protein (CRP) and
autoantibodies to tumor antigens, consistent with an increased
inflammatory response to the chemotherapy onboard (51). Based
on these initial studies, multiple Phase 2 studies of indoximod in
continuous oral cycles have been conducted at a dose of 1,200 mg
twice daily.

Phase 2 data from several trials of indoximod in different
types of cancer has been provocative but not uniformly positive
in all disease settings examined so far (Table 1). All trials have
been conducted in combination with standard of care treatments,
including in metastatic cutaneous, mucosal, or uveal melanoma
with immune checkpoint therapy; advanced breast cancer
(BRCA), acute myeloid leukemia (AML), and pancreatic ductal
adenocarcinoma (PDAC) with chemotherapy; and advanced
prostate carcinoma (PC) with sipuleucel-T (Provenge®), an
approved dendritic cell vaccine. In particular, the melanoma and
prostate trials have illustrated significant therapeutic activity of
indoximod in empowering anti-PD1 treatment (pembrolizumab)
and sipuleucel-T vaccine treatment (Provenge® autologous
dendritic cells), respectively.

Metastatic Melanoma

The initial phase 1b study in melanoma illustrated the safety
of indoximod in combination with the anti-CTLA4 antibody
ipilimumab, the standard of care treatment for metastatic
melanoma at the time of testing. Nine patients with unresectable
stage 3 or 4 melanoma patients were treated with escalating
doses of indoximod (600 mg BID, then 1,200 mg BID). Unlike an
IDO1 enzyme inhibitor (epacadostat) which yields dose-limiting
toxicity (DLT) in combination with ipilimumab, no DLT was
encountered with indoximod. Thus, the pre-specified highest
dose of indoximod (1,200 mg BID) was deemed tolerable and
used as the recommended phase 2 dose (RP2D) in combination
with checkpoint inhibitors (59).

The phase 2 melanoma study enrolled over 100 patients in a
single-arm trial of indoximod plus provider choice of immune
checkpoint antibodies (ipilimumab or the anti-PD1 antibodies
nivolimumab or pembrolizumab) (NCT03301636). A preclinical
treatment rationale was provided by a study showing that
indoximod could improve the response of B16 murine melanoma
tumors to immune checkpoint therapy (60). In this single-arm
trial (53), 85 patients were treated with pembrolizumab plus
indoximod with on-treatment imaging to meet a pre-specified
definition of evaluable for efficacy. Overall response rate (ORR)
was 53% with a rate of complete response (CR) of 18% and
disease control rate (DCR) of 73%. Median progression-free
survival (PFS) was 12.4 months (95% confidence interval: 7.1,
24.9). Notably, these efficacy data paralleled those achieved by

the approved combination of nivolumab and ipilimumab, but
without the elevated rate of severe autoimmune side-effects
experienced by patients treated with these agents (61). Stratifying
the data by PD-L1 expression status, the ORR in PD-L1 positive
(4) patients was 77% vs. 37% in PD-L1 negative (-) patients.
Some responses seen in uveal melanomas were encouraging given
its extremely aggressive nature and complete lack of response
to immune checkpoint therapy (62). Overall, these data suggest
the ability of indoximod to safely augment anti-PD1 antibody
responses, strongly encouraging a randomized Phase 3 trial in
this disease setting. These data are striking in light of the failure
of epacadastat, a direct IDO1 enzyme inhibitor, to show any
benefit to melanoma patients in the phase 3 ECHO-301 study
when administered in combination with pembrolizumab. Given
the different mechanism of action of indoximod, its independent
evaluation must not be dismissed out of hand.

Metastatic Castrate-Resistant Prostate

Cancer

Further significant evidence of the efficacy of indoximod as an
immunometabolic adjuvant has been documented in advanced
prostate cancer. In a randomized study of metastatic castrate-
resistant disease (NCT01560923), 46 patients treated with the
dendritic cell vaccine sipuleucel-T (Provenge®) received placebo
(n = 24) or indoximod (n = 22) with the latter cohort displaying
a >2-fold increase in overall survival (OS) (54). Indoximod
was administered for 10 weeks with 3 additional months in
cases where an absence of radiographic or clinical progression
was documented. Immune monitoring of patients was the same
as performed for the IMPACT study which led to approval
of sipuleucel-T (63). Indoximod was well tolerated with no
significant difference in adverse events between the two study
arms. Median OS had not yet been achieved at the time of report,
but median radiographic PFS was 10.3 months in the treatment
arm vs. 4.1 months in placebo arm (p = 0.011). Notably, the PFS
on the placebo arm was identical to that reported in the pivotal
IMPACT study for sipuleucel-T. These positive data align with
recent evidence that epithelial-mesenchyme transition (EMT)
drives IDO1 expression as part of this key step in metastatic
progression of prostate cancer to its deadly castrate-resistant
form (64). Overall, the findings of this randomized phase 2 trial
with a placebo control arm strongly encourages further study of
indoximod as an immunometabolic adjuvant for prostate cancer
treatment.

Acute Myelogenous Leukemia (AML)

In a Phase 1b trial that includes a randomized Phase 2a
component to treat AML, patients with newly diagnosed
disease received remission-induction chemotherapy (cytarabine
plus idarubicin) plus consolidation chemotherapy (high dose
cytarabine), a standard of care regimen, with the addition
of indoximod or placebo as maintenance therapy (55)
(NCT02835729). The dose escalation was a standard 3+3
design for the phase 1 portion aimed at gauging toxicities in
combination with the chemotherapy regimen [400, 600, 1,000,
1,200 mg indoximod]. A different schedule was used in this trial,
with indoximod provided every 8 h starting on day 8 of induction
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therapy, avoiding administration on days that patients received
consolidation chemotherapy, and then stopping it 4 weeks prior
to hematopoietic stem cell allo-transplanation. At the time of the
report, the evidence presented indicated that indoximod did not
add significant toxicity to standard of care treatment, and early
response data suggested a high occurrence of minimal residual
disease after one cycle of induction chemotherapy.

Brain Cancer

Phase 1b/2 single-arm trials in adult and pediatric brain cancers
are being conducted in which indoximod is combined with
chemotherapy or chemo-radiotherapy, with some early but
intriguing efficacy data being reported. A preclinical treatment
rationale was established in a robust orthotopic model of
malignant brain cancer (glioblastoma), where the synergistic
effects of indoximod were demonstrated in combination with
temozolomide (TMZ) and radiation as a cooperative DNA
damaging modality (65). In the latest report from the adult
trial (NCT02052648) (56), 12 patients who had progressed on
standard of care therapy with TMZ were enrolled in a traditional
343 dose escalation study of indoximod (600, 1,000, or 1,200 mg
twice daily). No dose-limiting toxicity was encountered nor did
indoximod cause a delay or reduction in TMZ dosing in any
patient. The best responses documented were 1 patient with
partial response per Response Assessment in Neuro-Oncology
(RANO) criteria at 15 months and 4 patients with stable disease
lasting between 4 and 11 months (66). A phase 2 expansion
of the study is ongoing at the 1,200 mg twice daily dose in
combination with TMZ, bevacizumab and ateriotactic radiation
(SRS) (NCT02052648).

In the pediatric brain cancer trial (NCT02502708) (57), the
first trial to evaluate indoximod both in children and in the
context of radiotherapy, 17 patients from an original cohort
of 29 heavily pretreated patients in the dose escalation phase
1b study who were eligible to receive further treatment were
administered indoximod and radiotherapy followed by standard
of care cycles of TMZ with indoximod as maintenance therapy.
The other 12 patients received only indoximod and TMZ. Both
treatments were well tolerated with minimal toxicity attributed
to indoximod. Overall, at the time of the report, 29 patients in
the dose-escalation phase of the study exhibited a median PES
of 6.2 months and median time to regimen failure (TTRF) of
11.7 months, which compares favorably with historical controls.
Notably, patients receiving radiotherapy appeared to benefit
significantly when indoximod was added, with a median TTRF
of 12 months observed vs. 3.2 months without radiotherapy
(p = 0.04). These data suggested a dose-sparing effect of
indoximod on conventional chemo-radiotherapy, potentially
extending efficacious responses. The notion that targeting the
IDO pathway may improve chemo-radiotherapy is supported a
recent study in lung cancer (67). Encouraged by these response
data, the same regimen is now being tested in patients with
diffuse intrinsic pontine glioma (DIPG), a dismal disease with
no effective treatment option. Thus far, 3/6 patients enrolled are
reported to have achieved good symptomatic and radiographic
response.

Pancreatic Ductal Adenocarcinoma
(PDAC) and Breast Cancer (BRCA)

In contrast to the trials above, two phase 2 studies of >100
patients in pancreatic or breast cancer have shown little to
no evidence of efficacy. In a single-arm study of metastatic
PDAC (NCT02077881), 104 of 135 patients enrolled to receive
a standard of care regimen of gemcidabine or nab-paclitaxel
plus indoximod were judged evaluable for efficacy by a pre-
specified definition (58). Patients were enrolled with treatment-
naive disease or first line therapy following earlier resection
and adjuvant therapy. Treatment was administered until disease
progression or toxicity occurred. Median OS was 10.9 months
with an ORR of 46.2%. Notably, responding patients exhibited an
increased density of intratumoral CD8+ T cells. This study did
not meet its pre-specified goal of a hazard ratio (HR) = 0.70, but
the increased ORR that was observed correlated with a positive
immunological response. In contrast, a study of metastatic BRCA
patients failed to produce any evidence of efficacy. In this
study of 169 newly diagnosed patients treated with taxotere and
indoximod (NCT01191216), no statistically significant difference
in PES, OS, or ORR was observed. While these two types of
aggressive cancer set a high bar for improvements in efficacy, the
selection of subjects who were not heavily pre-treated opened a
window of opportunity for indoximod. Taken together, clinical
findings clearly encourage further study of indoximod as an
immunometabolic adjuvant for immunotherapy in treatment of
melanoma and prostate cancer, and possibly for DNA damaging
modalities in treatment brain cancer and AML, a diverse set of
diseases and combinations that illustrate the potentially broad
uses indoximod may realize in the clinical setting.

MECHANISMS OF ACTION OF INDOXIMOD

Relieving Suppression of mMTORC1 Activity
in T Cells Due To Tryptophan Starvation

The molecular mechanisms of action of indoximod as an
inhibitor of the IDO pathway are a subject of continued study.
However, only one mechanism of action has been described that
is consistent with pharmacokinetic analyses of the blood serum
levels of indoximod that are actually achieved in human subjects
(68). Specifically, in cells subjected to IDO/TDO-mediated
tryptophan depletion, indoximod has been shown to relieve
suppression of the master metabolic kinase mMTORCI that occurs
in tryptophan-depleted cells, with an IC50 (~70nM) that is
more potent than L-tryptophan itself (68). mTORCI controls
protein synthesis, coordinating nutrient levels to different
cellular physiological responses of autophagy vs. growth. In T
cells, mTORCI1 is pivotal in determining autophagy/tolerance vs.
growth/activation. mTORCI is downregulated by depletion of
essential amino acids like tryptophan, to which it responds by
activating autophagy as an attempt to access tryptophan from
intracellular stores. Accordingly, depletion of tryptophan by
IDO/TDO activation downregulates mTORC1 and promotes
autophagy which indoximod reverses as a tryptophan mimetic
(Figure 2). Although the precise connections between
IDO/TDO-mediated downregulation of mTORCI in T cells
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are not well understood, there is evidence of an intermediate role
for the amino acid sensing kinase GLK1 which acts upstream
to regulate not only mTORCI but also PKC-6, a T cell receptor
regulatory kinase (69). Thus, GLK1 may be a linchpin between
tryptophan catabolism by IDO/TDO enzymes and mTORCI
downregulation in T cells (7).

By restoring mTORCI1 activity, indoximod acts to reverse
mTORCI1-activated autophagy triggered by tryptophan depletion
(68). Since indoximod is a D-tryptophan analog, it cannot
support protein translation, but nevertheless it is interpreted by
the mTORC1 kinase as a high-potency L-tryptophan mimetic.
Why this is the case is unclear, but a mammalian capability
to recognize (if not use) D-amino acids might reflect immune
crosstalk with the microbiome given their use in bacteria (70). In
any case, mMT'ORC1 has a critical role in human Teff cell activity
and indoximod acts directly in human T cells where it exerts a
direct effect, unlike IDO1 enzyme inhibitors (71).

There are at least three implications of this mechanism
of action. First, by targeting a downstream effector molecule,
indoximod differs from IDO1 enzyme inhibitors in being
agnostic to the IDO/TDO enzyme(s) contributing to cancer
pathogenesis. Thus, indoximod is rationalized to treat tumor
cells overexpressing IDO1, IDO2 or TDO (or any combination
thereof), which is not the case for an enzyme-selective inhibitor.
This is a useful feature in heterogenous plastic tumors which
represent the norm in advanced cancer patients. Second,
by targeting a convergent effector mechanism used by all
IDO/TDO enzymes, indoximod may prove less sensitive to
inherent or acquired resistance that may arise in patients due
to IDO1 mutation, IDO1 overexpression or other target bypass
mechanisms that heterogeneous cancers evolve. On this point,
preclinical genetic studies illustrate clearly how tumoral bypass of
an IDO1-specific blockade is associated with IDO1-independent
elevation of regional kynurenine levels (21), suggesting the
availability of resistance pathways via TDO2 or IDO2 activation.
The critical question of inherent and acquired resistance to
IDO1 selective blockade is discussed in greater depth in a
separate review of the failed ECHO-301 phase 3 clinical trial in
melanoma patients of pembrolizumab with epacadastat, a direct
IDO1 enzyme inhibitor that added no benefit to the immune
checkpoint therapy under the conditions of study (72). Lastly,
mTORCI1 is implicated in tumor cell growth and proliferation
as well as in T cell activation. Thus, if indoximod also provokes
mTORCI activation in tumor cells, the drug may also empower
tumor cell killing when combined with chemotherapeutic drugs,
which generally exhibit greater cytotoxicity against growing
cells.

Opverall, the evidence that indoximod may broaden the efficacy
of pembrolizumab (53) suggests that restoring mTORCI in
effector T cells might be sufficient to improve therapeutic
responses with reduced risks of resistance due to IDO1 bypass.
On this point, it is known that mTORCI drives expression of
ICOS, a positive-acting T cell co-regulatory receptor, and that
elevated expression of ICOS in melanoma patients receiving
immune checkpoint therapy correlates with the most favorable
outcomes (73). In efforts to further leverage its features as an
IDO/TDO effector pathway inhibitor, novel salts of indoximod

and a pro-drug form of the drug (NLG-802) with superior
pharmacokinetic properties have recently been described which
have entered clinical testing (71).

Other Mechanisms of Action

Indoximod clearly has complex immunomodulatory properties,
as illustrated, for example, by its ability to act on B cells
to relieve inflammation in a murine model of autoimmune
rheumatoid arthritis (74, 75). Thus, other mechanisms of action
that have been described for indoximod are likely to illuminate
its therapeutic properties.

Indirect Blockade of IDO2 Which Is Implicated in
IDO1-Mediated Treg Activation

The catalytic activity of IDO2 has been shown to be inhibited
indirectly by indoximod in human kidney cells where the
IDO2 gene is expressed normally (76). There is conflicting
data in dendritic cells, which express IDO2 as well as IDOI,
on the ability of indoximod in this setting to block T cell
suppression (42, 77, 78). However, mouse genetic studies support
a link between indoximod action and IDO2 function, for
example, in demonstrating that the therapeutic benefits of
indoximod administration in a model of rheumatoid arthritis
that relies on the presence of the Ido2 gene (74), which interacts
genetically with IDO1 in IDO1l-mediated activation of Treg
cells in the mouse (28). Here we note that the ability of
indoximod to limit rheumatoid arthritis is highly relevant to
combination treatments with immune checkpoint antibodies,
which often cause autoimmune side-effect in patients. In this
sense, indoximod co-administration with immune checkpoint
antibodies may widen the therapeutic window at both ends,
by extending efficacy and reducing side-effects, unlike IDO1-
selective enzyme inhibitors.

AHR Modulation
At high concentrations in cell culture (1 mM), evidence has been
presented that D-1MT/indoximod can elevate transcription of
IDOL1 leading to increased production of kynurenine in cancer
cells (79), but the concentrations used in this study, which
exceed by ~100-fold the serum levels of indoximod achieved in
patients in clinical trials (50), cast doubt on the physiological
relevance of this observation. However, a very recent report
offers additional support for the related idea that indoximod
may somehow affect IDO1 expression in cell-specific ways via
AHR (80), a transcription factor that binds and is activated by
kynurenine (81) as a convergent effector pathway downstream
of all IDO/TDO enzymes (7). Indeed, other evidence has been
presented for an autocrine feedback pathway involving IDO1,
AHR, and IL-6 that controls IDO1 expression in cancer cells (82).
The AHR connection for indoximod is complex. There are
binding sites for AHR in the IDO1 gene and other genes that
influence the differentiation of dendritic cells, T helper cells and
Tregs and the proliferation of Teffs and Tregs where AHR has
influence (83). In a recent study reported at the 2018 AACR
conference (80), indoximod was reported to modulate AHR-
dependent transcriptional activity in human liver and primary
T cells, in the latter case altering the transcription of genes
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FIGURE 2 | Indoximod mechanisms of action. Tryptophan catabolism proceeds through pathways leading to serotonin or NAD production, the latter through the
kynurenine pathway which handles ~95% of Trp catabolism in mammals. Indoximod is a Trp mimetic which mTORC1 interprets as L-Trp under conditions of high Trp
catabolism and autophagy. Thus, the drug acts to block the suppressive signal on mTORC1 function generated by IDO/TDO activity. Other suggested mechanisms of
action include an indirect suppression of IDO2 activity; a modulation of kynurenine-regulated AHR function, which may also influence feedback on IDO1 expression
and activity; and an influence on gut microbial physiology influencing systemic immunity (see the text).

associated with T helper and Treg phenotypes. These effects were  against immunopathology in Gram-negative and Gram-positive
reversed by an AHR inhibitor, suggesting that indoximod acts  infections. In this fundamental way, IDO1 and especially AHR
upstream of AHR (80). In plasmacytoid dendritic cells in vitro  contribute to immunologic host fitness (91).

and in vivo (in tumor-draining lymph nodes), indoximod was IDO1 and AHR are highly expressed in the small and large
found to downregulate IDO1 expression and function, decrease  intestine (92). IDO1 expression increases further during aging,
kynurenine production and increase T cell proliferation, while  a key factor in the likelihood of a positive therapeutic response
promoting a phenotypic shift in T cells from Treg to Th17-  to anti-PD1 treatment (93). In the intestine of adult germ-
producing T helper cells (80). Thus, in addition to resuscitating  free mice, IDO1 levels are reduced suggesting that commensal
Teff cells in tumors, indoximod may also act in draining lymph  microorganisms mediate the age-dependent increase in IDOI.
nodes to reprogram the AHR effector pathway to shift Tregs to  Supporting the likelihood that it modulates mucosal immunity

Th17 cells. to intestinal microbiota, IDO1-deficient mice exhibit resistance
to enteric pathogens, for example, to Citrobacter rodentium (94).
Perspectives of Indoximod on IDO/TDO/AHR Tryptophan catabolites produced by microbiota such as gut

Lactobacillus can also act as AHR ligands, confounding a clear
interpretation of the link between IDO1 and cancer that may
involve microbiota-mediated tryptophan catabolism (85).

In melanoma studies of anti-PD-1/PD-L1 it appears that gut
commensals of Bifidobacteria can enhance therapeutic efficacy
(86, 88-90). Given evidence that indoximod can heighten the
benefit of anti-PD1 therapy, it will be important to evaluate
Bifidobacteria as a potential mediator in this effects, which
raises the possibility of conceptualizing indoximod as a prebiotic
substance. In one clue that this may be the case, indoximod was
able to reverse the effects of IDO1 activity in models of colitis
that are quieted by Bifidobacteria (95). While still in their infancy,
studies of the effects on indoximod and the IDO/TDO/AHR
pathways on gut microbial physiology and cancer immunity is
a rich area for exploration.

Signaling to the Gut Microbiome

Immune homeostasis involves a dynamic balance between
tolerance of commensals and suitable immune responses to
eradicate or otherwise control pathogens (84, 85). Tolerance is
important to avoid tissue injury but at the potential costs of
chronic infections and inflammation which in the long term
become factors in metabolic diseases, autoimmunity, and, in
certain settings, cancer (85). Regarding indoximod mechanisms
this is an important area to survey given evidence that the
therapeutic impact of anti-PD1 therapy is determined by
microbiome character, in both preclinical models (86, 87) and
clinical settings (88-90).

Cross-regulatory circuitry between IDO1 and AHR is a
key factor in mediating disease tolerance (91). For example,
exposure to bacterial lipopolysaccharide will program a state of
refractoriness to further LPS challenge (endotoxin tolerance),
a phenomenon reflecting the engagment of AHR in long-

term control of systemic inflammation only when IDOL1 is POTENTIAL BENEFITS OF INDOXIMOD
active, which responds late upon initial stimulation but earlier TREATMENT TO QUALITY OF LIFE IN
upon subsequent challenge. Mechanistic studies have revealed CANCER PATIENTS

a feedback control cycle, with SRC kinase as an intermediate
between kynurenine-activated AHR and IDO1 expression in  Recent studies suggest that indoximod may exert a variety of
regulating tolerance to bacterial endotoxins, a state that protects ~ benefits as an immunometabolic adjuvant on the quality of
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life of cancer patients and survivors. The conditions that are
improved are not critical to overall survival, but are of major
importance to affected individuals and their oncologists and
caregivers. As noted above, one interesting feature of indoximod
is its ability to limit autoimmune arthritis in preclinical models,
possibly by limiting IDO2 function implicated in this condition
(96). Autoimmune joint inflammation is a common short and
long term side effect of immune checkpoint therapy in cancer
patients which indoximod may limit. This potential may be
confirmed through long-term follow up of melanoma patients
receiving combinations of indoximod and pembrolizumab in
the phase 2 trial discussed above. Other beneficial effects of
indoximod that have been described are behavioral, as evaluated
in preclinical models of depression, anhedonia, anxiety or pain
(97-100), one or more of which occur commonly in cancer
patients and survivors. Given its relative safety in trials to date, it
may be possible to consider uses in these settings, not only during
cancer therapy but as a palliative adjunctive therapy. In summary,
indoximod is a unique immunometabolic adjuvant with a wide
potential range of uses to improve cancer therapy in adults and
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The Transforming Growth Factor-beta (TGF-g) family plays relevant roles in the regulation
of different cellular processes that are essential for tissue and organ homeostasis. In the
case of the liver, TGF-B signaling participates in different stages of disease progression,
from initial liver injury toward fibrosis, cirrhosis and cancer. When a chronic injury takes
place, mobilization of lymphocytes and other inflammatory cells occur, thus setting the
stage for persistence of an inflammatory response. Macrophages produce profibrotic
mediators, among them, TGF-, which is responsible for activation -transdifferentiation-
of quiescent hepatic stellate cells (HSC) to a myofibroblast (MFB) phenotype. MFBs are
the principal source of extracellular matrix protein (ECM) accumulation and prominent
mediators of fibrogenesis. TGF-B also mediates an epithelial-mesenchymal transition
(EMT) process in hepatocytes that may contribute, directly or indirectly, to increase
the MFB population. In hepatocarcinogenesis, TGF-B plays a dual role, behaving as a
suppressor factor at early stages, but contributing to later tumor progression, once cells
escape from its cytostatic effects. As part of its potential pro-tumorigenic actions, TGF-
induces EMT in liver tumor cells, which increases its pro-migratory and invasive potential.
In parallel, TGF-p also induces changes in tumor cell plasticity, conferring properties of a
migratory tumor initiating cell (TIC). The main aim of this review is to shed light about the
pleiotropic actions of TGF-B that explain its effects on the different liver cell populations.
The cross-talk with other signaling pathways that contribute to TGF-p effects, in particular
the Epidermal Growth Factor Receptor (EGFR), will be presented. Finally, we will discuss
the rationale for targeting the TGF-g pathway in liver pathologies.

Keywords: TGF-B, plasticity, liver, cancer biology, fibrosis, HCC, EMT, hepatic stellate cell

INTRODUCTION

The liver shows an unique regenerative response to injuries produced by physical or toxic
treatments, which induce tissue damage (1-3). Liver injuries can be classify depending on their
persistence or duration and can develop acute and chronic liver diseases. Acute liver injuries can
be completely restored, without any evidence of the injury, only withdrawing the damaging agent
in a short period of time. In these cases, the liver architecture and function remain stable. However,
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long-time exposure with the damaging agent generates
progressive liver damage, parenchyma alterations and vascular
architectural distortion, which eventually results in liver fibrosis,
cirrhosis, and ultimately, hepatocellular carcinoma (HCC),
which is the end-stage of most chronic liver diseases (4, 5).

Chronic liver diseases are characterized by a parenchyma
damage with a continued wound healing response, tissue
remodeling, inflammatory environment and an altered molecular
signaling pathways. Strong evidences point out the relevant
role of the Transforming Growth Factor beta (TGF-B) signaling
during all phases of the development of liver fibrosis and
hepatocarcinogenesis. Perturbation of signaling by TGF-f
family members is often seen in different diseases, including
malignancies, inflammatory and fibrotic conditions (6). Under
physiological conditions, TGF-f has a cytostatic and pro-
apoptotic role in adult hepatocytes, which is critical for the
control of liver mass. Loss of these functions may result in
hyperproliferative disorders and cancer (7-9). Indeed, in early-
stage carcinomas, TGF-B exerts tumor-suppressing activities,
inducing cell cycle arrest and apoptosis. However, in late-
stage carcinomas, once cells acquire resistance to its suppressive
effects, TGF-B actions switch to pro-oncogenic, conferring
cell survival, inducing cell migration and invasion, mediating
immune alterations and microenvironment modifications (10,
11).

Recent evidences suggest that many of the pathological TGF-$
effects could be related with its capacity to regulate cell plasticity,
contributing to modifications in the phenotype of different liver
cell populations. Cell plasticity refers to the interconversion of
different stem cell pools, activation of facultative stem cells, and
dedifferentiation, transdifferentiation or phenotypic transition
of differentiated cells within a tissue (12) and is related with
the ability of cells to reversibly change their phenotype and to
take on characteristics of other cell types (13). The most studied
and classic event related with cell plasticity is the epithelial-
mesenchymal transition (EMT) and the opposite mesenchymal-
epithelial transition (MET) (14). After specific stimuli, the cells
suffer genetic and epigenetic changes, as well as cytoskeleton
remodeling, which alter their phenotype and functions. TGF-f
induces EMT in hepatocytes (15) and it is responsible for
activation of hepatic stellate cells (HSC) to myofibroblasts (MFB)
(16), both effects contributing to liver fibrosis. Moreover, during
hepatocarcinogenesis TGF-B could also mediate an EMT process
in liver tumor cells. This review will update recent evidences
indicating the relevance of TGF-B signaling pathway in the
regulation of the cell plasticity during the progression and
pathogenesis of liver chronic diseases, as well as the molecular
mechanisms involved. Finally, we will discuss the rationale for
targeting the TGF-p pathway in liver pathologies.

TGF-8 SIGNALING PATHWAYS

In humans, the pleiotropic TGF- cytokine superfamily includes
different members, such as bone morphogenetic proteins
(BMPs), growth and differentiation factors (GDFs) and TGF-f
isoforms (TGF-B1, TGF-f2, and TGF-B3). TGF- signaling

pathways regulates different cellular processes playing essential
roles in proliferation, migration, differentiation, or cell death.
These processes are essential for the homeostasis of tissues and
organs and TGF- signaling deregulation contributes to human
disease. TGF-B1 (TGF-p from now on) has essential roles in liver
physiology and pathology and contribute to all stages of disease
progression: from liver injury through inflammation, fibrosis,
cirrhosis and HCC (7, 8).

Most of the functions of the cells involved in the fibrotic
tissue and in the tumor microenvironment are under the control
of TGF-B: promotes MFB differentiation, the recruitment of
immune cells, affects epithelial and endothelial cell differentiation
and inhibits the anti-tumor immune responses (17, 18). Besides
TGEF- responses could be different depending on the cell type,
its receptors are expressed on most of the cells and its signaling
pathway is very similar in all of them (6). All TGF-p isoforms are
synthesized within the cell as pro-peptide precursors containing a
pro-domain, named Latency-Associated peptide (LAP), and the
mature domain. This latent form is secreted to the extracellular
matrix (ECM) and stored as a fast and available pool of TGF-f,
without a novo synthesis (19). By different mechanisms, TGF-
B is cleaved and the bioactive form signals via binding to its
specific kinase receptor at the cell surface of target cells. Stored
TGF-B could be activated by the cell contractile force, which is
transmitted by integrins (20, 21). Specific integrins and matrix
protein interactions could be required for activation of the latent
form of TGF-B. Integrins av are the major regulators of the local
activation of latent TGF-B and in this activation it is required
the RGD (Arg-Gly-Asp) sequence (21). Integrin av deletion in
HSC protected mice from CCls-induced hepatic fibrosis (22).
A recent review summarized the crosstalk between TGF-p and
tissue extracellular matrix components (23).

TGEF-p binds to its receptors triggering the formation of a
heterotetrameric complex of type I and type II serine/threonine
kinase receptors, in which the constitutively active type II
receptor phosphorylates and activates the type I receptor. There
are several types of both type I and type II receptors, but
TGE-p preferentially signals through activin receptor-like kinase
5 (ALKS5) type I receptor (TBRI) and the TGF-B type II receptor
(TBRIID). In addition, endoglin and betaglican (TPRII), also
called accessory receptors, bind TGF-p with low affinity and
present it to the TBRI and TBRIL. Activated receptor complexes
mediate canonical TGF-f signaling through phosphorylation of
the Receptor Associated SMADs (R-SMADs) at their carboxy-
terminal. Humans express eight SMAD proteins that can be
classified into three groups: R-SMADs, Cooperating SMADs
(Co-SMADs) and Inhibitory SMADs (I-SMADs: SMAD6 and
SMAD7). Among the R-SMADs, SMAD2 and 3 mediate the
TGF-B1 branch of signaling (6, 8). After phosphorylation,
R-SMADs form a trimeric complex with SMAD4, which
translocates to the nucleus and associates with other transcription
factors in order to regulate gene expression (7, 8). In addition
to the canonical SMAD pathway, TGF-f is able to use non-
SMAD effectors to mediate some of its biological responses,
including non-receptor tyrosine kinases proteins such as Src and
FAK, mediators of cell survival (e.g., NF-kB, PI3K/Akt pathways),
MAPK (ERK1/2, p38 MAPK, and JNK among others), and Rho
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GTPases like Ras, RhoA, Cdc42, and Racl. Interestingly, these
pathways can also regulate the canonical SMAD pathway and
are involved in TGF-B-mediated biological responses (Figure 1)
(8, 24-26).

LIVER FIBROSIS

Liver fibrosis is a common pathological chronic liver disease,
consequence of a continued injury with a huge accumulation
of extracellular matrix proteins, mainly enriched in fibrillar
collagens, due to a multiple reparative and regenerative
processes (5, 27, 28). After liver damage, reparative mechanisms
are triggered to replace necrotic and apoptotic hepatocytes,
generating wound healing and inflammatory responses
that are essential for liver regeneration (5). However, if the
damage persists over a long time, the excessive accumulation
of extracellular matrix proteins (collagens I, II, and III,
undulin, fibronectin, laminin, elastin, proteoglycans and
hyaluronan) could replace parenchymal areas leading fibrosis
to a cirrhotic state. In advanced stages, it develops an abnormal

liver architecture, altered vascularization and fibrotic septa
surroundings with regenerative nodules. Liver systemic failure,
portal hypertension, high susceptibility to infection and high
risk to develop HCC are the main clinical consequences of
cirrhosis (28, 29). Interestingly, multiple clinical reports have
reported that liver insult eradication can regret liver fibrosis in
huge number of patients, mostly during the first stages (29-32).
In the development of liver fibrosis, TGF-B plays crucial roles
regulating the different stages of the disease, among them, the
control of cell plasticity of different liver cell populations, which
is summarize in the Figure 2 and we detail in the next chapters.

TGF-g REGULATES MACROPHAGE
PLASTICITY DURING LIVER FIBROSIS

Inflammation plays a key role in liver fibrosis development.
After injury takes place, infiltration of immune system cells
-macrophages, lymphocytes, eosinophils, and plasma cells-
arises to the damaged place. Lymphocytes produce cytokines
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and chemokines, which activate macrophages. Activated
macrophages stimulate inflammatory cells such as lymphocyte,
among others, over-activating and maintaining the inflammatory
environment (33). During fibrosis, macrophages produce pro-
fibrotic factors such as TGF-f and platelet derived growth
factor (PDGF), control ECM turnover by regulating the balance
of various matrix metalloproteases and tissue inhibitors of
metalloproteinases (TIMPs) (27, 34, 35) and are found very close
to collagen-producing MFB (36-38) suggesting the macrophages
relevance in the activation of MFB. In this sense, hepatic
macrophages have been described as a potential targets against
fibrosis (39, 40).

Macrophages represent a heterogeneous cell population
with a huge cell plasticity, where diverse microenvironment
stimuli polarize them into different phenotypes (41). There
are mainly two sources of hepatic macrophages: liver resident
macrophages, also called Kupffer cells (42), and circulating
monocytes (inflammatory recruited macrophages) (43). Besides
the origin, both could play significant roles in the development of
fibrosis. In vitro and in vivo studies described that both Kupffer
cells and monocyte-derived macrophages can activate HSC
and induce their transdifferentiation by paracrine mechanisms,
including TGF-f (44-47). Resident hepatic macrophages secrete
the chemokine CCL2 (a potent chemoattractant) in order to
recruit monocytes which could increase and promote fibrosis.
Although, it was described that the pro-fibrotic functions
of these resident macrophages remain functional even when
recruited macrophages are pharmacologically inhibited using
CCL2 antagonists (48). Transgenic rats that express a mutated
form of the CCL2 (acting as a negative-mutant), and tail
vein injection of adenovirus that overexpress a truncated form
of TGF-B receptor II (acting as a negative-receptor mutant)
attenuate liver fibrosis in a DEN-induced fibrosis model in
rats (49), suggesting the relevance of inflammation and TGF-$
pathway during this disease.

In the early stages, activated macrophages secrete pro-
inflammatory  cytokines and produce reactive oxygen
species (ROS), while in late stages macrophages have been
associated with release of anti-inflammatory factors, attenuating
inflammation and promoting tissue regeneration (43, 50).
Macrophages are classify into M1, also known as classical
or pro-inflammatory; and M2, also known as alternative or
anti-inflammatory macrophages (51, 52). It is not easy to strictly
separate both liver macrophage populations, since they could
show common gene expression, and even more M2 macrophages
are classify also in different subclasses. For that reason, it
has been proposed that could be more adequate to separate
them according to their functions: defensive, restorative and
regulatory macrophages (53). In the classical classification, M1
macrophages are associated with inflammatory diseases due to
microbicidal activity (through their capacity to produce ROS and
their phagocytic functions), antigen presentation and antitumor
activity. M1 macrophages prevail during the onset of injury
(54) and are related with the release of metalloproteinases that
degrade ECM and promote EMT/Endothelial-to-mesenchymal
transition (EndMT). On the other hand, M2 macrophages
secrete anti-inflammatory factors such as IL-10, arginase,
TGEF-B, and HO-1. Their polarization is promoted by IL-4 and

IL-13, and are characterized for the expression of Argl, Yml,
and Fizz, secretion of angiogenic factors such as IL-8, VEGE
and EGF4 and increased mannose receptor (CD206), with
lower ROS production (47, 50). M2 macrophages stimulate
an anti-inflammatory environment and promote regeneration
and wound healing. However, if injury becomes chronic, M2
macrophages take up a pro-fibrotic role secreting pro-fibrotic
factors such as TGF-B, PDGF, among others (47).

Nowadays it is clear that macrophages are essential players
in the regulation of liver fibrosis and they are an important
source of TGF-B but, could this cytokine regulate the phenotype
between M1 and M2 macrophages and their functions? Recent
data described that TGF-p could induce M2-like macrophage
polarization via SNAIL (55). SNAIL-overexpression in human
THP-1 macrophages promotes M2 markers (such as CD206),
induces the expression of the anti-inflammatory IL-10 and
inhibits pro-inflammatory M1-related cytokines (TNF-o and
IL-12). By contrast, SNAIL knockdown by siRNA technology
abolishes TGF-B-M2-induced phenotype and partly restores
M1 polarization through up-regulation of pro-inflammatory
cytokines. The canonical SMAD2/3 and the non-canonical
PI3K/AKT signaling pathways are crucial for TGF-B-induced
SNAIL overexpression in THP-1 cells. The blockade of TGE-
B/SNAIL signaling restores the production of pro-inflammatory
cytokines. Likewise, TGF-B also stimulates murine BMDM
macrophages to display an M2-like phenotype characterized
by high levels of IL-10 and low levels of IL-12p70, and MI1-
specific markers. Macrophages isolated from fibrotic mouse livers
show higher balance of M2/M1 macrophages in comparison
to control mice (56). In other fibrotic animal models, such as
lung fibrosis, TGF-B could modulate M2 responses (57); and in
kidney, TGF-B/Smad3-dependt pathway could transdifferentiate
M2-macrophages to myofibroblast favoring kidney fibrosis
(58). Moreover, TBRII-/- mice show a defective polarization
to M2-macrophages (59). Fibrosis-induced model in rats by
thioacetamide show that both M1 and M2-macrophagues
polarizations occur during development of the disease (60).
Overall results show up that M2-activation/polarization has a
relevant role in the development of fibrosis in mice and patients
with liver fibrosis (61). However, due to the heterogenicity
and higher plasticity of macrophages and the complexity of
their study in vivo models in liver, further works are needed
in order to clarify the molecular mechanisms whereby TGF-p
pathway promote the polarization and the pro-fibrotic functions
of macrophages in vivo models. Current data seems to indicate
that both hepatic and recruited macrophages play relevant roles
in the progression and reversion of liver fibrosis. Targeting both
and the reorientation of their phenotypes are arising as attractive
therapies (62).

TGF-g REGULATES LIVER EPITHELIAL
CELLS PLASTICITY DURING LIVER
FIBROSIS

“Activated” fibroblast or MFB are the main producing cells
of fibrogenesis mediators and ECM components, participating
actively in their accumulation (63). In the liver, the most
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fibrogenic MFB are endogenous and their origin is controversial
and still unclear, but nowadays there are accepted different
sources (63-65), among them, portal and resident fibroblasts
(66), activation and differentiation of HSC (more details in the
next section) (16, 67), bone marrow-derived fibrocytes (68), liver
epithelial cells (hepatocytes and cholangiocytes) that undergo
EMT (69-71), endothelial cells that undergo EndMT (66, 72),
vascular smooth muscle cells and pericytes (73).

EMT-clear example of cellular plasticity- is a process that
drives a de-differentiation of epithelial cells to a mesenchymal-
like phenotype increasing their migratory and invasive properties
(13, 14, 74, 75). The reverse process is called as MET and
allows cells to differentiate into different organs and tissues.
In a tumorigenic context, mesenchymal migratory tumor cells
undergo MET to metastasize (76). The EMT process includes
loss of epithelial genes, such as E-cadherin and cytokeratins
(8,18 and 19), and up-regulation of mesenchymal genes, such as
N-cadherin, alfa-Smooth Muscle Actin (a-SMA, ACTA2 gene)
which correlate with the expression of EMT transcription factors
(EMT-TFs) Snail (SNAI gene), Slug (SNA2 gene), Twist and ZEB
(74, 75). Intermediates states are also found between EMT and
MET (77). Partial EMT is described for cells that co-express
both epithelial and mesenchymal markers. Even more, EMT
is classified into different subclasses related with the biological
context (78): Type 1 EMT is involved in development stages;
type 2 EMT concerns regenerative process and organ fibrosis; and
type 3 EMT is related with metastatic process.

During liver fibrosis, type 2 EMT plays a relevant role in
the appearance of a pro-fibrotic fibroblast phenotype. Bipotent
adult hepatic progenitor cells, which possess the cell plasticity to
differentiate into hepatocytes and cholangiocytes after different
stimuli (79), are able to undergo EMT in response to liver injury
during cholestatic liver fibrosis. Hepatocyte plasticity could play
relevant roles during the progression of chronic liver diseases.
Mouse hepatocytes that survive to the apoptotic effects of TGF-B,
could regulate -in a TGF-B dependent manner- the expression
of fibrosis-related genes, such as Connective Tissue Growth
Factor (CTGF) or fibronectin, and EMT-related genes, such
as Snail, and B-catenin (15, 71, 80), with downregulation of
epithelial markers (81). Even more, primary adult hepatocytes
could transdifferentiate to a more fibroblastic-like phenotype
with loss of cell-cell contacts and polarity, after TGF-f treatment
(80). Indeed, hepatocyte-derived fibroblasts are an additional
and significant lineage of mesenchymal cells that contribute to
progression of liver fibrosis. Zeisberg and collaborators elegantly
demonstrate that adult hepatocytes can undergo an EMT process
after TGF-f stimuli, contributing to the in vivo pool of fibroblast
during liver fibrosis (82). The role of hepatocytes during liver
fibrosis in vivo related with TGF-B was also previously described
in a transgenic animal model which overexpress SMAD7
(inhibitor of the pathway) specifically in hepatocytes. These
transgenic animals have attenuated the TGF-f signaling and
EMT, with less ECM depositions and improved CCly-dependent
liver damage and fibrosis (83). Bone morphogenetic protein-7
(BMP-7), a member of the TGF-B family which plays opposite
roles to TGF-B, induces MET. Primary rat hepatocytes treated
with TGF- upregulate the expression levels of fibrotic markers,

whereas BMP-7 treatment upregulated E-cadherin and decreases
SMAD2/3 phosphorylation levels. Even more, in CCly-treated
rats treated with TGF-B, which show advanced fibrosis with
higher expression of a-SMA and lower E-cadherin, the fibrotic
situation was rescued after BMP-7 treatment (84). Moreover,
cholangiocytes -another epithelial cell population- activate,
proliferate and change into a more fibroblastic phenotype,
increasing the expression of pro-fibrotic cytokines and factors
such as TGF-B, PDGF and CTGF (85). These results open new
ideas about how epithelial liver cells, through an EMT process,
could generate mesenchymal/fibroblastic cells, which could be
relevant in the progression of the fibrotic diseases.

RELEVANCE OF TGF-g AND HSC
DIFFERENTIATION DURING LIVER
FIBROGENESIS

In the normal liver, HSC (around 5-8% of the cells in the
liver) are in a quiescent phenotype hosted in the space of
Disse between hepatic epithelial and the sinusoidal endothelial
cells (86). HSC are characterized by the store of vitamin
A, lipid droplets and the expression of a large number of
adipogenic genes and neural markers. After liver insults, different
paracrine and autocrine signals are triggered promoting the
HSC activation -transdifferentiation- from a quiescent state to
an activated myofibroblastic phenotype. MFB are characterized
by the expression of o-SMA, loss of retinoids and lipid
droplets and de novo expression of receptors for mitogenic,
fibrogenic and chemotactic factors, leading an increase in
proliferation and survival, enhanced synthesis of matrix proteins
(predominantly fibrillar collagens) and inhibitors of matrix
degradation TIMPs, and secretion of pro-inflammatory cytokines
and chemokines. This provokes the progressive scar formation
and the development of liver fibrosis (29, 32).

HSC activation is one of the most important steps during
liver fibrosis and is mediated by different signals, such as growth
factors (PDGF and CTGEF among others), lipidic mediators,
as well as ROS and cytokines produced by hepatocytes,
cholangiocytes, endothelial cells, macrophages (Kupffer
cells) and immune cells (67, 86). Among these cytokines,
TGEF-p plays a master role in the activation of the HSC to
MFB (16). In fact, some of the previous factors stimulate
the expression, production and activation of TGF-$, which
at the end is responsible for the activation of HSC (87).
Furthermore, MFB demonstrate a growth stimulatory effect
in response to TGF-f (88), which also contributes to the
maintenance of their myofibroblastic phenotype (89). SMAD3
has been identified as the main mediator of the TGF-f-
induced fibrogenic transcriptional program, particularly the
up-regulation of collagen expression (7, 8, 30, 31). HSC isolated
from SMAD3 knock-out mice showed lower expression of
Collagen1 A1 mRNA mediated by p38 MAPK (30). Interestingly,
it has been proposed that TGF-f activates the p38 MAPK
pathway, further leading to SMAD3 phosphorylation at the
linker region in the cultured MFBs, which promoted hetero-
complex formation and nuclear translocation of SMAD3 and
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SMAD4 (31). These results would indicate that non-canonical
activation of the SMAD3/SMAD4 transcriptional activity
accounts for SMAD3-dependent extracellular matrix production
in MFBs.

During liver fibrogenesis, activated HSC express CTGE, which
acts downstream of TGF-f modulating the ECM production.
CTGF mRNA expression is under the control of the canonical
TGEF-B/SMAD3 and non-canonical ERKs, JNK, p38, and STAT3
pathways (90, 91). Moreover, receptor for activated C-kinase
1 (RACKI1), a scaffold protein involved in numerous cellular
processes and signaling pathways, is another TGF- downstream
target involved in the HSC activation. RACKI1 is able to
induce pro-fibrogenic pathways in a TGF-B-dependent manner,
contributing to differentiation, proliferation, and migration of
HSC (92, 93). Indeed, in this migratory phenotype and in
remodeling of the cytoskeleton in TGF-p-activated HSC is also
involved the role of Rho guanosine triphosphatase (Rho GTPase)
signaling (94). TGF-f also regulates the expression of TRPM7
(transient receptor potential melastatin 7) in a SMAD3-depend
manner, which inhibition attenuates TGF-B-induced expression
of MFB markers (95).

Mild to moderate liver fibrosis may be reversible. The
reversion process is related with the elimination of the damaging
stimuli. During liver fibrosis reversion, activated HSC (or
myofibroblast) reverted to an inactivated phenotype. In this
state, inactivated HSC decrease the expression of fibrogenic
genes (including COLIAI and ACTA2) and up-regulate the
expression of some quiescence-associated genes like PPARy (96,
97). Furthermore, inactivating some of the TGF-f downstream
signals, such as ROS production, allows the reversion of the
myofibroblast phenotype (89).

ROLE OF ROS DURING HSC ACTIVATION
BY TGF-B

Oxidative stress plays a relevant role in the sequence of events
following TGF- activation of HSC. Actually, antioxidants can
inhibits HSC transdifferentiation into MFB (98, 99). In both
normal physiological and pathological conditions, ROS are
critical intermediates. Oxidative stress plays a role during both
initial inflammatory phase and its progression to fibrosis (100).
Oxidative stress markers have been detected in experimental
liver fibrosis/cirrhosis animals and in the biopsy and serum
samples from liver cirrhotic patients (101). It is well known that
ROS may act upstream and downstream of the TGF-f pathway.
Upstream, ROS, through LAP activation and subsequent TGF-f
release, promote fibrosis activating latent TGF-f (102) and/or via
matrix metalloproteinases activation (103). Indeed, LAP/TGF-B
complex has been suggested to function as an oxidative stress
sensor (104). Furthermore, in many cell types such as HSC and
hepatocytes, ROS may up-regulate the expression and secretion
of TGF-B in a positive feedback loop (105, 106). ROS may
be generated in the liver by multiple sources, including the
cytochrome p450 family members, peroxisomes, mitochondrial
respiratory chain, xanthine oxidase, and nicotinamide adenine
dinucleotide phosphate (NADPH) oxidases. Worthy to note,

accumulating evidence indicates that NADPH oxidases (NOX)-
mediated ROS have a critical role in HSC activation and hepatic
fibrogenesis (101) mediating TGF-p actions.

NOX enzyme family generate ROS, either hydrogen peroxide
or superoxide as the primary species, during oxygen catalytic
metabolism for arrange of signaling functions and host defense.
There are described seven NOX isoforms in mammalian
cells (NOX1-5, DUOXI1, and DUOX2). Liver cells (either
parenchymal and non-parenchymal) express different members
of the NOX family. Hepatocytes and HSC express NOXI,
NOX2, NOX4, DUOXI, and DUOX2; endothelial cells express
mainly NOX1, NOX2, and NOX4; and Kupffer cells express the
phagocytic NOX2 (101, 107). NOXs proteins could be playing
relevant roles during liver fibrosis development (101, 108). Both
NOXI1- and NOX2-deficient HSC had decreased ROS generation
and failed to upregulate collagen and TGF-f in response to
angiotensin II (109). Of relevance, NOXes mediate TGF-f
activation of HSC to MFB process (89, 110). In different organs,
such as heart, the main mediator for the activation of MFB is
NOX4, downstream from TGF-$ (111), lung (112) and kidney
(113). In in vivo models of liver fibrosis, the levels of NOX4
are up-regulated, as well as in patients with chronic hepatitis C
virus derived infection, increasing along the fibrosis degree. HSC
respond to TGF-B inducing NOX4-derived ROS (105), which
play a key role in hepatic MFB in both in vivo and in vitro (89,
114). In NOX4 knock-out animals and in NOX4 downregulated
cells the TGF-B-transactivation of HSC is attenuated (89,
114), and even more, the myofibroblastic state could also be
reversible (89). During liver fibrosis, NOX4 is required for both
HSC activation and maintenance of the activated phenotype
in MFB in a TGF-B-dependent manner and mediates the
TGF-B pro-apoptotic response in hepatocytes, which might
be relevant to blunt regeneration and create a pro-fibrogenic
microenvironment. In this sense, apoptotic hepatocytes after
liver injury generate apoptotic bodies which were described to
promote HSC survival (115). HSC can engulf and clear apoptotic
hepatocytes bodies inducing their activation in JAK1/STAT3-
dependent pathway and a NOX-dependent PI3K/Akt/NF-kB
induction pathway, concomitant with a production of ECM
components (115). Recent evidences show up the dual role
of NOX1/NOX4 pharmacological inhibitors in decreasing both
the apparition of fibrogenic markers and hepatocyte apoptosis
in vivo (114, 116), highlighting the relevance of NOX1 and
NOX4 in liver fibrosis and opening new perspectives for
its treatment. Actually, NOX1 and NOX4 signaling mediates
hepatic fibrosis through activation of HSC (114, 117). Indeed, it
was recently described that NOX4, downstream TGF-f, would
play a role in the acquisition and maintenance of the MFB
phenotype (89). Deficiency of NOX1 and NOX4 attenuates liver
fibrosis in mice after CCly treatment. Activated HSC and ROS
generation are also attenuated in HSC lacking NOX1 and NOX4,
suggesting NOX1 and NOX4 play important roles in liver fibrosis
and injury through regulating inflammation, proliferation and
fibrogenesis in HSC (117). Therefore, targeting NOX1/4 is
emerging as a new and attractive therapy for liver fibrosis in
order to impair the pathological effects of TGF-B over this
disease.
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HUMAN HEPATOCELLULAR CARCINOMA
(HCC)

HCC is a major public health problem worldwide with almost
800,000 new cases each year and its incidence is increasing in
Europe and worldwide. In 2015 reports from World Health
Organization, liver cancer is the second leading cause of cancer-
related deaths, following lung cancer (118). HCC is the most
common primary liver malignancy in adults. Intriguingly, there
are significant differences on the incidence when considering
the gender, being the male to female ratio estimated to be 2.4.
This difference is mainly attributed to the different exposition
to risk factors, as well as the influence of androgens and
oestrogens on HCC progression (119). Exposition to risk factors
also determines the incidence of liver cancer regarding age or
ethnicity and the highest incidence of HCC is found in Asia
and sub-Saharian Africa (120-122). In most cases, HCC develops
within an established background of chronic liver disease.
Progressive hepatic fibrosis frequently evolves to cirrhosis, which
is the largest risk factor for developing liver cancer. Up to 90% of
cases of HCC arise in the setting of advanced fibrosis or cirrhosis
regardless of etiology (121, 123-125).

During hepatocarcinogenesis, a complex multistep process,
many signaling cascades are altered as a result of genetic and
epigenetic changes that contribute to a heterogeneous molecular
profile. Furthermore, cellular plasticity increases the complexity
of the cellular heterogenicity. Indeed, tumor heterogeneity in
HCC is impressive: it can be observed between patients, between
nodules in the same patient (i.e., second primary tumors after
curative treatment or synchronous multifocal tumors of different
clonality) and even within a single tumor nodule (126). Many
molecular mechanisms are known to be clearly involved in
HCC (127). Signaling pathways are related mainly with cell
proliferation, angiogenesis, invasion, and metastasis. IGF-1,
Epidermal Growth Factor (EGF), PDGE Hepatocyte Growth
Factor (HGF), VEGE, as well as TGF-f, are the most frequent
growth factors and cytokines involved in HCC development.
(128). The role of the microenvironment in tumor initiation
and progression in HCC is critical and HCC cells could acquire
an abnormal phenotype due to tissue remodeling altering their
biological behavior (129, 130).

ROLE OF TGF- DURING
HEPATOCARCINOGENESIS

As it was mentioned before, TGF-§ signaling -in the liver-
participates in all stages of disease progression, from initial
liver injury through inflammation and fibrosis, to cirrhosis and
cancer (7, 8). During early stages of tumorigenesis TGF-f acts
as a tumor suppressor, while in late stages it acts with a pro-
tumorigenic role, promoting invasiveness and metastasis once
cells become resistant to its suppressor effects (8, 131). In
non-transformed hepatocytes and HSC, the cytostatic effects of
TGEF-f are often dominant over the opposing mitogenic signals;
however, carcinoma-derived cells are usually refractory to growth
inhibition by this cytokine. Activation of the TGF-B pathway

induces antiproliferative responses due to the regulation of the
cell cycle at G1-S by inhibiting ¢-MYC and cyclin-dependent
kinase complex (CDK)-1-6 and 7 and regulates cycling inhibitors
such as p21 and p15 (132-134). Smad4 —/- mice could develop
head and neck cancer demonstrating the role of the TGF-8
pathway as cytostatic regulator (135). Other proteins involved in
the regulation of the pathway, such as B-II spectrin, which plays
a role as scaffold for SMAD3 and SMAD4 and their subsequent
activation after TGF-B. Sptbn2 heterozygote mutants develop
HCC indicating that TGF-f signaling and B-II spectrin suppress
hepatocarcinogenesis, potentially through cyclin D1 deregulation
(136). TGF-p pathway also activates the NRF2 transcription
factor which is involved in the expression of many cytoprotective
genes which are relevant in the protection of the cells against
toxic insults, and its depletion increases tumorigenic process
(137). These data show up the relevance of the cytoprotective
and suppressor role of TGF-p pathway, which could be altered
during the carcinogenesis process. Malignant cells surpass the
suppressive effects of TGF-p either through inactivation of core
components of the pathway (such as TGF-p receptors and/or
SMADs) or by downstream alterations repressing the tumor-
suppressive arm. In late stages, liver cancer cells take advantages
from the TGF-B-dependent pathways to acquire capabilities that
contribute to tumor progression, such as production of autocrine
mitogens, release of pro-metastatic cytokines and chemokines
and up-regulation of receptors that mediate the response to them
(10, 138-140). In this sense, different evidences suggest that
TGEF-p plays a dual role in hepatocarcinogenesis. On one side,
as commented above, TGF-f inhibits proliferation and induces
apoptosis in hepatocytes and liver tumor cells (141, 142), but
simultaneously, it activates survival pathways, such as Akt, and
induces an increase in the expression of anti-apoptotic BCL-
2-related proteins (143-145), a process that is related to the
capacity of TGF-P to transactivate c-Src and EGFR pathways,
among others (146). Interestingly, the inhibition of the EGFR
increases the apoptotic response to TGF-B (146, 147). In fact,
in hepatocytes, TGF-B-induced apoptosis could be counteracted
by EGF (an important survival signal) (141, 148) a process
that requires activation of the PI3K/Akt axis to counteract
TGF-B-induced upregulation of the NOX4, oxidative stress and
mitochondrial-dependent apoptosis (149, 150). Another member
of the NOX family, NOX1, is involved in this anti-apoptotic
role. TGF-pB-mediated activation of NOX1 promotes autocrine
growth of liver tumor cells through the activation of the EGFR
pathway, via upregulation of EGFR ligands expression through
a c¢-Src (151) and NF-kB (152) dependent mechanism. The
autocrine loop of EGFR activated by TGF-f in non-transformed
hepatocytes and liver cancer cells requires the activity of the
metalloprotease TACE/ADAM17 (142, 146) in a Caveolin-
1/Src/NOX1 dependent manner (153, 154). This proliferation
can be impaired by the addition of the NOX inhibitor VAS2870
(155). Moreover, TGF-f is able to mediate the production of
EGEFR ligands, which eventually confers resistance to its pro-
apoptotic effects in hepatocytes (149, 152) and HCC cells (156).
Importantly, the capacity of hepatocytes to survive to TGF-f
is also dependent on their differentiation status (157). Thus,
rat hepatoma cells respond to TGF-$ inducing survival signals,
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whereas adult hepatocytes do not (142). In the same way,
different features of HCC cell lines, like the activation of the
EGFR or MEK/ERK pathways, may provoke different outcomes
after TGF-P exposure (156, 158).

Once cells overcome the cytostatic and apoptotic effects of
TGE-B, this cytokine regulates cell plasticity, a fact that has been
elegantly evidenced in a study by Coulouarn and col., where they
proposed difterent liver TGF- gene signatures, defining a cohort
of genes related to its tumor suppressor capacity and another
cohort of genes related with its tumor promoting effects: the early
and the late TGF-B-signatures. The “early” TGF-f signature is
associated to genes involved in growth inhibition and apoptosis,
whereas the termed “late” TGF-p signature is associated to
EMT, migration and invasion (159). Of relevance, this study
also discriminated HCC cell lines by degree of invasiveness.
Interestingly, the early response pattern is associated with longer,
and the late response pattern with shorter, survival in human
HCC patients. In addition, tumors expressing the late TGF-f-
responsive genes displayed invasive phenotype, increased tumor
recurrence and accurately predicted liver metastasis. In the
development of liver hepatocarcinogenesis, TGF-B plays crucial
roles regulating the different stages of the disease, some of these
roles are summarize in the Figure 3 and we detail in the next
chapters.

TGF-8 PROMOTES EMT IN HCC

Tumor cells that overcome the suppressor effects of TGF-f
become ready to respond to this cytokine inducing other
effects, such as EMT, processes that contribute to either fibrosis
and/or tumor dissemination (160). Neoplastic transformation
of hepatocytes and progenitor cells, which both are epithelial-
like, to a mesenchymal-like phenotype boost heterogeneity in
HCC (75).

TGEF-B is one of the strongest inducers of EMT under both
physiological and pathological context (161), regulating
the expression and activity of EMT-TFs (14). Different
in vitro studies support the idea that TGF-p induces EMT
in non-tumorigenic epithelial cells, transforming them into a
fibroblast-like phenotype. For example, alveolar epithelia cells
via FoxM1/Snaill can undergo EMT after TGF-B exposure
(162, 163); mammary epithelial cells undergo EMT in a
TGE-B/PI3K/mTOR pathway (164, 165). After liver insult,
non-transformed hepatocytes can undergo EMT as an adaptative
response to move and scape from damaged, inflammatory,
hypoxic and redox-activated microenvironment allowing them
to find better conditions (166). Moreover, TGF-B induces
anti-apoptotic signals in transformed hepatocytes, through
the activation of the EGFR pathway (143, 146), and liver
cells that overcome TGF-f pro-apoptotic effects undergo
EMT in a Snaill-dependent manner conferring resistance
to apoptosis (15, 71, 142, 156). Besides apoptotic resistance,
mesenchymal-like phenotype increases migratory properties
in HCC cells through activation of the CXCR4/CXCLI12 axis
in TGF-p-dependent manner (139), a mechanism that would
contribute to tumor progression in HCC patients (167).

Interestingly, CXCR4 is localized in the migratory front of the
tumors and is coincident with TGF-§ signaling overactivation,
suggesting this pathway as a future prognostic factor to
predict patient response to TGEF-f therapies. MicroRNAs
(miRNA) are also involved in the regulation of EMT and in
the progression and development of HCC. MiR-181, which
is regulated by TGF-p, is overexpressed in HCC samples
and is associated with and EMT phenotype (168-170). In
hepatocytes, miR-181 induces an EMT-like response and mimics
TGE-p-effects, upregulating MMP2, o-SMA and vimentin,
downregulating E-cadherin and inducing morphological
changes.

Upon HCC development, the excessive growth of transformed
cells also generates hostile nodules for cancer cells due to
oxygen depletion in internal areas (hypoxic environment)
(171) as compared to tumor stroma borders, which induces
tumor cell necrosis. Malignant hepatocytes or progenitor cells
could undergo EMT as an option to escape from these
places and to move toward a cytokine/chemokine better
and enriched microenvironment, as well as a resistance
mechanisms of survival to cell death stimuli (172, 173). In
addition, hypoxic factors, such as HIF-1la, could stimulate
EMT in hepatocytes in a TGF-p-dependent manner due to
hypoxic hepatocytes secrete enzymes that activate latent TGF-f
(174).

TGF-8 REGULATES CANCER STEM CELL
PLASTICITY

The variability in the prognosis of HCC patients suggests that
it may comprise several distinct biological phenotypes, but
individuals with HCC who shared a gene expression pattern
with foetal hepatoblasts showed to have a poor prognosis
(175). Several evidences provide insight into the role of
TGF-B in regulating the cancer stem cell niche (176), much
less is known about the potential crosstalk between TGF-f-
induced EMT in the HCC cells and the acquisition of stem
cell properties (74, 177). It is proved that liver epithelial
cells that undergo a TGF-B-dependent EMT process show
a less differentiated phenotype. Chronic TGF-f treatment in
rat and human fetal hepatocytes, as well as in human HCC
cells, promotes a mesenchymal-like phenotype concomitant
with decreased expression of specific hepatic genes and the
appearance of stem cell features, reminiscent of a progenitor-
like phenotype (156, 177, 178). Cancer stem cells (CSC) or
tumor-initiating cells (TICs) in the liver could derive from
hepatic progenitor cells exposed to chronic TGF-p-exposure
during hepatocarcinogenesis (179). TGF-B is involved in the
neoplastic transformation of liver progenitor cells, through
a miR-216a/PTEN/Akt-dependent pathway (179), concomitant
with FOXO3a nuclear exportation. FOXO transcription factors
are implicated in a huge cellular events and are also related
with the neoplastic phenotypes linked to PI3K/Akt activation
(180).

It is suggested that the expression of stem-related genes
could also be mediating the acquisition of an EMT phenotype.
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In this sense, the stem-related CD44 or CD133 are not only
involved in the acquisition of stem properties, but also in the
switch to a more mesenchymal, migratory phenotype (181,
182). TGF-B-mediated mesenchymal-like phenotype is regulated
by CD44, and its overexpression provokes down-regulation in
E-cadherin expression and up-regulation of vimentin, which
correlate with higher phospho-SMAD?2-positive nuclei and poor
prognosis in HCC patients (181, 183). Moreover, intermediate
EMT states have recently been identified as crucial drivers
of organ fibrosis and tumor progression (14). During partial-
EMT stage, both epithelial and mesenchymal stem genes can
be expressed. In this sense, it is worthy to mention that in
certain HCC cell lines, TGF-B-treatment induces the expression
of mesenchymal genes, such as VIM (vimentin), and the
mesenchymal-related stem-related genes CD44 and CD90, but
simultaneously, they express E-cadherin and the epithelial-
related stem genes EPCAM or CDI133 (177). Interestingly, this
partial EMT phenotype confers to the HCC cells the highest

stemness stage concomitant with an increased migratory/invasive
capacity (177).

CSCs could contribute to the failure of therapies to abolish
malignant tumors. In pre-clinical assays, cancer stem-like spheres
from de-differentiated HCC-derived cell lines show increased
expression of stemness markers (CD44), and higher resistance
to anticancer drugs (184). Furthermore, the acquisition of some
mesenchymal properties and the expression of CD44 impair the
HCC cell response to sorafenib-induced apoptosis (183). For
this, novel strategies are focused to target CSC development. It
is interesting to mention that treatment with inhibitors of the
TGF-B pathway, such as Galunisertib (LY2157299-a selective
ATP-mimetic inhibitor of TGF-B receptor I) decreased the
stemness related genes of mesenchymal HCC cells and their
ability to form colonies, liver spheroids and invasive growth
(185). Resminostat, a novel orally histone deacetylases inhibitor,
has been demonstrated as a good therapy in the SHELTER
study (a phase I/II clinical study) in mono and combination
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therapy with sorafenib (186). The combination therapy revealed
an advantage in terms of overall survival and time to progression.
In HCC cells with a mesenchymal phenotype, caused by
autocrine expression of TGF-f, resminostat sensitizes them to the
apoptotic response induced by sorafenib (187). Mesenchymal-
related gene expression was decreased in resminostat-treated
HCC cells. This event is concomitant with an epithelial-related
gene expression increase, more organized tight junctions and
lower invasive growth. Indeed, resminostat down-regulated
CD44 expression is coincident with a decrease in the stemness
properties. These results reinforce the strong impact of the TGF-
B-induced mesenchymal/stemness phenotype on HCC drug
resistance.

LIVER CANCER STROMA CELL
PLASTICITY AND TGF-8

TGE-p display multiple effects on the microenvironment (188),
which plays a relevant role in HCC development and progression.
In the stroma, TGF-B induces microenvironment changes,
including generation of cancer-associated fibroblasts (CAFs)
(23) that play a relevant role in facilitating the production
of growth factors and cytokines, which contribute to cell
proliferation, invasion and neoangiogenesis, being related with
poor prognosis (189-192). Different origins are described, but
in the liver CAFs could be originated from epithelial cells—
hepatocytes, cholangiocytes- and HSC that undergo an EMT
process. To promote their tumoral functions, CAFs need the
expression of EMT-TFs. Indeed, Snail expression in CAFs is
necessary for their response to TGF-B, increased production
of fibronectin and stiffness of the ECM (23). CAFs are also
a potent source of TGF-p and are described to promote the
migration and invasion of HCC cells in vitro and facilitate the
HCC metastasis to the bone, brain and lung in NOD/SCID mice
(193).

In HCC microenvironment anti-tumor response is impaired
due to various immune suppressive elements, such as Tumor
Associated Macrophages (TAMs) and regulatory T cells (Treg)
(194-196). Similarly to that occurs with macrophages in fibrosis,
during HCC progression, TAMs are mainly polarized toward
an M2 phenotype, due to the higher levels of TGF-B (among
others factors) (197). M2-like macrophages are major players
in the connection between inflammation and cancer, involved
in functions such as: promotion of tumor cell proliferation,
ECM turnover, inhibition of adaptive immunity, among others
(198, 199), TAMs are correlated with angiogenesis, metastasis,
and poor prognosis (200, 201). Moreover, TAMs can promote
cancer stem cell properties in a TGF-p-dependent manner
(202). CAFs can also educate Natural Killer (NK) cells (203),
dendritic cells (204) and upregulate the production of Treg
in a TGF-B-dependent manner (205). CAFs promote Treg
cell induction, through upregulation and activation of the
human B7 homolog 1(B7-H1)/programmed death 1 (PD-1)
signaling, which are involved in immunosuppressive functions in
a mTOR/Akt dependent-manner (206). Accumulating evidence
indicates that the immune system microenvironment plays key

roles in the development of HCC (207, 208). CD4+ naive
T cells show an enormous cell plasticity and under TGF-f-
treatment could differentiate into Treg cells (209). Poor prognosis
in HCC patients is associated with infiltration liver tissue
prognosis in HCC patients. Treg cells -Foxp3-positive cells-
are involved in immune homeostasis, peripheral tolerance and
prevention of autoimmunity (210, 211). TGF-p induces the
expression of the transcriptional factor Foxp3 involved in the
conversion of naive CD4+CD25T cells to CD4+CD25+ Treg
cells with potent immunosuppressive potential (212). Blocking
TGF-B signaling with SM-16 (TGF-B inhibitor) significant
decreases the percentage of Treg cells in liver tissue concomitant
with an attenuation of the hepatocarcinogenesis process in a
DEN-model (213). Interestingly, addition of exogenous TGEF-
B restores the expression level of Foxp3 and the presence of
Treg cells. Exogenous addition of TGF-B normalizes Treg cell
numbers and promoted their cell differentiation. Moreover, In
HCC patient samples, the expression of both genes, TGFBI
and FOXP3, correlate positively and are involved in tumoral
progression. (213). On summary, TGF-f promotes tumor
immune escape and survival by maintaining natural Treg levels,
inducing Treg cell differentiation and TAMs polarization into
M2-phenotype.

NEW THERAPIES TO INHIBIT THE TGF-g
PATHWAY

Developing an effective therapy to target the TGF-§ pathway in
liver pathologies requires a better understanding of its complex
role in this organ, considering its pleiotropic effects on cell
proliferation, death and differentiation of different liver cell
types, its ability to induce EMT in epithelial cells or EndEMT
in the endothelial ones, as well as its capacity to act as an
immune modulator. In spite of this, targeting TGF-p was
proposed a good approach to delay the progression of liver
diseases and, in particular, of HCC (9, 214, 215). Indeed, first
experiments indicated that inhibiting the TGF- pathway in HCC
cell lines blocked migration and invasion of HCC cells by up-
regulating E-cadherin and down-regulating CXCR4 (167, 188),
as well as inhibiting the upregulated levels of CTGF induced by
TGE-B, reducing the stromal component of the microtumoural
environment and slowing the HCC growth in vivo (216). These
data suggested that there could be a mechanistic use for targeting
TGEF-B in HCC clinical trials.

Several different strategies have been proposed to inhibit
the TGF-p pathway in liver pathologies, including the use of
chimeric proteins, monoclonal antibodies, peptide inhibitors,
small molecules that inhibit the receptors’ kinase activity and
antisense oligonucleotides (217). First studies demonstrated the
efficiency of potential peptide inhibitors of TGF-B1 (derived
from TGF-B1 and from its type III receptor) in vitro and
in vivo in reducing liver fibrosis (218, 219). These peptide
inhibitors were proved to be also useful in enhancing the efficacy
of antitumor immunotherapy (220). To increase the delivery
efficiency, in a recent study, one of these peptides (P-17) was
loaded separately into folic acid-functionalized nano-carriers
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made of bovine serum albumin. Cellular studies demonstrated
the targeting efficiency of the hybrid carriers (221).

In the last years the interest has been focused on the TBRI
kinase inhibitor Galunisertib, developed by Lilly (LY2157299,
a selective ATP-mimetic inhibitor of TBRI) that has proved
more efficient than neutralizing humanized antibodies, such
as D10 against TPRII, in blocking the canonical TGF-B
signaling in HCC cells, experiments that supported the
use of this drug in preclinical and clinical trials (9, 222).
Despite limited antiproliferative effects, Galunisertib yielded
potent anti-invasive properties in HCC models and in ex
vivo tumor tissue samples from patients (223). Worthy to
note, in combination, Galunisertib potentiated the effect of
sorafenib efficiently by inhibiting proliferation and increasing
apoptosis. Galunisertib also reduced the expression of stemness-
related genes, such as CD44 and THYI, in vitro and in ex
vivo human HCC specimens, overcoming stemness-derived
aggressiveness (185). Furthermore, it also showed antitumor
activity through the activation of CD8+ T-cell antitumor
responses (224). Recent studies have also suggested the
potential efficiency of Galunisertib as antifibrotic drug. In
ex vivo studies, using both healthy and cirrhotic human
precision-cut liver slices, Galunisertib reduced fibrosis-related
transcription, which correlated with a significant inhibition in the
production and maturation of collagens (225). Furthermore, in
an experimental preclinical model (Abcb4ko mice) the treatment
with Galunisertib decreased the expression of several fibrogenic
genes, such as collagens (Collal and Colla2), Tgfbl and Timpl,
and reduced the ECM/stromal components, fibronectin and
laminin-332, as well as the carcinogenic P-catenin pathway
(226).

A phase II clinical trial using Galunisertib in patients with
advanced HCC to test safety, time to progression and overall
survival (OS) is ongoing (NCT01246986 http://clinicaltrials.
gov). Preliminary data show that patients with higher levels of
circulating TGF-p1 are more likely to respond to therapy with
Galunisertib. TGF-B1 reduction in response to the treatment
is related to improvement in OS when compared to patients
with non-TGF-B1 reduction. Some efforts are being made
in optimizing the delivery of Galunisertib in form of novel
polymeric nano-micelles, to avoid acidic pH of gastrointestinal
tract, colon alkaline pH and anti-immune recognition (227).

Once it is proven the safety and the benefit of using
Galunisertib in HCC, biomarkers will be extremely useful
in the proper selection of patients who might benefit from
receiving the drug. In this sense, high TGFBI expression
in HCC patients, concomitant with high expression of the
genes that mediate its invasive effects, such as PDGE CXCR4,
or CD44, (167, 177, 228) would anticipate a benefit for
the use of Galunisertib. Furthermore, a recent study has
proposed SKIL and PMEPAI as strongly downregulated by
Galunisertib, correlating with endogenous TGFf-1 (185, 229).
These target genes identified may also serve as biomarkers for
the stratification of HCC patients undergoing treatment with
Galunisertib. Since biopsy is not frequent in HCC patients,
new areas of research must be focused on the improvement

of liquid biopsies in these patients to develop the possibility
that this kind of analysis may be done in tumor circulating
cells.

Finally, new approaches to interfere not only the TGF-p
canonical, but also the non-canonical pathways must be
developed in the next future, as previously mentioned, the switch
from tumor-suppressive to pro-oncogenic TGF-f actions could
be directed by its crosstalk with Receptor Tyrosine Kinases,
in particular, EGFR. So, interference with EGFR signaling, by
employing approved targeted drugs, in TGF-B/SMAD-positive
HCC patients might be effective in improving the effectiveness
of Galunisertib.

CONCLUDING REMARKS

TGF-p plays unique actions in modulating cell plasticity,
and the liver reveals as a tissue where these actions would
be very relevant during the response to injuries that cause
chronic diseases. In general terms, TGF-B-induced changes
in cell plasticity may converge in transdifferentiation toward
a different phenotype, such as the case of activation of
HSC to MFB or the dedifferentiation/acquisition of stem
cell properties in hepatocytes and liver tumor cells. But it
may also proportionate to the cells new capabilities, such
as cell survival or increase in migratory/invasive properties
that the liver tumor cells acquire when they undergo EMT
in response to TGF-B. And, worthy to note the essential
role that TGF-B plays inducing Treg cell differentiation and
TAMs polarization into M2-phenotype, which promotes tumor
immune escape and survival. Despite all current knowledge,
there are still many gaps that need to be clarify. However,
these evidences point toward the use of tools that target
the TGF-B signaling pathway to counteract liver disease
progression.
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The persistence of drug resistant cell populations following chemotherapeutic treatment
is a significant challenge in the clinical management of cancer. Resistant subpopulations
arise via both cell intrinsic and extrinsic mechanisms. Extrinsic factors in the
microenvironment, including neighboring cells, glycosaminoglycans, and fibrous proteins
impact therapy response. Elevated levels of extracellular fibrous proteins are associated
with tumor progression and cause the surrounding tissue to stiffen through changes in
structure and composition of the extracellular matrix (ECM). We sought to determine
how this progressively stiffening microenvironment affects the sensitivity of breast cancer
cells to chemotherapeutic treatment. MDA-MB-231 triple negative breast carcinoma
cells cultured in a 3D alginate-based hydrogel system displayed a stiffness-dependent
response to the chemotherapeutic doxorubicin. MCF7 breast carcinoma cells cultured
in the same conditions did not exhibit this stiffness-dependent resistance to the drug.
This differential therapeutic response was coordinated with nuclear translocation of YAP,
a marker of mesenchymal differentiation. The stiffness-dependent response was lost
when cells were transferred from 3D to monolayer cultures, suggesting that endpoint
ECM conditions largely govern the response to doxorubicin. To further examine this
response, we utilized a platform capable of dynamic ECM stiffness modulation to allow
for a change in matrix stiffness over time. We found that MDA-MB-231 cells have a
stiffness-dependent resistance to doxorubicin and that duration of exposure to ECM
stiffness is sufficient to modulate this response. These results indicate the need for
additional tools to integrate mechanical stiffness with therapeutic response and inform
decisions for more effective use of chemotherapeutics in the clinic.

Keywords: chemotherapy, resistance, extracellular matrix, tumor microenvironment, 3D cell culture

INTRODUCTION

Cancer is a complex disease capable of affecting multiple properties of tissue organization and
is driven by numerous factors. Hanahan and Weinberg (1, 2) have summarized and defined
“hallmarks of cancer” which describe biological conditions characteristic of tumorigenesis. Pickup
(3) revisited these hallmarks and described roles that the extracellular matrix (ECM) plays in
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each. The ECM includes the non-cellular components of a cell’s
microenvironment responsible for providing physical scaffolding
and facilitating signaling from the surrounding tissue (4). Studies
aimed at characterizing the role that physical cues play in tumor
development have demonstrated that ligand type, ligand density,
substrate composition, and substrate stiffness are important
factors in tumor initiation, progression, and metastasis (5-12).
Additional studies investigate how cells manipulate the ECM and
vice-versa, suggesting a reciprocal nature whereby each shapes
the response of the other (7, 8, 13-15).

With cellular remodeling of the ECM, tumors become
progressively more rigid than surrounding tissue, a characteristic
that informs diagnosis by physical palpitation and imaging (16).
These serve as early detection methods for breast cancer (16),
the second leading cause of cancer death among women (17).
The ECM influences organization (15) and differentiation (18,
19) of mammary cells into functional mammary structures and
tissues. It plays a role in tumor suppression through trafficking
of intercellular signals (20) and exerting physical forces sensed by
cell surface proteins, such as integrins (10, 13, 15). Changes in the
ECM composition (15, 18, 19, 21) and stiffness (6-8, 15, 22, 23)
have been shown to promote malignant phenotypes. Previous
work in the field has investigated the role of ECM in determining
cellular response to chemotherapy treatment (9, 24). Rice et al.
(25) and Zustiak et al. (26) both demonstrate that ECM stiffness
can alter chemotherapeutic response for some cancer cell lines.
Shin and Mooney (9) examined the relationship between ECM
ligands and cancer cell resistance to chemotherapeutics. Here we
utilize a hydrogel platform to examine how ECM stiffness and
the dynamic modulation of that microenvironmental stiffness
affect the response of two distinct breast carcinoma cell lines to
chemotherapeutic treatment.

Hydrogels have served to isolate and model aspects of
the ECM for in vitro studies of cellular organization (15)
and differentiation (18, 26, 27), tumor suppression (10, 13,
15), tumorigenesis (6, 13, 28-30), promotion of malignant
phenotypes (6-8, 15, 22, 23), and cellular response to
chemotherapy (9, 24, 31). Materials native to mammalian cellular
ECM (i.e., scaffolding proteins such as collagens and fibrins)
as well as biomimetic materials (such as agar and acrylamide)
are used to produce 3D scaffolds for in vitro cultures. The
mechanical properties of these hydrogel scaffolds are largely
determined during the initial preparation; overall stiffness of
the hydrogel is determined by the density of protein/polymer
or number of cross-links formed. However, with these systems
is it not possible to adjust matrix stiffness in a controlled
manner after initial formation of the hydrogel. Recent work
has shown that the contractile force of MDA-MB-231 cells can
cause significant increases in stiffness of their surrounding ECM
(32). Microrheology with optical tweezers has been used to
measure the stiffness gradient created by cells grown in collagen
hydrogels; the linear stiffness of hydrogels adjacent to MDA-MB-
231 cells was measured to be up to two orders of magnitude
stiffer than areas of unoccupied hydrogel 200 pm away. Similar
stiffening was seen for MDA-MB-231 cells in Matrigel cultures
and human umbilical vein endothelial cells in fibrin hydrogels,
indicating that maintaining hydrogel stiffness within a defined

range will be challenging as cells rearrange their ECM over
time.

Our studies utilized the alginate-based hydrogel system
described by Stowers et al. (33) as a means to predictably
modulate hydrogel stiffness. Alginate is bio-inert, and alginate
polymers can be cross-linked with calcium ions, providing a
means for controlling hydrogel stiffness. Additionally, this system
incorporates 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) liposomes loaded with calcium and gold nanorods.
Irradiation with NIR light causes the gold nanorods to undergo
surface plasmon resonance and heat the liposomes. As the
liposomes approach the phase transition temperature (41°C),
they undergo gel-to-liquid transition causing the encapsulated
calcium to leak out and form additional alginate cross-links. This
experimental platform allowed us to seed breast cancer cells into
hydrogels of an initial stiffness (200 and 2,000 Pa), further stiffen
their ECM during the course of the experiment (200 1,600 Pa and
2,000 3,000 Pa), and treat samples with the chemotherapeutic
doxorubicin to determine how dynamic changes to the ECM
affect chemotherapeutic resistance. Here we show that stiffness
of the ECM is sufficient to modulate MDA-MB-231 breast cancer
cell resistance to doxorubicin.

MATERIALS AND METHODS

Cell Culture

MDA-MB-231 cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM, Life Technologies, REF: 10569-010, 94%)
supplemented with FBS (Life Technologies, REF: 10437-028
5%) and P/S (Life Technologies, REF: 15070-063, 1%). MCF7
cells were cultured in Minimum Essential Media (MEM, Life
Technologies, REF: 11095-080, 89%) supplemented with Fetal
Bovine Serum (FBS, Life Technologies, REF: 10437-028, 10%)
and Penicillin/Streptomycin (P/S, Life Technologies, REF: 15070-
063, 1%). All cultures were incubated at 37°C with 5% CO,.

Hydrogel Preparation

Hydrogels were prepared by mixing the following ingredients
in the order described with thorough mixing after addition
of each ingredient: 4% alginate (Pronova UP MVG; 40% total
volume, 1.6% final concentration), 5-20 mM calcium carbonate
(5% total volume), liposomes loaded 500 mM calcium chloride
plus AuNRs (20% total volume), cells (8 million cells/mL;
5% total volume), 10-40 mM D-(+)-Gluconic acid 8-lactone
(Sigma-Aldrich, G4750; 5% total volume), and Matrigel (VWR
International, 47743-715; 25% total volume). Once mixed, 50 (L
of the gel solution was pipetted into each well of a 96-well plate
and placed in an incubator (37°C, 5% CO,) for 1h to promote
gelation. After gelation, 100 wL of media was added to each
sample and placed back in an incubator.

Liposome Preparation

Liposomes were prepared using the interdigitation-fusion
method described by Ahl et al. (34). 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC, Avanti, 850355P/C) was diluted in
chloroform (Fisher Scientific, CAS: 67-66-3) at 25 mg/mL and
rotary evaporation (150 mbar vacuum, ~60 rpm, 55°C, 15 min.)
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was used to coat a round-bottom flask with thin layers of lipids.
After 15min. on the rotovap, the newly formed lipid cake was
placed in a desiccator overnight to ensure complete evaporation
of any residual chloroform. The lipid cake was rehydrated with
2mL of ultra-pure water and placed on a rotator for 30 min.
to ensure hydration of the entire lipid cake. The solution was
then sonicated via sonic probe (60% amplitude for 10 min.) to
form small unilaminar vesicles. At this point, the lipid solution
was passed through a 0.22pM filter (Millipore, SLGS033SB)
and 424 pL of 100% ethanol (Fisher Scientific, CAS: 64-17-5)
was added to form interdigitated sheets. Gold nanorods and
500 mM calcium chloride (Sigma-Aldrich, C1016) was added and
allowed to incubate at 55°C for 2h with gentle agitation every
30 min. to ensure encapsulation of cargo into newly forming
liposomes. After incubation, a series of washes with 300 mM
sodium chloride (Fisher Scientific, 7647-14-5) plus 1 mM HEPES
(Sigma-Aldrich, H3375) was done to remove any free-floating
nanorods or calcium.

Dynamic Stiffening of Alginate Hydrogels
Prior to exposing samples to near infrared light, all media
was removed from each sample to minimize light scattering.
A Lasermate (IML808-2500FLAMA4A) set at 2.0 W was used to
irradiate samples for 45 s each. After irradiating the final sample,
100 L of fresh culture media was added to each well and the
samples were placed back in an incubator (37°C, 5% CO,).

Rheometry

To determine stiffness of the hydrogels used, gel solutions were
prepared and pipetted into PDMS molds, incubated at room
temperature for 2h, and measured on a Physica MCR 101
Rheometer using an 8 mm geometry (Anton Paar, Cat.#: 5681).
Rheoplus (v3.40) software was used to take frequency sweep
measurements from 0.05 to 500 rad/s with 5% initial strain.

Dosing With Chemotherapeutics

Samples were exposed to doxorubicin (Sigma-Aldrich, Cat.#:
D1515) for 48 h. A broad range (1 nM - 200 uM) of doses was
used to determine the drug sensitivity.

Isolation of Cells From Hydrogels

To extract the cells cultured in hydrogels for analysis, each 50
nL gel was soaked in 100 pL of 50 mM sodium citrate (Fisher
Scientific, Cat#: BP327) for 15 min. at room temperature. Gels
were then mechanically disrupted by pipetting until the alginate
dissolved to a liquid solution. Each sample was transferred to a
microcentrifuge tube and centrifuged at 600 x g for 10 min. to
pellet.

Measuring Viability

Viability =~ measures  were  assessed  using  acridine
orange/propidium iodide (AOPI, Nexcelom, Cat#: CS2-0106)
stain. Samples treated with AOPI were pelleted, resuspended in
AccuMAX (Innovative Cell Technologies, Cat.#: AM-105), and
mixed 1:1 with AOPI stain. A Nexcelom Cellometer Vision was
used to count live cells. The data gathered from cell viability
assays was fit to a sigmoid function in Microsoft Excel and used
to calculate drug sensitivity, as measured by LD50 value.

Staining for EMT Markers

Samples were fixed with a 15min. exposure to 4%
paraformaldehyde at room temperature. Blocking and
permeabilization buffer (0.1% Triton X-100 and 1% bovine
serum albumin [BSA] diluted in 1 x PBS) was added to each
sample and incubated at room temperature for 1h. Following
this, samples were incubated with primary antibody against
YAP (Santa Cruz, sc-101199) for 1h at room temperature. Cell
nuclei were stained with 300 nM DAPI (ThermoFisher, D1306)
for 30 min. at room temperature before being imaged on a Zeiss
confocal or EVOS epifluorescent microscope.

Quantitative Real-Time PCR

Total RNA was extracted using the RNeasy Mini Kit (Qiagen,
74104, Hilden, Germany) and was reverse-transcribed using the
High-Capacity ¢DNA Reverse Transcription Kit (Applied
Biosystems, 4368814) according to the manufacturer’s
instructions. Quantitative PCR was performed using the
PowerUp SYBR Green Master Mix (Applied Biosystems,
A25743) with 20 ng cDNA input in 20 pl reaction volume run
on a ViiA7 Real-Time PCR system (Applied Biosciences).
GAPDH  (glyceraldehyde  3-phosphate  dehydrogenase)
expression level was used for normalization as a housekeeping
gene. The primers for GAPDH (HK-GAPDH) and CDHI1
(VHPS-1738; E-Cadherin) were designed and synthesized by
RealTimePrimers.com (www.realtimeprimers.com).

Statistical Analysis

A two-tailed Student’s ¢-test assuming unequal variance was used
to compare samples, and a p-value of less than 0.05 was used
to determine statistical significance. Microsoft Excel Solver was
used to fit cell viability data to a sigmoidal function to generate
LD50 curves.

RESULTS

MDA-MB-231 Cells Exhibit
Stiffness-Dependent Resistance to

Doxorubicin

Cells were cultured either as a monolayer on tissue culture
plastic (2D) or in alginate-Matrigel hydrogels (3D) for six days
before treatment with doxorubicin (Figure 1A). Oscillatory shear
stress rheometry (1% strain, 0.5-50 Hz) was used to measure
hydrogel stiffness. The elastic modulus was calculated for each
frequency measured within this range (static soft = 228 Pa, n = 3;
stiffened soft = 1,552, n = 2; static stiff = 1,958 Pa, n = 5;
stiffened stiff = 3,210 Pa, n = 5; Figure 1B). We observed that
chemoresistance of MDA-MB-231 cells to doxorubicin was 3-
fold higher in the stiff ECM environment (LD50 = 10 pM in
200 Pa hydrogel cultures vs. LD50 = 32 uwM in 2,000 Pa cultures;
p = 0.002; Figures 2A,C). MCF7 cells did not display any
significant (p = 0.134; Figures 2B,D) differences in resistance
across substrates of increasing stiffness. When cultured as a
monolayer on tissue culture plastic, MDA-MB-231 cells (LD50 =
27 uM; Figure 2E) were found to be more resistant (p = 0.001)
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FIGURE 1 | Cells were cultured in hydrogels of varying stiffness before treatment with doxorubicin. The experimental protocol is outlined in (A). Briefly, cells were
seeded onto tissue culture plastic or into hydrogels that ranged in stiffness from 200 to 2,000 Pa. After 6 days in culture, samples were exposed to doxorubicin for
48h and cell viability was determined using AOPI staining. Hydrogel stiffness was determined by calculating Young’s modulus from frequency sweep measurements
obtained from a rheometer (B).
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FIGURE 2 | MDA-MB-231 cells have a stiffness-dependent resistance to doxorubicin. Dose response curves of MDA-MB-231 and MCF7 cells cultured in (A,B)
200 Pa hydrogel, (C,D) 2,000 Pa hydrogel, and (E,F) 2D monolayer following 48 h exposure to doxorubicin. Percent cell death was determined by staining samples
with AOPI and counting live cells using a Nexcelom Cellometer.
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to doxorubicin than similar MCF7 cultures (LD50 = 4 wM;  cultures vs. LD50 = 17 uM in cultures stiffened from 2,000 to
Figure 2F). 3,000 Pa; p = 0.492) when compared to static cultures.

To further investigate this stiffness-dependence, cells were . . .
cultured in an alginate-Matrigel hydrogel platform, as described Duration of Acclimation Modulates
in Stowers et al. (33), which uses calcium-loaded liposomes to ~ Stiffness-Dependent Resistance
drive cross-linking following exposure to near infrared (NIR)  The time between dynamic stiffening of hydrogel cultures and
light. Cells were initially cultured in hydrogels, for 3 days  treatment with doxorubicin was varied to determine if cells
to begin formation of micro-structures (Figure 3A). Hydrogels  undergo adaptation to stiffened ECM that may alter drug
were stiffened via NIR triggered cross-linking (Figures 3B,C),  sensitivity. Cells were cultured in hydrogels for 3 days to allow
and cells were cultured for 3 additional days before treatment  formation of micro-structures before being exposed to NIR
with doxorubicin for 48h (Figure 3A). NIR light alone was  to induce dynamic stiffening. Cultures were then maintained
not shown to significantly affect resistance to doxorubicin (p 24, 72, or 120h in the stiffened ECM before treatment with
= 0.06; Supplementary Figure 1). MDA-MB-231 cultures that  doxorubicin. Resistance to doxorubicin peaked in MDA-MB-
were grown in dynamically stiffened hydrogels had a significant 231 cells that were treated 72 h post-stiffening with an LD50 of
decrease in sensitivity to doxorubicin for cultures that were 80 uM for cultures stiffened from 200 to 1,600 Pa and 185 puM
stiffened from 200Pa to 1,600Pa (LD50 = 10 M in 200Pa  for cultures stiffened from 2,000 to 3,000 Pa (Figure 4A). By 120 h
static cultures vs. LD50 = 80 uM in cultures stiffened from 200  post-stiffening, this increase in resistance dropped to 87 M for
to 1,600 Pa; p = 0.004; Figure 4A) as well as those stiffened  cultures stiffened from 200 to 1,600 Pa (p = 0.323) and 71 pM
from 2,000 to 3,000Pa (LD50 = 32pM in 2,000Pa static  for cultures stiffened from 2,000 to 3,000Pa (p = 0.021). We
cultures vs. LD50 = 185uM in cultures stiffened from 2,000  hypothesize that the stiffening from 2,000 to 3,000 Pa elicits
to 3,000Pa, p = 0.014) compared to their static hydrogel an acute response from MDA-MB-231 cells that results in an
counterparts (Figure 4A). This relationship was not observed  increased resistance to doxorubicin, which is shown at the 72h
in MCF7 (Figure 4B); there was no statistically significant  acclimation time-point. However, our data suggests this response
difference in sensitivity to doxorubicin for cultures stiffened  equilibrates by the 120 h acclimation time-point. Sensitivity of
from 200 to 1,600 Pa (LD50 = 6 uM in 200 Pa static cultures =~ MDA-MB-231 to doxorubicin was greatest at 24 h post-stiffening
vs. LD50 = 13 uM in cultures stiffened from 200 to 1,600 Pa;  with LD50 measures of 5 LM for cultures stiffened from 200 to
p =0.143) or 2,000 to 3,000 Pa (LD50 = 12 wM in 2,000 Pa static 1,600 Pa and 3 M for cultures stiffened from 2,000 to 3,000 Pa.

t=0s t=20s t=45s E =200 Pa E =1,600
200 Pa 1,600 Pa Pa

FIGURE 3 | An alginate hydrogel platform was used to dynamically stiffen hydrogels to mimic progressive ECM stiffening. (A) Cells were seeded into hydrogels and
cultured for 3 days before dynamic stiffening with NIR light. After stiffening, cultures were given 1-5 days to acclimate to the new stiffness of the hydrogel before being
exposed to doxorubicin for 2 days (48 h). Following treatment with doxorubicin, viability assays were performed to determine doxorubicin resistance. (B) 200 Pa
hydrogels were exposed to NIR light for 45 s to achieve ECM stiffness similar to 2,000 Pa static hydrogels. The same technique was used to stiffen 2,000 Pa hydrogels
to 3,000 Pa. (C) NIR light induces surface plasmon resonance in encapsulated gold nanorods (gold) to heat liposomes (pink) close to their gel-to-liquid transition
temperature. This causes calcium (green) to leak from the liposomes and form additional alginate cross-links, thereby stiffening the hydrogel. The above figure was
adapted from Joyce et al. (35).
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acclimation time. *p < 0.01; **p < 0.02; ***p < 0.03; NS, not significant, p > 0.05.
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FIGURE 4 | MDA-MB-231 cultures have an acclimation-dependent increase in resistance to doxorubicin. (A) MDA-MB-231 and (B) MCF7 cells were cultured in
hydrogels with an initial stiffness of 200 Pa or 2,000 Pa for 3 days. On day 3, hydrogels either remained static (200 or 2,000 Pa) or were stiffened (200 —> 1,600 Pa or
2,000 —>3,000 Pa) using NIR light. Samples were then given 24-120h to acclimate to the hydrogel stiffness before 48 h treatment with doxorubicin. MDA-MB-231
cells showed a higher resistance to doxorubicin as hydrogel stiffness increased and this stiffness-dependent resistance was found to be partially dependent on
duration of exposure to hydrogel stiffness. Comparable MCF7 samples did not show any significant change in resistance to doxorubicin across hydrogel stiffness or

MCEF7 cultures behaved inversely to their MDA-MB-231
counterparts (Figure 4B). Peak resistance for MCF7 cultures was
seen at 24h acclimation with an LD50 of 26 wM for cultures
stiffened from 200 to 1,600 Pa and 16 wM for cultures stiffened
from 2,000 to 3,000 Pa. Resistance progressively decreased to
LD50 values of 13uM (p = 0.154) and 8 uM (p = 0.104) for
cultures stiffened from 200 to 1,600 Paand 17 wM (p = 0.834) and
7 uM (p = 0.072) for cultures stiffened from 2,000 to 3,000 Pa at
72 and 120 h acclimation, respectively. When comparing across
acclimation periods, however, these decreases in resistance were
not statistically significant.

Dynamic stiffening had a significant difference for every
acclimation duration tested with MDA-MB-231 cultures as
determined by a Student’s t-test with p < 0.05 denoting
significance. This suggests that the duration of exposure to a
particular set of ECM microenvironmental stiffness conditions
contributes to resistance to doxorubicin in these cells.

MDA-MB-231 Increase Markers of
Mesenchymal Phenotypes on Stiff ECM

Samples grown on 200 or 2,000 Pa hydrogels were also stained
with YAP antibodies as a marker of mesenchymal phenotype.
High levels of YAP nuclear localization confirmed that
MDA-MB-231 cultures (Figure 5A) exhibited higher markers
of mesenchymal phenotype than their MCF7 (Figure 5B)
counterparts. The mean fluorescent intensity (MFI) of YAP-
labeled nuclei was MFI = 930 a.u. in MDA-MB-231 cells cultured
in 200 Pa hydrogels (n = 123) and MFI = 2,030a.u. for the
same cells cultured in 2000 Pa hydrogels (n = 119). Given
the MDA-MB-231 cells grown on 2,000 Pa hydrogels showed
higher levels of YAP nuclear localization than similar cultures
on 200 Pa hydrogels (p = 1.36E-22), we believe that a stiffer
ECM promotes the mesenchymal phenotype for these cells.
Similar findings were observed in MCF7 cultures, but to a

much lesser extent (p = 0.02) with MFI = 25a.u. for cells
cultured in 200 Pa hydrogels (n = 72) and MFI = 31 a.u. for
cells cultured in 2,000 Pa hydrogels (n = 90). In addition, MCF7
cells cultured in 2,000 Pa hydrogels no longer grew in epithelial
patches instead spreading more sparsely through the hydrogel
suggesting a decreased propensity to bind to their neighbor
cells. Quantitative real-time PCR showed a significant decrease
in expression of E-Cadherin for both MDA-MB-231 (Figure 5A)
and MCF?7 (Figure 5B) cells cultured in 2,000 Pa hydrogels when
compared to similar cultures in 200 Pa hydrogels. Decreased
expression of E-Cadherin is a well-known marker of EMT, thus
further supporting our findings that the stiffer hydrogels promote
transition toward a mesenchymal phenotype.

DISCUSSION

In this current study, we sought to better understand how
progressive stiffening of the ECM affects breast cancer response
to chemotherapeutic treatment. Using an alginate-based
hydrogel system, we observed that hydrogel stiffness and the
duration of time that cells are exposed to ECM stiffness are
sufficient to modulate resistance to doxorubicin in MDA-MB-
231 cells. Hydrogels were prepared to mimic the stiffness of
normal mammary tissue (200 Pa) and early stage breast tumors
(2,000 Pa). When MDA-MB-231 cells were cultured in these
conditions, doxorubicin resistance increased as the stiffness of
the hydrogels increased. These findings were further verified
when NIR light was used to dynamically stiffen cultures from
normal mammary tissue stiffness (200Pa) to approximately
early stage breast tumor stiffness (1,600 Pa) and from early stage
breast tumor stiffness (2,000Pa) to a more advanced breast
tumor stiffness (3,000 Pa). This stiffness-dependent resistance
was not observed in similar MCF?7 cultures, may be due to factors
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FIGURE 5 | Stiffer ECM increases nuclear localization of YAP and decreases expression of E-Cadherin. (A) MDA-MB-231 and (B) MCF7 cells were cultured on 200 or
2,000 Pa hydrogels for 3 days before fixation and staining with YAP (red) antibodies and DAPI (blue). Images were captured using confocal microscopy and analysis
was done in Imaged to determine nuclear localization of YAP (n = 123 for MDA-MB-231 cells cultured in 200 Pa hydrogels, n = 119 for MDA-MB-231 cells cultured in

cultures. Scale bar = 50 pm. *p < 0.05; *p = 0.01; **p = 0.001; **p << 0.001.

2,000 Pa hydrogels, n = 72 for MCF7 cells cultured in 200 Pa hydrogels, n = 90 for MCF7 cells cultured in 2,000 Pa hydrogels). There is a stiffness-dependent
increase in nuclear localization of YAP for both 231 (p = 1.38E-22) and MCF7 (p = 0.02) cultures, though the increase in MCF7 cultures is small. MDA-MB-231
cultures showed significantly higher expression of nuclear YAP compared to similar MCF7 cultures (p = 2.37E-37 for 200 Pa and p = 4.44E-46 for 2,000 Pa).
Quantitative PCR indicates that cells cultured in stiffer hydrogels have decreased expression of E-Cadherin for both MDA-MB-231 (p = 0.001) and MCF7 (p = 0.014)

responsible for the phenotypic differences between the two cell
lines.

Previous studies have demonstrated that epithelial-
to-mesenchymal transition (EMT) is a critical factor in
chemotherapeutic resistance across multiple cancer types
including breast (36), cervical (37), ovarian (38), lung (39, 40),
nasopharyngeal (41), and prostate (42). Rice et al. (25) were
able to link ECM stiffness to induction of EMT in pancreatic
cancer cells, which resulted in increased resistance to paclitaxel
and gemcitabine. Shin and Mooney (9) found that stiffness of
the microenvironment and presence of specific ligands was
sufficient to increase myeloid leukemia resistance to select
chemotherapeutics. These studies support our findings and
highlight a role for EMT and microenvironment stiffness in
chemotherapeutic resistance.

Yes-associated protein (YAP) is a transcriptional regulator
that induces expression of proliferation and anti-apoptotic genes

by shuttling between the cytoplasm and nucleus to interact with
transcription factors (43). It is directly regulated by ECM and
translocation to the nucleus is high in cells cultured on stiff ECM
(44-47) which can then trigger EMT (48-51) and increased drug
resistance (52). Here we used confocal microscopy to visualize
and quantify YAP nuclear localization for both MDA-MB-231
and MCF7 cells grown on 200 and 2,000 Pa hydrogels. MDA-MB-
231 cultures showed higher levels of YAP nuclear localization
on the stiffer (2,000 Pa) hydrogels, this relationship was much
weaker in MCF7 cultures. This data agrees with similar findings
from the literature linking YAP nuclear localization to EMT and
subsequent increases in drug resistance.

The hydrogel system used here allows dynamic control
of stiffening though NIR release of calcium. Here additional
stiffening occurs over the course of hours, though breast cancer
cells would experience similar microenvironment stiffening over
the course of months or years in vivo. Our study identifies the
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need for an in vitro system that could be used to modulate cell
microenvironment stiffness over a longer time-frame to more
accurately mimic the progressive stiffening breast cancer cells
experience in vivo.

In conclusion, our work has found that MDA-MB-231
cells have a stiffness-dependent resistance to doxorubicin. The
duration of exposure to ECM stiftness is sufficient to modulate
this resistance, but MDA-MB-231 cells grown in stiffer hydrogels
were more resistance to doxorubicin treatment for all acclimation
durations tested after 24h. MCF7 cultures did not show a
stiffness-dependent resistance to doxorubicin, which may be
due to factors underlying their epithelial phenotype. Nuclear
localization of YAP increased with hydrogel stiffness in MDA-
MB-231 but not MCF7 cultures, indicating hydrogel stiffness
alone was not sufficient to induce EMT in MCF?7 cells but was
sufficient to increase expression of the mesenchymal phenotype
in MDA-MB-231 cells. This work highlights the importance
of microenvironment stiffness in studies of chemotherapeutic
resistance and demonstrates that progressive stiffening of the
microenvironment can modulate drug resistance.
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For a long time, pioneers in the field of cancer cell metabolism, such as Otto
Warburg, have focused on the idea that tumor cells maintain high glycolytic rates
even with adequate oxygen supply, in what is known as aerobic glycolysis or the
Warburg effect. Recent studies have reported a more complex situation, where the
tumor ecosystem plays a more critical role in cancer progression. Cancer cells
display extraordinary plasticity in adapting to changes in their tumor microenvironment,
developing strategies to survive and proliferate. The proliferation of cancer cells needs a
high rate of energy and metabolic substrates for biosynthesis of biomolecules. These
requirements are met by the metabolic reprogramming of cancer cells and others
present in the tumor microenvironment, which is essential for tumor survival and
spread. Metabolic reprogramming involves a complex interplay between oncogenes,
tumor suppressors, growth factors and local factors in the tumor microenvironment.
These factors can induce overexpression and increased activity of glycolytic isoenzymes
and proteins in stromal and cancer cells which are different from those expressed in
normal cells. The fructose-6-phosphate/fructose-1,6-bisphosphate cycle, catalyzed by
6-phosphofructo-1-kinase/fructose 1,6-bisphosphatase (PFK1/FBPasel) isoenzymes,
plays a key role in controlling glycolytic rates. PFK1/FBpase1 activities are allosterically
regulated by fructose-2,6-bisphosphate, the product of the enzymatic activity of
the dual kinase/phosphatase family of enzymes: 6-phosphofructo-2-kinase/fructose
2,6-bisphosphatase (PFKFB1-4) and TP53-induced glycolysis and apoptosis regulator
(TIGAR), which show increased expression in a significant number of tumor types. In
this review, the function of these isoenzymes in the regulation of metabolism, as well as
the regulatory factors modulating their expression and activity in the tumor ecosystem
are discussed. Targeting these isoenzymes, either directly or by inhibiting their activating
factors, could be a promising approach for treating cancers.

Keywords: fructose 2,6-bisphosphate, cancer metabolism, glycolysis, PFKFB isoenzymes, TIGAR, tumor
microenvironment

INTRODUCTION

Otto Warburg, using the Warburg manometer to measure the oxygen consumption in cells,
demonstrated that tumor cells showed rapid and intense glycolysis, in which glucose was oxidized
into lactate, despite the presence of abundant oxygen (1). This “Warburg effect” is characteristic
of proliferating and transformed cells. Warburg postulated that cancer was a result of defects in
mitochondrial respiration, which forced the cell to adopt an anaerobic form of energy generation,
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glycolysis (2). There are different molecular mechanisms that
can explain the Warburg effect, including: mitochondrial
malfunction (3), oncogenic alterations (4-7), as well as responses
to adapt to the tumor microenvironment (TME) (8-10). Even
though not all cancer cells have high glycolytic flux (11), the
Warburg effect has been observed in most tumor cells and
represents an adaptation to support biomass production (10).

At the same time as Otto Warburg, Herbert G. Crabtree
studied the heterogeneity of glycolysis in tumors, describing
that the magnitude and relationships between respiratory and
glycolytic processes were a common feature of uncontrolled
proliferation and not specific to malignant tissues (12). He
observed considerable variability between respiratory and
glycolytic metabolism among different tumors (13). Moreover, he
found that glycolytic activity significantly affected the respiration
capacity of tumor tissues being respiration and oxidative
phosphorylation inhibited by glucose (13). This observation,
referred as the “Crabtree effect might be advantageous to
cancer cells, allowing them to adjust their metabolism to
heterogeneous microenvironments in malignant cells, through
the glucose-dependent accumulation of essential metabolites,
such as serine, phosphoribosyl-pyrophosphate, and glycerol-3-
phosphate, which can trigger mitogenic events (11, 14, 15). The
Crabtree effect on tumor cells can be eliminated by adding an
excess of inorganic phosphate (Pi) (15, 16).

The resurgence of the role of bioenergetics in cancer began
in the early 1990s when studies using 2-deoxy-D-glucose (2-
DG) in positron emission tomography (PET) showed that
most tumors displayed increased glucose uptake in about an
order of magnitude higher than that of normal tissue (8). The
increased glucose uptake largely depends on the rate of glucose

Abbreviations: 2,3-BPG, 2,3-bisphosphoglycerate; 2-DG, 2-deoxy-D-glucose;
AML, acute myeloid leukemia; AMPK, AMP-activated protein kinase; APC/C,
anaphase-promoting complex; AR, androgen receptor; CAFE, cancer-associated
fibroblast; CAV1, caveolin-1; CDK1, cyclin-dependent kinase 1; CML, chronic
myeloid leukemia; ConA, concanavalin A; CREB, CRE-binding protein; DRAM,
damage-regulated autophagy modulator; EC, endothelial cell; ECyd, 1-(3-
C-ethynyl-beta-d-ribo-pentofuranosyl)cytosine; ER, estrogen receptor; ERE,
estrogen response element; FBPasel, fructose 1,6-bisphosphatase; FBPase-2,
fructose  2,6-bisphosphatase; Fru-1,6-P,, fructose-1,6-bisphosphate; ~ Fru-
2,6-P,, fructose 2,6-bisphosphate; Fru-6-P, fructose-6-phosphate; GASC,
glioblastoma-associated stromal cell; GC, glucocorticoid; Glutl, glucose
transporter 1; HCC, hepatocellular carcinoma; HIF-1a, hypoxia inducible
factor-1a; HK-2, hexokinase-II; IL-6, interleukin-6; LPS, lipopolysaccharide;
LUBAG, linear ubiquitination assembly complex; MACCI1, metastasis-associated
in colon cancer protein 1; MAPK-1, mitogen-activated protein kinase 1;
MCT4, metabolic coupling monocarboxylate transporter 4; NFkB, nuclear
factor kB; PDKI, pyruvate dehydrogenase kinase; PEP, phosphoenolpyruvate;
PEPCK1, phosphoenolpyruvate carboxykinase 1; PET, positron emission
tomography; PFK1, 6-phosphofructo-1-kinase; PFK1/FBPasel, 6-phosphofructo-
1-kinase/fructose  1,6-bisphosphatase; ~ PFK-2,  6-phosphofructo-2-kinase;
PFK-2/FBPase-2, 6-fosfofructo-2-kinase/fructose 2,6-bisphosphatase; PGAM,
phosphoglycerate mutase; PKA, cAMP-dependent protein kinase; PKB, protein
kinase B; PKM2, pyruvate kinase isoenzyme M2; PP-1, protein phosphatase 1;
PPARYy, peroxisome proliferator-activating receptor y; PPP, pentose phosphate
pathway; PR, progesterone receptor; PRE, progesterone response element;
RB, retinoblastoma; ROBO1, round about guidance receptor 1; ROS, reactive
oxygen species; RSK, p90 ribosomal S6 kinase; SCNC, small cell neuroendocrine
carcinoma; SCO2, cytochrome C-oxidase-2; SLIT2, slit guidance ligand 2; SP1,
specificity protein 1; SRC-3; steroid receptor coactivator-3; TGF-B1, transforming
growth factor beta 1; TIGAR, TP53-induced glycolysis and apoptosis regulator;
TME, tumor microenvironment; VEGE, vascular endothelial growth factor.

phosphorylation by hexokinases and the upregulation of glucose
transporters Glutl and Glut3 and less often Glut4 (17). More than
90% of primary and metastatic tumors have high glucose uptake,
which directly correlates with tumor aggressiveness (8, 18).

For a long time, studies on cancer cell metabolism had focused
on investigating a single cell type. However, recent studies
have reported a more complex situation in which metabolic
heterogeneity within tumors plays a critical role in cancer
progression (19-21). Cancer cells display extraordinary plasticity
in adapting to changes in their TME, developing strategies to
survive and proliferate. Interactions between tumor cells and
non-malignant cells of the TME influence cancer initiation
and progression as well as patient prognosis (22-24). Local
differences in the TME, including acidity and hypoxia, affect
cancer cells progression. If located close to blood vessels, cancer
cells can proliferate at a higher rate because of the abundant
supply of nutrients, growth factors and oxygen. By contrast,
if the supply of nutrients and oxygen is reduced, cancer cells
rely more on glycolysis, forcing them to develop strategies
for survival and proliferation. Thus, it is not surprising that
these cells in metabolically deprived environments are usually
chemoresistant and have higher malignancy grades (25). Stromal
cells, especially cancer-associated fibroblasts (CAFs), influence
the homeostasis of the TME. The interactions between TME and
cancer cells strongly affect tumor metabolism and growth (26—
29). A “two-compartment” model, referred to as the “reversed
Warburg effect] has been proposed as a new perspective of
tumor metabolism in which tumor stroma and adjacent host
tissues are catabolic, while cancer cells are anabolic (19-21, 28—
30). Energy is transferred from the catabolic to the anabolic
compartment via the sharing of nutrients, which promotes
tumor growth. Although lactate is generally considered a waste
product, it has been demonstrated to fuel oxidative metabolism
in cancer cells, favoring a symbiosis between glycolytic and
oxidative tumor cells (19-21, 28-30). Metabolic reprogramming
of cancer and stromal cells involves a complex interplay between
oncogenes, tumor suppressors, growth factors and local factors
from the TME. These factors can induce the overexpression and
increased activity of isoenzymes and other proteins in cancer
cells that are different from those found in non-malignant
cells (30).

REPROGRAMMING THE GLYCOLYTIC
PHENOTYPE OF CANCER CELLS

Most tumor cells have a markedly modified energy metabolism in
comparison to differentiated cells. Their metabolism, previously
based on respiration, changes to another eminently glycolytic,
recognized as the glycolytic phenotype (7, 31-34). Several
glycolytic genes are usually overexpressed in many tumors and
give place to this phenotype (35). This occurs because tumor
cells reprogram cellular metabolism increasing the transcription
and/or alternative splicing of glycolytic genes induced by
the Hypoxia Inducible Factor-la (HIF-la), oncogenes and
inactivated tumor suppressor genes and distinct growth
factors (34, 36-39). The glycolytic phenotype is a distinctive
characteristic of tumor cells (7, 31, 33), providing advantages
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to proliferating cells and allowing them to metabolize the most
plentiful nutrient, glucose, to generate energy and anabolic
precursors. Even though the yield of ATP per glucose molecule
consumed is low, the percentage of cellular ATP generated
from glycolysis can surpass that produced from oxidative
phosphorylation if the glycolytic flux is high enough (11, 32, 40).
Furthermore, glucose metabolism provides intermediates that
are needed for biosynthetic pathways, such as ribose sugars for
nucleotide synthesis and hexose sugar derivatives, glycerol and
citrate for lipid production, non-essential amino acids (serine,
glycine, and cysteine) and NADPH. Therefore, the Warburg
effect has a positive impact on bioenergetics, biosynthesis and
detoxification of reactive oxygen species (ROS) (10).

There are several checkpoints regulating the acquisition of the
glycolytic phenotype. The first point of commitment of glucose-
6-phosphate to the glycolytic pathway involves the fructose-6-
phosphate/fructose-1,6-bisphosphate cycle (Fru-6-P/Fru-1,6-P,)
(41) (Figure 1). The following paragraphs describe the specific
isoenzymes regulating this substrate cycle, the main properties of
which are summarized in Table 1.

6-Phosphofructo-1-Kinase (PFK1)

PFK1 is a tetrameric protein, with three genes encoding
the PFK-M (muscle), PFK-L (liver), and PFK-P (platelet)

Glucose
Fructose

Fructose-6-P

//\\
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Protein
phosphatase
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8 kinase
e
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FIGURE 1 | Regulation of the fructose-6-P/fructose-1,6-P» substrate cycle.
Fructose-2,6-P5 is synthesized and degraded by PFK-2/FBPase-2,
respectively. Increased levels of the metabolite activate PFK-1 and inhibit
FBPase1, increasing the glycolytic flux. Phosphorylation of the PFKFB2 and
PFKFB3 isoenzymes increases their kinase activity. The kinases and
phosphatases responsible for their regulation vary according to the isoenzyme.
PFKFB1 is not represented by this figure, as phosphorylation increases the
bisphosphatase activity of the enzyme. At present, PFKFB4 has not been
found to be regulated by phosphorylation.

human isoforms, with a molecular weight of their subunits
of 82.5, 77, and 86.5 kDa, respectively (42). The different
isoforms can form homo- or hetero-tetramers depending on
the cell type (38, 42). Lactate induces the dissociation of
the tetramers into dimers, reducing enzymatic activity and
providing negative feedback in the regulation of the glycolytic
rate (43). PFK1 isozymes can be phosphorylated by different
kinases but this does not produce significant catalytic effects
(41, 44, 45), although the covalent modification can affect their
association with other proteins (46-48). Localization to the
actin filaments of the cytoskeleton has been shown to increase
PFK-M activity (49), which can also bind to and modulate
protein phosphatase-1 (50). PFK-L, but not PFK-M and PFK-
P, assembles into filaments, with fructose-6-P binding essential
for their formation (51). These filaments have been observed
to localize in the plasma membrane, where they promote the
vessel sprouting of endothelial cells (52). PFK-L forms clusters
in human cancer cells and colocalizes with other rate-limiting
enzymes in both glycolysis and gluconeogenesis, supporting
the formation of multienzyme metabolic complexes for glucose
metabolism, integrating PFK-L, FBPasel, the pyruvate kinase
isoenzyme M2 (PKM2) and phosphoenolpyruvate carboxykinase
1 (PEPCK1), among others, and forming the “glycosome” (53).
PFK1 is also regulated by different allosteric effectors, which
provides control of the glycolytic flux and coordination of
glucose entry into glycolysis. It is a tightly-regulated enzyme
and its kinetic and regulatory characteristics depend on the
composition of its different subunits. Its regulation involves a
series of negative (citrate, ATP, phosphoenolpyruvate, and [H])
and positive effectors (Fru-2,6-P,, AMP, Fru-1,6-P,, Glu-1,6-
P,, NH4", and Pi) (41, 42), which coordinate its response
to the energy status of the cell. PFKI1 activity increases in
response to proliferation signals alongside elevated glycolysis
in proliferating and cancer cells (54), although there are
exceptions where its activity does not increase (44, 54). The
main isoenzymes expressed in tumor cells are PFK-P and
PFK-L (54, 55). In human lymphomas and gliomas, PFK1
is less sensitive to inhibition by ATP and citrate, and more
sensitive to activation by Fru-2,6-P, and AMP (44, 56). PFK1
activity is induced by HIF-la (57) or the overexpression of
the oncogenes RAS and SRC (58). PFK-L and PFK-P can be
glycosylated in response to hypoxia, which inhibits PFK1 activity
and redirects the glucose flux toward the pentose phosphate
pathway (PPP), providing pentose sugars for nucleotide synthesis
and NADPH to combat oxidative stress (59). Similarly, the
transcription repressor Snail reprograms glucose metabolism by
repressing PFK-P, suppressing lactate production and amino
acids biosynthesis, while promoting cancer cell survival under
metabolic stress (60). Akt can bind to and phosphorylate PFK-P
at S386, which inhibits the binding of TRIM21 E3 ligase to
PFK-P and its subsequent polyubiquitylation and degradation.
This has been shown to increase PFK-P activity, glycolysis,
cell proliferation and brain tumor growth (48). Recently, EGFR
activation has been reported to elicit lysine acetyl-transferase-
5-mediated PFK-P acetylation and subsequent translocation of
PFK-P to the plasma membrane, where EGFR phosphorylates
PFK-P at Y64. Phosphorylated PFK-P binds to the N-terminal
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TABLE 1 | Properties of the glycolytic enzymes acting on Fru-6-P/Fru-1,6-Po substrate cycle.

Protein Gene Chromosomal Kinase/phosphatase Isoenzymes Regulation
location ratio
(human)
6-phosphofructokinase (PFK1) PFK-M 12913.11 Only kinase PFK-M (muscle) PKA, PKC and AMPK in
rabbit, rat, and pig,
respectively
PFK-L 21g22.3 Only kinase PFK-L (liver) Ras, Src, HIF1a
PFK-P 10p15.2 Only kinase PFK-P Akt, EGFR, HIF-1a
(platelets) Glycosylation, Snail
Fructose-1,6-bisphosphatase FBPasel 9g22.32* Only FBPasel Snail
(FBPase) phosphatase
FBPase2 9022.32* Only FBPase2 Not described
phosphatase
6-phosphofructo-2- PFKFB1 Xp11.21 2.5 (rat liver) 1.2 IPFK-2 (liver) PKA
kinase/fructose-2,6- (bovine liver) mPFK-2 PP-1
bisphosphatase 0.4 (rat muscle) (muscle)
(PFK-2/FBPase-2) fPFK-2 (fetal)
PFKFB2 1932.1 1.8 (bovine hPFK-2 (heart) AMPK, PKA, Akt, PKC, RSK
heart) Glucocorticoids, androgens,
RNA LINC00092
PFKFB3 10p15.1 710 (human UuPFK-2 AMPK, PKA, Akt, PKC,
placenta) (ubiquitous) Smad, RSK, p38-MK2
3.1 (bovine iPFK-2 Estrogens, adenosine, LPS
brain) (inducible) p53, S-glutathionylation,
demethylation
PFKFB4 3p21.31 4.1 (rat testis) tPFK-2 (testis) HIF-1a, P-PPARY,
0.9 (human testosterone
testis) p53
TIGAR C12o0rf5 12p13.32 Only Not described p53, CREB, HIF-1a, SP1
phosphatase

Information regarding gene name, chromosomal location, isoenzymes, enzymatic activity, and regulation of the glycolytic enzymes acting on Fru-6-P/Fru-1,6-P2 substrate cycle is
shown. Positive and negative regulators are written in green and red, respectively. *Same chromosomal region, different locus.

domain of p85a and promotes the activation of PI3K and Akt,
leading to increased PFKFB2 activity, Fru-2,6-P, synthesis and
PFK1 activation, which in turn promote cell proliferation and
tumorigenesis (61).

Fructose 1,6-Bisphosphatase (FBPase1)
FBPasel, a rate-limiting enzyme that catalyzes the opposite
reaction to that of PFK1 in the Fru-6-P/Fru-1,6-P; cycle, exists
as two isoenzymes in mammals: FBPasel and FBPase2. Both
isozymes are inhibited by Fru-2,6-P, synergistically with AMP
(41, 62, 63) (Figure1). FBPasel can be phosphorylated by
different kinases, but this leads to non-significant catalytic effects
(41). FBPasel is ubiquitously expressed and has been reported to
be lost in several human cancers (64). FBPasel overexpression
suppresses cancer cell growth (65) and its loss correlates with
advanced tumor stage and poor prognosis (66). Snail can repress
FBPasel in breast cancer cells (67), thus tightly controlling
glucose flux through the PPP, by suppressing both PFK-P
and FBPasel. FBPasel and PFK-L directly interact forming
multienzyme complexes that can modulate their activities
(53). By contrast, FBPase2 is restricted to muscle cells and
participates in the synthesis of glycogen from carbohydrate
precursors (62).

FIGURE 2 | Structure of B-Fructose 2,6-bisphosphate.

6-Phosphofructo-2-Kinase/fructose
2,6-Bisphosphatase (PFK-2/FBPase-2)

Isoenzymes

Fru-2,6-P, (Figure2), a powerful allosteric modulator of the
Fru-6-P/Fru-1,6-P, substrate cycle, was discovered in 1980 when
its concentration was observed greatly increased in hepatocytes
upon incubation with glucose and disappeared in the presence
of glucagon, providing a refined regulatory mechanism between
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glycolysis and gluconeogenesis (41, 68-71) (Figure 2). Fru-2,6-
P, has a dual function, increasing the affinity of PFK1 for Fru-
6-P and releasing the enzyme from ATP-mediated inhibition.
It also synergistically increases the affinity of PFK1 for AMP,
a positive allosteric effector of the enzyme. By contrast, both
Fru-2,6-P; and AMP inhibit FBPasel (41, 68-71). Furthermore,
Fru-2,6-P, stabilizes PFK1 (68) and promotes its association
into tetramers and higher oligomers with enhanced activity
(72). Therefore, changes in the concentration of this metabolite
regulate the activities of PFK1 and FBPasel, thereby conferring a
key role to Fru-2,6-P; in the regulation of the Fru-6-P/Fru-1,6-
P, substrate cycle and the intensity and direction of glycolysis
and gluconeogenesis (Figure 1). Since Fru-2,6-P, does not take
part as an intermediary in any metabolic interconversion, and
given its lability in acid extracts used to measure phosphoric acid
esters in tissues, this metabolite managed to escape discovery
until 1980 (41, 70). Fru-2,6-P, has been shown to carry out a
leading function in regulating glycolysis in other eukaryotic cells
(41, 68, 69).

Fru-2,6-P, concentration is significantly higher in tumor
cells than in normal cells (56, 73, 74) and is regulated by
different bifunctional isoenzymes called 6-phosphofructo-
2-kinases/fructose  2,6-bisphosphatases ~ (PFK-2/FBPase-2),
which catalyze the synthesis and degradation of this
metabolite (68-71, 75). The balance between the activity
of 6-phosphofructo-2-kinase (PFK-2), which synthesizes
Fru-2,6-P, from Fru-6-P and ATP, and that of fructose 2,6-
bisphosphatase (FBPase-2), which hydrolyzes Fru-2,6-P, into
Fru-6-P and inorganic phosphate, ultimately determines the
concentration of this metabolite (Figure 1). PFK-2/FBPase-2 is
one of the few homodimeric bifunctional enzymes, composed
of two 55-kDa subunits. Each monomer presents both kinase
and bisphosphatase domains in the same polypeptide chain,
with the kinase domain at the N-terminal end of the protein and
the bisphosphatase domain at the C-terminal (68-71, 75, 76)
(Figure 3). The amino acids located near the N- and C-
terminal ends of the PFK-2/FBPase2 isoenzymes protein are
responsible for its post-translational regulation as they can
be phosphorylated by different protein kinases. The protein
is derived from the fusion of two genes that express a kinase
domain, evolutionarily related to the family of proteins that
link mononucleotides, and a bisphosphatase domain, which is
related to the family of phosphoglycerate phosphatases and acid
phosphatases (75-77). The regulatory function of Fru-2,6-P; in
carbohydrate metabolism implies that the modulation of Fru-
2,6-P, synthesis and degradation must be very well compensated
to adapt Fru-2,6-P, concentration to the needs of the cell. The
degree of complexity involved in regulating Fru-2,6-P, levels
in each tissue and physiological condition is reflected by the
existence of different PFK-2/FBPase-2 isoenzymes that are
capable of adapting to different conditions (75, 76, 78). These
isoenzymes, encoded by four genes (PFKFBI-PFKFB4), display
variances in their kinetic properties and distribution, as well as
in their responses to allosteric, hormonal, and growth factors
(75, 76). The PFKFBI gene encodes the isoforms that were
originally identified in the liver, muscle and fetal tissue, while the
PFKFB2 gene encodes the isoenzyme occurring in the heart and
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FIGURE 3 | Domain organization of PFK-2/FBPase-2 isoenzymes. The
N-terminal PFK-2 domain is shown in yellow and the C-terminal FBPase-2
domain is in purple. Regulatory regions with residues susceptible of
phosphorylation by different protein kinases are shown in blue.

kidney and in some cancer cells. The PFKFB3 gene encodes the
isoforms present in the brain, placenta and adipose tissue, and is
the most expressed PFKFB gene in proliferating and cancer cells.
Finally, the PFKFB4 gene encodes the isoenzyme occurring in the
testis, although it has also been found in several types of tumor
cells (Table 1).

PFKFB1

The PFKFBI gene was cloned from rat and human liver (71, 79,
80) and is composed of 60,944 bp. It contains 17 exons under
the control of different promoters and gives rise to three different
transcripts, mRNAs L (liver), M (muscle), and FL (fetal) (68, 70,
75, 81). The muscle and fetal transcripts have the same sequence
as that of the liver, except for the exon encoding the N-terminal
end containing the S32 residue, that can be phosphorylated by the
cAMP-dependent protein kinase (PKA) in response to glucagon
and dephosphorylated by protein phosphatase 2A (PP2A),
activating the bisphosphatase and inhibiting the kinase activities
of the liver isoenzyme, respectively (68, 70, 82) (Figure 3). The
FL mRNA variant, present in several rat-derived cell lines and
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proliferating tissues, contains two non-coding exons (laF and
1bF) (83). Although the liver, muscle and fetal isoenzymes
come from the same gene, they are regulated differently, since
glucagon induces glucose synthesis in the liver but not in other
tissues. PFKFBI has not been found to be overexpressed in
cancer cells.

PFKFB2

The human PFKFB2 gene was cloned from human heart and
it contains 15 exons spanning 27,961 bp. This gene generates
nine transcripts, four of which encode full-length proteins, two
encode truncated proteins and the other three contain an open
reading frame without producing any protein (84). PFKFB2 is a
homodimeric protein, with isoform A being a 58-kDa protein
containing 505 amino acids and isoform B a 54-kDa protein
containing 471 amino acids. The sequence of the catalytic site
is preserved, but those of the N- and C-terminal regions exhibit
more variances (75, 76, 84, 85). PFKFB2 is mainly expressed
in the heart, being also located in other tissues, but in lesser
proportion (76, 86). Moreover, it is expressed in cancer cells from
different origins (76, 86, 87).

PFKFB2 can undergo multisite phosphorylation, integrating
signals from many pathways (Figure 3). The C-terminal domain
residues S29, S466, T475 and S483 can be phosphorylated by
protein kinases such as 3-phosphoinositide-dependent kinase-
1 (PDPK-1), AMP-activated protein kinase (AMPK), PKA,
protein kinase B (PKB; also known as Akt), mitogen-activated
protein kinase 1 (MAPK-1), and p70 ribosomal S6 kinase
(S6K1). PFKFB2 phosphorylation at three conserved residues
(5466, T475, and S483) results in the activation of the enzyme,
decreasing its Km for Fru-6-P and increasing the Vmax of PFK-
2 activity (75). PFK-2 activity, however, varies depending on the
kinase that activates it (75, 88). Moreover, it has been proposed
that the 14-3-3 proteins, which promote cell survival (89), bind to
PFKFB2 when it is phosphorylated at $483 by Akt in response to
insulin and IGF-1 or when transfected with active forms of Akt,
mediating growth factors-induced glycolysis (90). Oncogenic
BRAF V600E has also been found to activate p90 ribosomal
S6 kinase (RSK), which phosphorylates and activates PFKFB2,
that then binds to 14-3-3 to promote glycolysis and melanoma
cell growth (91). Furthermore, amino acids increase Fru-2,6-P;
synthesis and glycolysis in cardiomyocytes and cancer cell lines
by PI3K and Akt-mediated phosphorylation of PFKFB2 at $483
(92). Moreover, EGFR activation induces PFK-P phosphorylation
(Y64), which binds to the N-terminal SH2 domain of p85a
and promotes Akt-dependent PFKFB2 phosphorylation (5483),
glycolysis, cell proliferation and brain tumorigenesis (61).
Adrenalin promotes PFKFB2 phosphorylation by PKA at S466
and S$483, while AMPK activation during ischemia or hypoxia
induces PFKFB2 phosphorylation at S466, which increases Fru-
2,6-P; levels and stimulates glycolysis (75, 83). PFKFB2 is also
a substrate of PKC, which phosphorylates S84, S466, and T475
residues (75, 93) (Figure 3). Several studies have reported that
HIF-1a can regulate PFKFB2 expression in vivo but this appears
to be cell-specific (86). Citrate, whose concentration is increased
by the oxidation of fatty acids and ketone bodies, competitively

blocks Fru-6-P binding, down-regulating PFKFB2 expression
and glycolysis through the “glucose-sparing effect” (85).

PFKFB2 is one of the genes increased in lymphoblasts
from glucocorticoid (GC)-treated children suffering from acute
lymphoblastic leukemia (94). Surprisingly, overexpression of
the two PFKFB2 splice variants seems to have little effect on
lactate and ATP production, two metabolites that are reduced
after GC treatment, and cell survival, suggesting that this gene
is not an essential regulator of the anti-leukemic effects of
GC (95). The androgen receptor (AR) is a key regulator of
prostate growth, promoting glycolysis and anabolic metabolism,
and the principal drug target for the treatment of prostate
cancer (96). One of the mechanisms behind this phenotype
is the transcriptional upregulation of PFKFB2, possibly under
the control of the AR-CAMKII-AMPK signaling pathway (96).
Androgens have been shown to stimulate glycolysis for de
novo lipid synthesis. Androgens promote transcriptional up-
regulation of de novo, mediated by binding of ligand-activated
AR to its promoter, and phosphorylation of PFKFB2 generated
by the PI3K/Akt signaling pathway. Moreover, blocking PFKFB2
expression with siRNA or inhibiting PFK-2 activity with
LY294002 (PI3K inhibitor) has been observed to reduce glucose
uptake and lipogenesis, suggesting that the induction of de novo
lipid synthesis by androgens requires the transcriptional up-
regulation of PFKFB2 (97). PFKFB2 expression is also enhanced
in human gastric malignant tumors, being associated with
increased levels of HIF-1a dependent genes, vascular endothelial
growth factor (VEGF) and Glutl, indicating that HIF-1a could
be responsible for the induction of PFKFB2 expression (87).
In hepatocellular carcinoma, high expression of metastasis-
associated in colon cancer protein 1 (MACCI), a key regulator
of the hepatocyte growth factor (HGF)/c-Met pathway, has
been noted to correlate with the high expression of PFKFB2,
this correlation being associated to TNM stage (classification
of malignant tumors), overall survival and Edmondson-Steier
classification (98). Furthermore, MAPK-activated RSK, which
directly phosphorylates PFKFB2, is required to maintain
glycolytic metabolism in BRAF-mutated melanoma cells. RSK
inhibition reduces PFKFB2 activity and glycolytic flux, suggesting
an important role for RSK in BRAF-mediated metabolic rewiring
(91).

Another observation highlighting the importance of PFKFB2
in metabolic reprogramming is its contribution to osteosarcoma
development. Slit guidance ligand 2 (SLIT2) binds to round
about guidance receptor 1 (ROBO1) and plays important roles
in various physiological and pathological conditions, such as
axon guidance, organ development, and angiogenesis (99). The
SLIT2/ROBOL1 axis promotes proliferation, inhibits apoptosis
and contributes to the Warburg effect in osteosarcoma cells via
activation of the SRC/ERK/c-MYC/PFKFB2 pathway (99).

PFKFB2 expression has also been linked to the regulation
of non-coding RNAs. In ovarian cancer, the long non-
coding RNA LINC00092 has been identified as a nodal driver
of CAF-mediated metastasis. The pro-metastatic properties
of CAFs have been linked to the elevated expression of
both the chemokine CXCLI4 and PFKFB2, correlating with
poor prognosis. Mechanistic studies have demonstrated that
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LINC00092 binds PFKFB2, thereby promoting metastasis by
inducing a glycolytic phenotype in these tumors and sustaining
the local supportive function of CAFs (100). Similarly, the
long non-coding RNA UCA1/miR-182 has been observed to
be a nodal driver of metastasis in glioma that is mediated by
glioblastoma-associated stromal cells (GASCs) and the GASC-
secreted chemokine CXCL14. In clinical specimens, CXCL14
upregulation in GASCs cells was seen to correlate with
poor prognosis. Interestingly, GASCs expressing high levels
of CXCL14 have been shown to upregulate IncRNA UCA1
and downregulate miR-182, with miR-182 directly binding to
PFKFB2 to modulate CXCL14 secretion, glycolysis, and the
invasion of glioma cells (101).

PFKFB2 has also important roles in the physiology of human
CD3+ T cells. Treatment of activated human CD3+ T cells with
the proinflammatory chemokine CCL5 induces the activation of
AMPK and PFKFB2 phosphorylation and activation, promoting
glycolytic flux and suggesting that both glycolysis and AMPK
signaling are required for efficient T cell activation in response
to CCL5 (102).

PFKFB3

The PFKFB3 gene was cloned from a ¢cDNA library of fetal
brain and has been found expressed in all the tissues studied
(103-107). It spans 109,770 bp and is composed of 19 exons.
The variable C-terminal domain can undergo alternative splicing
to produce six different isoforms. The two main isoforms are
generated by alternative splicing of exon 15 and differ in
their C-terminal sequence, the 4,553 bp mRNA variant initially
named as ubiquitous PFK-2 (uPFK-2) (107) and the 4,226 bp
mRNA inducible PFK-2 (iPFK-2) variant (106). Four additional
splice variants have also been described (108). As many
proto-oncogenes and pro-inflammatory cytokines, PFKFB3 has
multiple copies of the AUUUA sequence in the 3'UTR of its
mRNA, which confer instability and enhanced translational
activity (106). It has been found that miR-26b and miR-206
interact with the 3’UTR of the PFKFB3 mRNA, decreasing
glycolysis in osteosarcoma and breast cancer cells, respectively
(109, 110).

PFKFB3 gene expression is induced by different stimuli,
such as hypoxia (31, 111, 112), progestin (104, 113), estrogens
(114) and stress stimuli (115), through the interactions of HIF-
la, the progesterone receptor (PR), estrogen receptor (ER),
and the serum response factor (SRF). These factors bind to
specific sequences in PFKFB3 promoter which are the consensus
hypoxia response element (HRE), the progesterone response
element (PRE), estrogen response element (ERE), and the serum
response element (SRE), respectively. PFKFB3 expression can
also be stimulated by growth factors such as insulin (73),
pro-inflammatory molecules (106) such as interleukin-6 (IL-
6) (116, 117), lipopolysaccharide (LPS) and adenosine (118),
mitogenic lectins such as concanavalin A (ConA) (119) and
phytohemagglutinin (PHA) (120), and the transforming growth
factor beta 1 (TGF-B1) (121).

PFKFB3 gene expresses an isoenzyme that has high kinase
and low bisphosphatase activity (K/B = 710), favoring the
net synthesis of Fru-2,6-P, and eliciting high concentrations

of this metabolite in proliferating and tumor cells (122). The
presence of a serine instead of an arginine at position 302 in the
bisphosphatase active site gives place to the low bisphosphatase
activity (123).

Different protein kinases, such as AMPK (124, 125),
RSK (113), MK2 (115), PKA, PKB (119), and PKC (125)
regulate the PFKFB3 isoenzyme by covalent modification of
its C-terminal domain (Figure 3). PI3K/Akt also controls the
PFKFB3 isoenzyme downstream of growth factors signaling (119,
126, 127). Phosphorylated PFKFB3 has increased Vmax of its
kinase activity and decreased Km for fructose-6-P (119, 124).
ROS-mediated S-glutathionylation (128) or demethylation (129)
also regulate PFKFB3 in cancer cells, decreasing its catalytic
activity and redirecting the glycolytic flux to the PPP, increasing
NADPH and decreasing ROS levels. Similarly, cell damage-
mediated induction of p53 stimulates nucleotide biosynthesis
by inhibiting PFKFB3 expression and enhancing the flux of
glucose through the PPP to increase nucleotide production,
which promotes DNA repair and cell survival (130) (Figure 4).

The PFKFB3 isoenzyme can also be regulated through the
ubiquitin-proteasome system (131), as it contains a KEN box
that can be ubiquitinated by the E3 ubiquitin ligase of the
anaphase-promoting complex (APC/C), which is activated by
Cdhl, in a similar way to that of other proteins in the cell
cycle. The proliferative response depends on the reduced activity
of APC/C-Cdhl1 to activate proliferation and glycolysis (132).
PFKFB3 silencing prevents cell cycle progression, illustrating that
this isoenzyme is essential for cell division (133). The tumor
suppressor PTEN promotes APC/C-Cdhl activity (127, 134)
and cells from mice that overexpress PTEN show APC/C-Cdhl-
mediated degradation of PFKFB3 and glutaminase, resulting
in a decrease of glycolysis and proliferation, and an increase
in resistance to oncogenic transformation (127). PFKFB3
isoenzyme levels have also been shown to increase in proliferating
cells through the activation of cyclin D and E2F1, two
downstream effectors of the PI3K-Akt-mTOR pathway (126),
localizing in the nucleus and regulating proliferation through
cyclin-dependent kinases (135). The nuclear targeting of PFKFB3
has been shown to increase cyclin-dependent kinase 1 (CDK1)
expression among other cell cycle proteins. In particular, Fru-
2,6-P, stimulates the phosphorylation of the Cip/Kip protein
p27 mediated by CDKI1, which in turn elicits p27 ubiquitination
and proteasomal degradation (136). PFKFB3 also interacts with
CDK4, inhibiting its degradation via the ubiquitin proteasome
pathway to promote cell cycle progression (137).

PFKFB3 expression is induced by endotoxin in human
macrophages (106, 124). Macrophage Toll-4 receptor agonists
cooperate with adenosine to increase glycolysis by heightening
PFKFB3 gene expression and Fru-2,6-P, synthesis, which
increases glycolysis and favors ATP synthesis, developing the
long-term defensive and reparative functions of macrophages
(118). Macrophage glycolysis and pro-inflammatory activation
mainly depend on HIF-la and its effects on glucose uptake
and the expression of hexokinase-II (HK-2) and PFKFB3
(138) (Figure 4). These findings indicate that hypoxia enhances
glycolytic flux in macrophages through HIF-la and PFKFB3
proportionally to the upregulation of pro-inflammatory activities
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FIGURE 4 | Molecular mechanisms of the Warburg effect. Hypoxia stabilizes HIF-
well as PDK1, which in turn inhibits PDH, that catalyzes the conversion of pyruvate to Ac-CoA. PDH inhibition blocks the entry of pyruvate into the TCA, promoting the
oxidation of pyruvate to lactate. Lactate is then excreted through the MCT transporters, which expression is also increased by HIF-1a. p53 inhibits the glycolytic genes
PFKFB3, PFKFB4, and PGAM and the lactate transporter MCT1, and induces TIGAR, reducing the glycolytic flux. This results in increased flux of the pentose
phosphate shunt to produce NADPH and ribose-5P. Moreover, p53 stimulates respiration by inducing SCO2, a component of cytochrome ¢ oxidase (COX). In tumors,
limited access to oxygen and mutations in the p53 gene drive to increased glycolysis, a phenomenon named as the Warburg effect.

1a, which transactivates most of the glycolytic genes, such as HK-Il and PFKFBs, as

in these cells (138). These in vivo observations suggest that HIF-
la antagonists or PFKFB3 inhibitors could be used to alleviate
inflammatory diseases. Furthermore, cytosolic viral recognition
by secondary interferon signaling has been demonstrated to
upregulate glycolysis preferentially in macrophages through
PFKFB3 induction, promoting the extrinsic antiviral capacity of

macrophages and being a crucial component of innate antiviral
immunity (139).

PFKFB3 is constitutively overexpressed in different cancer cell
lines and in several human leukemias and solid tumors (140,
141), including ovarian and thyroid carcinomas (142), colon
adenocarcinoma, breast cancer, gastric tumors and pancreatic
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cancer (73, 87, 111, 113, 143), and has been associated with
lymph node metastasis and the TNM stage (143). PFKFB3 can
also represent a biomarker and an anti-neoplastic target in gastric
cancer (144). Furthermore, PFKFB3 expression is required for
cell growth and increased metabolic activity in myeloproliferative
neoplasms expressing the oncogenic JAK2V617F kinase, which is
a very common mutation in these malignancies. JAK2V617F and
active STATS5 overexpress PFKFB3 and PFKFB3 silencing reduces
cell growth under normoxic and hypoxic conditions and prevents
tumor formation (145). In chronic myeloid leukemia (CML),
PFKFB3 has been found to be strongly associated with resistance
to the BCR-ABL tyrosine kinase inhibitors. PFKFB3 silencing
or pharmacological inhibition of its kinase activity enhances the
sensitivity of CML cells to these inhibitors (146). In acute myeloid
leukemia (AML), mTOR-mediated up-regulation of PFKFB3 is
essential for cell survival, as mMTORCI1 up-regulates PFKFB3 in
a HIFla-dependent manner, and PFKFB3 silencing suppresses
glycolysis and cell proliferation and activates apoptosis (147).

In malignant human colon tumors, PFKFB3 overexpression
and phosphorylation of its $461 residue (P-PFKFB3 S461) has
been observed (148). The cytokine IL-6 increases glycolysis by
inducing PFKFB3 expression through STAT3 activation (116),
suggesting a functional role of PFKFB3 in chronic inflammation
and in the development of colorectal cancer (117). Similar results
have been reported in TGF-B1-induced lung fibrosis, in which
PFKFB3 inhibition attenuates prefibrotic phenotypes and blocks
the differentiation of lung fibroblasts (149). Furthermore, we have
shown that TGF-B1 overexpresses PFKFB3 mRNA and protein
in glioblastoma cells through the activation of the Smad, p38
MAPK and PI3K/Akt signaling pathways. Inhibiting PFKFB3
expression or activity significantly suppressed the ability of T98G
cells to form colonies, which is one of the hallmarks of cell
transformation (121).

High-grade astrocytomas also contain increased PFKFB3
protein levels (150). The expression of the PFKFB splice variant
UBI2K4 prevents tumor cell growth, acting as a tumor suppressor
in astrocytic tumors (151). Besides, loss of heterozygosity in
10p14-p15, which leads to the allelic deletion of UBI2K4, has
been detected in 55% of glioblastomas and is associated with poor
prognosis (152).

PFKFB3 has also a key role in the interaction between
cancer cells and other cells in the TME. Endothelial cells (ECs)
depend on glycolysis more than on oxidative phosphorylation
for ATP synthesis and loss of PFKFB3 in ECs impairs vessel
formation (52). Inhibition of glycolysis by silencing PFKFB3
expression or pharmacologically blocking its kinase activity
has been observed to inhibit pathological angiogenesis, such
as ocular and inflammatory disease, without causing systemic
effects (153). Recently, an article reported that targeting
PFKFB3 in ECs significantly impeded metastasis by normalizing
tumor vessels and improved the delivery and efficacy of
chemotherapy (154). Nuclear factor (erythroid-derived 2)-like 2
(Nrf2) regulates endothelial glycolysis and proliferation through
the transcriptional regulation of PFKFB3, VEGFA, FOXOI, and
MYC (155), with a positive correlation occurring between Nrf2,
HIF-1a, and PFKFB3 expression in breast cancer cells, and cancer
patients with high PFKFB3 expression showing poorer overall
survival (156).

PFKFB3 expression is also linked to hepatocellular carcinoma
(HCC) growth. PFKFB3 overexpression has been associated
with a large tumor size and poor survival in patients, while
PFKFB3 knockdown inhibits HCC growth by reducing glucose
consumption and impeding DNA repair, which leads to cell
cycle arrest at the G2/M phase and apoptosis. Silencing PFKFB3
expression decreases Akt phosphorylation and reduces the
expression of ERCCI1, a protein involved in DNA repair (157).
The combination of aspirin and sorafenib has been shown
to perform a synergistic effect against liver cancer. PFKFB3
overexpression, associated with high glycolytic flux, is frequently
observed with sorafenib resistance, which can be overcome by
aspirin. By inhibiting PFKFB3, sorafenib plus aspirin induce
apoptosis in tumors without eliciting weight loss, hepatotoxicity
and inflammation, suggesting that their combination may be an
effective treatment for HCC (158).

A large number of studies have reported that increased
PFKFB3 expression promotes proliferation and carcinogenesis,
indicating that its inhibition could be crucial for treating
inflammation and cancer. Indeed, siRNA suppression of PFKFB3
has been reported to reduce cancer cell viability (159, 160) while
small molecule inhibitors of the PFKFB3 isoenzyme have been
developed (161).

PFKFB4

PFKFB4, firstly cloned from rat (162) and human testis (163), is
a 44,332 bp gene composed of 14 exons. Several splice variants
have been reported, with the PFK-2 core domain being conserved
among all of them (162, 164). The PFKFB4 gene encodes an
isoenzyme that is expressed in the testis under the regulation of
testosterone (165, 166). Moreover, it has been demonstrated that
PFKFB4 mRNA and protein levels are regulated by hypoxia and
glucose levels in different cancer cell lines from the prostate, liver,
colon, bladder, stomach and pancreas (86, 87, 167-171). PFKFB4
is a prognostic marker in invasive bladder cancer (172), where
its expression is activated by HIF-1a (171) (Figure 4). In hepatic
cancer cell lines, sulforaphane-induced apoptosis was shown to
decrease PFKFB4 protein expression and glucose consumption
whereas HIF-la induced PFKFB4 expression under hypoxic
conditions (173). PEKFB4 expression is also controlled by heme-
oxygenase-2 in HepG2 cancer cells (174). In HCC, upregulated
Peroxisome proliferator-activating receptor y (PPARy) induces
PFKFB4 expression through the transcriptional activity of its
promoter, regulating glycolysis and cell proliferation (175). High
PFKFB4 mRNA and protein expression have been described in
three different glioblastoma stem-like cell lines, with shRNA-
mediated knockdown of PFKFB4 promoting apoptosis (176)
and no phenotypic effect occurring in PFKFB4-silenced normal
neural stem cells. Furthermore, HIFla-induced PFKFB4 mRNA
expression correlates with glioma tumor grade (176).

PFKFB4 is required to balance glycolytic activity and
antioxidant production to maintain the cellular redox balance
in prostate cancer cells (169). PFKFB4 mRNA expression has
been found to be greater in metastatic prostate cancer cells than
in primary tumors. PFKFB4 silencing selectively increases Fru-
2,6-P, concentration in prostate cancer cells, suggesting that
it mainly functions as a fructose-2,6-bisphosphatase in these
particular cells. The increase in Fru-2,6-P; levels should direct
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glucose 6-phosphate toward the glycolytic pathway, thereby
reducing the activity of the PPP. This would explain why prostate
cancer cells show lower NADPH and glutathione levels after
PFKFB4 silencing, which results in enhanced oxidative stress
and cell death (169). Furthermore, p53 decreases PFKFB4 gene
expression by binding to its promoter to mediate transcriptional
repression via histone deacetylases. PFKFB4 depletion also
attenuates biosynthetic activity and induced ROS accumulation
and cell death in the absence of p53 (177).

In a study investigating the differences in glucose metabolism
between two forms of prostate cancer, small cell neuroendocrine
carcinoma (SCNC) was found to be more glycolytic than
adenocarcinoma, CD44 being a key regulator of glucose
metabolism. PFKFB4 expression in benign prostate tissue was
lower than that in the adenocarcinoma, and significantly higher
in SCNC. CD44 ablation in SCNC cells reduced both mRNA
and protein levels of PEKFB4 (178). Thus, CD44 can modulate
the aggressive phenotype of prostate cancer cells by increasing
PFKFB4 expression (179).

PFKFB4 can also regulate autophagy by influencing the redox
balance. In PC3 prostate cancer cells, PFKFB4 inhibition was
observed to cause p62 accumulation, which is usually associated
with the inhibition of autophagy. However, the autophagic flux
was increased in these cells. The combination of antioxidants
and PFKFB4 inhibition prevented p62 accumulation, which
was instead mediated by Nrf2, thus avoiding autophagy.
Hence, PFKFB4 expression is required for appropriate ROS
detoxification in these cells (180). It was recently found
that epithelial and endothelial tyrosine kinase interacts with
PFKFB4 modulating chemoresistance of small-cell lung cancer
by regulating autophagy (181).

Solid malignant tumors of the breast present a higher
PFKFB4 expression compared to non-malignant tissue. In
several breast cancer cell lines, PFKFB4 expression increased
upon exposure to hypoxia (87). PFKFB4 was recently shown
to act as a protein kinase phosphorylating the oncogenic
steroid receptor coactivator-3 (SRC-3) and enhancing its
transcriptional activity to drive breast cancer (182). PFKFB4
suppression or ectopic expression of a phosphorylation-
deficient S857A mutant of SRC-3 abolished SRC-3-mediated
transcription. Mechanistically, SRC-3 phosphorylation increases
its binding with the ATF4 transcription factor by stabilizing
the recruitment of SRC-3 and ATF4 to target gene promoters.
Functionally, PFKFB4-induced SRC-3 activation directs the
glucose flux toward the PPP and the synthesis of purines by
transcriptionally upregulating the expression of transketolase.
PFKFB4 or SRC-3 silencing inhibits breast tumor growth and
metastasis (182).

Apart from the importance of PFKFB4 in regulating cancer
cell glycolysis, its expression also determines the metabolic
adaptation of non-tumor cells. In mitogen-stimulated rat
thymocytes, ConA was shown to induce the expression of
PFKFB3 and PFKFB4 as well as increase glycolysis, cell
proliferation and protein synthesis. This supports a role for
these two proteins in coupling glycolysis to cell proliferation in
lymphoid tissues (119).

TIGAR

The cl2orf5 gene was discovered during a computer-based
analysis of microarray data trying to find novel p53-regulated
genes that are activated in response to ionizing radiation (183).
This gene was cloned and characterized, and named as TP53-
Induced Glycolysis and Apoptosis Regulator (TIGAR) (184)
(Figure 4). TIGAR is a target of p53 that becomes rapidly
activated by low levels of stress. The human TIGAR gene
consists of six exons spanning about 38,835 bp, coding for
a unique mRNA transcript variant of 8.2kb with a 813 bp
coding sequence. TIGAR promoter contains two p53 binding
sites, one upstream of the first exon and the other within the
first intron, the latter being the most efficient (184). TIGAR can
be induced by Nutlin-3, an antagonist of Mdm?2 that increases
p53 levels (185), radiotherapy (183, 186), glutamine (29),
chemotherapy (187), UV light (187), TNFa, and radiotherapy
mimetics (188) or by the Akt signaling pathway in response
to the metabolic stress caused by PFKFB3 knockdown (189).
TIGAR expression can also be regulated in a p53 independent
manner (186, 189) by linking the CRE-binding protein (CREB)
to the TIGAR promoter (190). Another transcription factor, the
specificity protein 1 (SP1), can bind to TIGAR promoter and
is considered important for its basal activity (191). TIGAR can
be induced in response to hypoxia in myocytes (192) and some
studies have identified HIF-1a as a regulator of cytochrome
C-oxidase-2 (SCO2) and TIGAR gene expression in response to
hypoxia (193). SCO2, a metallochaperone that is involved in the
biogenesis of cytochrome C oxidase subunit II, participates in the
mitochondrial chain, it is also induced by p53 and its blockage
leads to the glycolytic phenotype (194).

The human TIGAR protein is composed of 270 amino
acids and has a molecular weight of 30 kDa. It contains a
bisphosphatase active center in which two histidine residues,
H11 and H198, and one glutamic acid, E102, are essential
for its activity (184). TIGAR contains a catalytic domain
similar to the histidine phosphatase superfamily of proteins
with a histidine forming a transient phosphoenzyme during
catalysis (195). This domain shares similarity with those of
the phosphoglycerate mutase (PGAM) family of enzymes and
with the bisphosphatase domain of PFK-2/FBPase-2 isoenzymes
(196). TIGAR bisphosphatase activity hydrolyzes Fru-2,6-P, into
Fru-6-P, which can then enter in the PPP to synthesize NADPH
and ribose-5-phosphate, thus reducing ROS and producing
nucleotide precursors that are essential for biosynthesis, DNA
repair and cell proliferation (184) (Figure 4). As TIGAR has no
kinase domain, it behaves as a kinase-deficient PFKFB isoform.
Thus, cells overexpressing FBPase-2 show similar enhanced PPP
flux and resistance to oxidative stress (197). The FBPase catalytic
activity of TIGAR is several orders of magnitude lower than
that of the FBPase-2 component of PFK-2/FBPase-2 isoenzymes,
pointing out that Fru-2,6-P, could not be its main physiological
substrate (198).

TIGAR mRNA is expressed in all the tissues in which it
has been analyzed to date and is overexpressed in several
cancer cells. It localizes mainly in the cytoplasm, but has been
observed to relocalize to the outer mitochondrial membrane
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under hypoxic conditions to form complexes with HK-2, limiting
ROS production (199).

TIGAR has also been linked to autophagy. For example,
TIGAR overexpression and reduced ROS levels have been
observed alongside suppressed autophagy in cells exposed to
stress conditions, and TIGAR suppression induced autophagy
that subsequently mediates apoptosis by restraining ROS levels
(200). The relationship between autophagy and apoptosis is
regulated distinctively according to the stimulus and cell type.
Thus, treatment of neuroblastoma cells with D-galactose induces
necroptosis and autophagy, as reflected in the upregulation of
BME, BNIP3, ATG5, and TIGAR, without affecting the expression
of the genes associated with apoptosis (201). Decreased mRNA
levels of TIGAR and reduced levels of the damage-regulated
autophagy modulator (DRAM) have been reported in HepG2
cells exposed to high oxidative stress or nutrient starvation
(202). Upon disruption of the homeostasis balance of the
cell, TIGAR is activated and provides protection through its
antioxidant properties rather than by inhibiting autophagy, while
other transcriptionally activated targets, such as DRAM, enhance
autophagy (203). Some studies have proposed that p53 regulates
stress-induced autophagy by balancing TIGAR and DRAM,
which have opposite effects (204, 205).

Like the PFKFB isoenzymes, TIGAR can also play a role
in cancer. The function of TIGAR in a specific cell type
depends on the metabolic state of the cell and PFKFBs activities
that determine Fru-2,6-P, concentration and glycolytic flux.
TIGAR activity could limit glycolysis and produce antioxidant
molecules and precursors for nucleotide synthesis, thereby
limiting cancer development. However, TIGAR overexpression
can also promote the growth of tumor cells with high ROS
levels. TIGAR has been reported not be necessary for normal
growth and development in mice, but plays an important
function in intestinal regeneration. The lack of TIGAR causes
growth defects which are recovered by ROS scavengers and
nucleosides (206). Besides, TIGAR deficiency has been reported
to reduce tumor growth and improve survival in a mouse
intestinal adenoma model, while elevated TIGAR expression
supported cancer progression (206). TIGAR expression is
increased in human breast, gastric and lung cancer, inversely
correlating with p53 expression levels (207-209). Furthermore,
TIGAR downregulation inhibits growth in several cancer cell
lines (184). In a model of nasopharyngeal cancer, 1-(3-C-
ethynyl-beta-d-ribo-pentofuranosyl)cytosine (ECyd), an RNA-
nucleoside anti-metabolite with potent anticancer activity, was
shown to downregulate TIGAR and deplete NADPH. TIGAR
overexpression was able to recover the growth inhibition
induced by ECyd (210). In the same model, c-Met protein
kinase maintained TIGAR expression, whereas c-Met silencing
significantly decreased TIGAR expression and subsequently
depleted intracellular NADPH, which lead to cell death (211).
TIGAR silencing induces also apoptosis and autophagy in
HepG2 cells (212), while RNAi-mediated knockdown of citrate
synthase in human cervical carcinoma cells accelerates cancer
cell metastasis and proliferation deregulating the p53/TIGAR
pathway (213). In HeLa cervical carcinoma cells, TIGAR can
be induced in an Akt-dependent manner in response to the

inhibition of glycolysis. PFKFB3 depletion by RNAI increases
ROS levels and decreases cell viability, this effect being highly
exacerbated when TIGAR is also inhibited. However, TIGAR
inhibition alone does not have an impact on HeLa cell survival
(189). Furthermore, some studies have reported that TIGAR
regulates the cell cycle by de-phosphorylating the retinoblastoma
protein (RB) and stabilizing RB-E2F1 complex, thus delaying
entry into the S phase (187, 214).

In multiple myeloma cells, inhibition of MUCI-C
oncoprotein increases ROS levels and downregulates TIGAR
expression, resulting in decreased NADPH and glutathione
levels and promoting ROS-mediated apoptosis/necrosis (215).
Sensitivity to fludarabine and p53-mediated TIGAR induction
has been described in chronic lymphocytic leukemia. The
sensitivity to fludarabine varied despite all patients presented
wild-type p53 (216). Glioblastoma cells overexpress TIGAR
which reduces cell death induced by restricting glucose and
oxygen (217). These results indicate the potential therapeutic
use of TIGAR as an antitumoral target (186). Similarly,
TIGAR expression was found decreased with a sonodynamic
therapy tested in a neuroblastoma cell model which decreases
cell proliferation, possibly through increased ROS levels
(218). In glioblastoma-derived cell lines, TIGAR abrogation
increased radiation-induced cell destruction, providing a
new therapeutic strategy that could be used to increase cell
death in glial tumors, thus allowing the use of lower doses
of radiotherapy. Gliomas are resistant to radiotherapy and
to TNFa-induced killing. Radiation-induced TNFa increases
radioresistance through nuclear factor kB (NFkB). Thus, the
existence of an ATM-NF«B axis regulating TIGAR indicates its
involvement in the inflammation and resistance to radiomimetics
(188). It was recently reported that TIGAR regulates NF-kB
activation by suppressing phosphorylation and activation of
the upstream IKKP, which occurs through a direct binding
competition between NEMO and TIGAR for the linear
ubiquitination assembly complex (LUBAC), preventing the
linear ubiquitination of NEMO required for the activation of
IKKPB and other downstream targets. Furthermore, a TIGAR
mutant with impaired phosphatase activity was equally effective
as wild-type TIGAR in inhibiting the linear ubiquitination of
NEMO, IKKB phosphorylation/activation and NF-kB signaling,
indicating that the effect of TIGAR on NF-kB signaling is due to
a non-enzymatic molecular function, that directly inhibits the E3
ligase activity of LUBAC (219).

In a co-culture system, oxidative stress-induced autophagy
correlated with caveolin-1 (CAV1) downregulation in CAFs and
TIGAR overexpression in adjacent breast cancer cells (Figure 5).
Reduced CAV1 expression in fibroblasts reduces mitochondrial
function and induces glycolysis through HIF-lo and NF-kB
signaling (30). Consequently, autophagic CAFs supply recycled
substrates for the cancer cell metabolism and, also, avoid
cancer cell death by overexpressing TIGAR, thereby conferring
resistance to apoptosis and autophagy (220). Other studies
by the same group have shown that the metabolic coupling
between cancer cells and fibroblasts contribute to tamoxifen
resistance, as CAFs enhanced TIGAR activity in cancer cells,
that protected against tamoxifen-induced apoptosis (221). In
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FIGURE 5 | Metabolic reprogramming in cancer cells. Lactate transport is crucial in the crossed-regulation of metabolism between cancer-associated fibroblasts
(CAFs) and cancer cells. In the fibroblasts close to carcinoma cells, ROS, HIF-1a, and NF-kB induce glycolysis, downregulating CAV1 and upregulating MCT4, which
results in increased lactate secretion in CAFs. Conversely, TIGAR overexpression in carcinoma cells alters their metabolic state, increasing the pentose phosphate
pathway (PPP). Lactate released from CAFs is taken by cancer cells via MCT1 and converted to pyruvate, which can enter the TCA cycle. These cancer cells have

high mitochondrial OXPHOS and low glycolysis, which is associated with high proliferation and low apoptosis rates, resulting in increased tumor growth.

another study, glutamine was described to increase TIGAR
and be needed for CAV1 downregulation in CAFs, decreasing
mediators and markers of autophagy in cancer cells. In this
model, glutamine from autophagic fibroblasts may serve to fuel
cancer cell mitochondrial activity. Thus, a cycle of nutrients
between catabolic stromal cells and anabolic tumor cells has been
suggested to account for the relationship between cells in the
TME (19-21, 28-30, 222). In addition, TIGAR overexpression
has been shown to reprogram carcinoma and stromal cells in
breast cancer (29), as well as to increase oxygen consumption
rates and ATP levels in the presence of glutamine and lactate,
leading to enhanced ATP synthesis. Moreover, when carcinoma
cells overexpress TIGAR in co-cultures with fibroblasts, a
glycolytic phenotype is induced in the fibroblasts, inducing HIF-
la expression as well as increasing glucose uptake and the
expression of PFKFB3 and lactate dehydrogenase-A. TIGAR
overexpression in carcinoma cells increases tumor growth and
proliferation rates in vivo (29, 30). All these data support
a two-compartment model of tumor metabolism (Figure 5).
The mechanisms by which TIGAR overexpression increases
mitochondrial activity remain unknown to date (29, 217).

Fru-2,6-P> Metabolism and the Regulation
of Glycolysis and the Pentose Phosphate

Pathway in Cancer Cells
The different PFKFB isoenzymes and TIGAR have important
roles in the TME. The genes encoding these isoenzymes are

commonly overexpressed in tumors and can be induced in
response to cellular stress. These isoenzymes, regulating Fru-2,6-
P, concentration, have contrary effects on cell metabolism and
different studies have dealt with the cross-regulation of these
enzymes (Figure 4). The contribution of TIGAR to the regulation
of Fru-2,6-P, levels is expected to vary depending on the
expression levels of the PFKFB1-PFKFB4 isoenzymes. TIGAR
overexpression is associated with decreased survival of patients
with acute myeloid leukemia (AML) (223) and other tumors (217,
224). Overexpression of PFKFB2-4 has similar outcomes (97, 98,
113, 161, 176). However, crosstalk between these genes must exist
in cancer cells since it has been observed that when TIGAR is
eliminated in leukemia cells expressing high levels of TIGAR,
PFKFB3 expression increase, and when TIGAR is overexpressed
in cells with low levels of TIGAR, PFKFB3 expression decrease
(223). Moreover, we have reported that PFKFB3 silencing in HeLa
cells elevates ROS levels and overexpresses TIGAR through Akt
signaling, preserving against DNA damage and apoptosis (189).
These results indicate that cancer cells sustain high glycolytic flux
in order to fuel biosynthetic pathways under basal conditions.
Nevertheless, if glycolysis is impeded, for example by ROS-
induced S-glutathionylation or demethylation of PFKFB3 (128,
129), PFKFB3 interference, or PFKFB3 inhibitors (189), cancer
cells divert the flow toward the PPP. Cancer cells can also inhibit
glycolysis to decrease ROS in response to DNA damage. In this
respect, following DNA damage, the function of p53 reducing the
mRNA and protein levels of PFKFB3 (130) and PFKFB4 (177) as
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well as the glycolytic flux, while increasing TIGAR expression and
the levels of NADPH and nucleotides through the PPP (184, 186),
enhances DNA repair and cell survival. In this sense, in p53-
deficient cells exposed to UV radiation, glycolysis is not impeded
supporting that p53 is required for this regulatory role (130, 177).

The FBPase catalytic efficiency of TIGAR has been reported to
be several orders of magnitude lower than that of the FBPase-2
activity of PFKFBs (195, 198), thus challenging the concept that
TIGAR acts primarily on Fru-2,6-P,. TIGAR could also exert its
effects by directly increasing flux through the terminal part of
glycolysis, given that it was found to act as the phosphoglycolate-
independent 2,3-bisphosphoglycerate phosphatase (225), with
2,3-bisphosphoglycerate (2,3-BPG), 2-phosphoglycerate (2-PG)
and phosphoenolpyruvate (PEP) being better substrates than
Fru-2,6-P, (198). These effects could also be enhanced by the
presence of PKM2 in cancer cells, which has low affinity for
PEP and provides a large amount of metabolic precursors for
biosynthesis (14, 226). The concentration of 2,3-BPG in cells is
three orders of magnitude lower than that in erythrocytes (227)
and very little is known about its function, apart from the fact that
it is an essential cofactor for the phosphoglycerate mutase. This
adds a novel layer of complexity to the function of TIGAR that
should be taken into account in future studies.

PFKFB4 expression is essential for prostate and p53-null
colon cancer cell survival, maintaining the balance between
the use of glucose for energy generation and the synthesis of
antioxidants (177). PFKFB4 silencing increases Fru-2,6-P; levels
in prostate cancer cells, suggesting that it mainly functions as
a fructose-2,6-bisphosphatase in these particular cells, diverting
glucose 6-phosphate toward the PPP (169). By contrast, PFKFB4
that is expressed in other types of transformed cells and
tumors synthesizes Fru-2,6-P, and is required for the glycolytic
reprogramming of cancer cells (170). Specific analyses of the
enzymatic activity and regulation of PFKFB4 are needed to
characterize its potential role as a FBPase-2 proposed in some
studies (169, 177).

PFKFB4 has been shown to act as a protein kinase of SRC-3
resulting in the upregulation of transketolase (182). This finding
could explain the effect of PFKFB4 overexpression in some cancer
cells, such as the transcription of a key non-oxidative enzyme
of the PPP and the redirection of glycolytic intermediates to the
non-oxidative arm of PPP.

Other inhibitory glycolytic effects that contribute to cancer
development, such as the glycosylation of PFKI in response
to hypoxia (59) and the Snail repression of PFK-P (60),
redirect glucose flux through the PPP, thereby conferring a
selective growth advantage to cancer cells. Furthermore, FBPasel
overexpression suppresses cancer cell growth (65), its loss
correlating with advanced tumor stage and poor prognosis
(66). Snail can also repress FBPasel in breast cancer cells
(67), regulating glucose flux toward glycolysis or the PPP by
suppressing either FBPasel or PFK-P, respectively.

Finally, FBPasel and PFK-L are part of the “glycosome,” a
complex that modulates the activities of these enzymes and
integrates them with others such as PKM2 and PEPCKI.
Quantitative high-content imaging assays indicate that the
direction of glucose flux between glycolysis, the PPP and

serine biosynthesis seems to be spatially regulated by these
multienzyme complexes in a cluster size-dependent manner,
providing new mechanistic insight into how a cell regulates
the direction of glucose flux between energy metabolism and
anabolic biosynthesis (53).

TARGETING THE TUMOR METABOLIC
ECOSYSTEM

The ability to selectively modulate the metabolism of cancer cells
could have high therapeutic potential. Tumor cells expressing
active oncogenes and/or defects in their tumor suppressors enter
apoptosis when glucose oxidation is limited. Peculiarly, these
same cells often show resistance to other forms of apoptotic
stimuli (radiation and chemotherapy) and the use of glycolytic
inhibitors sensitizes cells to these stimuli and promotes their
death (21, 228, 229).

The dependence of cancer cells on glucose consumption
led to the development of different therapeutic approaches.
Pharmacological inhibition of glycolysis has emerged as a novel
strategy since high glycolytic activity is considered a metabolic
hallmark of cancer (6, 21, 31, 34). HIF-1a overexpression and
the induction of glycolytic isoenzymes, present in many tumors,
have been shown to generate resistance to chemotherapy and
radiation (39, 230, 231). Therefore, inhibiting HIF-1a could be
an important component of cancer therapy (232, 233).

One of the most studied inhibitors has been 2-DG, a glucose
molecule in which the 2-hydroxyl group has been replaced
by hydrogen. 2-DG can be phosphorylated by hexokinase,
but it cannot be metabolized by phosphohexose-isomerase.
Therefore, its intracellular accumulation produces a competitive
inhibition of hexokinases. 2-DG has cytotoxic effects on different
types of cancer cells, especially those overexpressing HIF-1a
and with mitochondrial defects (229, 234). Accordingly, 2-DG
significantly increases the response to treatment with adriamycin
and paclitaxel in human osteosarcoma-bearing mice and of
small cell lung cancer (234). However, the high doses needed to
compete with glucose can induce toxicity (21, 235). Inhibition
of other glycolytic enzymes has been shown to successfully
suppress tumor cell growth, although systemic toxicity and lack
of therapeutic benefit has precluded further development in
numerous preclinical studies (21).

The fact that the PFKFB2-4 genes are overexpressed in
different tumors and are activated by hypoxia and/or oncogenes
indicates that their role is necessary in the development of the
glycolytic phenotype, facilitating the adaptation and survival
of tumor cells in hypoxic micro-environments. Thus, small
molecule inhibitors of PFKFBs could be used to improve the
efficiency and specificity of cancer treatment (161, 236).

The expression of more than one PFKFB isoenzyme in some
cells suggests the use of less specific PFKFB kinase inhibitors
to effectively reduce Fru-2,6-P, concentrations. In this sense,
targeting of both PFKFB3 and PFKFB4 isoenzymes has been
proposed to be advantageous due to their high expression in some
cancer cells (173). PFKFB isoenzyme inhibitors could also be
used in combination with agents that mimic hypoxic conditions,
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increasing cellular dependence on the upregulation of glycolysis
and PFKFBs. The use of chemotherapeutic drugs together with
PFKFB3 inhibitors may improve response rates as well as
progression-free survival in cancer patients. This is corroborated
by recent data demonstrating that sorafenib resistance in HCC
can be overcome by aspirin, through PFKFB3 inhibition (158).
This type of anti-glycolytic approach substantially differs from
previous cancer treatments that attempted to block glycolysis
entirely and in a permanent way, causing significant adverse
effects. Given that Fru-2,6-P, is not part of a main metabolic
pathway, and is not a biosynthetic precursor or intermediate
in energy production, its concentration can be independently
controlled, making PFKFB isoenzymes more specific targets.

TIGAR has important functions in the regulation of cell
processes such as apoptosis, autophagy, DNA repair, and the
control of oxidative stress. The elevated levels of TIGAR
expression in some types of tumors (207, 217) and the action
of different therapeutic agents associated with decreased TIGAR
expression, highlight the importance of TIGAR in tumor cell
survival. TIGAR can support tumorigenesis by reducing ROS
production and generating precursors for biosynthesis. These
data indicate that the inhibition of TIGAR might confer
advantages in cancer treatments (29, 186, 206, 221). Moreover,
TIGAR silencing has been shown to increase sensitivity of
glioblastoma cells to radiotherapy (186, 237) and increase cell
death mediated by PFKFB3 inhibition (189).

The current results show that the metabolic phenotype
of tumor cells is heterogeneous and that metabolic coupling
occurs between different cell populations of the TME with
complementary metabolic profiles. The metabolic differences
between tumor and non-tumor cells can potentially be exploited
therapeutically. There are currently no glycolytic inhibitors that
have been approved as anticancer agents (21) and little is known
about the degree of glycolysis inhibition in tumor vs. non-
tumor tissues that can be achieved with glycolytic inhibitors,
but the preclinical results obtained with these molecules
look promising.

The targeting of mitochondrial oxidative metabolism and
antioxidant effectors also hold promise as anticancer strategies.
Arsenic trioxide, an inhibitor of the mitochondrial oxidative
metabolism, has been approved for the treatment of acute
promyelocytic leukemia (238). Metformin, an inhibitor of
complex I of oxidative phosphorylation (239), has been shown
to increase lactate levels and induce apoptosis in a clinical trial
in head and neck squamous cell cancer (240). In the same
clinical trial, metformin was shown to induce CAV1 expression
in CAFs, preventing the metabolic coupling between stromal
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Joseph Curry*, Tingting Zhan®, Christopher M. Snyder?, Ubaldo E. Martinez-Outschoorn?
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Sydney Kimmel Cancer Center, Thomas Jefferson University, Philadelphia, PA, United States, ° Division of Biostatistics,
Department of Pharmacology and Experimental Therapeutics, Sydney Kimmel Cancer Center, Thomas Jefferson University,
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Head and neck squamous cell carcinoma (HNSCC) is the 6th most common human
cancer and affects approximately 50,000 new patients every year in the US. The major
risk factors for HNSCC are tobacco and alcohol consumption as well as oncogenic HPV
infections. Despite advances in therapy, the overall survival rate for all-comers is only
50%. Understanding the biology of HNSCC is crucial to identifying new biomarkers,
implementing early diagnostic approaches and developing novel therapies. As in several
other cancers, HNSCC expresses elevated levels of MCT4, a member of the SLC16
family of monocarboxylate transporters. MCT4 is a HT-linked lactate transporter which
functions to facilitate lactate efflux from highly glycolytic cells. High MCT4 levels in
HNSCC have been associated with poor prognosis, but the role of MCT4 in the
development and progression of this cancer is still poorly understood. In this study,
we used 4-nitroquinoline-1-oxide (4NQO) to induce oral cancer in MCT4~/~ and wild
type littermates, recapitulating the disease progression in humans. Histological analysis
of mouse tongues after 23 weeks of 4NQO treatment showed that MCT4~/~ mice
developed significantly fewer and less extended invasive lesions than wild type. In mice,
as in human samples, MCT4 was not expressed in normal oral mucosa but was detected
in the transformed epithelium. In the 4NQO treated mice we detected MCT4 in foci of the
basal layer undergoing transformation, and progressively in areas of carcinoma in situ and
invasive carcinomas. Moreover, we found MCT4 positive macrophages within the tumor
and in the stroma surrounding the lesions in both human samples of HNSCC and in the
4NQO treated animals. The results of our studies showed that MCT4 could be used as
an early diagnostic biomarker of HNSCC. Our finding with the MCT4~/~ mice suggest
MCT4 is a driver of progression to oral squamous cell cancer and MCT4 inhibitors could
have clinical benefits for preventing invasive HNSCC.

Keywords: MCT4, 4NQO, oral squamous cell carcinoma, tumor microenvironment, metabolism
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INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) is the 6th
most common human cancer with almost 50,000 new cases
diagnosed in the United States each year (1, 2). Among the
different subtypes of HNSCC, oral squamous cell carcinoma
(OSCC), especially of the tongue, is the most common. Risk
factors for OSCC are tobacco use and alcohol consumption (3, 4).
The high mortality with HNSCC and OSCC in particular, with
a 5-year survival rate of only 50%, creates an urgent need for
better understanding of disease biology as well as prognostic and
predictive biomarkers and novel therapies.

Recent studies have shown that, similar to other types of
cancer, an increase in monocarboxylate transporter 4 (MCT4)
expression in patients with OSCC correlates with a poor
outcome (5-8). MCT4 is a member of the SLC16 family of
solute transporters and functions as a proton-coupled lactate
transporter (9). MCT4 is primarily expressed in glycolytic
cells including fast twitch muscle, neural retina and activated
macrophages where it facilitates the efflux of lactate (10-12).
Warburg was the first to show that cancer cells often exhibit
a high rate of aerobic glycolysis producing large amounts of
lactate. In tumors, high levels of lactate are generated by
a subset of highly glycolytic cancer and stromal cells. It is
then taken up and oxidized by other tumor cells expressing
high levels of monocarboxylate transporter 1 (MCT1), another
member of the SLC16 family (13). Lactate is metabolized through
oxidative phosphorylation to produce ATP and intermediates
that support tumor growth. In addition to its role as metabolic
substrate, lactate is also a signaling molecule with important
roles in angiogenesis, tumor migration and invasion, as well as
modulation of the immune system (14).

The experimental models currently available for
understanding the contribution of MCTs and lactate to the
progression of cancer are based on the manipulation of
gene expression in cancer cell lines for in vitro and in vivo
studies (15-17). These studies have contributed to a greater
understanding of the role of lactate in tumor progression and
survival, highlighting the therapeutic potential of targeting
MCT1 and MCT4. However, the importance of epithelial and
stromal MCT4 in driving cancer progression remains poorly
understood.

In this study we investigated the role of MCT4 in the
progression of OSCC in a well-established model of oral
squamous cell carcinoma using the carcinogen 4-nitroquinoline-
l-oxide (4NQO) (18) in wild type (MCT47/*) and MCT4
knockout (MCT4~/~) mice. After exposure to 4NQO, MCT4
knockout animals developed significantly fewer and less
extensive invasive SCC lesions compared to wild type mice.
Importantly, MCT4, which is typically absent in normal
tongue epithelium, was expressed early in regions of dysplastic
epithelium and later in areas of in situ carcinomas (CIS) and
invasive squamous cell carcinomas (SCC). In addition, MCT4
was detected in macrophages within the lesion and adjacent
stroma after 4NQO exposure, similar to what is observed in
human OSCC samples. Our results suggest that MCT4 is critical
for the progression from dysplastic lesions to invasive cancer

and is therefore a relevant therapeutic target for the treatment
of OSCC.

MATERIALS AND METHODS

Human Study

This study was approved by the institutional review board (IRB)
at Thomas Jefferson University. Samples of primary tumors
from 9 patients with head and neck cancer were obtained
from archived paraffin-embedded tissue blocks for histological
analysis. Patient data were collected, including: age, sex, tobacco
use, stage of disease, location of tumor, and histological features.

Animals

MCT4%/~ mice were purchased from Taconic Bioscience. The
animals were backcrossed for 10 generations to C57Bl/6N
(Taconic) mice and MCT47/~ mice were used for breeding
to obtain knock out and wild type littermates. Genotype was
confirmed by PCR. Mice were kept in a 12:12 light/dark cycle and
provided with ad libitum food and drinking water.

Mouse Oral Carcinogenesis Induction
MCT47/~ and wild type mice (n = 15-16) 12 weeks of age,
were treated with 4-nitroquinoline-1-oxide (4NQO; cat # N8141,
Sigma-Aldrich) in the drinking water at a concentration of
50 wg/ml. The animals were treated for 16 weeks with the
4NQO and then for an additional 7 weeks with water only.
Fresh 4NQO/water was supplied every week. Animals were
sacrificed after 14 weeks of treatment and at 23 weeks or
when body weight loss was >20% of original weight. Oral
cavities were inspected weekly for signs of lesions, and body
weight was monitored as a sign of distress. All the experiments
were conducted in accordance and with the approval of the
Institutional Animal Care and Use Committee (IACUC) at
Thomas Jefferson University.

Antibodies

The following antibodies were used: MCT4 (SLC16A3) 19-mer
peptide sequence CKAEPEKNGEVVHTPETSV-cooh affinity
purified rabbit antibody and MCT1 (SLC16A1) 19-mer peptide
sequence CSPDQKDTEGGPKEEESPV-cooh affinity purified
rabbit antibodies were generated by YenZym Antibodies, South
San Francisco, CA. (11). Mouse anti-human MCT4 (D-1)
antibody was from Santa Cruz Biotechnology. Rabbit anti
human- CD163 was from Abcam. Rat anti-mouse F4/80 (CI-A3-
1) was from Novus Biologicals. CD45.2 (clone 104), PD-L1 (clone
10F.9G2), Ly6C (clone HK1.4), Ly6G (clone 1A8), CD11b (clone
M1/70) were from BioLegend.

Analysis of Human Dual Labeling for

CD163-Positive Macrophages and MCT4

Paraffin sections of human HNSCC were dual labeled by
immunohistochemistry as detailed below with CD163 (Abcam)
developed in red/pink and MCT4 (Santa Cruz Biotechnology)
developed in brown. Slides were scanned at low power (4x)
and 3 areas containing cancer cells and identifiable macrophages
(stained in red/pink) that were within tumor nests or in the
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immediate adjacent stroma were selected and then scored at
high power (40x). Each 40x field was scored as positive when
>80% macrophages were also MCT4 positive. The same method
was used to evaluate normal, non-tumor areas within the same
section. These areas were located in stroma underlying normal
squamous epithelium or in areas of non-involved muscle.

Macroscopic Photography and Lesional

Area Quantification

Tongues were harvested and placed on ice in phosphate buffered
saline (PBS). Immediately prior to photography, individual
tongues were incubated for one minute in a solution of 10%
acetic acid and 4% ethanol followed by two PBS rinses [modified
from Mashberg et al. (19)]. This treatment accentuated lesional
areas from relatively unaffected areas. Images were captured with
AxioVision LE software using a 5megapixel Zeiss AxioCam Erc5s
color camera coupled to a Stemi 2000C Zeiss stereomicroscope at
0.65x magnification. Image] was used for the quantification of the
affected areas on the dorsal surface of the tongue. Briefly, lesional
areas which were identified as white opaque raised regions,
were measured and the average percentage lesional area was
calculated for wild type versus MCT4~/~ tongues. The images
were evaluated in a blinded manner by 2 independent observers.

Tissue Collection and Histopathological
Analysis

Tongue samples were fixed in 10% formalin and then cut
lengthwise into 3 pieces and embedded separately in paraffin.
Four micron sections were cut from all blocks and stained with
hematoxylin and eosin (H&E) for histopathological evaluation
by an expert in oral cancer pathology, to determine presence of
carcinoma-in-situ and invasive carcinoma. In other experiments,
tongues samples were cut lengthwise and either flash frozen
in liquid nitrogen or embedded in OCT compound for frozen
sectioning.

Immunohistochemistry of Paraffin and

Frozen Sections

A 3-step avidin-biotin horseradish peroxidase method was used
for single antibody labeling on paraffin sections as previously
described (20). Briefly after deparaffinization and rehydration of
the sections, antigen retrieval was performed in 0.01M citrate
buffer, pH 6.0 using an electric pressure cooker. An avidin-biotin
kit (Biocare Medical) was used to block endogenous biotin and
the sections were blocked with 10% goat serum (Vector Labs) in
PBS at 4°C. Primary antibody was incubated for 1 hour followed
by biotinylated species-specific secondary antibody (Vector Labs)
and avidin-biotin-horseradish peroxidase complex (ABC Elite
Kit, Vector Labs) with washing in PBS between steps. Antibody
binding was detected with 3,3’ diaminobenzidine (DAB liquid
substrate kit, Agilent Technologies). A similar procedure was
used for frozen sections that were fixed in acetone. For dual
antibody labeling, a 2-step procedure was used as described in
(21). Briefly, after antigen retrieval and blocking in 5% BSA,
sections were incubated simultaneously with primary antibodies
followed species-specific secondary antibodies conjugated with

alkaline phosphatase or peroxidase (Jackson ImmunoResearch).
Antibody binding was detected using DAB liquid substrate kit
and ImmPACT Vector Red substrate kit (Vector) containing
1.25mM levamisole (Sigma-Aldrich). Light microscopy images
were captured using cellSens Entry software and the Olympus
DP22 camera attached to an Olympus CX41 microscope
(Olympus Scientific Solutions Americas).

Dual Labeling by Immunofluorescence

For mouse samples double labeling immunofluorescence was
performed using frozen sections after fixation in acetone
and blocking in 5% BSA. Primary antibodies were incubated
together for one hour at RT, washed and detected with
AlexaFluor 488 conjugated donkey anti-rat IgG and AlexaFluor
568 conjugated goat anti-rabbit IgG (ThermoFisher Scientific).
Nuclei were stained with DAPI and sections were mounted
with ProLong Gold anti-fade (ThermoFisher Scientific). All
immunofluorescent labeling images were captured on the Nikon
A1R confocal microscope with a 40x oil objective lens with or
without 2x zoom.

Macrophage Quantification in
4NQO-Treated Mice

Macrophages were identified by immunohistochemistry using
the F4/80 antibody in frozen tissue sections at 14 and 23 weeks.
Areas of involved and non-involved epithelia were identified by
a pathologist with expertise in head and neck pathology, and 3-5
digital images were taken at 20 x magnification and analyzed with
Image J software calibrated for magnification. The subepithelial
stromal area for each image was measured and the number of
F4/80 positive cells was counted within each area. The number of
F4/80 positive cells per cubic micron was calculated and adjusted
per mm? and the average number for involved and non-involved
areas were generated for wild type and knockout samples.

Implantable Tumor Models

TC-1 cells (kindly provided by Dr. Ulrich Rodeck) were
maintained in RPMI (Corning Life Science) with 1% PenStrep
(Gemini Bio-Products) and 10% fetal bovine serum (Benchmark
serum, Gemini Bio-Products). TC-1 cells are HPV transformed
C57Bl/6 lung epithelium cells (22). For the transplantable tumor
model, TC-1 cells were implanted subcutaneously in the shaved
right flank of 10-12 week old MCT4~/~ and control littermates.
1 x 10° TC-1 cells were injected in 100uL PBS. Tumor area was
calculated using the length and width of the tumor (in mm?),
which was measured using digital calipers. For growth curve
studies, animals were sacrificed after 25 days from implantation
when the tumor was growing exponentially.

Blood Collection and Flow Cytometry

Approximately 80 L of blood was collected in a tube containing
12 puL heparin from the retro-orbital sinus. 40 uL of the
collected blood was stained using Zombie Aqua Fixable Viability
Kit (BioLegend) and antibodies specific for the monocyte
population. Following staining, red blood cell lysis buffer
(150 mmol/l NH4Cl, 10 mmol/l NaHCO) was added to the
samples to isolate leukocytes. CountBright absolute counting
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FIGURE 1 | MCT4 is expressed in Human OSCC: Single MCT4 (A,B) and dual MCT4/CD163 (C-E) immunostaining in paraffin embedded samples of human OSCC.
Area of adjacent normal epithelium in OSCC sample #1 (A), area of squamous cell carcinoma within the same sample #1 (B). MCT4 negative/CD163 positive
macrophages in adjacent normal area of oral mucosa in sample #2 (C). MCT4 positive/CD163 positive macrophages in areas of cancer cells within same sample #2
(D). Boxed region in D is showed at higher magnification in E (2.5X). Scale bar: 20 um. S, stroma; E, epithelium.

beads (ThermoFisher Scientific) were added to the samples
immediately prior to analysis. Samples were run on the BD
LSRFortessa flow cytometer (BD Biosciences) and data was
analyzed using FlowJo Version 10.1 (Treestar).

Western Blot Analysis

Cells and tissues were lysed in RIPA buffer (ThermoFisher
Scientific) containing protease inhibitor cocktail (ThermoFisher
Scientific). Samples were centrifuged and supernatant collected
for protein analysis. After protein quantification with the
BCA method, samples were separated using Bis-Tris NuPage
precast gels (ThermoFisher Scientific) and transferred to PVDF
membranes. After blocking with 5% nonfat milk for 1 hour,
primary antibodies were incubated overnight at 4°C. Membranes
were washed in TBS-tween buffer and incubated in HRP
conjugated secondary antibodies for 1h at room temperature.
Blots were developed using SuperSignal West Dura ECL substrate
(ThermoFisher Scientific) and imaged using FluorChem M
ProteinSimple imager.

Data Analysis

All data are presented as mean + standard error. Data were
analyzed with GraphPad Prism v7 (GraphPad software) or R
v3.5.0 (R-project.org). Unless specified differently, two-tailed-t
test or ANOVA were performed to analyze the mean difference
between groups. For correlation analysis Fisher’s exact test was
used. Data reported in Figure 6M data were analyzed using a
robust linear mixed effect model with random effect of mice and
fixed effect of time, genotype and area. Statistical significance was
defined as p-value < 0.05.

RESULTS

MCT4 Expression in Human Oral

Squamous Cell Carcinoma

MCT4 is expressed in both cancer cell and stromal compartments
in human OSCC and is typically not present in normal
squamous epithelia (Figures 1A,B). In the present study, MCT4
expression was further evaluated in macrophages identified by
the marker CD163 in nine cases of HNSCC. The demographic
and pathological characteristics of these cases are summarized
in Table 1. Paraffin sections were labeled with antibodies to
CD163 and MCT4 simultaneously (Figures 1C-E) and the
percentage of macrophages positive for MCT4 was evaluated
in a blinded fashion by two independent observers (Table 2).
CD163-positive macrophages within cancer cell nests or in
the immediate adjacent stroma were evaluated at high power
and compared to macrophages in normal or non-involved or
control areas distant from cancer cell sites. MCT4 staining in
macrophages was scored as positive in fields that contained
80% or greater double positive cells. Six of nine cases had
macrophages positive for CD163 that were also positive
for MCT4 (66.7%). When CD163-positive macrophages were
evaluated in non-involved or control areas that were distant and
free from the presence of cancer cells, all cases were negative
(p < 0.01).

MCT4~/~ Mouse Model for Oral Carcinoma

Development

Based on the strong correlation between MCT4 expression and
poor outcomes in OSCC we wanted to develop an in vivo animal
model to test whether MCT4 was a marker or a driver of
aggressive cancer. MCT4%/~ mice were purchased from Taconic
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TABLE 1 | Demographics and Pathologic characteristics.

Mean age (range) 64.9 (60-82)
Gender 6 male/3 females
Tobacco use (>10 pack/year) 6 (67%)
p16 positive 1 (11%)
SUBSITE
Oral cavity 7 (78%)
Oral tongue 2
Floor of mouth 3
Gingiva 2
Oropharynx 2 (22%)
Base of tongue 1
Tonsil 1
T STAGE
T 1(1%)
T2 3 (33%)
T4a 5 (56%)
N STAGE
NO 5 (56%)
N2b 3 (33%)
N2c 1(11%)
PATHOLOGICAL MARKERS
ECE 2 (22%)
Positive margins 2 (22%)
PNI 4 (44%)
LvI 2 (22%)
DIFFERENTIATION
Well 0
Moderate 8 (89%)
Poor 1(11%)

TABLE 2 | HNSCC MCT4 Expression in CD163-positive macrophages.

Site MCT-4 Positive MCT-4 Negative Total
Tumor 6 3

Control 0 8

Total 6 IR 17

Number of samples with CD163 stained macrophages positive or negative for MCT4 in
human HNSCC (n = 9). Tumor site is intra-tumoral or immediate peri-tumoral area; Control
is adjacent non-tumor i.e., subepithelial stroma or non-involved muscle; Positive is >80%
dual positive within field.

Biosciences and backcrossed to homozygosity, on a C57BL6/N
background. No changes in breeding or growth were observed in
these mice. Figure 2A is a representative Western blot showing
that MCT4 was detected in lysates from retina, skeletal muscle
and activated macrophages from wild type but not in MCT4~/~
mice (Figure 2A). Frozen sections of wild type and MCT4~/~
tongues from animals not exposed to 4NQO were labeled with
MCT4 antibody. MCT4 was not present in the mucosa but
was detected in the sarcolemma of the skeletal muscle fibers
(Figures 2B,C). This pattern of MCT4 expression was identical
to that of human oral mucosa (Figure 1A).

Administration of 4NQO Induces More
Aggressive Oral Squamous Carcinoma in
Wild Type Animals

Treatment of mice with 4NQO in the drinking water is a well-
established model for induction of OSCC (23). To understand
the contribution of MCT4 to the development and progression
of oral squamous cell carcinoma (OSCC), MCT4~/~ mice and
control littermates were treated for 16 weeks with 50 pg/ml
4NQO in the drinking water, followed by 7 weeks of pure
water (Figure 3A). After 23 weeks of treatment, the animals
were euthanized and the tongues excised and assessed for
cancerous lesions as described in materials and methods. As
reported in other studies using 4NQO, during the treatment
with the carcinogen the mice lost up to 20% of the initial
body weight, but the change was not significantly different
between the wild type and the MCT4~/~ group. Macroscopic
examination of the tongues showed that wild type animals
developed more prominent and numerous lesions compared to
MCT4~/~ animals (Figures 3B,C). Quantification of the area
occupied by the white lesions on the dorsal surface of the tongues
showed that the wild type animals had 39% of the surface
covered by lesions while the MCT4~/~ animals had only 25%
(p < 0.05) (Figure3D). The tongues of the 23 week 4NQO
treated wild type and MCT4~/~ mice were paraffin embedded
and sectioned. Microscopic observation of H&E-stained sections
revealed epithelial changes that ranged from mild to severe
dysplasia and carcinoma in situ (CIS; Figures 3E,EL]J) to invasive
oral squamous cell carcinoma (OSCC; Figures 3G,H,K,L). There
was nuclear enlargement and hyperchromasia that was restricted
to the basal layer in areas of mild dysplasia as well as
cytologic atypia that involved the entire epithelial thickness,
with associated acanthosis and hyperparakeratosis in areas of
severe dysplasia and CIS (Figure 3). All animals showed evidence
of CIS, however, in MCT4~/~ the pathological features of
CIS were qualitatively less pronounced, with fewer areas of
epithelial involvement (Figures 3E,EL]J). MCT4~/~ mice had
fewer invasive lesions (>1mm depth of invasion), with 2 of
12 knockout mice (16.7%) having invasive SCC compared to 8
of 13 wild type animals with invasive SCC (61.5%; p < 0.05)
(Figures 3G,H,K,L). However, MCT4~/~ mice did show limited
micro-invasive features with involvement of less than 1mm
depth in 4 of 12 animals (33.3%), compared to 2 of 13 wild
type animals (15.4%) but this was not statistically significantly
different. The number of CIS, invasive SCC and micro-invasive
SCC are summarized in Table 3.

MCT4 Is Expressed at an Early Stage of

Disease

4NQO treated animals developed a complex range of changes
in the epithelium that allowed us to study changes in MCT4
expression during the tumorigenic process. To understand the
importance of MCT4 in the development of oral cancer, we
sacrificed the animals after 14 weeks of 4NQO treatment when
early visible changes could be identified on the surface of the
tongues (24). Immunohistochemistry of frozen section of the
tongues was performed with MCT4 antibody. Focal expression
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FIGURE 2 | Characterization of MCT4~/~ animals. Western blot of detergent lysates prepared from retinas, extensor digitorum longus (EDL) muscle, and LPS
activated bone marrow derived macrophages (BMDM) from wild type (+/+) and MCT4 knock out (-/-) mice (A). Frozen sections of mouse tongue from MCT4 (+/+)
(B) and MCT4~/~ (C) mice labeled with MCT4 antibody. Ep, epithelium; SkM, skeletal muscle. Scale bar, 50 um.

of MCT4 was detected in the epithelial cells of the stratum basalis
as well as in small foci extending into the stratum spinosum
(Figures 4A-D). Additionally, in areas where there was epithelial
MCT4 expression, we also detected an increase in MCT4 positive
cells in the adjacent stroma (Figure 4B). Immunostaining of
frozen sections of tongue tissues after 23 weeks showed that
with progression of OSCC, the expression of MCT4 persisted
and was primarily detected in foci within the upper layers of
the epithelium (Figures 4E,F) and often in CIS lesions having
a papillary morphology (papillary carcinoma in-situ). In regions
of invasive cancer, MCT4 was detected in a more widespread
pattern throughout the tumor (Figures 4G,H) and was present
on transformed epithelial cells and also in adjacent stromal cells
within lesional areas.

Increased Expression of MCT1 in OSCC in

Wild Type and MCT4 Knock Out Mice

We investigated the expression of MCT1 in wild type and
MCT4~/~ mice. In tongues from wild type and MCT4~/~
untreated mice, MCT1 was primarily restricted to the stratum
basalis with faint labeling in the lower layers of the stratum
spinosum (Figures 5A,E). This pattern of expression also
parallels the MCT1 expression observed in normal human
oral squamous epithelium (5, 25). Note that skeletal muscle
fibers stain positively for MCT1 as shown in the figure
and serve as a positive control. After 4NQO treatment, the
expression of MCT1 increased in focal dysplastic areas of

the tongues of both wild type and MCT4~/~ animals and
could be detected in the upper layers of the epithelium
(Figures 5B,F). However, in the more aggressive invasive
SCC lesions, MCT1 expression became irregular and was
confined to groups of cells with an epithelial morphology
(Figures 5C,D,G,H). Overall the changes in MCT1 expression
patterns were similar in both wild type and MCT4~/~
tongues and was not consistent with any compensatory
expression due to the absence of MCT4 in MCT4~/~
mice.

MCT4 Positive Macrophages Are Present

in the Stroma

In the human OSCC, MCT4 positive macrophages were found
within the lesions and in the adjacent stroma. Therefore, we
investigated the presence of MCT4 positive macrophages in the
4NQO treated animals. Macrophages identified by F4/80 were
positive for MCT4 in wild type mice at both 14 weeks (data not
shown) and 23 weeks (Figures 6A-C). While F4/80 positive cells
were detected in the mucosa of MCT4~/~ mice, they were not
co-labeled with MCT4 (Figures 6D-F). To determine whether
there was a difference in macrophage number between wild
type and MCT4~/~ mice, tongue sections from untreated, and
14 and 23 week 4NQO-treated mice were stained with F4/80
by immunohistochemistry (Figures 6G-L) and the number of
positive cells was quantified as described in Materials and
Methods. In normal untreated wild type and MCT4~/~ tongues
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FIGURE 3 | Reduced invasive oral squamous cell carcinoma in MCT4~/~ mice after 4ANQO: Study design: 12 week old mice were treated for 16 weeks with 4NQO
(50pg/ml) in the drinking water, followed by 7 weeks of plain water. Mice were sacrificed after 14 weeks of treatment or at 23 weeks (A). Photographs of wild type
(B) and MCT4~/~ (C) tongues after 23 weeks of treatment. Quantification of superficial lesions expressed as percentage of total dorsal tongue surface area (n = 8
per group), *p < 0.01 (D). Representative H&E stained paraffin sections of tongues from wild type and MCT4~/~ animals treated with 4NQO and sacrificed at 23
weeks (E-L) CIS, carcinoma-in-situ; SCC, invasive squamous cell carcinoma. F, H, J and L are higher magnifications of E, G, | and K respectively. *Indicates invasive

the numbers of F4/80 positive macrophages were not significantly
different (Figure 6M), with both groups having similar baseline
numbers of macrophages. After 14 weeks of 4NQO treatment
the number of macrophages present in the involved regions
(perilesional areas) of wild type animals was 23% greater than
in the MCT4~/~ animals (p < 0.05). By 23 weeks, the number
of macrophages in the MCT4~/~ affected areas was similar to
the wild type. We also evaluated the number of macrophages in
non-involved areas, (not lesional) and they were similar in both
wild type and MCT4~/~ animals exposed to 4NQO, although
the numbers in the lesional areas were significantly increased
compared to the non-involved areas (average difference 35.3,
p < 0.03). This indicates that the increase in macrophages is
due to the presence of cancer cells and not because of a general
inflammatory response to the 4NQO.

We also analyzed the levels of circulating monocytes in
the 4NQO treated animals to determine if the differences in

TABLE 3 | Histological findings in 23 weeks 4NQO treated wild type and
MCT4~/~ tongues.

wild type MCT4~/~
cls 13 12
Micro invasive SCC 2

Invasive SCC

CIS, carcinoma in situ; SCC, squamous cell carcinoma.

macrophage number in the lesion was due to a defect in
recruitment and mobilization. The total number of monocytes
in circulation was higher in the untreated MCT4~/~ animals,
but the difference was not statistically significant. At 23 weeks
after 4NQO treatment, the number of circulating monocytes in
the MCT4~/~ animals was 2.6 times higher than the wild type
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FIGURE 4 | MCT4 is expressed at different stages of oral cancer. Frozen sections of tongues from 4NQO treated wild type mice. MCT4 staining is detected in the
basal and suprabasal epithelial layers and in the stroma (A, magnified in B), in papilloma (C, magnified in D) after 14 weeks of treatment; and in the upper squamous
epithelium of carcinoma in situ (E, magnified in F) and in both the epithelium and stroma of invasive cancer (G, magnified in H) at the 23 weeks timepoint. Scale bar:

reated

Unt
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FIGURE 5 | MCT1 expression is altered in 4NQO treated wild type and MCT4~/~ animals. IHC staining of paraffin sections of tongues from untreated and 23 weeks
4NQO treated wild type and MCT4~/~ mice. MCT1 expression in normal tongue tissue is restricted to the basal cell layer of the epithelium in both wild type and
MCT4~/~ mice (A,E). After 4NQO treatment, MCT1 extends into the suprabasal region of dysplastic lesions (B,F), and is irregularly expressed in areas at the leading

(p < 0.05), suggesting a defect in the recruitment of macrophages
to the tumors.

MCT4 in Syngeneic Tumors Is Sufficient to
Drive Cancer Growth

To investigate the contribution of MCT4 expressed in tumor
stroma to the development and progression of the OSCC, TC-
1 cells, derived from C57Bl/6 lung carcinoma were implanted
into the flanks of MCT4~/~ mice and control littermates.
Surprisingly the tumor growth was independent of the host
genotype with similar tumor sizes in wild type and MCT4~/~
animals (Figures 7A-B). Additionally, there was no difference
in the number of circulating monocytes between wild type
and MCT4~/~ mice (Figure7C). Since we were perplexed

by this finding we examined the expression of MCT1 and
MCT4 in TC-1 cells cultured in vitro and from the syngeneic
tumors. We found that the level of MCT4 in TC-1 tumors
was increased significantly compared to the basal expression
levels detected in lysates of cultured TC-1 cells (Figures 7D).
The result suggests that MCT4 expression by the epithelial
cells is sufficient to support tumor growth in this syngeneic
model.

DISCUSSION

MCT4 expression in cancers such as HNSCC, breast cancer,
melanoma, and hepatocellular carcinoma has been associated
with a poor prognosis (5, 26-28). In patient tumors, MCT4
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FIGURE 6 | Evaluation of peri-lesional macrophages in wild type and MCT4~/~ tumors. Immunofluorescence staining for F4/80 (green) and MCT4 (red) and dapi
nuclear staining (blue) in wild type and MCT4~/~ tongue frozen sections at 23 weeks of 4NQO treatment (A-F) scale bar: 20pum. F4/80 staining of frozen sections in
untreated tongues and at 14 and 23 weeks 4NQO treatment in wild type and MCT4~/~ animals (G-L) Scale bar: 20 wm. Quantification of F4/80 positive
macrophages in tongue sections. Involved areas represent regions identified by nuclear atypia and/or other signs of epithelial transformation, whereas non-involved
areas did not display these features within the same section (n = 3 for untreated, n= 8 for 14 weeks, n= 4 for 23 weeks per group) (M). Quantification of total
monocytes (N) in peripheral blood (n= 5-6 per group). *P < 0.05.

has been detected in cancer cells, cancer associated fibroblasts  (30) (Figure 1). In the current study, we used the well-established
(CAFs) as well as tumor associated macrophages (TAMs) where ~ 4NQO model of carcinogenesis to induce OSCC in wild type and
it supports tumor growth (17), angiogenesis (29), and metastasis ~ MCT4~/~ mice, with the goal of determining whether MCT4
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FIGURE 7 | MCT4 expression in syngeneic tumor cells is sufficient for tumor growth. Growth curve of TC-1 tumors in MCT4~/~ and wild type mice (n = 10 per
group) (A) and average tumor weight at sacrifice (B). Quantification of total monocytes in peripheral blood of wild type and MCT4~/~ animals before and after
transplantation (1 = 5 per group) (C). Western blot analysis of lysates prepared from TC-1 cancer cells in vitro and TC-1 tumors grown in MCT4~/~ and wild type
mice for MCT1 and MCT4 using GRB2 as a loading control (D).

is a driver or marker of OSCC progression. Our findings show
that in the absence of MCT4, tumor burden, and invasiveness is
reduced.

Growth and metastasis of cancer cells is supported by CAFs
and TAMs present in the tumor ecosystem. The use of 4NQO in
the drinking water to induce OSCC has several advantages over
syngeneic models. Chemical induction of OSCC results in tumor
formation in the normal ecosystem so the development and
progression to invasive cancer more closely mimics what is seen
in human patients (23). Models using transplantable OSCC cell
lines do not recapitulate the epithelial and stromal interactions
since the cells are injected into the flank of the mouse between
the hypodermis and skeletal muscles. This region lacks the
capillary bed and stroma found in the lamina propria of epithelial
tumors. The 4NQO model recapitulates histological features and
metabolic reprogramming observed in patient samples of OSCC
and thus provides a valuable model to investigate in vivo the
contribution of MCT4 to the development and progression of
OSCC.

In 4NQO treated animals, the cancer originates from the
highly proliferative cells found in the basal cell layer of
the stratified squamous epithelium covering the tongue (31).
4NQO treatment causes mutagenesis and oxidative stress in
these cells, which in turn translates in the dysregulation of
key transcription factors such as NF-kB (32) and Hifla (33).
The cross-talk between the two transcription factors leads to

the activation of glycolysis (34, 35) through transcription of
glycolytic genes including MCT4 (36), glucose transporter 1
(GLUT1), hexokinase (HK), lactate dehydrogenase A (LDHA),
and genes regulating cell proliferative pathways. In the current
study, MCT4 was not detected in epithelium or stroma of the
untreated tongue but was detected focally in the basal and
suprabasal layers of the epithelium in tongues of wild type mice
treated with 4NQO (Figures 4A,B). The MCT4~/~ mice treated
with 4NQO also developed dysplastic lesions and carcinomas
in situ (CIS) similarly to the wild type mice, demonstrating
that MCT4 is not necessary for the induction of non-invasive
OSCC. Our findings indicate that the early increase in MCT4
expression results from a global reprogramming of the epithelial
cells undergoing oncogenic transformation. When we analyzed
MCT4 expression in more severe and extensive lesions such as
carcinomas in situ, we found that MCT4 was often expressed
in a central compartment of the lesions (Figures 4E,F), which
may correspond with hypoxic areas. This centralized pattern
of expression replicates what has been documented in human
OSCC (5). Future studies will be needed to confirm if this pattern
correlates with regions of hypoxia. Large in situ lesions were
not found in tongues from MCT4~/~ mice treated with 4NQO
since these epithelial cells cannot shift their metabolism toward
a hyperglycolytic state. It has been shown that inhibition of the
lactate transport has a negative effect on cell proliferation (17, 37).
The intracellular accumulation of lactate slows the glycolytic
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flux by directly inhibiting hexokinase and phosphofructokinase
(38) and by decreasing the NADT/NADH ratio. In addition,
the decrease in glycolytic intermediates affects the production of
other metabolites necessary for cell proliferation. The inhibition
of MCT4 also leads to the acidification of the cytosol, which
can inhibit cell proliferation through the mTOR pathway
(39). In sum, future studies will need to be conducted to
determine the mechanism by which loss of MCT4 reduces tumor
aggressiveness.

The current study showed that MCT4~/~ mice developed
fewer and smaller invasive carcinomas, more often they
developed micro-invasive lesions. Additional studies are required
to establish the contribution of MCT4 to microinvasive
oral squamous cell tumors. The data suggest that the lack
of MCT4 prevents the progression of early microinvasive
lesions to full invasive, arresting the tumors in a less
aggressive form. In the wild type invasive lesions, MCT4 was
expressed in both epithelial cells and in stroma (Figures 4G,H).
In wild type mice expression of MCT4 facilitates lactate
efflux and acidification of the microenvironment promoting
invasiveness and metastasis. We and others have previously
shown that MCT4 is important for cancer cell migration
through interaction with beta 1 integrin (6, 40, 41) and it
has been shown that lactate in the microenvironment induce
angiogenesis (42), contributing to the progression of the
disease.

We have shown that in human samples of HNSCC, CD163
positive macrophages also express MCT4 (Figures 1D,E). In
the 4NQO treated animals we found macrophages in the
peri-lesional areas as early as 14 weeks of treatment and
these F4/80 positive cells expressed MCT4 (Figures 6A-C). In
the MCT4~/~ animals, the number of macrophages noted
in the tumor microenvironment is lower compared to the
wild type (Figure 6M) suggesting that MCT4 in either one
of the compartments, or in both of them, has an effect
on the macrophage population. MCT4 is usually associated
with a higher glycolytic flux, therefore TAMs may have a
glycolytic metabolism as suggested by Liu et al. (43). It has
also been reported that bone marrow derived macrophages
(BMDM) knock down of MCT4 reduced the production
of cytokines after LPS stimulation (12), indicating that the
F4/80 cells in the tumor microenvironment of the MCT4~/~
animals may be compromised. Macrophages are recruited
to the tumor invasive edge by chemoattractants released by
the cancer cells. The recruited immune cells promote the
migration and invasion of the cancer by secreting factors
for the remodeling of the extracellular matrix (44). The
observation that fewer macrophages were present in the stroma
of the MCT47/~ tongues suggest that there was a failure
of the tumor to release sufficient levels of chemokines and
cytokines required to recruit monocytes from circulation. This
conclusion was supported by our analysis of the peripheral
blood from 4NQO treated MCT4~/~ mice which showed
an increase in total monocytes in circulation (Figure 6N).
The circulating monocytes were the same in wild type and
MCT4~/~ mice after TC-1 syngeneic tumors implantation and
the tumors expressed MCT4 independently of the genotype of

the host. This supports the idea that MCT4 expression in the
epithelium is necessary for the recruitment of macrophages to
the tumor microenvironment from the circulation (Figure 7)
but future studies will need to determine the contribution
of MCT4 expression in TC-1 cells to syngeneic tumor
growth.

MCT1 and MCT4 require the accessory protein CD147 for
maturation and trafficking to the plasma membrane. CD147 is
constitutively expressed and is stabilized through its interaction
with MCT1 and MCT4 (45). Consistently, we and others have
used in vitro and in vivo techniques to show that ablation of
any of these proteins (MCTs or CD147) causes the degradation
of the entire complex. Conversely, the increase in MCT1
and/or MCT4 in OSCC results in the obligatory increase
in CD147. In 4NQO-treated wild type and MCT4~/~ mice,
MCT1 expression increased in dysplastic areas. The invasive
lesions also showed persistent expression of MCT1 (Figure 5).
It has been reported that increased expression of CD147 (also
known as EMMPRIN and basigin) is associated with poor
outcomes in OSCC (8). The use of drugs targeting CD147
in cancer has been explored (39) and the use of anti-CD147
antibodies resulted in reduced growth of OSCC xenografts (40).
Silencing CD147 or using drugs that target CD147 impact
the expression or activity of MCT1 and MCT4, supporting
the idea that targeting these transporters in patients with
OSCC could slow the development and progression of the
disease.

This study showed that MCT4 is an early marker of OSCC and
that MCT4~/~ mice had fewer lesions and less invasive cancer.
MCT4 could provide a viable target for drug therapy to slow
progression and aggressiveness in OSCC.
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Intercellular communication between cancer cells and other cells in the tumor
microenvironment plays a defining role in tumor development. Tumors contain infiltrates
of stromal cells and immune cells that can either promote or inhibit tumor growth,
depending on the cytokine/chemokine milieu of the tumor microenvironment and their
effect on cell activation status. Recent research has shown that stromal cells can also
affect tumor growth through the donation of mitochondria to respiration-deficient tumor
cells, restoring normal respiration. Nuclear and mitochondrial DNA mutations affecting
mitochondrial respiration lead to some level of respiratory incompetence, forcing cells
to generate more energy by glycolysis. Highly glycolytic cancer cells tend to be very
aggressive and invasive with poor patient prognosis. However, purely glycolytic cancer
cells devoid of mitochondrial DNA cannot form tumors unless they acquire mitochondrial
DNA from adjacent cells. This perspective article will address this apparent conundrum
of highly glycolytic cells and cover aspects of intercellular communication between
tumor cells and cells of the microenvironment with particular emphasis on intercellular
mitochondrial transfer.

Keywords: cancer, mitochondria, intercellular transfer, stress, damage, treatment-resistance

INTRODUCTION

Tumor development depends critically on the intimate interplay between individual neoplastic
cells, normal cells from the tissue of origin, and their abiotic environment. This concept, originally
proposed by Paget (1) in his “seed and soil” analogy, is now well-established. In the last few decades,
the focus has been on cumulative driver mutations and loss of suppressor gene function in cancer
cells. However, it is the microenvironment of the developing tumor that acts as the natural selector,
resulting in expansion of the best adapted (“fittest”) clones over time (2-5). Tumors can therefore be
seen as evolving clones of cancer cells within an increasingly disorganized tissue microenvironment
that compete for resources and are characterized by an evolving set of hallmarks (6). Individual
tumors are made up of cancer stem cells with self-renewal and multiple differentiation properties,
and proliferating progenitors with limited differentiating potential alongside normal tissue cells
(7). The tumor microenvironment consists of cells from the tissue of origin, activated fibroblasts,
invading immune cells and vascular cells, embedded in an extracellular matrix (ECM) that
contains various connective tissue structures as well as growth factors, cytokines and chemokines,
metabolites and nutrients, electrolytes, oxygen, etc. [reviewed by Kalluri (8)]. Infiltration of
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the tumor by stromal cells and immune cells can either promote
or inhibit tumor growth, depending on the cytokine/chemokine
milieu of the tumor microenvironment and its effect on cell
activation status. Recent research has shown that stromal cells
can donate healthy mitochondria to respiration-deficient tumor
cells, restoring normal respiration as well as their ability to
form tumors in mice. This perspective article will cover aspects
of intercellular communication between tumor cells and cells
from the tumor microenvironment with particular emphasis on
intercellular mitochondrial transfer.

CELLS IN THE TUMOR
MICROENVIRONMENT

Within the developing tumor, activated fibroblasts generate
connective tissue that structurally supports the tumor as it
grows first at its primary site and later during metastasis.
Fibroblasts are extremely resistant to various stressors, including
cancer treatments like radiation, and chemotherapy. Normal
tissue stroma contains few fibroblasts that are in a resting state
with basal metabolic activity. Following tissue injury, resting
fibroblasts become activated, contractile, highly proliferative,
and migratory. They produce growth factors and cytokines that
recruit immune cells, promote angiogenesis, and remodel the
extracellular matrix by altering connective tissue components.
In the context of acute injury, activated fibroblasts facilitate
wound healing, and tissue regeneration and return to their
resting state after repair is complete. The presence of cancer cells
within a tissue ecosystem results in fibrosis, a chronic wound
healing response mediated by stromal cells in the developing
tumor [see Kalluri (8)]. These activated fibroblasts called cancer-
or tumor-associated fibroblasts, referred to here as CAFs, can
also be recruited to the tumor by growth factors released by
cancer cells and infiltrating immune cells. Several recent reviews
cover various aspects of the rapidly expanding CAF literature,
including their origin, activation, recruitment, interactions with
tumor cells and immune cells, and role in treatment resistance
(9-12). CAF precursors include resident tissue fibroblasts, bone
marrow-derived mesenchymal stem cells, hematopoietic stem
cells, epithelial cells (via mesenchymal-epithelial transition),
and endothelial cells (via mesenchymal-endothelial transition).
Most CAFs express o-smooth muscle actin (a-SMA), fibroblast
activation protein (FAP), and platelet-derived growth factor
receptor (PDGFR)-a and -B. CAFs promote tumorigenesis in
various ways, e.g., though secretion of growth factors and
cytokines, and the degradation of ECM proteins. Activation into
CAFs is accomplished through epigenetic alterations, changes
in the expression of non-coding miRNAs and long non-coding
RNAs and the aberrant activation of several signaling pathways
such as NFkB, IL-6/STAT3, FGF-2/FGFR1, and TGF-3/SMAD
(10, 12, 13).

Immune cells including T cells, macrophages and dendritic
cells recruited by IL-1a and the epithelial chemokine TSLP (14),
infiltrate the developing tumor through the highly permeant
vasculature and via migratory processes, and promote or inhibit
tumor progression by generating pro- and anti-inflammatory

responses or mediating immune attack, depending on the
mutational load of the tumor and other factors (15, 16). Some
CAFs are highly immunosuppressive and can protect the tumor
from immune attack. Costa et al. (11) very recently demonstrated
that only myofibroblast CAFs that express FAP (CAF-S1) were
strongly immunosuppressive and these cells were found to be
particularly enriched in triple negative breast cancers. In contrast,
a low a-SMA-expressing subpopulation of CAFs in mouse and
human pancreatic ductal adenocarcinoma were highly pro-
inflammatory, producing high levels of IL-6 which stimulated
tumor growth via STAT?3 activation (17).

Other cells that assist tumor progression are recruited by
growth factors such as vascular endothelial growth factor A
(VEGFA), cytokines, and chemokines secreted by cancer cells
and CAFs. Recruited endothelial cells are highly proliferative
and develop leaky vascular structures that provide nutrients
and oxygen to the developing tumor (8). These structures
are also centrally involved in tumor metastasis that involves
breaking constraints on tissue boundaries, basement membrane
penetration, intravasation, circulation, extravasation, and seeding
in tissues of distant organs. Figure 1 depicts the different cell
types in the tumor microenvironment and their effect on
tumorigenesis.

ENERGY METABOLISM IN THE TUMOR
MICROENVIRONMENT

The TME of most if not all solid cancers is characterized
by strongly fluctuating oxygen levels with very steep and
transient oxygen gradients caused by highly compromised
tumor microvasculature. This challenging environment favors
cells that can easily shift the balance between mitochondrial
and glycolytic energy metabolism. This metabolic shift is
controlled by hypoxia-inducible factor 1o (HIF-1a) which is
highly expressed in most solid tumors [reviewed in Courtnay
et al. (18)]. Most, but not all, highly aggressive tumors bias
their energy metabolism toward glycolysis irrespective of oxygen
levels, a phenomenon referred to as the Warburg effect (19).
The balance between mitochondrial and glycolytic energy could
be viewed as a “rheostat” rather than an “on/off” switch
as both are essential for life in physiological situations. A
rheostat strategy allows cells to finely balance their energy
requirements according to oxygen and nutrient supply with
glycolytic intermediates available for anabolic processes. It would
also allow fast proliferating cells to escape the detrimental effects
of high levels of reactive oxygen species (ROS) generated during
mitochondrial electron transport whilst retaining adequate ROS
levels for signaling and mitogenic purposes [reviewed in Idelchik
et al. (20)]. Mutations in mtDNA, changes in mtDNA copy
number and epigenetic changes to mtDNA affecting mtDNA
gene expression, are very common in a large variety of different
types of cancer (21) leading to a re-balancing of mitochondrial
and glycolytic energy metabolism to favor glycolysis. Highly
glycolytic phenotypes have been associated with increased
invasive and metastatic potential and chemoresistance to cancer
treatments [reviewed by Guerra et al. (22)]. In most instances

Frontiers in Oncology | www.frontiersin.org

August 2018 | Volume 8 | Article 344


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Herst et al. Mitochondrial Transfer in Tumor Biology
Immune Destruction | Grow! h/Proliferation
/ DCs
Myeloid
Precursors
\Macrophages @
l . CTLs
Myeloid
T Regs Precursors

¥ 2
o-®

TAMs CTLs

Hot Immune Compartment

FIGURE 1 | Diagrammatic overview of cells contributing to the fate of the developing tumor in the tumor microenvironment. Activated stromal cells that become CAFs
and immune cells can either stimulate or inhibit tumor growth depending on the cytokine/chemokine environment. Generally a pro-inflammatory “hot”
microenvironment will favor immune destruction and an anti-inflammatory “cold” microenvironment will favor tumor progression. BM-MSCs, Bone Marrow-derived
Stromal Cells; CAFs, Cancer-Associated Fibroblasts; DCs, Dendritic Cells; EndMT, Endothelial-to-Mesenchymal Transition; EMT, Epithelial-to-Mesenchymal Transition;
MDSCs, Myeloid Derived Suppressor Cells; TAMs, Tumor Associate macrophages; TILs, Tumor Infiltrating Lymphocytes; Tregs, regulatory T lymphocytes.
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cells with mutated mtDNA or reduced mtDNA copy number
retain some level of functional mitochondrial electron transport.
Tumor cells without any mtDNA such as p° cells completely
lack functional mitochondrial electron transport and survive in
vitro only when supplemented with uridine and often pyruvate
(23).

Based on the aggressive nature and poor patient prognosis of
many highly glycolytic tumors we expected that our metastatic
murine breast (4T1) and melanoma (B16) p° cells would generate
tumors at the same rate or faster than the parental cells.
However, tumor cells without mtDNA produced tumors only
after a long lag period compared with parental cells (24, 25).
Surprisingly, these cells had taken up mtDNA (25) and therefore
mitochondria (26) from cells in the tumor microenvironment
of the host mouse, and had recovered respiratory capacity.
These findings led us to hypothesize that purely glycolytic p°
cells cannot form tumors unless they acquire mtDNA from
elsewhere. This apparent conundrum between aggressive highly
glycolytic tumors and purely glycolytic p° tumor cells that cannot
form tumors needs further consideration. The explanation we
believe lies in the detail: highly glycolytic cells likely have
some respiratory capacity, even though they may not use it
or depend on it. Purely glycolytic p° tumor cells have no
functional respiratory complexes and therefore no mitochondrial
electron transport, explaining their auxotrophy for uridine. This
is because respiratory capacity is required for the activity of
dihydroorotate dehydrogenase (DHODH), a flavoprotein found

on the outer surface of the inner mitochondrial membrane.
DHODH catalyzes the ubiquinone-mediated fourth step in
pyrimidine biosynthesis, the oxidation of dihydroorotate to
orotate. Electrons from this oxidation are used to reduce
coenzyme Q (CoQ) just prior to complex III in the electron
transport chain (23). In the absence of functional mitochondrial
electron transport, DHODH is unable to oxidize dihydroorotate,
thus blocking pyrimidine biosynthesis. Adding uridine to the
growth medium bypasses the block in pyrimidine biosynthesis
and thus DNA replication and is therefore required for the
maintenance of p° cells in culture (23). Other substrates such as
pyruvate are needed with some p° cells. In a nutshell, p° cells
cannot synthesize DNA and are unable to divide and therefore
cannot form tumors in mice as the tumor microenvironment
does not have enough uridine to support DNA synthesis. In
contrast, cells with mutated mtDNA or decreased mtDNA copy
number have reduced ability to use the electron transport
chain and may rely on glycolytic energy production, but they
are still able to synthesize pyrimidines and thus are able to
form tumors in vivo. Some authors (22) have attributed slower
tumor development of injected p° tumor cells to their slower
growth rate in vitro. However, most of these studies have not
checked the p° tumors for the presence of mtDNA or respiration
recovery. Kulawiec et al reported that the complete absence of
mtDNA conferred tumorigenicity to non-tumorigenic human
breast epithelial MCF12A cells and increased the tumorigenic
potential of human breast cancer MDA-MB-435 cells in a
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SCID mouse model (27). MDA-MB-435p° cells demonstrated
increased invasive and clonogenic potential when cultured in
the presence of uridine. Interestingly, MDA-MB-435p° cells
started developing tumors in the flank of mice 3 weeks after
injection without the lag phase we have seen in our p° tumor
models. It would have been interesting to see whether or
not the resulting MCF7p° and MDA-MB-435p° tumors had
acquired mouse mtDNA from the tumor microenvironment and
regained respiratory capacity as shown for syngeneic mouse
models.

INTERCELLULAR MITOCHONDRIAL
TRANSPORT

Intercellular mitochondrial transfer involving horizontal transfer
of the entire mitochondrial genome is an emerging concept in
tumor biology that challenges well-established concepts (28).
Successful mitochondrial transfer depends on communication
between donor and recipient cells, even though at this stage
these signals have not been clearly identified. In the next part of
this perspective article, we will focus on mitochondrial transfer
between stromal cells and mitochondrially incompetent cancer
cells without functional respiration.

MITOCHONDRIAL ACQUISITION BY
CANCER CELLS

Mouse Tumor Models Lacking mtDNA

Initial experiments investigating whether or not B16p°
melanoma cells would grow as tumors in syngeneic mice
focussed on tumor growth and not on mitochondrial acquisition
(24). A 20-day lag to tumor growth was observed with B16p°
cells injected into C57BL/6 mice subcutaneously, and a longer
lag period was seen in NOD/SCID mice. In contrast, when
B16p° cells were injected intravenously, no lung metastases were
observed in these models. We used tumor-derived cell lines, PCR
primers specific for the mitochondrial gene, Cytb, and antibodies
against mitochondrially-encoded proteins to determine whether
B16p° cells had adapted to growth in response to support
from stromal cells in the tissue microenvironment, or had
re-expressed latent mtDNA or perhaps even acquired mtDNA
from other cells (25). Rigorous confirmation of the presence
of host mouse mtDNA in this model, and in the 4T1p° mouse
breast cancer model in Balb/c mice, involved the presence
of stable mtDNA polymorphisms that occur between each of
these tumors and the mouse from which they were derived. In
both cases the mtDNA in the tumors that grew from p° cells
contained the mtDNA polymorphisms of the recipient mouse
and not the tumor, “proving” that mtDNA had transferred from
recipient mouse cells. This mtDNA transfer was later shown
to involve transfer of intact mitochondria from BM-MSCs by
prior co-culture with these cells (26). Intercellular mitochondrial
transfer was shown to be responsible for tumor growth and
respiration recovery. Possible contribution of contaminating
stromal cells to the acquired mitochondrial genotype was
excluded by long-term culture of B16p°-derived cells. Stromal

cells do not divide in the culture media used to grow the tumor
cells, resulting in the dilution of stromal cells over time. In the
case of 6-thioguanine-resistant 4T1p°-derived cell lines, stromal
cells sensitive to this drug were eliminated in culture medium
containing 6-thioguanine. In each model, cell lines were derived
from subcutaneous tumors, from circulating tumor cells and
from lung metastases, and in the case of 4T1p°-derived cell
lines, from the orthotopic mammary gland site. These mouse
models clearly demonstrate that mitochondrial transfer occurs
subcutaneously and orthotopically in extreme models of mtDNA
damage and show that the transferred mitochondria rescue
respiration and facilitate tumor growth. The nature of the
stromal cells donating mitochondria in these models was not

addressed.

Xenotransplantation

The ability of human osteosarcoma 143B cells without
mtDNA (143Bp° cells) to grow subcutaneously as tumors
in immunocompromised Balb/c nude mice was investigated
recently (29). Tumors grew slowly in 60% of mice inoculated
with 10® cells. After FACS-sorting to remove contaminating
mouse stromal cells, tumors were found to contain low levels of
mouse mtDNA, but no human mtDNA. FACS-sorted tumors
cells were re-injected and were found to grow as small tumors
with higher levels of mtDNA than the those in the original
tumors, but 4 out of 5 of these tumors arrested at 200-300 mm?
and regressed because human nDNA replication factors do not
recognize murine mtDNA promotors, resulting in dilution of
mouse mtDNA in the human 143B cells.

Cells devoid of mtDNA are not the only cells that benefit
from acquiring mitochondria. Human primary acute myeloid
leukemia (AML) cells contain mtDNA but have greatly increased
mitochondrial content when isolated from bone marrow.
Mitochondrial transfer from bone marrow-derived stromal
cells (BMSCs) to primary human AML blasts and MOLM-14
AML cells via endocytosis was demonstrated in xenografts in
NOD/SCID/gamma (NSG) immunodeficient mice (30). In this
study, the mouse mtDNA gene, mt-Co2, was present in four
primary AML patient samples and in MOLM-14 cells FACS-
purified from mouse bone marrow following transplantation.
Treatment with cytarabine, etoposide, and doxorubicin increased
mitochondrial transfer and tumorigenicity of AML cells.
Similarly, Marlein et al. (31) reported NOX2-driven transfer of
mitochondria from BMSCs to primary human AML cells injected
into NSG mice via AML-derived tunneling nanotubes (TNTs).
Mitochondrial transfer was enhanced by treatments that increase
ROS levels in BMSC such as hypoxia, hydrogen peroxide,
daunorubicin, and cobalt chloride. Inhibition of NOX2 by
diphenyleneiodonium (DPI) or by NADPH oxidase-2-depleted
AML cells inhibited mitochondrial transfer and increased mouse
survival (31).

Cells Used as Mitochondrial Donors in
Co-culture Approaches

The primary donor cell types used in co-cultures to investigate
mitochondrial transfer to cancer cells have been bone marrow-
derived mesenchymal stem or stromal cells (BM-MSCs),
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although MSCs can be derived from many different tissues.
Because MSCs can give rise to CAFs (32), resting fibroblasts can
be considered to be MSCs that become CAFs when stimulated
(8). MSCs and CAFs share many important characteristics;
they contain cells that are pluripotent and can differentiate
into osteoblasts, chondrocytes and adipocytes and possibly
also myocytes and neurons. Both MSCs and CAFs are highly
migratory, and travel to inflamed and injured regions to facilitate
repair (10, 12, 32). In tumors, MSCs increase the proliferation,
invasion and metastatic potential of many solid tumors by
inducing the epithelial-to-mesenchymal transition (EMT) in
primary tumor cells (reviewed in Ridge et al. (32). BM-MSCs
are able to donate mitochondria to both cancerous and non-
cancerous cells (28, 33-37). However, these cells are functionally
different from MSCs isolated from other tissues, which may
affect their ability to donate mitochondria. Differences in tissue
types and growth conditions can favor certain subpopulations
and future research should characterize the MSCs used in
mitochondrial transfer experiments.

The first demonstration of mitochondrial transfer to tumor
cells involved co-culture of human A549 lung adenocarcinoma
cells without mtDNA (p° cells) with human BM-MSCs (38).
This seminal study showed that auxotrophy for uridine and
pyruvate was lost and respiration restored in clones that had
acquired mtDNA, and that the mitochondrial genotype was
that of the donor BM-MSCs. Furthermore, whole mitochondria
were transferred as shown by using donor cells with a
DsRed2 construct containing a mitochondrial import sequence.
Cell fusion was excluded as a plausible explanation of
mitochondrial transfer in cell lines derived from A549p° cells
and neither platelets nor isolated mitochondria, used by others
in mitochondrial transplantation (39, 40), were able to act as
mitochondrial donors in this system. Mitochondrial transfer
from BM-MSC to human 143Bp° osteosarcoma cells and cells
depleted of mtDNA with rhodamine 6G has been reported,
but surprisingly, no transfer was detected to 143Bp° cybrids
harboring pathogenic mtDNA mutations (41). Others have
reported mitochondrial transfer from BM-MSCs to murine
B16p° melanoma cells (26), human ovarian cancer cell lines (42),
breast cancer cell lines (39, 42), human lung adenocarcinoma
A549 cells and mouse LA-4 lung adenocarcinoma cells (43),
and to primary human AML cells and several AML cell lines
(30, 31). MSC’s derived from umbilical cord Wharton’s jelly (W]-
MSC) were shown to transfer mitochondria to 143Bp° cells. Cells
surviving selection in the absence of uridine and pyruvate and
in the presence of BrdU to remove WJ-MSC contained mtDNA
polymorphisms of the WJ-MSCs and not the 143Bp° cells, and
respiration was restored (44).

In addition to MSCs, skin fibroblasts (31, 38) and embryonic
mouse 3T3 fibroblasts (43) have been used in co-culture studies
as mitochondrial donors. Endothelial cells (ECs) have also been
used as mitochondrial donors in co-culture with ovarian and
breast cancer cell lines. Endothelial cells are abundant in the
vasculature of developing tumors where they form the inner
lining of newly-formed blood vessels. Combining BM-MSCs
and ECs with MCF7 breast cancer cells in co-culture showed
preferential transfer of mitochondria by ECs (42). Table 1

summarizes the donor and recipient cells used in the studies
described above.

MITOCHONDRIAL TRANSFER BETWEEN
TUMOR CELLS

Although not strictly related to mitochondrial transfer between
host stromal cells and tumor cells, a number of studies
have demonstrated intercellular mitochondrial transfer between
tumor cells that are worth mentioning here. Of particular interest
are reports that astrocytic brain tumors including glioblastomas
form an interconnected network that protects from cell death and
damage caused by radiation and chemotherapy (47, 48). These
tunneling nanotube (TNT) and tumor microtube networks,
visualized by confocal microscopy, were shown to transfer
mitochondria and other organelles, vesicles, and small molecule
messengers including calcium and siRNAs. A number of studies
have also described intercellular mitochondrial transfer in a range
of different cancer co-culture systems (42, 49-54).

MECHANISM OF MITOCHONDRIAL
TRANSFER BETWEEN CELLS

The mechanisms of mitochondrial transfer between cells have
been reviewed recently (37, 55-58). In cell co-culture approaches
most focus has been on direct cell-cell connections referred
to as TNTs, where a cell under stress or with mitochondrial
damage signals for help from a potentially supportive donor
stromal cell. These TNTs, and membrane conduits of larger
dimensions, are characterized by cellular junctions containing
connexin43 and by actin or microtubular structures that contain
supporting mitochondrial transport adaptor and ATP-dependent
motor proteins, similar to those described in axons of neurons
[reviewed by Vignais et al. (59)]. In addition to TNTs, other
vesicular structures have been described that contain whole
mitochondria or mitochondrial fragments, often of poor quality
with disorganized cristae and swollen organelles reminiscent of
mitochondria destined for “transmitophagy,” a term coined to
describe packaging of damaged or spent mitochondria in the
optic nerve head and elsewhere in the brain that are destined
for recycling in adjacent astrocytes (60). Jurkat cells subjected to
chemotherapy offload their damaged mitochondria to BM-MSCs
via ICAM-1-mediated cell adhesion (45) and similar transfer
to BM-MSCs has been observed by others (39). Dysfunctional
mitochondria in neurons in neurodegenerative diseases may also
be able to manage faulty mtDNA by intercellular transfer of
and therefore, transmitophagy of these mitochondria (60, 61).
Cell-cell contact has also been implicated as a mechanism of
mitochondrial transfer between stromal cells and AML cells (30)
where an endocytic pathway was involved.

Except for astrocytoma growth in the brain of mice (47)
where intravital confocal microscopy was employed to visualize
mitochondrial transport between tumor cells, the mechanism of
mitochondrial transfer between tumor and stromal cells has not
been elucidated in tumor models in vivo. Isolated mitochondria
have been shown to be taken up by some cell types (40). McCully
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TABLE 1 | Mitochondrial transfer to and from cancer cells in vitro.

Donor cell type h/m* Recipient cell type References

MESENCHYMAL ORIGIN (MSC)

Bone marrow (BM) h hA549rho0 lung adenocarcinoma (38)
h h143Brho0 osteosarcoma (41)
h h multiple ovarian and breast cancer lines (42)
h hMDA-MB-231 breast cancer (39)
h hAML blasts, CD34+ peripheral blood progenitors (31)
m mB16rho0 melanoma (26)
h hAML blasts and cell lines + chemotherapy (30)

(MS-5 cell line) m hAML blasts and cell lines + chemotherapy (30)
m mLA-4 lung adenoma (43)
h hA549 lung adenocarcinoma (43)

Wharton’s jelly (WJ) h h143Brho0 osteosarcoma (44)

FIBROBLAST ORIGIN

Skin h hA549rho0 lung adenocarcinoma (38)
h hAML blasts, CD34+ peripheral blood progenitors (31)

373 h hA549 lung adenocarcinoma (43)

ENDOTHELIAL ORIGIN
h h multiple ovarian and breast cancer lines (42)

OTHER

Jurkat T-ALL h hBM-MSC (45)

hMDA-MB-231 h hBM-MSC (46)

*h, human; m, mouse.

et al describes transfer of isolated mitochondria into cardiac
muscle cells as mitochondrial transplantation. Cardiomyocytes
sustain mtDNA damage after ischaemic injury and decrease
their ATP production leading to loss of function. Mitochondria
isolated from skeletal muscle cells injected intravenously or
directly into the heart muscle of the same animal, result
in cardiomyocyte recovery and improved function in animal
studies and in an early human study with very young pediatric
patients (40).

VISUALISING MITOCHONDRIAL
TRANSFER

Visualising and measuring mitochondrial transfer can be
challenging (62). Mitochondria-targeting fluorescent dyes
(MitoTracker) can be used for short-term in vitro studies
under defined conditions as they require a mitochondrial
membrane potential, tend to leak out of mitochondria over
time and can be toxic when used at concentrations exceeding
manufacturer’s recommendations. Mitochondrially-imported
fluorescent proteins such as mitoGFP, mitoRFP, mitoYFP, and
mitoDsRed are a less toxic. However, the exact location of
newly acquired mitochondria within recipient cells needs to be
confirmed by high resolution confocal Z-stack imaging with
appropriate deconvolution strategies to exclude the possibility
that mitochondria are attached to the outside of the recipient
cell. Genetic approaches that use the presence of unique mtDNA

polymorphisms between co-cultured cells or in tumor models
provide the most convincing evidence of mitochondrial transfer.
Different mtDNA polymorphisms can be quantified using qPCR
or other mtDNA polymorphism amplification methodologies.
Genetic approaches can also be used to study the long-term
consequences of mitochondrial transfer such as in bone marrow
and organ transplantation and in tumor biology where inherent
mitochondrial damage is often a key feature. Combining
mitochondrial genetic markers with fluorescent visualization
strategies that assess mitochondrial network morphology as well
as functional evaluation of the respiratory capacity of recipient
cells provides the best evidence for mitochondrial trafficking
between cells (62).

TARGETING CELLULAR INTERACTIONS

Combining therapies that target tumor cell-stromal cell
interactions with treatments that specifically target cancer
cell mutations may well be an approach of future anticancer
regimens. Blocking the immunosuppressive effects of FAP-
expressing CAFs increases effector T cell recruitment and
function and reduces tumor growth in mice (63), and are well-
tolerated in patients with advanced/refractory mesothelioma
(64). Similarly, preventing mitochondrial transfer between tumor
cells and donor cells within the TME that restore the tumor’s
respiratory ability would also augment more traditional therapies
and/or restore sensitivity to radiation and chemotherapy. For
example, blocking TNT formation by Cytochalasin B decreased
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FIGURE 2 | Diagrammatic representation of the long-term outcomes of intercellular mitochondrial transfer. Acquisition of mitochondria in non-cancerous cells that
have defects in mitochondrial respiration are likely to benefit from acquisition of healthy mitochondria. The situation for cancer cells is more complicated and will
depend on their ability to synthesize DNA. Highly aggressive cancer cells with diminished respiratory capacity will not benefit from acquiring healthy mitochondria that
willimpose a less aggressive phenotype. On the other hand purely glycolytic cancer cells that cannot synthesize DNA because of a block in pyrimidine biosynthesis in
the complete absence of mitochondrial respiration will not be able to form tumors unless they acquire healthy mitochondria from the host. mMETC = mitochondrial
electron transport chain.

but did not fully inhibit mitochondrial transfer from MSCs to
macrophages to improve their phagocytic and bacterial clearance
ability in ARDS (34), or to lung endothelial cells to attenuate
cigarette smoke induced damage in COPD (35). Blocking the
formation of new TNTs by Cytochalasin B did little to destabilize
or destroy existing TNTs which facilitate mitochondrial
transfer between rat pheochromocytoma (PC12) cells (49).
Inhibition of NOX2-mediated mitochondrial transfer by
diphenyleneiodonium (DPI) and antioxidants such as N-acetyl
cysteine and glutathione was shown to decrease mitochondrial
transfer between mouse BMSCs and human primary AML cells
and increase mouse survival significantly (31).

CONCLUDING REMARKS

Intercellular mitochondrial transfer is a relatively new concept in
tumor biology allowing replacement of mutated or treatment-
damaged mitochondria in cancerous and non-cancerous cells.
Harnessing the mitochondrial donating properties of cells in the
body or following transplantation has the potential to be a game-
changer in many diseases involving compromised mitochondrial
function, including neurological and neuromuscular disorders
and in aging, potentially leading to a lessening or even a reversal
of disease symptoms. However, whether or not mitochondrial
transfer could be an anti-cancer treatment remains to be seen.
Highly aggressive cancer cells with mtDNA mutations that have
acquired a highly aggressive invasive and metastatic phenotype
would be ill-served by acquiring undamaged mitochondria

from their environment. In those situations, mitochondrial
transfer would be expected to decrease invasiveness and
metastatic potential, and could be seen as a possible anti-
cancer strategy. However, tumor cells without functional mtDNA
due to severe deletions, that are unable to provide a source
of oxidized ubiquinone for DHODH activity and are thus
unable to synthesize pyrimidines to make DNA, need to
acquire mitochondria from elsewhere to become established
perhaps as secondary metastatic tumors. Figure 2 depicts the
differential effects of intercellular mitochondrial transfer in
different scenarios.

Although we can speculate about the benefits of mitochondrial
transfer as a treatment option for cancer, we do not know
the extent to which this is a physiological occurrence in vivo,
nor do we know much about cells that have the potential
to donate mitochondria in the body. Although BM-MSCs are
the most widely used cell type to be used in mitochondrial
transfer studies in vitro, skin fibroblasts and endothelial cell
are also able to donate mitochondria under certain conditions.
While directly correcting detrimental mitochondrial mutations
may be an insurmountable treatment barrier with current
technologies, exploiting mitochondrial movement between cells
for health gain is a more tangible goal that could see translation
into the clinic in the forseeable future. Although not all
intercellular mitochondrial transfer will be compatible with
nuclear genetics, even within a species, these challenges are
potentially surmountable and could lead to a new wave of
regenerative applications in the health and medical sciences.
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Endometrial cancer is the most common gynecologic malignancy in developed countries.
Its increasing incidence is thought to be related in part to the rise of metabolic
syndrome, which has been shown to be a risk factor for the development of
hyperestrogenic and hyperinsulinemic states. This has consequently lead to an increase
in other hormone-responsive cancers as well e.g., breast and ovarian cancer. The
correlation between obesity, hyperglycemia, and endometrial cancer has highlighted the
important role of metabolism in cancer establishment and persistence. Tumor-mediated
reprogramming of the microenvironment and macroenvironment can range from
induction of cytokines and growth factors to stimulation of surrounding stromal cells
to produce energy-rich catabolites, fueling the growth, and survival of cancer cells.
Such mechanisms raise the prospect of the metabolic microenvironment itself as a
viable target for treatment of malignancies. Metformin is a biguanide drug that is a
first-line treatment for type 2 diabetes that has beneficial effects on various markers
of the metabolic syndrome. Many studies suggest that metformin shows potential as
an adjuvant treatment for uterine and other cancers. Here, we review the evidence for
metformin as a treatment for cancers of the endometrium. We discuss the available
clinical data and the molecular mechanisms by which it may exert its effects, with a focus
on how it may alter the tumor microenvironment. The pleiotropic effects of metformin
on cellular energy production and usage as well as intercellular and hormone-based
interactions make it a promising candidate for reprogramming of the cancer ecosystem.
This, along with other treatments aimed at targeting tumor metabolic pathways, may lead
to novel treatment strategies for endometrial cancer.

Keywords: tumor microenvironment, metabolism, metformin, endometrial cancer, reverse Warburg

ENDOMETRIAL CANCER

Cancer of the endometrium is the fifth most common malignancy in women worldwide, with
455,000 new cases diagnosed worldwide in 2015 (1). The incidence is rising, and is noted to
be much higher in developed than developing countries (1, 2). The American Cancer Society
estimates that 63,230 new cases will be diagnosed in the United States in 2018 (representing 7%
of cancer diagnoses in women), with 11,350 predicted deaths (3). The majority of cases arise
in the post-menopausal period, but up to 14% of cases occur in women age 40 or younger (4).
The principal risk factor for development of endometrial cancer is exposure to endogenous and
exogenous estrogens, which is influenced by factors such as age at menarche and menopause, parity,
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use of unopposed estrogen therapy or other hormonal therapies
(e.g., tamoxifen), and a host of metabolic factors including
obesity. 5-25% of cases are also associated with high risk germline
mutations, particularly those affecting DNA mismatch repair
pathways, leading to early onset of disease (5).

The most common classification system divides endometrial
cancers into two subtypes (6). Type I cancers are low-
grade, diploid, endometrioid, and hormone-receptor positive,
carrying a better prognosis. They frequently display mutations in
phosphate and tensin homolog (PTEN). Type II cancers (which
include the serous, clear cell, mixed cell, undifferentiated, and
carcinosarcoma histologies) are high grade, non-endometrioid,
aneuploid, and hormone-negative, with higher rates of metastasis
and worse prognosis. They tend to occur in older patients and
are more likely to have mutations in the tumor suppressor p53.
Type II cancers make up only 10% of endometrial cancers but
account for almost 50% of relapses and deaths (7), suggesting a
fundamental biologic difference between the two subsets.

Most cases are diagnosed at an early stage due to the early
detection sign of abnormal bleeding. Standard treatment for
apparent stage I endometrial cancer consists of surgical resection
(primary hysterectomy with bilateral salpingo-oophorectomy
with possible lymph node mapping). Disease that is confirmed
to be uterine-confined with low risk features, can be treated
with surgery only and has a >90% relapse-free survival rate
at 5 years (8). Radiation decreases local relapse rates but
does not affect relapse at distant sites or increase overall
survival (9, 10). Trials of adjuvant chemotherapy alone with
cyclophosphamide, doxorubicin, and cisplatin demonstrated no
significant improvement in progression-free survival, overall
survival, or relapse (11). Combined adjuvant chemoradiation
has shown a slight increase in progression-free survival but not
overall survival (11).

For metastatic or recurrent disease, management may include
surgery or radiation (if localized to a single site); those
with unresectable disease may sometimes receive primary
chemotherapy followed by cytoreductive surgery. For disease not
amenable to local therapy, a carboplatin-paclitaxel combination
is increasingly used as a first-line alternative to the traditional
cisplatin, paclitaxel, and doxorubicin (7). With respect to
hormonal therapy in advanced disease, a 33% response rate was
noted after alternating tamoxifen and medroxyprogesterone (11—
13). In recurrent or metastatic disease, progestogens, tamoxifen
alternated with megestrol, gonadotropin-releasing hormone
analogues, selective estrogen receptor modulators, and aromatase
inhibitors have been used with response rates ranging from 11
to 56% (13, 14). Ultimately, the response rates for recurrent
advanced disease are low, and there are no standard second line
therapies (13, 15).

This lack of effective treatment for advanced stage endometrial
cancer has led to exploration of alternative therapeutic
modalities. In particular, numerous studies have examined the
effectiveness of targeted therapies acting on the phosphoinositide
3-Kinase (PI3K)/Protein kinase B (Akt)/mammalian target of
rapamycin (mTOR) pathway, epidermal growth factor receptor
(EGFR), human epidermal growth factor receptor 2 (HER2), and
vascular endothelial growth factor (VEGEF), reviewed elsewhere

(11). The results of single-agent mTOR inhibitor treatment,
or EGFR and HER2 inhibitors have been disappointing,
with response rates of 0-12%. Anti-angiogenic drugs such as
bevacizumab, sunitinib, brivanib, and lenvatinib have resulted
in slightly higher objective response rates of 14-19%. Studies
of additional targets, including fibroblast growth factor receptor
(FGFR), luteinizing hormone releasing hormone (LHRH), poly
ADP-ribose polymerase (PARP), and Programmed Death-
1/Programmed Death Ligand-1 (PD-1/PD-L1) are underway. At
this point, no targeted therapies have been approved. Therefore,
further interest has been focused on other factors that could
contribute to development and progression of endometrial
cancer.

ASSOCIATIONS WITH METABOLIC
SYNDROME, OBESITY, AND METABOLISM

Among the risk factors associated with endometrial cancer,
metabolic syndrome (a constellation of obesity, hyperglycemia,
hypertension, and hyperlipidemia) has attracted a large amount
of interest in recent years. Multiple associative studies have
suggested that the metabolic syndrome is a risk factor for
development of many different types of cancers (16-18),
including endometrial cancer (19-24). A meta-analysis of 6
studies from North America, Europe, and China estimated a
relative risk (RR) for endometrial cancer of 1.89 in patients with
metabolic syndrome (95% confidence interval [CI] 1.34-2.67,
p = 0.001) (25). Another meta-analysis of 7 European cohorts
reported a 56% increase in endometrial cancer risk per increase
of one standard deviation in a composite metabolic risk score
derived from sex- and cohort-specific means in body mass index
(BMI), blood pressure, plasma cholesterol, triglycerides, and
glucose (18). Apart from incidence, Ni and colleagues reported
increased endometrial cancer stage, grade, vascular invasion,
tumor size, and lymphatic metastasis in patients with metabolic
syndrome, as well as decreased overall survival (26).

The individual components of the metabolic syndrome have
also been studied in relation to endometrial cancer risk, but it
is unknown if their contribution is additive or synergistic. In
particular, obesity has been noted to be strongly associated with
risk of endometrial cancer in several case-control studies and
meta-analyses (21-25, 27, 28). Multiple measures of adiposity,
including BMI, waist circumference, waist-to-hip-ratio, and hip
circumference, have been found to be directly associated with
endometrial cancer incidence. Increased waist circumference
and BMI have also been shown to be significantly associated
with increased risk of overall mortality from endometrial cancer
(29, 30). Other studies have demonstrated positive albeit less
robust association between endometrial cancer and the other
components of the metabolic syndrome: hypertension (21-24),
hyperlipidemia (21-24), and hyperglycemia or diabetes mellitus
(19, 21-25, 31, 32). The association between diabetes and
endometrial cancer appears to be partially confounded by co-
existing overweight/obesity (33, 34). However, elevated risk of
endometrial cancer in patients with diabetes has been reported
even after adjustment for BMI, with one meta-analysis including
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29 cohort studies reporting a summary relative risk of 1.89 [95%
CI, 1.46-2.45, p < 0.001] (32). This study also noted a small
increased risk of disease-specific mortality in diabetic patients
with endometrial cancer (RR 1.32, 95% CI, 1.10-1.60; p = 0.003).

The major driver of increased risk of endometrial and other
hormone-responsive cancers in obesity is thought to be the
generation of a hyper-estrogenic state caused by the presence
of the aromatase enzyme in adipose tissue (35). This enzyme
catalyzes conversion of androgens to estrogens, making adipose
tissue a key source of estrogens in post-menopausal women.
In addition, adiposity has been associated with other factors
that may drive tumorigenesis in general, including increased
inflammation, depressed immune function, and chronic insulin
resistance and hyperinsulinemia. Endometrial cancer patients
have been shown to have increased markers of insulin resistance,
including higher fasting insulin levels and elevated non-fasting
and fasting C-peptide levels (36, 37). Supporting this link
between abnormal glucose metabolism and cancer risk is the
observation that better diabetic control is associated with
decreased endometrial cancer risk (21). Ultimately, these data
suggest that abnormal metabolism, including insulin resistance
and hyperglycemia, may play a role in the development of
endometrial cancer and thus represent a possible therapeutic
target.

METFORMIN REPURPOSING AND
EPIDEMIOLOGIC DATA FROM
ENDOMETRIAL CANCER

In recent years there has been growing interest in drug
repurposing or repositioning, a process which seeks to identify
new pharmacologic properties (e.g., anti-tumorigenic) of existing
medications for use as primary or adjuvant treatments for other
conditions (38, 39). These drugs are already well-studied in terms
of tolerability and side effects, often inexpensive, and amenable
to retrospective and associative studies as many patients are
already taking them for other indications. The association
between obesity, diabetes, hyperinsulinemia, and endometrial
cancer has led to the hypothesis that medications which target
glucose metabolism such as metformin may be effective in
preventing or treating such malignancies. One drug that has
received a significant amount of attention in this arena has
been metformin [1,1-dimethylbiguanide] which is a first line oral
antihyperglycemic agent used in the treatment of type 2 diabetes
(40). Broadly, its effects include lowering of blood glucose
concentrations, increasing insulin sensitization, and reducing
plasma fasting insulin levels. Furthermore, unlike with some
oral hypoglycemic medications and insulin, metformin users
show a tendency toward sustained weight loss (41). The low
toxicity of metformin makes it especially interesting as a potential
adjunctive therapy, or even as monotherapy for patients with
contraindications to chemotherapy or considerations such as the
desire to preserve fertility.

Many investigators have sought to examine the effect of
metformin exposure on the development of endometrial cancer
(Table 1). Multiple epidemiologic studies have reported lower

overall cancer incidence in metformin users, reviewed by several
groups (47-53). Studies evaluating the relationship between
metformin use and endometrial cancer incidence specifically
have yielded more conflicting results. Three cohort studies
and two case-control studies found no decrease in the risk of
endometrial cancer in metformin users compared to nonusers
(34, 42, 43, 45, 46). However, these studies show considerable
heterogeneity in factors such as study size, indication for
metformin use, and duration and method of measurement of
metformin exposure (e.g., prescriptions vs. self-report). Notably,
a large study of 478,921 Taiwanese women with diabetes showed
a significantly decreased incidence of endometrial cancer (hazard
ratio [HR] 0.675, 95% CI 0.614-0.742) in metformin users
compared to never users (44). When stratified by duration of
use or cumulative doses, the decrease in incidence demonstrated
a dose-response effect. Additionally, a meta-analysis by Tang
and colleagues found that metformin use was associated with a
decreased risk of endometrial cancer incidence (RR 0.87, 95% CI
0.80-0.95) (54).

Other associative studies have focused instead on the
relationship between metformin exposure and endometrial
cancer outcomes (Table 2). Metformin use in diabetic patients
with endometrial cancer was associated with improved overall
survival compared to those not taking metformin in two separate
studies, including one involving patients with stage III-IV or
recurrent endometrial cancer receiving chemotherapy (56, 59).
The study by Ko also found improved recurrence-free survival
in patients taking metformin. In contrast, some did not find any
effect of metformin exposure on survival parameters (57, 58, 61).
Still others have reported effects only on certain subgroups of
patients. For example, Nevadunsky found increased survival for
metformin users only among patients with non-endometrioid
but not endometrioid forms of endometrial cancer (55), while
Hall reported a significantly lower recurrence rate of only
endometrioid endometrial cancers among metformin users (60).
As with the incidence research, these studies are limited by
heterogeneity and sample size. However, a 2017 meta-analysis
including 6 of the above studies supports a higher overall survival
rate in metformin-users with endometrial cancer compared
to non-metformin users and non-diabetic patients (HR 0.82,
95% CI 0.70-0.95, I = 40%) (62). Finally, a meta-analysis of
28 studies reported that metformin use was associated with
decreased all-cause mortality in patients with concurrent diabetes
for several cancer types, including endometrial (RR 0.49, 95% CI
0.32,0.73, p < 0.001) (63).

CELLULAR AND MOLECULAR
MECHANISMS OF METFORMIN
INHIBITION OF ENDOMETRIAL CANCER

Metabolic alterations in endometrial cancer have been described
not only on a systemic but also on a cellular and molecular
level. For example, Byrne and colleagues examined microarray
data from women with women with type I endometrial cancer
and demonstrated that tumor-derived endometrium showed
enrichment of genes related to glycolysis and lipogenesis
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TABLE 1 | Studies of metformin use and incidence of endometrial cancer.

References Design

Results

(42) (UK) Case-control 2,554 cases, e Ever-use of metformin not
15,324 controls associated  with  risk  of
endometrial  cancer  (OR

0.86, 95% Cl 0.63-1.18)

e Long-term use of metformin
(>25 prescriptions) not
associated with risk of
endometrial cancer (OR 0.79,
95% Cl 0.54-1.17)

(34) (USA)  Retrospective cohort 88,107 e Self-reported metformin use at
postmenopausal women (age study baseline not associated
50-79) with risk of endometrial cancer
(HR 1.64, 95% Cl 0.92-2.91)
(43) (USA)  Retrospective cohort 541,128 ¢ Metformin use not associated
women (new prescription of with endometrial cancer risk
metformin or sulfonylurea, any compared to sulfonylurea use
indication) (HR 1.09, 95% CI 0.88-1.35)
(44) Retrospective cohort 478,921 e Ever-use of metformin
(Taiwan) women (new diagnosis of type 2 associated with  decreased
diabetes) incidence  of  endometrial
cancer (HR 0.675, 95% CI
0.614-0.742)

e Dose-response was observed
when adjusted for duration of
metformin use or cumulative
metformin doses

(45) (Italy) Case-control 376 cases, 7,485 e Ever-use of metformin use not
controls associated with endometrial
cancer risk (OR 1.07, 95% ClI
0.82-1.41)
(46) Retrospective cohort 92,366 e Metformin ever-use associated
(Finland) women (new diagnosis of type 2 with  increased  risk  of
diabetes) Nested case-control endometrial cancer in full
590 cases (endometrioid), cohort (OR 1.23, 95% CI
11,792 controls 1.03-1.48).

Metformin use associated with
increased risk of endometrial
cancer in nested case-control
(OR 1.24, 95% Cl 1.02-1.51)

OR, odds ratio; Cl, confidence interval; HR, hazard ratio.

compared to normal endometrium (64). They also reported
that multiple human endometrial cancer cell lines showed
strong upregulation of the glucose transporter GLUT6 as
well as activation of AKT compared to nonmalignant cells.
In vitro metabolic profiling demonstrated that these changes were
associated with upregulation of glycolysis, decreased glucose
oxidation, and increased de novo lipogenesis. Finally, the authors
demonstrated that endometrial cancer cell cultures experience
cytotoxicity when exposed to a variety of inhibitors targeting
metabolic pathways, including the glycolysis inhibitors 2-deoxy-
D-glucose [2-DG] and 3-bromopyruvate (BrPA), the lipogenesis
inhibitor 5-(tetradecyloxy)-2-furoic acid (TOFA), the fatty acid
oxidation inhibitor etomixir, and the pleiotropic metabolic
inhibitor metformin. Further support for the importance of
glucose metabolism on endometrial cancer cell growth comes
from Han and colleagues, who studied the growth of two
endometrial cancer cell lines (ECC-1 and Ishikawa cells) under

low, normal, or high glucose conditions (65). High glucose
conditions (corresponding to physiologic hyperglycemia) led
to increased cell proliferation, in vitro colony formation, and
increased expression of the GLUT1 glucose transporter along
with increased glucose uptake. High glucose also increased
phosphorylation of lactate dehydrogenase A (LDHA) and
decreased levels of pyruvate dehydrogenase (PDH), suggesting an
increase in glycolytic activity. Conversely, low glucose conditions
led to increased cell apoptosis, cell cycle arrest, decreased
adhesion, and invasion. All of these data support the idea that
the metabolic vulnerabilities of endometrial cancer may make it
susceptible to therapies such as metformin.

Multiple studies have demonstrated the ability of metformin
to inhibit proliferation of both type I and type II human
endometrial cancer cell lines in culture (66-73). Metformin
treatment of endometrial cancer cell lines upregulates markers
of cell cycle arrest (66, 68, 69, 74), apoptosis (66, 67, 69, 72,
73, 75, 76), and autophagy (69, 77), while decreasing markers
associated with senescence (66, 74) and inhibiting cell migration
(68, 71, 76). The anticancer effects of metformin treatment may
not be limited to direct effects on endometrial cancer cells, but
may also result from changes to the systemic milieu. Polycystic
ovary syndrome (PCOS) is a condition which is associated
with endometrial hyperplasia and predisposition to endometrial
cancer (78). Endometrial cancer cell lines incubated with sera
from PCOS patients showed increased migration and markers
of invasiveness such as activity of matrix metalloproteinases
(MMP)—2 and —9 compared to cells incubated with sera from
healthy controls. In contrast, sera from PCOS patients treated
with metformin for 6 months showed attenuation of this effect,
with decreased migration and MMP-2/9 activity compared to
cells treated with sera from PCOS patients not on metformin
(79).

The molecular mechanisms of metformin’s effects in
endometrial cancer cells are diverse and continue to be an
active area of investigation (Figure 1). Its general mechanisms
are complex and multifactorial and are reviewed in detail
elsewhere (80). Multiple groups have demonstrated that
metformin’s ability to inhibit oxidative phosphorylation
(OXPHOS) at the mitochondrial level is an important mediator
of its biologic activity (81, 82). The end result is a decrease in
proton gradient across the inner mitochondrial membrane,
ultimately leading to reduction in proton-driven synthesis of
adenosine triphosphate (ATP) and an increase in the ratio of
cellular adenosine monophosphate (AMP) to ATP, caused by
imbalance in the rate of ATP production vs. consumption.
The decrease in ATP is theorized to be responsible for a key
effect of metformin treatment, namely, phosphorylation and
activation of the serine/threonine AMP-activated protein
kinase (AMPK), a regulatory protein which plays a role in
sensing and energy status of the cell and regulating cellular
function under conditions of energy restriction (83, 84). This
leads to AMP binding to AMPK and a conformational change
that allows for phosphorylation/activation of AMPK by liver
kinase B1 (LKBI1) (85). Activation of AMPK switches cells to
a catabolic state via AMPK-mediated phosphorylation and
inhibition of key enzymes and transcription factors involved
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TABLE 2 | Observational studies of metformin exposure in endometrial cancer.

Number
DM No DM

References Total MFM No MFM No MFM Results

(55) (USA) 985 114 136 735 e Non-endometrioid endometrioid cancer patients had greater OS in metformin vs. non-
metformin users (HR 0.54, 95% CI 0.30-0.97)

e No association between metformin use and endometrioid endometrial cancer (HR 0.79, 95%
Cl10.31-2.0)

(56) (USA) 1,495 196 167 1,132 * RFS 1.8 times worse in patients not on metformin compared to metformin users (95% Cl
1.1-2.9)

e OS 2.3 times worse in patients not on metformin compared to metformin users (95% ClI
1.3-4.2)
e TTR not associated with metformin use (HR 1.12, 95% Cl 0.6-2.2)

(57) (Poland) 107 30 38 39 * No difference in OS between metformin users vs. non-users (o = 0.86)

(58) (USA) 1,303 116 161 1,026 e OS not significantly different between diabetic metformin-users and diabetic non-metformin
users (HR 0.61; 95% CI 0.30-1.23) or non-diabetic patients (HR 1.03; 95% Cl 0.57-1.85).

¢ PFS not significantly different between diabetic metformin-users compared to diabetic
non-metformin users (HR 1.06; 95% CI 0.34-3.30) or non-diabetic patients (HR 1.14; 95%
Cl 0.46-2.62)

(59) (USA) 349 31 27 291 e OS greater in diabetic metformin-users compared to diabetic patients not taking metformin
(HR 0.42, 95% CI 0.23-0.78) but not compared to non-diabetic patients (HR 0.65, 95% ClI
0.41-1.05)

(60) (USA) 351 64 287 * Recurrence rate for all metformin-users vs. non-metformin users not statistically different, but
recurrence of type | endometrial cancers was significantly lower for metformin users (1.9%)
compared to non-metformin users (10.3%), p = 0.05

(61) (Austria) 465 46 41 378 ® Metformin use not associated with OS (HR 0.9, 95% Cl 0.69-1.2) or RFS (HR 1.2, 95% Cl

0.8-1.70)

MFM, metformin; OS, overall survival; HR, hazard ratio; Cl, confidence interval; RFS, recurrence-free survival; TTR, time to regression; PFS, progression-free survival.

in ATP-consuming synthetic pathways (e.g., glucose, lipid and
protein).

Among the known downstream effects of AMPK activation
is decreased protein synthesis due to inhibition of the mTOR
pathway, resulting in the inhibition of translation by the
eukaryotic initiation factor 4E-binding protein-1 [4E-BP1]
complex and decreased activity of the S6 kinase 1 (S6K1)
responsible for phosphorylation of the ribosomal S6 protein
(rpS6) (86, 87). Metformin inhibition of mTOR signaling
in endometrial cancer cells has been confirmed by multiple
groups (66, 74, 88-90). Other well-described effects of AMPK
activation include phosphorylation and inactivation of Acetyl-
CoA carboxylase (ACC) leading to downregulation of fatty
acid synthesis (83, 91) as well as inhibition of signaling via
the insulin-like growth factor-1 receptor (IGF-1R). Metformin
inhibition of ACC has not been reported in endometrial cancer
cell lines, but Wallbillich did observe decreased expression
of fatty acid synthetase (FAS) in metformin-treated tumor
tissue from a xenograft model (73). In endometrial cancer cell
cultures, metformin treatment lowers secretion of insulin-like
growth factor (IGF-1) (70), downregulates expression of insulin
receptor (68) and IGF-1R (70, 75), inhibits phosphorylation
of IGF-1R (68), and increases expression of insulin-like
growth factor-binding protein 1 (IGFBP-1) (75). In other
cancer types, this is associated with inhibitory phosphorylation
of the signaling adapter, insulin receptor substrate-1 (IRS-
1) and inhibition of the downstream PI3K/Akt/mTOR and

mitogen-activated protein-kinase/extracellular signal-regulated
kinase (MAPK/ERK) pathways (92-94). Inhibition of PI3K/Akt
signaling has been observed in metformin-treated endometrial
cancer cells (70), and both Akt and ERK1/2 are inhibited in
endometrial cancer cells incubated with serum from women
with PCOS who are receiving metformin treatment (79). The
cumulative result is inhibition of individual cell growth and
proliferation, decreased synthesis of proteins and fatty acids,
as well as decreased paracrine and endocrine release of pro-
proliferative systemic factors.

In addition to IGF-1-related signaling pathways, metformin
treatment of endometrial cancer cells has been reported to affect
the activity of the transcription factor signal transducer and
activator of transcription 3 (STAT3), which is usually activated
via signaling by various growth factors and cytokines to dimerize,
translocate to the nucleus, and induce transcription of multiple
pro-survival and pro-proliferative genes (95). STAT3 levels are
elevated in endometrial cancer cells, in particular the serine-
phosphorylated form, phospho-STAT3 Ser727 (96). High glucose
concentrations induces transcription of STAT3 as well as its
upstream regulators Janus kinases 1 and 2 (JAK1/2), while
metformin treatment reduces total STAT3 protein as well as
phospho-STAT?3 Ser727 (73). This is associated with significantly
decreased expression of multiple pro-survival downstream
targets of STAT3, including c-Myc and B-cell lymphoma (Bcl)-2
and -XL, providing another possible mechanism for metformin’s
anti-cancer activity. The authors also examined the effect of
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FIGURE 1 | (A) Mechanisms of action of metformin within the endometrial cancer cell. (B) Downstream molecular targets of metformin showing differential

expression or activity in endometrial cancer.

metformin in a xenograft model of endometrioid endometrial
cancer cells. While not statistically significant, metformin
exposure was associated with a trend toward decreased tumor
size, and analysis of tumor tissues demonstrated decreased
expression of STAT3 and its targets (73).

Another recently-reported target of metformin in endometrial
cancer is the transcription factor forkhead box protein 1
(FOXO1), which plays numerous roles in cellular function,
including regulation of gluconeogenesis, adipogenesis,
protection from oxidative stress, and tumor suppression (97).

FOXOL1 is negatively regulated via inhibitory phosphorylation
by Akt, which causes it to translocate out of the nucleus to
the cytoplasm where it is degraded (98). Conversely, AMPK
activation leads to FOXO1 nuclear localization and activation
(99). Zou demonstrated that endometrial cancer cells show
decreased levels of phospho-AMPK and total FOXOI1 protein,
and endometrial cancer tissues show significantly less staining of
activated AMPK and higher levels of phospho-Akt compared to
controls (72). This is associated with a shift toward cytoplasmic
(inactive) rather than nuclear (active) FOXO1 staining. In vitro,
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they reported that metformin treatment increased FOXOl
protein levels, decreased inhibitory FOXO1 phosphorylation,
and increased FOXO1 nuclear accumulation in an AMPK-
dependent manner, resulting in inhibition of endometrial cancer
cell proliferation. Conversely, knockdown of FOXO1 expression
using siRNA partially attenuates the antiproliferative effect of
metformin on endometrial cancer cells. Metformin treatment
inhibited growth of tumors in a xenograft mouse model, and
tumor staining also showed increased phospho-AMPK and
nuclear localization of FOXO1 as well as decreased staining
of the proliferative marker Ki-67 (72). Decreased FOXO1
expression during metformin treatment has been reported by
others as well (68).

Metformin treatment has also been shown to inhibit
epithelial-to-mesenchymal transition (EMT) in endometrial
cancer cell lines. Metformin increases epithelial markers such
as E-cadherin and pan-keratin in endometrial cancer cells in
vitro (76, 100) and decreases mesenchymal markers (e.g., N-
cadherin, fibronectin, vimentin) (76, 100) and transcriptional
drivers of EMT (e.g., Twist-1, snail-1, zinc finger E-box-binding
homeobox-1 [ZEB-1]) (100). In cultured cells, metformin was
able to attenuate the molecular and morphologic changes
induced by EMT-inducing stimuli such as 17B-estradiol and
transforming-growth factor-p (TGF-B) (76). Correspondingly,
histologic staining for E-cadherin was significantly higher in
endometrial carcinomas taken from patients with a history of
metformin use (100).

Metformin has demonstrated the ability to synergize with
other endometrial cancer therapies in vitro, leading to enhanced
apoptosis of cultured endometrial cell lines in the presence of
paclitaxel (74, 101), cisplatin (101, 102), or progestin (89). For
the latter two, this effect is dependent on downregulation of
glycoxylase I (GlolI), a mediator of chemotherapy resistance (89,
101). Metformin treatment was also able to increase expression
of the progesterone receptor in endometrial cancer cells (88)
and sensitize progestin-resistant endometrial carcinoma cells
to medroxyprogesterone-induced apoptosis (89). Conversely,
metformin alters expression of the estrogen receptor (ER) in
endometrial cancer cells, decreasing the ERa isoform while
increasing expression of ERP, with overall inhibition of estradiol-
induced proliferation (90). In endometrial cancer patients with
type 2 diabetes, metformin leads to decreased expression of the
estrogen receptor in tumor tissue compared to insulin treatment
(103).

Possible mutation-specific effects of metformin have also been
explored in preclinical in vivo models of endometrial cancer. Oral
metformin is capable of reducing in vitro cell proliferation as
well as tumor size in xenograft models of multiple human and
mouse endometrial cancer cell lines. (67). This effect occurred
only in cell lines with activating K-Ras mutations but not wild-
type K-Ras and could be partially attenuated by siRNA-based
inhibition of K-Ras expression. Moreover, metformin treatment
was shown to cause mislocalization of K-Ras to the cytoplasm in
a protein kinase C (PKC)-dependent manner. No association was
seen between metformin-responsiveness and PTEN mutations.
Another study utilized a primary endometrioid endometrial
carcinoma xenograft model using cells taken directly from

patient biopsies for culture and inoculation into nude mice.
The authors noted that one sample contained a K-Ras mutation
while the other was wild-type; neither tumor was inhibited
by metformin treatment, either alone or in combination with
cisplatin (104). It should be noted that the dosage of metformin
used in this study was lower than in the study by Iglesias (250
mg/kg/day for 21 days vs. 1 g/kg/day for 29-64 days). However,
in both these studies, the tumors that displayed no susceptibility
to metformin treatment also showed no changes in levels of
activated AMPK or downstream mediators, emphasizing the
likely importance of this pathway for mediating metformin-
induced tumor suppression. Several studies have now shown that
higher doses of metformin are required in mice to have antitumor
effects than those administered in clinical trials and this may be
a reflection of pharmacokinetic differences between rodents and
humans (86, 105, 106).

Attention is now also being paid to the impact of metformin
on other cellular components of the tumor microenvironment
(TME) beyond the cancer cells themselves as described in
Rivadeneira and Delgoffe (107). Metformin is capable of
decreasing the rate of tumor cell oxygen consumption and thus
is able to reduce hypoxia levels within the tumor. The reduction
of hypoxia can enhance the activity of agents aimed at stimulating
anti-tumor T-cells (108). Further effects of metformin on the
immune microenvironment are hypothesized to be mediated
through tumor-associated macrophage reprogramming from an
M2 to Ml-like phenotype (109). A review on the effects of
metformin on other tumor cells is beyond the scope of this
work. In sum, the pre-clinical data provide sufficient evidence
for continued evaluation of metformin’s antineoplastic potential.
Nonetheless, they also highlight the likely complex interaction
between tumor- and patient-specific factors dictating the efficacy
of metformin as an anticancer treatment and underscore the need
for ongoing human studies.

METFORMIN IN PRESURGICAL AND
OTHER CLINICAL TRIALS IN
ENDOMETRIAL CANCER

The preponderance of preclinical data has prompted several early
phase clinical trials of metformin in human endometrial cancers
(Table 3). Many groups have utilized the pre-surgical window
approach, in which patients with a biopsy-based histologic
diagnosis of endometrial cancer receive metformin treatment
during the period prior to hysterectomy. Compared to baseline
levels or control patients, patients receiving metformin (between
850 and 2,250 mg daily) showed a post-treatment reduction
in markers of DNA replication (topoisomerase IIa) (112) and
cellular proliferation (Ki-67) (111, 114, 115, 119). No change in
Ki-67 staining was observed by Soliman and colleagues, though
notably the dose and duration of metformin exposure was the
lowest among these studies (117). Metformin treatment was
associated with histologic evidence for inhibition of key signaling
pathways including PI3K/Akt/mTOR (111, 112, 114, 116, 117,
119) and MAPK/ERK (112, 117). Tumor immunohistochemistry
in one trial also revealed decreased expression of estrogen
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receptor after metformin treatment (114). Plasma measures
of a hyperinsulinemic state, including insulin, IGF-1, glucose,
and leptin were significantly reduced post-metformin (111, 112,
116, 117). Furthermore, serum from metformin-treated patients
showed decreased ability to stimulate DNA synthesis in cultured
endometrial cancer cells (112), suggesting that systemic effects of
metformin also play a role in its antiproliferative activity.

In terms of clinical outcomes, a randomized study by Tabrizi
examined the ability of metformin to reverse endometrial
hyperplasia or disordered proliferative endometrium in patients
with abnormal uterine bleeding compared to megestrol.
Metformin was able to induce endometrial atrophy/restore
endometrial histology in 95.5% of patients compared to 61.9%
in the megestrol group. Significantly, this study included two
patients with low grade endometrial carcinomas (stage Ia) who
received metformin. After 3 months of treatment, repeat biopsy
showed conversion to atrophic endometrium (110). A study
of 5 PCOS patients with early stage endometrial carcinoma
showed that co-treatment with the oral contraceptive Diane-35
(cyproterone and ethinyl estradiol) and metformin for 6 months
led to reversion to normal epithelia on repeat biopsy in all
patients (113). This included three patients who had previously
been on megestrol treatment for 3 months with documented
progesterone resistance. Mitsuhashi also used a combination
approach of metformin with medroxyprogesterone to induce
remission in patients with atypical endometrial hyperplasia
(AEH) or early stage endometrial cancer, and further studied the
use of maintenance metformin to prevent relapse. Metformin
treatment led to a relapse-free survival of 89% at 3 years,
which was higher than their projected baseline of 52% (118).
These studies were also notable for their stated goal of fertility
preservation, an important consideration for some endometrial
cancer patients.

Larger trials are underway, including a phase 3 trial of
metformin monotherapy as chemoprevention for endometrial
cancer compared to placebo and lifestyle interventions in
non-diabetic obese women (NCT01697566) and a phase
2/3 trial by the Gynecologic Oncology Group for advanced
(stage III, IVA, IVB) or recurrent endometrial cancer
that will compare the addition of metformin vs. placebo
to combination paclitaxel/carboplatin as first-line therapy
(NCT02065687). Several phase 2 or earlier studies will utilize
metformin in combination with hormonal treatments such
as megestrol acetate (NCT01968317) or levonorgestrel (as
an intrauterine device) for early stage endometrial cancer
or complex atypical hyperplasia in young women with
the goal of fertility preservation or contraindications to
surgery  (NCT02990728, NCT02035787, NCT01686126).
Also ongoing are a phase 2 study of metformin combined
with letrozole and everolimus for advanced or recurrent
endometrial cancer (NCT01797523) and a phase 1/2 study
of metformin plus metronomic cyclophosphamide and
olaparib for advanced or recurrent endometrial cancer
(NCT02755844). These efforts will give valuable insight
into the preventative and therapeutic value of metformin in
endometrial malignancy.

THE METABOLIC MICROENVIRONMENT
AS A THERAPEUTIC TARGET IN
ENDOMETRIAL CANCER

The role of glucose metabolism in endometrial cancer is also
still being explored. Malignant tissues in general have been
known to have high levels of glycolytic metabolism, even
in the presence of oxygen, a phenomenon known as the
Warburg effect after its discoverer, Otto Warburg (120). One
theory was that cancer cells are less dependent on oxidative
phosphorylation, allowing them to survive in the often relatively
hypoxic tumor microenvironment. However, in recent years,
a more nuanced model has emerged for some tumor types,
known as the reverse Warburg theory (121). This is based
on the recognition of heterogeneity in tumor composition;
malignant tissues are composed of cancer cells surrounded by
diverse types of stromal cells and adipocytes, each of which
make contributions to the tumor microenvironment (122, 123).
Our research in breast and prostate cancer cell models among
others have demonstrated that glycolysis occurs not in the tumor
cells themselves, but in the surrounding stromal cells (124-
127). This relationship is thought to occur via oxidative stress
in the cancer associated stroma (CAS), driven by tumor cell
generation of reactive oxygen species and stromal cell loss of
caveolin-1 (CAV1), an inhibitor of nitric oxide production (124-
129). CAS cells undergo metabolic reprogramming associated
with mitophagy (selective degradation of mitochondria by
autophagy) and cell autophagy, and they generate high levels of
energy-rich metabolites (including lactate and ketones) through
glycolysis, which is then shuttled to cancer cells as substrates
for oxidative phosphorylation. We have reported that lactate
shuttling to tumor epithelial cells is dependent on transporters
of the monocarboxylate transporter (MCT) family, with MCT4
being important for lactate efflux from stromal cells and
MCT1 for lactate uptake in tumor epithelial cells in a breast
cancer cell co-culture system (130). Others have observed
similar lactate shuttling in prostate cancer and sarcoma models
and have reported that lactate upload promotes tumor cell
proliferation and angiogenesis (131, 132). Aside from lactate,
Sousa and colleagues have described a similar two-compartment
metabolic system in pancreatic ductal adenocarcinoma in which
stroma-associated pancreatic stellate cells are stimulated by
contact with pancreatic cancer cells to undergo autophagy and
secrete primarily alanine which fuels the tricarboxylic acid
(TCA) cycle and biosynthesis in the cancer cells themselves
(133).

In this model, metformin treatment may play an important
part in disrupting cancer cell metabolism via its direct inhibition
of mitochondrial respiration in the cancer cells. In agreement
with this, our previous results suggest that metformin treatment
of cultured breast cancer cells inhibits their ability to induce loss
of CAV1 (a marker of tumor-stromal metabolic coupling) in co-
cultured fibroblasts (126). We have also observed that a short
course of metformin was also able to increase stromal CAV1
expression in vivo in patients with head and neck squamous cell
carcinoma in a presurgical window of opportunity trial (106).
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The existence of such symbiotic metabolic reprogramming
has not yet been investigated closely in endometrial cancer, but
supportive evidence comes from a study by Latif et al. that
showed differential histologic localization for MCT1 (tumor)
vs. MCT4 (stroma) for some though not all endometrial
cancer samples analyzed (134). High MCT1 expression was
also a poor prognostic indicator for recurrence-free, cancer-
free, and overall survival in the same study. Moreover,
Zhao studied endometrial stromal-epithelial cell interactions
in a non-cancer primary cell culture model and showed
that epithelial cell proliferation and migration was enhanced
when cultured with conditioned media from CAV1 depleted
stromal cells (135). A phase 2 study currently underway
at our institution utilizes a combination of metformin and
doxycycline for the treatment of breast and uterine cancers,
with outcomes including the measurement of biomarkers
of tumor-stromal metabolic compartmentalization, such as
stromal CAV1 and MCT4 and tumor MCT1 (NCT02874430).
This will provide new insight into the effects of metformin
treatment on the metabolic microenvironment in endometrial
cancer.

The Reverse Warburg framework also opens up the
possibility of multi-targeted therapies that simultaneously
act on aberrant glucose metabolism in both cancer and
stromal cells, such as metformin combined with inhibitors
of glycolysis, autophagy, or transport of lactate and other
energetic substrates. Combined metformin and glycolytic
inhibitors have been utilized in xenograft models of breast
cancer, gastric cancer, and glioblastoma with synergistic
inhibition of tumor growth or prolongation of survival occurring
at doses where each agent is ineffective alone (136, 137).
Such approaches would exploit the vulnerabilities of tumor-
stroma metabolic reprogramming that typically allow for
cancer cell survival under a variety of energetic conditions.
Overall, the metabolic microenvironment of endometrial
cancer represents a promising therapeutic target, one which
metformin and other biguanides may be uniquely poised to act
upon.
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Cells
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Melanomas are heterogeneous and aggressive tumors, and one of the worse in
prognosis. Melanoma subtypes follow distinct pathways until terminal oncogenic
transformation. Here, we have evaluated a series of molecules that exhibit potent
cytotoxic effects over the murine and human melanoma cell lines B16F10 and
MalMe-3M, respectively, both ex vivo and in animals carrying these melanoma cells. Ex
vivo mechanistic studies on molecular targets involved in melanoma growth, migration
and viability were evaluated in cultured cells treated with these drugs which exhibited
potent proapoptotic and cytotoxic effects and reduced cell migration. These drugs
altered the Wnt/B-catenin pathway, which is important for the oncogenic phenotype of
melanoma cells. In in vivo experiments, male C57BL/6 or nude mice were injected with
melanoma cells that rapidly expanded in these animals and, in some cases were able to
form metastasis in lungs. Treatment with anti-tumor drugs derived from benzylamine and
2-thiophenemethylamine (F10503LO1 and related compounds) significantly attenuated
tumor growth, impaired cell migration, and reduced the metastatic activity. Several
protocols of administration were applied, all of them leading to significant reduction in
the tumor size and enhanced animal survival. Tumor cells carrying a luciferase transgene
allowed a time-dependent study on the progression of the tumor. Molecular analysis
of the pathways modified by F10503LO1 and related compounds defined the main
relevant targets for tumor regression: the activation of pro-apoptotic and anti-proliferative
routes. These data might provide the proof-of-principle and rationale for its further clinical
evaluation.
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INTRODUCTION

Metastatic melanoma is one of the most therapeutically difficult
cancers to be treated, mainly at advanced stages of diagnosis.
The incidence of metastatic melanoma has been increasing
around the World over the past decades, and death rates rose
faster than for other cancers, being melanoma one of the
worse in prognosis (1-3). In fact, the mean overall survival of
melanoma patients with unresectable distant metastases remains
to be less than 1 year (4). Clinical management of melanoma
patients also represents a clinical challenge because the lack of
contrasted protocols (5-7). This is in addition to the absence
of reliable biomarkers identifying groups of patients who could
benefit from more specific treatments (8). Many patients are
excluded from novel therapies only because of fast high-speed
progression of the disease before a clinical positive response
can be expected (9, 10). Taken these facts together, consensus
exists in the field suggesting that significant improvements of the
overall survival rates of melanoma cohorts require an initial fast
response to treatment as an inclusion condition (11). Long-term
survival could then be achieved by an increased rate of complete
responses or long-term stabilization of partial responses in what
is defined in the melanoma field as comsolidation phase (2,
7, 12). The discovery of the frequent BRAF(V600E) mutation
in human melanoma tumors offered the first opportunity to
develop an oncogene-directed therapy for these patients profiting
the use of selective inhibitors of constitutive BRAF activity
(11, 13-16). The fact that melanoma cells express activating
mutations in BRAF, but not in A-RAF or C-RAF, allowed the
development of the small-molecule drug PLX4032, an orally
available and well-tolerated selective BRAF inhibitor. Clinical
trials demonstrated its therapeutic value for melanomas carrying
the activating BRAF mutation. Due to the RAS/RAF/MEK/ERK
pathway deregulation in ca. 90% of malignant melanomas,
MEK is a current target in drug development and in clinical
trials (11, 13, 17-19). However, dose-limiting side effects are
observed, and MEK inhibitors that reduce ERK activation in
patients show a low clinical response, probably because MEK
inhibition promotes an imbalanced compensatory cell signaling
that reduces the therapeutic value of these drugs. Several groups
have found that BRAF inhibitor-resistant melanoma cell lines
can recover ERK phosphorylation independently of the presence
of BRAF inhibitors, and the same remains true for the classic
chemotherapeutic drug dacarbazine (DTIC) (11, 13, 17, 18, 20—
24). For these reasons, the development of novel small molecules
that could counteract resistance mechanisms constitutes a first
line of research in the melanoma field. Progress in molecular-
targeted melanoma therapies have shown significant successful
responses in the reduction of tumor size and increased survival
in patients (4, 11, 13, 18, 20, 22, 24-27).

In this work, we analyzed the effect of a series of
benzylamine/2-thiophenemethylamine  (thenylamine)-derived
compounds, being F10503LO1 the lead molecule, which
exhibited antitumoral activity over a panel of melanoma tumors
(NCI-60 human tumor cell lines screen). These drugs have
been assayed in different human and rodent cell lines, from
hepatoma to leukemia, with consistent results on growth arrest

and induction of apoptosis/necrosis in tumor cells. The target
of choice was the very aggressive murine melanoma B16F10
and the human melanoma MalMe-3M cell line. Interestingly,
both tumor cell lines express the wild type forms of BRAF and
p53, offering the possibility to be used as targets for alternative
drugs for the treatment of melanoma cells with activating
mutations of the BRAF and Ras oncogenes. Our data indicate
that these molecules exhibit a potent cytotoxic/antiproliferative
activity in vitro and in animal models bearing the melanoma
cells. These results provide the basis for a meticulous study
on the dissection of pathways involved in the mechanism of
action of these compounds. Indeed, our studies suggest that the
metastatic capacity of both aggressive tumors can be impaired
after administration of F10503LO1, providing novel strategies in
preventing the dissemination of melanoma cells.

MATERIALS AND METHODS

Materials

Reagents were from Sigma-Aldrich-Merck (St Louis, MO, USA)
or Roche (Darmstadt, Germany). Murine cytokines and TNFa,
IL6, and PGE, ELISA kits were obtained from PeproTech
(London, UK) and Cayman Chem. (Ann Arbor, MI). Antibodies
were from Abcam (Cambridge, UK) or Cell Signaling (Danvers,
MA, USA). Dacarbazine (DTIC) was from TEVA (Petaj Tikva,
IL). Reagents for electrophoresis were from Bio-Rad (Hercules,
CA, USA). Tissue culture dishes were from Falcon (Lincoln Park,
NJ, USA), and serum and culture media were from Invitrogen
(ThermoFisher, Madrid, Spain).

Animal Care and Preparation of

Macrophages

Male C57BL/6 and athymic nude mice 12 £ 4-week-old were
used and housed under 12h light/dark cycle and food and
water was provided ad libitum. Animals were treated following
directive 2010/63/EU of the European Parliament. Bone marrow
derived macrophages (MF) were obtained from male C57BL/6
mice by flushing pelvises, femurs, and tibiae with DMEM.
Bone marrow mononuclear phagocytic precursor cells were
propagated in suspension by culturing in DMEM containing
10% FBS, 100 U/ml penicillin, 100 mg/l streptomycin, and
0.2nM recombinant murine M-CSF (PeproTech) in tissue-
culture plates. Precursor cells became adherent within 7 days
of culture. MF cells were maintained in RPMI 1640 medium
supplemented with 10% FBS for 14 h prior to use.

Preparation of Chemotherapeutic
Molecules (F10503LO1,
F21010RS1-benzylamines-and
F60472RS1—2-Thiophenemethylamine or
Thenylamine-)

Solid samples (Table 1) were stored in a silica gel container at
4°C, and dissolved in DMSO to prepare 10 mM stock solutions
maintained at —20°C. Further dilutions were prepared in PBS
and the equivalent amount of DMSO was used as control for
administration to the cells (in vitro assays) or to the animals.
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TABLE 1 | Chemical structure of the drugs.
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The benzylamine derivatives F10503LO1 and F21010RS1 and the 2-thiophenemethylamine derivative (thenylamine) F60427RS1 are represented.

When F10503LO1 was dissolved in N,N’-dimethyl acetamide
(DMA) solution (5% vol:vol of DMA in saline-glucose 5% w:vol),
this was prepared on a daily basis in pure DMA and then adding
the glucose solution until the final volume was reached. Control
animals received the maximal amount of DMA solution lacking
F10503LO1.

In vivo Administration of Melanoma Cells
Mice (12 = 4 weeks-old) were injected 10° cells (200 pl) from the
B16F10 melanoma cell line, carrying a luciferase transgene. At the
indicated days, F10503LO1 or vehicle (DMSO in PBS as for the
drug, or DMA in saline-glucose) were i.p. or i.v. administered.
Dacarbazine (DTIC), an alkylating chemotherapeutic agent, was
used as reference compound for melanoma treatment and was
administered i.p. at 30 mg/kg. For measurement of the tumor
growth, animals received ip. 300 pl of 15 mg/ml luciferine.
Luminescence was measured in an IVIS Lumina in vivo imaging
system (Perkin Elmer, Madrid, ES) under deep anesthesia
(isofluorane). Luminescence was recorded each 4 min, with a
1 min capture, repeating the cycle 10 times. The software of the
program provides the total area of the luminescence and its
quantification.

Measurement of Serum Markers
The starting experiments were carried out in male C57/BL6
mice (12 £ 4-wks-old), and an evaluation of the effect of

i.p. administration of F10503LO1 on the main biochemical
markers of injury was carried out. Animals were challenged with
DMSO/PBS (DMSO at the concentration prevailing in the drug
administration), or F10503LO1 i.p. at 30 mg/kg at day 1; days
1 to 4; days 1 to 6. Serum was obtained at days 7 and 14 by
retroortibal punction. The serum levels of transaminases (GOT
and GPT), gamma-glutamyltransferase (GGT), glucose, lactate,
triglycerides, cholesterol, uric acid, creatinine and hemoglobin
were determined using specific analyte strips (Reflotron; Roche)
and measuring the enzyme kinetics in a spectrophotometer.
The levels of cholesterol (<100 mg/dl), uric acid (<2 mg/dl),
creatinine (<5mg/dl) and triglycerides (<35mg/dl) remained
indistinguishable between both animal groups at days 7 and 14.
These data show a modest impact of F10503LO1 (30 mg/kg;
i.p.) on hepatic markers, with an excellent recovery after 1 week
without treatment. In addition to this, the absence of changes in
creatinine levels, marker of kidney injury, suggested negligible
kidney toxicity.

Evaluation of Drug Toxicity Over Myeloid
Cells

Animals received two consecutive doses of F10503LO1
(30 mg/kg) or vehicle, and the distribution of myeloid cells was
determined in blood, bone marrow and spleen on the third day.
To analyze leukocyte subpopulations, after euthanizing mice,
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blood was collected, and spleens and femurs were harvested.
All single cell suspensions were subjected to red-blood-cell
lysis, incubated with proper dye-conjugated antibodies against
CD45, CD115, Ly6G, CD11b, Ly6C, and F4/80 and analyzed in
a FACSCanto II flowcytometer (BD). For cell counting, absolute
counting beads were used.

Evaluation of Cell Viability by Flow-Cell
Cytometry

To quantify apoptosis cells were harvested and washed in ice-cold
PBS. After centrifugation at 4°C for 5 min, cells were resuspended
in annexin V-binding buffer (10 mM HEPES; pH 7.4, 140 mM
NaCl, 2.5 mM CaCl,). Cells were labeled with annexin V-FITC
solution (BD Biosciences, San Jose, CA) and/or propidium iodide
(PL; 10 pg/ml) for 15min at room temperature in the dark. PI
is impermeable to living and apoptotic cells, but stains necrotic
and apoptotic dying cells with impaired membrane integrity,
in contrast to annexin V, which stains early apoptotic cells.
Quantification of positive cells was done in a FACSCanto II
flowcytometer (BD). Z-VAD-FMK (carbobenzoxy-valyl-alanyl-
aspartyl-O-methyl-fluoromethylketone) was used at 20 uM to
inhibit caspases.

Measurement of Caspase Activity

Cell extracts were prepared at the indicated times and the activity
of caspase 3 and caspase 9 were determined using specific
commercial fluorimetric kits (Sigma-Aldrich-Merck).

Measurement of Mitochondrial Inner

Membrane Potential

To measure the mitochondrial inner membrane potential, cells
were incubated at 37°C for 15min in the presence of 30 nM
chloromethyl X-rosamine (CMXRos; ThermoFisher), followed
by immediate analysis of fluorochrome incorporation in a
FACScanto II flow cytometer. Incubation of the cells with
200nM of staurosporine was used as a control to induce full
mitochondrial-dependent apoptosis as described (28).

Measurement of Accumulation of
Cytokines, Prostaglandin and NO in the

Cell Culture Medium

The accumulation of TNF-a, IL-6, and PGE, in the culture
medium was measured per triplicate using commercial
kits, following the indications of the supplier. Nitric oxide
accumulation in the culture medium was measured as nitrite
plus nitrate, as previously described (29).

Histological Examination of Fixed Sections
Anatomopathological analyses were performed using 3 to 5
tumors from each experimental group. Tissue samples were fixed
in 10% buffered formalin and embedded in paraffin, and 4-
pm sections were prepared. Hematoxylin/eosin stain was used
for analysis to assess morphological changes, using a light
microscope (Zeiss x20 and x40 images). Examinations of the
slides were performed in a blinded fashion.

Infiltration of B16F10 in Tissues

To evaluate metastatic/migratory B16F10 melanoma cells, tissues
(lung in particular) were homogenized with 20 mM Hepes, pH
7.4; 100mM KCI, 5mM MgCly, 2mM DTT and luciferease
activity was measured in a luminometer using the luciferase assay
kit from Promega (WI, USA), following the instructions of the
supplier. Usually, 10 pg of protein were assayed in 0.5ml of
reaction mixture.

Preparation of Protein Cell Extracts
Macrophages total protein extracts were prepared after
homogenization in a buffer containing 10mM Tris-HCI,
pH 7.5; 1 mM MgCl,, 1 mM EGTA, 10% glycerol, 0.5% CHAPS,
ImM B-mercaptoethanol and a protease and phosphatase
inhibitor cocktail (Sigma). The extracts were vortexed for
30 min at 4°C and after centrifuging for 20 min at 13,000 g, the
supernatants were stored at —20°C. When cytosolic and nuclear
extracts were prepared, cells were homogenized and processed as
previously described (30). Protein levels were determined using
Bradford reagent (Bio-Rad).

Western Blotting

Protein extracts were boiled in loading buffer (250 mM Tris-HCI;
pH 6.8, 2% SDS, 10% glycerol, and 2% PB-mercaptoethanol)
and 30 pg of protein were subjected to 8-10% SDS-
PAGE electrophoresis gels. Proteins were transferred into
polyvinylidene difluoride membranes (GE Healthcare).
Membranes were incubated for 1h with low-fat milk powder
(5%) in PBS containing 0.1% Tween-20. Blots were incubated for
2h or overnight at 4°C with primary antibodies at the dilutions
recommended by the suppliers. The blots were developed
with ECL Advance protocol (GE Healthcare) and different
exposure times were performed for each blot in an ImageQuant
analyzer (LAS 500, GE Healthcare) to ensure the linearity of the
band intensities. Blots were normalized for lane charge using
antibodies against GAPDH.

RNA Isolation and gRT-PCR Analysis

RNA was extracted with TRIzol Reagent (ThermoFisher)
and reverse transcribed using Transcriptor First Strand
cDNA Synthesis Kit for RT-PCR following the indications
of the manufacturer (Thermo-Fisher). Real-time PCR
was conducted with SYBR Green Master on a MyiQ
Real-Time PCR System (Bio-Rad). Primer oligonucleotide
sequences are available on request. Validation of amplification
efficiency was performed for each pair of primers (29).
PCR thermocycling parameters were 95°C for 10min, 40
cycles of 95°C for 15s, and 60°C for 1min. Each sample
was run in duplicate and was normalized vs. 36B4. The fold
induction (FI) was determined in a AACt based fold-change
calculation.

Statistical Analysis

Unless otherwise stated, data are the mean + standard deviation.
To compare means between two independent samples Mann-
Whitney rank sum test was used. Data were analyzed by SPSS for
Windows statistical package version v21. Analysis of statistical
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significance of Kaplan-Meier curves was performed using the
Mantel-Cox test. The results were considered significant at
p < 0.05.

RESULTS

Specific Effects of New Benzylamine- and
Thenylamine-Derived Anti-tumor Drugs on

Melanoma Cells

The compounds under study were initially characterized by
their capacity to interact with adaptor molecules of the NF-kB
pathway, a transcription factor involved in oncogenic processes
(31), and were tested in the NCI-60 cell line panel that
contained 8 melanoma cell lines. Most of these cells were
sensitive to the lead drugs used in this study. For this reason,
several assays were performed to evaluate the action of the
drugs shown in Table 1, on early NF-«kB signaling and on cell
viability. As Figure 1A shows, the benzylamines F10503LO1
and F21010RS1 failed to modify IkBo levels or the LPS-
dependent IkBa degradation in macrophages. Moreover, in
murine macrophages stimulated with LPS these drugs minimally
altered the accumulation of nitrate plus nitrite (Figure 1B),
PGE,;, TNFa, and IL6 (Figure 1C) or lactate in the culture
medium, including the inhibition of the PFKFB3 with the
selective inhibitor 3PO (Figure 1D) in LPS stimulated cells.
Together, the data indicate that these drugs did not affect the
transcription dependent on NF-kB activity. Interestingly, these
drugs promoted a loss in viability of human (MalMe-3M) and
murine (B16F10) melanoma cell lines, but not in other cells
such as resting macrophages (Figure 1E) or resting T and B
cells (not shown). Indeed, incubation of melanoma cell lines
with F10503LO1 induced a dose-dependent loss in viability, with
Ios ca. 500nM (Figure 1F). This cell death was accompanied
by a dose-dependent decrease in the mitochondrial inner
membrane potential (Figure 1G), and was partially prevented by
the broad caspase inhibitor z-VAD, as deduced by a reduction
in the percentage of annexin V-positive cells (Figure 1H).
The time course of melanoma apoptotic death is shown in
Figure 11

In vitro Analysis of the Effect of
Benzylamine and Thenylamine
Chemotherapeutic Drugs on Murine

Melanoma B16F10 Cells

B16F10 melanoma cells constitutively exhibit AKT
phosphorylation. Treatment with F10503LO1 or F60427RS1
decreased pAKT levels and promoted PARP and caspase 3
activation (Figure 2A). Moreover, measurement of caspase
3 and caspase 9 activities in the cell extracts showed a time-
dependent increase in BI6F10 cells treated with benzylamine
or thenylamine drugs (Figure2B). These data support the
induction of apoptosis in these cells after treatment with these
compounds. Indeed, the levels of anti-apoptotic proteins, such
as Bcl-xL and to a lesser extent Bcl2, declined and a rise in
pro-apoptotic proteins, such as Bax, was observed (Figure 2C).
A time-dependent cleavage of PARP was evidenced, with

minimal changes in p53 that usually increase in apoptotic cells
(Figure 2C). In addition to this, treatment of B16F10 cells with
F10503LO1 or F60427RS1 induced a degradation of B-catenin
that was also reflected in a downregulation in the corresponding
mRNA levels (Figures 2D,E). These changes were accompanied
by a decrease in the nuclear content of B-catenin and in the
mRNA levels of Ctnnbl (Figure 2E). This drop in Ctnnbl was
quite selective since the mRNA levels of other genes involved
in inflammation remained minimally affected (Figure 2F, upper
panel). Interestingly, Myc and Bcl2 exhibited a decrease at 1
and 18 h, whereas classic stemness genes, such as Nanog, Oct4
or Sox2 increased in cells treated with F60427RS1 (Figure 2F,
lower panel), suggesting the existence of specific responses
that differentiate the action of benzylamine and thenylamine
drugs.

Melanoma Cell Migration Is Inhibited by
F10503LO1

In addition to the effects observed on cell viability, 200nM of
F10503LO1, F21010RS1 or F60427RS1 significantly inhibited
B16F10 and MalMe-3M cell migration in a transwell assay
(Figure 3A). Moreover, melanoma cell motion was also
rapidly blocked in a dose-dependent manner suggesting
that even doses that are only moderately toxic for these
cells decreased their capacity to migrate (Figure 3B,
Supplementary Videos vl_B16F10, v2_MalMe-3M).

In vivo Effects of F10503LO1

To gain insight on the in vivo effects of these drugs, a series
of experiments were done in C57BL/6 and in nude mice. As
Figure 4A shows, pre-treatment of BI6F10 cells for 1h with
5uM of F10503 followed by administration in the right flank
of mice resulted in a significant inhibition of tumor growth
vs. the administration of untreated cells in the contralateral
flank, as reflected by in vivo luciferase imaging and by the
size of the tumors. Subsequently, animals received 2 x 10°
B16F10 cells in each flank and 5h later were i.p. administered
30 mg/kg of F10503LO1 in 200 pl or vehicle. F10503LO1
was provided on a daily basis for 14 days and the in vivo
luciferase activity was measured at days 3 and 7. At the end
of the experiment, tumors were removed, weighted and used
for anatomopathological analysis and biochemical processing
(Figure 4B). One important point is the evaluation of the
broad toxicity of the therapeutic drugs. As Figure 5A shows,
F10503LO1 administration during the indicated periods
exhibited a moderate rise in serum transaminase levels, and
normalization was observed at day 14, suggesting a moderate
liver toxicity. The glucose, cholesterol, triglycerides, hemoglobin,
creatinine and uric acid concentrations were not affected by
the drug (not shown). In addition to this, in animals carrying
B16F10 cells and treated ip. with F10503LOI, the classic
chemotherapeutic drug DTIC or combinations of these, the
drugs affected moderately transaminases, and other markers,
such as gamma-glutamyltranspeptidase (bile duct injury), and
alkaline phosphatase (liver and gallbladder injury), but not
a-amylase (pancreas injury), glucose and blood lipid levels
(cholesterol and triglycerides; not shown) or creatinine (kidney
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FIGURE 1 | Effect of benzylamine- and thenylamine-derived drugs on cell viability and function. (A) Bone marrow derived macrophages (MF) were incubated for
30min with 1 wM of the indicated molecules or vehicle, followed by challenge with 200 ng/ml of LPS. The degradation of IkBa was evaluated by immunoblot. (B-D)
The dose-dependent effect vs. F10503LO1 on the accumulation in the culture medium of nitrates and nitrites (in wM), IL6, TNFa, PGE, (expressed as percentage of
F10503LO1-untreated cells; 100% corresponds to 12.2, 18.7, and 1.25ng/ml for IL6, TNFa and PGEy, respectively) and lactate were determined after 18 h of
treatment with 200 ng/ml of LPS and the PFKFB3 inhibitor 3PO (10 uM). (E) The effect of 500 nM of the indicated molecules on the viability of MF and the melanoma
cell lines B16F10 and MalMe-3M was determined after 24 h of treatment. (F) The dose-dependent effect of F10503LO1 on the viability of MF, B16F10, and MalMe-3M
cells was determined at 24 h. (G) The mitochondrial inner membrane potential was evaluated after 5 h of treatment with 500 nM F10503LO1 or 200 nM staurosporine
(as an inducer of mitochondrial-dependent apoptosis) and measuring the fluorescence (in arbitrary units; a.u.) of 30 nM CMXRos. (H) The effect of 10 wM of z-VAD on
the apoptosis induced by 500 nM F10503LO1 was determined at 18 h. (I) The time-course of the apoptosis induced by 1 wM F10503LO1 was determined at the

indicated times. Results show a representative blot (A), or the mean + SD of three experiments. *P < 0.05; **P < 0.01; ***P < 0.005 vs. the corresponding control,
untreated cells or macrophages.

injury; not shown), suggesting a low toxicity of F10503LO1
at the doses used (Figure5B). In line with these results,
the analysis of pro-inflammatory cell markers in blood by
flow cytometry showed a tendency to reduce circulating
leukocyte populations (Supplementary Figure S1). Of note,
an emerging role for the spleen in the pharmacokinetics

of drugs has been highlighted recently (32). However, the
analysis of pro-inflammatory cells in the spleen also revealed
a tendency to low content of monocyte, macrophage and
neutrophil cell populations (Supplementary Figure S1), thus
excluding the involvement of systemic pro-inflammatory
profiles in drug response. Furthermore, the analysis of activated
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FIGURE 2 | Effect of F10503LO1 and F60427RS1 on apoptosis related proteins, B-catenin and genes related to cell survival. (A) B16F10 melanoma cells exhibit
constitutive activation of AKT that was inhibited by F10503LO1 and F60427RS1 (1 wM) after 8 h of incubation. PARP and caspase 3 processing were evaluated under
these conditions. (B) The time course of caspase 9 and caspase 3 activities were determined in cell extracts, using selective fluorescent substrates. (C) Time-course
of the protein levels of pro-apoptotic and anti-apoptotic genes from B16F10 cells treated with 1 wM of F10503LO1. (D) Immunostaining of B-catenin levels in cells
treated for 4 h with 200 nM of F10503LO1 and F60427RS1. The intensity of the labeling was referred to the value of untreated cells and expressed in percentage. (E)
The B-catenin protein levels in the cytosolic and nuclear fractions were determined by immunoblot, as well as the corresponding mRNA levels (Ctnnb1) that were
determined at 4 h. (F) The mRNA levels of the indicated genes were determined at 1 and 18 h after treatment with 200 nM of F10503LO1 and F60427RS1, and
expressed as fold-induction (F.I.) vs. cells treated with DMA at 1 h. Results show a representative blot, out of three (A,C). The mean =+ SD for the caspases activities
(B). A representative staining of B-catenin and the mean=+SD of three experiments (D). **P < 0.01; **P < 0.005 vs. DMA condition (C).

inflammatory cells suggests that F10503LO1 may increase the
number of CD11b* lymphocytes (Supplementary Figure S1),
highly susceptible of infiltrating in tumors and improve its
prognosis (33).

In addition to this, fixed samples of experimental melanomas
and normal skin were analyzed. Histological studies showed
a higher proliferative activity, with an elevated number of
mitosis, of the B16F10 melanoma cells. In all cases, an evident
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FIGURE 3 | F10503LO1 reduces cell migration and motion. (A) B16F10 and
MalMe-3M cells were seeded in transwells (uncoated 8 um porous transwells)
according to the manufacturer’s instructions. 5 x 104 cells were seeded in the
upper chamber and allowed to attach for 2 h in DMEM containing 2%FCS and
antibiotics. Non-attached cells were removed after washing with PBS. The
lower side of the membrane was cleaned and the transwells were transferred
to dishes containing fresh DMEM medium supplemented with 200 nM of the
indicated drugs and stimuli (10 ng/ml of MCP1 and HGF). After 3h, the
number of cells present in the lower part of the chamber (including the
membrane) were counted and expressed as percentage vs. the total number
of cells in the well. (B) The motion of the cells was evaluated in a Cell Observer
microscope and the corresponding images

(Supplementary Videos v1_B16F10, v2_MalMe-3M) were recorded and
analyzed. Results show the mean=+SD of three experiments per duplicate (A),
or a representative experiment of cell motion (B, Supplementary Videos).
***P < 0.005 vs. the corresponding untreated cells.

invasive capacity of melanoma cells was demonstrated, with
invasion of peritumoral adipose tissue and destruction of
adjacent muscular striated cells, located in the hypodermis
(Figures 6A-D). In the group of melanoma tumors that
received administration of F10503LO1, a restricted tumor
growth was found. In these treated cases, the infiltrative
capacity of tumor cells is low, and the integrity of many
skin muscle fascicles are preserved; additionally, apoptotic
activity of tumor cells with extends areas of cytolysis
and necrosis were observed in melanoma treated tumors
(Figures 6E-H).

In vivo Studies of F10503L01 in
Melanoma-Carrying Nude Mice:
Comparison With Combinations With the
Chemotherapeutic Drug DTIC

Nude mice carrying the B16F10 melanoma bilaterally injected
were treated i.p. with F10503LO1 or DTIC at the same doses.
Drugs were given i.p. at 10 or 30 mg/kg at days 3 to 7 and
10 to 14. After this period, drug administration ceased and
animals were kept until death. The tumors were resected and
weighed, and several tissues (lung and liver) were excised off
and frozen. In vivo luminescence was measured at days 7 and
15. As Figures 7A,B shows, both F10503LO1 and DTIC at
30 mg/kg, and F10503LO1 at 10 mg/kg significantly inhibited
tumor growth. Animal survival was determined (Figure 7C) and,
after animal death, the tumor mass was quantified (Figure 7B).
To note that after suppression of drug treatment, tumors
expanded in all cases; however, the tumor mass in animals
treated with F10503LO1 was significantly lower than in DMA
or DTIC-treated animals. In addition to this, samples of liver
and lung were homogenized and the luciferase activity was
determined as an index of infiltration of B16F10 cells. In
the liver, the luminescence was undetectable. However, the
lungs exhibited a significant luciferase activity (Figure 7D).
Interestingly, animals treated with F10503LO1 that exhibited
the maximal survival, showed minimal infiltration in the lung;
however, no metastases were evident upon anatomopathological
observation (not shown). Tissues obtained at day 12 of treatment
were analyzed for the presence of pAKT, pAMPK, VEGE
and p53. As Figure 7E shows, treatment with F10503LO1
decreased AKT and AMPK phosphorylation and p53 and VEGF
levels; again, this drug was more efficient than DTIC on
the attenuation of these survival, proliferation and angiogenic
markers.

An additional set of experiments was carried out using
3 different doses of F10503LO1 administered iv. and in
combination with DTIC, given ip. at 30 mg/kg. F10503LO1
was administered i.v. through the tail vein at 0.25; 0.5, and
1 mg/kg bodyweight at days 1, 4, 7, 10, 14, 17, 21, 24, and 28,
following B16F10 bilateral administration. A combination of i.p.
DTIC and i.v. 0.5 mg/kg F10503LO1 was included. Luminescence
lectures were taken at days 4, 11, and 16. Figure 8A shows
the luminescence records for 8-10 tumors (4-5 animals) per
each condition, and the Kaplan Meier plot of animal survival
(Figure 8B). Figure 8C shows the luminescence associated to the
tumors at day 16, including a series of three animals treated i.v.
2.5 mg/kg F10503LO1. Animals treated with 1 mg/kg F10503LO1
exhibited lesser tumor mass at the time of death. Figure 8D
shows the increased half-life of the animals vs. the dose of
F10503LO1 administered. After animal death, the tumors were
excised off and weighted (Figure 8E). These data indicate that
F10503LO1 significantly reduced tumor growth; however, the
possibility of tumor evasion and metastatic development cannot
be excluded as a cause of death. Finally, and supporting previous
data, the effect of DTIC on tumor growth was less effective than
F10503LO1, and there was a lack of synergism between both
drugs under these experimental conditions.
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FIGURE 4 | F10503LO1 reduces melanoma tumor growth in mice. (A) B16F10 cells carrying a luciferase transgene were treated for 1 h in vitro with vehicle (DMSO) or
5 1M F10503LO1. After washing the dishes, 1 x 108 cells were administered to opposite flanks of C57BL/6 mice (n = 4). Tumor growth was recorded by the
luciferase activity of the B16F10 cells. Tumors were excised off (central panel) and the tumor mass was determined at day 15th. (B) B16F10 cells were bilaterally
injected (2 x 10° per flank) in nude mice (n = 7 per condition), and following 14 days of i.p. treatment with F10503LO1 (30 mg/kg) or vehicle. The luminescence of the
tumors was recorded at days 3 and 7 and the tumors were extracted at day 15th (central panel) and weighed. Results show the individual luminescence values (B),
and the mean + SD of the corresponding values. ***P < 0.005 vs. the vehicle condition.

DISCUSSION

Melanocyte tumorigenesis involves different types of lesions,
from benign nevi to malignant melanomas. Because melanocytes
are derived from the neural crest and are present in several
tissues, a diversity of melanoma phenotypes account for these
tumors, which also carry distinct mutations (1, 3, 10, 20, 34).
The most common mutated genes are BRAE, p53, NRAS, and
KIT, and these mutations use to accumulate in the course of
malignization (11, 14, 18, 35). In fact, these mutations occur
in different combinations and temporal sequences affecting the
activity of genes that regulate key signaling pathways: DNA
damage repair, proliferation, cell cycle regulation, cell-specific
metabolism, resistance to apoptosis and replicative lifespan
among other. In this regard, the area of the discovery and
assessment of new biomarkers for melanoma progression is

under continuous development (36). Additionally, other factors,
such as an enhanced reactive oxygen production appears to
be critical in the success for the treatment of melanoma
cells that acquired resistance to the BRAF chemotherapy (37).
This is one of the main reasons why melanomas have to
be attacked combining several chemotherapeutic drugs (3,
18, 23, 38). Indeed, novel drugs are on the pipeline of the
pharmaceutical industry. In this work we investigated a series
of lead molecules that blocked the interaction between the
signaling adaptor p62 and the NF-kB pathway related to
tumorigenesis (39), followed by screening on the NCI-60 panel
of cancer cells (40). Under these premises, benzylamine and
thenylamine-derived molecules emerged as lead candidates for
the study of their action on melanoma cells. Interestingly,
these drugs, did not affect NF-kB activity in cells such as
macrophages, but compromised the viability of human and
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FIGURE 5 | Evaluation of F10503LO1 toxicity in mice. (A) Serum levels of GOT and GPT in animals treated i.p. for the indicated periods with 30 mg/kg F10503LO1 (3
for each time: 0, 1, 4, and 6 consecutive days of drug administration). Blood was collected by retroorbital punction at days 7 and 14, and the enzyme activities were
measured. (B) Animals were injected 1 x 108 B16F10 cells in each flank and F10503L01 (80 mg/kg), DTIC (30 mg/kg) or both were i.p. administered at days 1 to 5
and 8 to 12. Serum levels of injury markers were determined at day 14. Data are expressed as mean+SD. *P < 0.05; **P < 0.01; ***P < 0.005 vs. the corresponding
control.

murine melanoma cells by promoting apoptosis and inhibiting
survival pathways and cell migration when used in the 0.5-1 uM
range.

Among the assayed molecules, F10503LO1 proved to exhibit
a reduced systemic toxicity as reflected by the minor impact on
myeloid cell generation in the bone marrow. Administration of
F10503LO1 via i.p. or iv. induced only a minor hepatic injury,
but did not show alterations in other classic injury-markers
associated to kidney, gallbladder and pancreas, nor did it in
blood lipid and metabolic markers in C57BL/6 and nude mice.
Interestingly enough, control animals recovered normal serum

levels of altered injury markers in less than 1 week of cessation of
F10503LO1 administration.

In vitro effects of F10503LO1 on melanoma cells suggested a
potential efficacy in in vivo models of melanoma tumorigenesis.
In fact, not only did F10503LO1 exhibit cytotoxicity (apoptosis)
on B16F10 cells, but it impaired melanoma infiltration and
metastases in distal organs (liver, lung) as well. From a molecular
point of view, F10503LO1 decreased the content of phospho-
AKT, and phospho-AMPK, impaired angiogenesis through a
decrease in the intratumor content of VEGF and decreased p53
levels suggesting a specific mechanism leading to a reduced
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FIGURE 6 | Immunohistochemistry of tumors. Mounted fixed sections of B16F10 melanoma tumors from mice at day 7 and 15 (from Figure 4B). Animals were
treated i.p. from day 1 to 6 with vehicle (DMSO) or with 30 mg/kg of F10503LO1. Representative sections of the tumors after hematoxylin-eosin staining. (A) diffuse
melanoma in dermis reticular; (B) infiltration of hypodermis and invasion and destruction of subcutaneous muscular layer (arrow) by melanoma cells; (C) the melanoma
infiltrating cells produce evident lesions of myocytolysis (arrow); (D) pleomorphic melanoma cells with higher mitotic activity in infiltrating tumor; (E) F10503 treated
melanoma tumor, characterizes by extent invasion of dermis and hypodermis; (F) multiple and extends areas of necrosis is seen in treated tumor, and the tumor cells
push the muscular striated layer of skin (arrow), but no evident infiltration are observed; (G) in detail, the muscular cells sited in the vicinity of melanoma cells not
showed apparent myofibril destruction (arrow); (H) the melanoma cells showed a clear vacuolated cytoplasm with evident necrotic changes, associated to multiples

areas of apoptosis (asterisk). Bar= 100 pm.

F10503L0O1

in vivo viability of BI6F10 cells and tumor dissemination. In
addition, the observation that AMPK is dephosphorylated in
samples of tumors treated with the drug probably contributes
to cancer cell death due to the inability to provide energy
substrates to the growing tumor (41). Interestingly, DTIC did
not reproduce these effects, nor did it exhibit a significant
synergism with F10503LO1 in terms of signaling or tumor
growth arrest, prevailing the action of the benzylamine derivative
over the DTIC treatment (5, 21). Complementary to these
studies, the in vitro effects of F10503LO1 and F60427RS1 on
melanoma cells well supported the in vivo data on tumorigenesis.
Both F10503LO1 and F21010RS1 decreased the content of

phospho-AKT, at the time that activate PARP and caspase
9 and 3, all mechanisms compatible with the observed loss
of viability of the melanoma cells. Interestingly enough, the
thenylamine F60427RS1 was as effective as the benzylamines
in promoting AKT dephosphorylation, caspase 3/9 activation
and inducing apoptosis, but included a rise in acetyl-CoA
carboxylase phosphorylation that is frequently associated to
an elevation of cytoplasmic calcium. In addition to this,
treatment with F10503LO1 or F60427RS1 rapidly downregulate
B-catenin levels both in B16F10 and MalMe-3M cells; however,
the impact of this pathway in melanoma pathology remains
to be controversial (38, 42-44). Regarding the potent effect
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FIGURE 7 | Intraperitoneal administration of F10503LO1 enhances survival of mice-bearing melanoma tumors. (A) Nude mice (5 animals for each treatment) received
B16F10 cells bilaterally (1 x 106 per flank) and were treated i.p. with the indicated doses of F10503LO1, DTIC (in mg/kg) or vehicle (DMA) at days 4 to 8 and 10 to 15.
In vivo luminescence lectures were obtained at days 7 and 15 (A). After day 15, animals were maintained untreated and survival was determined. (B) Relative tumor
mass in dying mice (mg/days of survival). (C) Kaplan-Meier plot of animal survival; P = 0.0097 (30 mg/kg DTIC vs. DMA); P = 0.0022 (30 mg/kg F10503LO1 vs.
DMA); P = 0.042 (10 mg/kg F10503LO1 vs. DMA). DTIC at 10 mg/kg was not statistically significant vs. DMA. (D) Samples of lung from tumor-bearing mice were
homogenized and the luciferase activity measured. (E) Tumor samples (n = 6) were obtained at day 12 and extracts were prepared for Western blot analysis. Data are

of the drugs on the Wnt/B-catenin pathway, it should be
mentioned that two types of cell surface receptors appear
to be involved in its activation: the low density lipoprotein
receptor-related proteins 5/6, and the GPCR-coupled Frizzled

receptors (44). Indeed, this pathway is activated in many cancer
cells leading to dysregulated cell growth and tumorigenesis,
at the time that it is mutated in several oncogenic processes,
such as melanoma (45). However, due to the diversity in
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FIGURE 8 | Intravenous administration of F10503LO1 enhances survival in mice-bearing melanoma tumors. (A) B16F10 melanoma tumor growth in nude mice
treated i.v. with 1, 0.5, 0.25 mg/kg of F10503LO1, i.p. 30 mg/kg DTIC, or i.v. 0.5 mg/kg F10503LO1 and i.p. 30 mg/kg DTIC at days 1, 4, 7, 10, 14, 17, 21, 24, and
28. Each treatment involves 6 mice injected bilaterally with 1 x 106 B16F10 cells. (B) Kaplan-Meier survival curves. The statistical significance was; P = 0.0091 (0.5
mg/kg vs. DMA); P = 0.0089 (1 mg/kg vs. DMA); P = 0.379 (DTIC vs. DMA); P = 0.9647 (DTIC+F10503LO1 vs. DMA). (C) Dose-dependent luminescence curve at
day 16. (D) Half-life survival curve after F10503LO1 administration. (E) Relative tumor mass of the different treatments (mass of the tumor/days of survival). Data are
expressed as mean + SD. *P < 0.05; **P < 0.01 vs. DMA condition.

the origins of melanoma, conflictive and opposite views have  in chromatin remodeling). Whereas some authors described
been proposed regarding the possibility to target the Wnt  that activation of the Wnt/B-catenin pathway is involved in
(more than 19 proteins in this family) and the P-catenin  a better prognostic on melanoma metastasis other groups
pathways (acting as a coactivator of transcription factors involved ~ reported opposite results, probably due to the fact that the
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mutations present in melanoma cells determine the onset of
the pathway and the possibility of the effectiveness of immune-
regulatory responses in animal models (43, 45-47). This aspect
is under study, due to the rapid degradation observed in
the B-catenin levels, but we do not know if the P-catenin-
dependent transcriptional activity has been fully expressed prior
to degradation.

The growth of the melanoma cell line B16F10 implanted
in nude mice was reduced after i.v. or ip. treatment with
F10503LO1. In agreement with this, F10503LO1 was able to
expand animal survival significantly vs. animals treated with
vehicle. This antitumoral activity was dose-dependent and it
was observed in almost all the applied administration protocols.
F10503LO1 impairs tumor growth at concentrations in the
range 0.25-1 mg/kg when administered i.v. twice a week.
Administration of 1 mg/kg of F10503LO1 under this protocol
extended survival from 25 days in vehicle-treated animals to
33 days in F10503LO1LO1-treated mice. In addition to this,
significant reduction in tumor growth was observed in C57/BL6
mice after i.p. treatment, suggesting efficacy for these drugs
in the different ways of administration tested. Comparison of
the effect of F10503LO1 (i.p. at 30 mg/kg or iv. at 1 mg/kg)
with the reference drug DTIC—an alkylating chemotherapeutic
compound—at 30 mg/kg showed a greater effect of F10503LO1 in
terms of tumor growth arrest and survival. However, both drugs
failed to show any significant synergism under the experimental
conditions used in this report.

Anatomopathological analysis of samples of tumors from
animals treated with F10503LO1 showed wide areas of cytolysis,
necrosis and lesser number of mitotic cells. Advanced tumors
from untreated animals exhibited infiltration of the melanoma
cells in muscle, adipose tissue and skin at the subcutaneous
level, tissues that were more preserved when F10503LO1 was
administered. Although no anatomopathological evidence
of lung or liver metastases was observed in the different
analyzed sections, in whole lung extracts luciferase activity
was detected suggesting that some foci were present within
the tissue; however, F10503LO1 prevented significantly
this metastatic activity as evidenced in the tissue extracts
from all analyzed animals. In addition to this, the luciferase
activity in lung (indicative of potential metastasis) was
significantly lower in animals treated with F10503LO1 when
compared to the DTIC counterparts at the highest survival
periods.

In summary, the benzylamine and thenylamine derived drugs
assayed in this work can be envisaged as an interesting novel
molecules for the treatment of melanoma in terms of the efficacy
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The Guanylate Cyclase C—cGMP
Signaling Axis Opposes Intestinal
Epithelial Injury and Neoplasia

Jeffrey A. Rappaport and Scott A. Waldman*

Department of Pharmacology and Experimental Therapeutics, Thomas Jefferson University, Philadelphia, PA, United States

Guanylate cyclase C (GUCY2C) is a transmembrane receptor expressed on the
luminal aspect of the intestinal epithelium. Its ligands include bacterial heat-stable
enterotoxins responsible for traveler's diarrhea, the endogenous peptide hormones
uroguanylin and guanylin, and the synthetic agents, linaclotide, plecanatide, and
dolcanatide. Ligand-activated GUCY2C catalyzes the synthesis of intracellular cyclic
GMP (cGMP), initiating signaling cascades underlying homeostasis of the intestinal
epithelium. Mouse models of GUCY2C ablation, and recently, human populations
harboring GUCY2C mutations, have revealed the diverse contributions of this signaling
axis to epithelial health, including regulating fluid secretion, microbiome composition,
intestinal barrier integrity, epithelial renewal, cell cycle progression, responses to DNA
damage, epithelial-mesenchymal cross-talk, cell migration, and cellular metabolic status.
Because of these wide-ranging roles, dysregulation of the GUCY2C-cGMP signaling
axis has been implicated in the pathogenesis of bowel transit disorders, inflammatory
bowel disease, and colorectal cancer. This review explores the current understanding
of cGMP signaling in the intestinal epithelium and mechanisms by which it opposes
intestinal injury. Particular focus will be applied to its emerging role in tumor suppression.
In colorectal tumors, endogenous GUCY2C ligand expression is lost by a yet undefined
mechanism conserved in mice and humans. Further, reconstitution of GUCY2C signaling
through genetic or oral ligand replacement opposes tumorigenesis in mice. Taken
together, these findings suggest an intriguing hypothesis that colorectal cancer arises
in a microenvironment of functional GUCY2C inactivation, which can be repaired by oral
ligand replacement. Hence, the GUCY2C signaling axis represents a novel therapeutic
target for preventing colorectal cancer.

Keywords: guanylate cyclase C, cGMP, intestinal epithelium, colorectal cancer, microbiome, DNA repair,
inflammation, cancer prevention

INTRODUCTION

Constituting the largest interface with non-sterile material from the outside world, the intestinal
epithelium regulates fluid and nutrient transport, hosts commensal flora, and protects against
infiltration by toxins and pathogenic organisms that pass through the digestive tract (1). These
functions are accomplished by a single-cell layer of columnar epithelial cells, which form a
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mechanical barrier dividing the systemic compartment from the
turbulent gut lumen. Insults from the lumen induce continuous
epithelial cell turnover, requiring tremendous regenerative
capacity, with as many as 10'! gut epithelial cells replaced each
day (2). This proliferative status predisposes the epithelium to
neoplastic transformation, arising from corruption of circuits
that normally maintain epithelial homeostasis.

The healthy epithelium exhibits a highly organized structure
(Figure 1). Epithelial cells are polarized such that their apical
surface faces the intestinal lumen, engaging in nutrient
absorption and fluid secretion. The basolateral surface rests
on a basement membrane and interfaces with the supportive
stroma, vasculature, and mesenchymal cells of the underlying
lamina propria. A network of junctional complexes stiches
adjacent epithelial cells together, restricting paracellular transport
between the mucosal surface, and subepithelial tissue (3). To
increase absorptive surface area, the small intestinal epithelium
is organized vertically with invaginations into the mucosa, called
crypts, and projections into the lumen, called villi. In contrast, the
surface of the large intestine is relatively smooth (lacking villi),
with deep mucus-secreting crypts, enabling fluid absorption and
stool transit.

This crypt-villus axis is a physiologically unique structure,
characterized by continuous cell proliferation and turnover. At
the base of the crypt, long-lived stem cells give rise to rapidly
proliferating daughter cells, which differentiate into specialized
epithelial cell subtypes (4). These cells migrate upwards from
crypt to villus, differentiating into nutrient-absorbing enterocytes
(the majority of the epithelial population), mucus-secreting
goblet cells, and hormone secreting enteroendocrine cells (2).
Another cell type, Paneth cells, migrate downward into the crypt,
where they nourish the stem cells and secrete antimicrobial
compounds into the lumen (5, 6). Terminally differentiated villus
cells persist only 3-5 days, over which time they migrate to the
tip of the villus, undergo apoptosis, and slough off into the fecal
stream (2).

Tight homeostatic control of the circuits regulating cell
division, differentiation, migration, and apoptosis, are critical
to maintain the barrier integrity, secretory, and absorptive
activity of the intestinal mucosa. The intestinal epithelial
receptor, guanylate cyclase C (GUCY2C), and its cyclic
nucleotide second messenger, cyclic guanosine monophosphate
(cGMP), play a critical role in the maintenance of mucosal
homeostasis, with GUCY2C being considered an emerging
guardian of intestinal integrity. Identified nearly 30 years ago
as a signaling network hijacked by diarrheagenic bacteria
to stimulate intestinal secretion (7), cGMP signaling in the
intestine is now recognized to underlie many homeostatic
functions required for epithelial health. As such, dysregulation
of cGMP signaling contributes to intestinal diseases including
bowel transit disorders, inflammatory bowel disease, and cancer
(8-11). We will briefly discuss the key players responsible
for the generation, effector function, and degradation of
c¢GMP in the intestine, followed by their contribution to
intestinal physiology and disease. Finally, we will conclude
with current approaches to targeting this axis for cancer
prevention.

Differentiation

Villus

A

Migration

Goblet cell
=_ Enteroendocrine
a Transit amplifying
& Stem cell

W Paneth cell

(= Fibroblast )

Lamina Propria

FIGURE 1 | The intestinal crypt-villus axis. The small intestinal epithelium is
organized into villus projections into the gut lumen and crypt invaginations into
the lamina propria. Stem cells at the base of the crypt produce proliferative
daughter cells that give rise to differentiated cells of the villus. Epithelial cells
migrate from the proliferating compartment toward the tip of the villus where

they undergo apoptosis.

COMPONENTS OF THE INTESTINAL
CGMP SIGNALING AXIS

Guanylate cyclases are a ubiquitous class of enzymes that
catalyze the cyclization of the purine nucleotide guanosine
triphosphate (GTP) to the second messenger, cGMP (12, 13).
They are broadly classified by intracellular localization, residing
in either the particulate (membrane-bound) or soluble (cytosolic)
fractions of the cell. Depending on the isoform, guanylate
cyclases are activated by an array of signals including peptide
ligands, Ca’" transients, and nitric oxide. In turn, cGMP
effectors include c¢cGMP-dependent protein kinases (PKGs),
cGMP-gated ion channels, and phosphodiesterases (PDEs). The
spatiotemporal parameters of intracellular cGMP transients are
a function of synthesis by guanylate cyclases and degradation by
phosphodiesterases. In the spirit of brevity, we refer readers to
thorough reviews of guanylate cyclase signaling (12, 14). Here, we
will focus on the key elements of cGMP signaling in the intestinal
epithelium and their canonical role in fluid secretion (Figure 2).
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FIGURE 2 | The GUCY2C-cGMP signaling axis and intestinal fluid secretion. Activation of the receptor GUCY2C by its ligands increases intracellular cGMP levels. The
cGMP effector, PKGII, inhibits sodium ion absorption by the NHE3 transporter, and promotes anion secretion by the CFTR transporter, producing an electrolyte and
fluid gradient into the gut lumen. Through inhibition of the dual-specificity phosphodiesterases, PDE3, cGMP accumulation also cross-activates cAMP/PKA signaling,
which further potentiates CFTR. ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate; CFTR, cystic fibrosis transmembrane conductance regulator;
cGMP, cyclic guanosine monophosphate; GTP, guanosine triphosphate; GUCY2C, guanylate cyclase C; NHE3, Na®/H™t exchanger lll; PDE3, phosphodiesterases |ll;
PKA, protein kinase A; PKGII, protein kinase G II; ST, bacterial heat-stable enterotoxin; 5’-AMP, 5’-adenosine monophosphate; 5'-GMP, 5'-guanosine

monophosphate.

Guanylate Cyclase C (GUCY2C)

The GUCY2C isoform belongs to the particulate family of
guanylate cyclases. While other cyclases (including soluble
guanylate cyclase and the particulate guanylate cyclases A
and B) have a widespread tissue distribution, GUCY2C is
largely restricted to the intestinal tract (15, 16). It is expressed
as a homodimer on the apical brush border of intestinal
epithelial cells from the duodenum to the rectum, with
its ligand-binding extracellular domain facing the intestinal
lumen and its intracellular catalytic domain facing the cytosol
(12, 14). GUCY2C was initially characterized as the receptor
for the bacterial heat-stable enterotoxin, ST, the causative
agent of traveler’s diarrhea (7, 17). Extracellular ST binding
activates the catalytic domain, generating intracellular cGMP. In
turn, cGMP signaling canonically drives phosphorylation and
translocation of the cystic fibrosis transmembrane conductance
regulator (CFTR) to the cell surface, triggering CI~ and HCO3
efflux into the intestinal lumen (18-20). Additionally, cGMP
signaling inhibits the apical Nat/H' exchanger 3 (NHE3),
preventing Na®t absorption from the lumen (18-20). The
combined electrolyte efflux and retention in the lumen produces
an osmotic gradient that drives fluid secretion and, in the
pathological scenario, secretory diarrhea. Given this secretory
function, GUCY2C has emerged as an attractive target for the
treatment of constipation syndromes (21, 22). Two GUCY2C
agonists recently received FDA-approval for the treatment of
chronic idiopathic constipation and constipation-predominant
irritable bowel syndrome: linaclotide (Linzess™) (23-25) an ST
analog, and plecanatide (Trulance™) (26, 27) an analog of the

endogenous GUYC2C ligand, uroguanylin (discussed below).
Efficacy and tolerability of these agents was recently summarized
(28).

GUCY2C Ligands

Ligands of GUCY2C include the aforementioned ST, of bacterial
origin, and the two endogenous peptides, uroguanylin and
guanylin, secreted by the epithelium of the human small and large
bowel, respectively (Figure 3) (29, 30). Two additional guanylin
species of non-human origin, lymphoguanylin and renoguanylin,
have been isolated from the American opossum (D. virginiana)
and the European eel (A. japonica), respectively (31-33). The
human intestinal guanylins are synthesized as propeptides by
epithelial cells of secretory lineages (34-37), and processed to
their mature, biologically-active, 16-mer (uroguanylin), or 15-
mer (guanylin) forms. The propeptide sequence is thought
to shield the site of ligand receptor interaction, although a
precise role for the pro-sequence and the steps in peptide
maturation remains unresolved (38). Structurally, these peptides
are characterized by disulfide bridges (three for ST and
two for the guanylins), which confer stability and resistance
to denaturation (hence the name “heat-stable” enterotoxin)
(14, 39, 40). Although the peptides share a high degree of
sequence similarity, uroguanylin is more potent at acidic pH. In
uroguanylin, two N-terminal aspartic acid residues were shown
to act as an acidic switch, altering the protein conformation
and enhancing ligand-receptor affinity 100-fold at pH 5 vs. pH
8 (40, 41). However, recent molecular dynamics simulations of
lymphoguanylin suggest that the hydrophobic core, rather than
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Guanylin PGTCEICAYAACTGC

Uroguanylin NDDCELCVNVACTGCL
Plecanatide NDECELCVNVACTGCL
Dolcanatide >NDECELCVNVACTGCoL

Renoguanylin ADLCEICAFAACTGCL

Lymphoguanylin QEECELCINMACTGY
Guanylin C115Y PGTCEICAYAACTGY

—H 1 |

ST CCELCCNPACTGC
Linaclotide CCEYCCNPACTGCY

FIGURE 3 | GUCY2C Ligands. The four members of the guanylin protein
family are guanylin and uroguanylin, found in humans, and renoguanylin and
lymphoguanylin, found in other species. While the first three have a structural
conformation characterized by two disulfide bonds (yellow), lymphoguanylin
lacks the C-terminal cysteine (green), and therefore has only one disulfide
bond. A mutant guanylin (C115Y) similarly has only one disulfide bond and
lower potency of GUCY2C activation. In contrast, bacterial ST is characterized
by a rigid structure with three disulfide bonds. Synthetic GUCY2C agonists
include plecanatide and dolcanatide (uroguanylin analogs), and linaclotide (ST
analog). Amino acid differences between these analogs and the parent
compound are shown in red.

the acidic N-terminal residues, controls peptide conformation
(42). Despite our evolving understanding of the molecular
behavior of these peptides, it is clear that differences in pH
sensitivity of the ligands parallel their expression profiles along
the intestinal axis, with uroguanylin expressed in the acidic
environment of the duodenum, and guanylin expressed in the
neutral environment of the colorectum (22).

Guanylin peptides have gained increasing attention as drug
templates for the treatment of gastrointestinal disorders. In
addition to the aforementioned linaclotide and plecanatide, both
already FDA-approved, a second uroguanylin analog, dolcanatide
has shown promise in ameliorating intestinal inflammation
in rodent models (43, 44). From a production perspective,
guanylin peptide analogs can be challenging to synthesize
due to the presence of multiple cysteine bonds. Interestingly,
lymphoguanylin and a recently-identified mutant form of human
guanylin (C115Y) harbor a C-terminal tyrosine residue in place
of the typical cysteine, eliminating one disulfide bridge in
these species and lowering their potency to activate GUCY2C
(Figure 3) (45). Recent single nucleotide polymorphism and
structural analyses of guanylin peptide variants have lent insights
into features that can be exploited to develop new compounds in
this growing class of pharmaceutics (42, 45, 46).

cGMP-Dependent Protein Kinases

The primary effectors of cGMP are the cGMP-dependent
protein kinases (PKGs), PKGI, and PKGIL. PKGs belong
to the serine/threonine class of protein kinases and consist
of three domains: (1) an N-terminal domain necessary for
homodimerization, autoinhibition, and subcellular localization,
(2) aregulatory domain consisting of two cGMP binding pockets,

and (3) a catalytic domain containing the ATP and substrate-
binding pockets (47). cGMP binding drives a conformation
change that releases the catalytic domain from the inhibitory N-
terminal domain, enabling kinase activity. Both PKG isoforms
are expressed in tissues throughout the body, including the
intestine. PKGI is present in smooth muscle cells, where
it regulates intestinal contractility (48), while PKGII is the
predominant cGMP effector in the intestinal epithelium, where
it regulates luminal fluid secretion (47, 49, 50). Tethered to the
apical plasma membrane, cGMP-activated PKGII canonically
phosphorylates CFTR and NHE3 to promote fluid and electrolyte
efflux (51, 52).

Phosphodiesterases

The cyclic nucleotides cGMP and cAMP are degraded to 5'-GMP
and 5-AMP by a family of enzymes called phosphodiesterases
(PDEs). Eleven PDEs have been identified, each with varying
tissue distribution, subcellular localization, and affinity for cGMP
and cAMP. For example, PDE-4,—7, and—8 have higher affinity
for cAMP, PDE-5,—6, and—9 for cGMP, and PDE-1,-2,—-3,—10,
and—11 hydrolyze both (53-55). PDEs that are expressed by
the intestinal epithelium and contribute to ¢<GMP hydrolysis
include PDE-1,—-2,—3,—5,—9 (53, 56, 57), and recently PDE10
(58). The extent to which epithelial-expressed PDEs with
higher cAMP affinity [such as PDE4 (57)] modulate cGMP
signaling remains unclear. However, cAMP and cGMP effectors
converge on several physiological endpoints, including CFTR
phosphorylation and fluid secretion. cGMP elevation indirectly
potentiates cCAMP effectors by occupying dual-specificity PDEs,
thereby slowing degradation of cAMP. Additionally, some PDEs
contain regulatory binding sites for cGMP that potentiate (PDE2
and 5) or inhibit (PDE3) cyclic nucleotide degradation. Hence,
PDEs contribute a level of complexity to cyclic nucleotide
signaling, particularly through cAMP-cGMP cross talk. These
interactions remain to be comprehensively evaluated in the
intestine, and are an area of significant interest.

CGMP SIGNALING AND INTESTINAL
HOMEOSTASIS

The most apparent role of cGMP signaling in the intestine can
be appreciated from human populations harboring mutations
in GUCY2C, resulting in hyper- or hypo-secretion syndromes.
In the recently described familial GUCY2C diarrhea syndrome
(FGDS), a single missense mutation in the catalytic domain of
GUCY2C produces hyperactivation of the receptor in response
to ligand (9, 59, 60). This rare autosomal dominant disorder
(initially reported in 32 members of a Norwegian family) is
clinically characterized by loose stools, inflammation resembling
irritable bowel disease with diarrhea (IBS-D), a doubling of
intestinal transit time, and elevated intestinal pH. GUCY2C-
deactivating mutations have also been reported, including
missense mutations in the ligand-binding and catalytic domains,
and nonsense mutations eliminating the catalytic domain entirely
(10, 61). These autosomal recessive disorders, reported in Bedoin
and Lebanese families, produce meconium ileus (neonatal
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intestinal obstruction) due to GUCY2C insensitivity to its
ligands, diminished epithelial ¢cGMP, and diminished CFTR-
mediated intestinal secretion.

These findings in humans mimic secretory defects observed
in mice lacking components of the cGMP signaling axis. For
example, GUCY2C~/~ (62, 63) and PKGII™/~ mice (50) are
insensitive to ST-mediated intestinal fluid secretion. Guanylin
deficient mice also have altered colonic electrolyte transport
(64). Given the small population of humans harboring GUCY2C
mutations, knockout mice have proven invaluable to the
identification of the more subtle functions of cGMP in intestinal
homeostasis, to be described below.

cGMP, Epithelial Proliferation, and
Differentiation Along the Crypt-Villus Axis

Intestinal epithelial renewal requires a continuous supply
of new cells produced by proliferation in the crypt. This
renewal is regulated by a signaling cascade controlled by the
extracellular ligand, Wnt, and its downstream transcriptional
effector, B-catenin (65). In the differentiated villus, extracellular
Wnt expression is low. In this context, cytosolic P-catenin
enters a multi-protein complex stabilized by the scaffold
proteins, adenomatous polyposis coli (APC) and axin. There,
serine/threonine kinases, casein kinase 1a and glycogen synthase
kinase 3, phosphorylate p-catenin, marking it for poly-
ubiquitination by the B-TrCP E3 ubiquitin ligase and degradation
by the proteasome. The presence of extracellular Wnt blocks
this process. Wnt binds to its cell surface receptor, Frizzled, and
co-receptor, LRP, which recruit axin to the plasma membrane
to destabilize the destruction complex. This allows B-catenin
to accumulate, translocate to the nucleus, associate with the T-
cell factor (TCF) family of nuclear transcription factors, and
activate a transcriptional program driving proliferation (66-69).
Wnt hormones are secreted at the base of the intestinal crypt,
providing a local niche conducive to stem cell renewal and
epithelial proliferation (5, 65). The intestinal stem cell, identified
only 10 years ago as the LGR5™ crypt base columnar cell (4), gives
rise to daughter cells that populate the transit amplifying zone
of the crypt. As these cells proliferate, migrate up the crypt, and
leave the stem cell niche, Wnt tone diminishes and is replaced
by Hedgehog and bone morphogenic protein (BMP) cascades,
which support senescence and differentiation into the various
specialized cells of the mature villus (70-72).

The balance of signaling promoting and opposing intestinal
Wnt signaling is essential for life. Elimination of Wnt signaling in
mice through disruption of B-catenin, TCE, its downstream target
c-myc, or overexpression of the Wnt inhibitor dickkopf, results
in crypt loss and fatal intestinal damage (73-76). Conversely,
uncontrolled Wnt signaling underlies the majority of colorectal
cancers. Spontaneous mutations inactivating the tumor
suppressor, APC, or stabilizing oncogenic B-catenin represent
the most common (>80%) driving mutations of sporadic colon
cancer (77). APC is a prototypical tumor suppressor, where an
initial spontaneous mutation produces allelic heterozygosity
and cancer susceptibility. Loss of the remaining allele (loss of
heterozygosity) eliminates APC from the p-catenin destruction

complex, enabling uncontrolled p-catenin-driven transcription
and tumorigenesis. This paradigm is most dramatic in patients
with the hereditary cancer syndrome familial adenomatous
polyposis (FAP), who harbor a germline mutation in one allele
of APC and develop hundreds of adenomas throughout the
colorectum by age 40 (77). This effect is mimicked in the
widely-studied APC™"/* mouse, the first mouse model of
intestinal cancer, which harbors a truncating germline mutation
in one allele of APC and develops multiple intestinal polyps
(78,79).

c¢GMP signaling opposes intestinal proliferation and promotes
differentiation. Genetic elimination of GUCY2C, its ligand
guanylin, or the cGMP effector PKGII results in intestinal
crypt hyperplasia, characterized by increased crypt length and
expansion of the proliferating compartment of transit-amplifying
cells (measured by the number of PCNA and Ki67-positive
cells) (80-82). In turn, differentiated cells of the secretory
lineage, including goblet, Paneth, and enteroendocrine cells,
are lost (81, 82). Interestingly elimination of GUCY2C also
changes the stem cell compartment, producing endoplasmic
reticulum stress in the crypt and shifting the balance of stem
cells from canonical LGR5" cells, to reserve BMILT cells,
which normally remain in a quiescent state and repopulate
the crypt upon injury (83). Corresponding with these changes,
silencing GUCY2C increases tumorigenesis in APC™"/+ mice
and mice exposed to the mutagens, azoxymethane or N-nitroso-
N-methylamine, reflecting loss of epithelial cGMP (84, 85).
These findings suggest that cGMP signaling opposes the
events required for transformation by restricting proliferation
and promoting differentiation along the crypt-villus axis.
Interestingly, the absence of ¢cGMP signaling is insufficient
to induce tumorigenesis, but may instead create a selective
advantage for transformed cells to proliferate and develop
tumors.

Several studies demonstrate that cGMP opposes proliferation
by arresting the cell cycle. This was observed nearly two
decades ago in colorectal cancer cell lines treated with the
GUCY2C ligands, ST and uroguanylin, 8-Br-cGMP (a cell
permeable ¢GMP), or the PDE inhibitor, zaprinast (86).
Subsequently, inactivation of GUCY2C in mice was shown
to accelerate epithelial cell cycle progression, specifically by
releasing a block at the G1/S transition (81). These mice
over-express epithelial cell cycle drivers (e.g., pRb, CDK4,
cyclinD1, B-catenin) and under-express cell cycle suppressors
(e.g., p27) (87). In turn, cGMP elevating agents, including
ST, 8-Br-cGMP, and the PDE inhibitor, exisulind, increase
transcription of the cyclin dependent kinase inhibitors, p21 and
p27, which control this G1/S transition (85, 87, 88). PKGII-
mediated phosphorylation and activation of the transcription
factor, SPI1, initiates transcription at the p21/p27 promoters
(88).

In addition to cell cycle arrest, cGMP signaling modulates
other pathways involved in cell proliferation (Figure4). For
example, extracellular Ca’* opposes proliferation through
activation of plasma membrane-bound calcium-sensing
receptors (CaRs), and entry through cyclic-nucleotide-gated
ion channels. Stimulation of GUCY2C with ST recruits
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FIGURE 4 | cGMP opposes cellular proliferation. cGMP elevating agents include GUCY2C agonists, PDE inhibitors, and cell-permeable 8-Br-cGMP. cGMP and its
effector, PKG, oppose intestinal epithelial cell proliferation by upregulating nuclear transcription of cell cycle inhibitors (p21 and p27) and by opposing pro-proliferative
transcription mediated by the B-catenin/TCF and Akt pathways. Further, cGMP recruits calcium-sensing G-protein coupled receptors (CaRs) to the plasma membrane
and directly activates cGMP-gated calcium channels (CNGs), promoting Ca2*-mediated cytostasis. Akt, protein kinase B; CaR, calcium-sensing receptor; cGMP,
cyclic guanosine monophosphate; CNG, cGMP-gated calcium channel; GTP, guanosine triphosphate; GUCY2C, guanylate cyclase C; p21, cyclin dependent kinase
inhibitor 1A; p27, cyclin-dependent kinase inhibitor 1B; PDE, phosphodiesterase; PKG, protein kinase G; PTEN, phosphatase, and tensin homolog; SP1, specificity

protein 1; TCF, T-cell factor; 5’-GMP, 5’-guanosine monophosphate; 8-Br-cGMP, 8-bromo-cGMP.

CaRs to the cell surface and activates cGMP-gated channels,
resulting in Ca?t-mediated cytostasis  (89). In addition,
transcriptomic profiling of GUCY2C*/* and GUCY2C~/—
mouse intestinal epithelia revealed activation of pro-
proliferative circuits downstream of the serine/threonine
kinase, AKT, including metabolic reprogramming to a
neoplastic, glycolytic phenotype (87). Reconstitution of
c¢GMP signaling mobilizes the phosphatase, PTEN, the canonical
inhibitor of AKT, reversing this phenotype (87). Reports
also suggest that ¢cGMP directly opposes the proliferative
transcriptional program of p-catenin/TCF (90). cGMP
elevation through PDE5 and PDEI10 inhibition reduced B-
catenin accumulation, nuclear translocation, and downstream
transcriptional activity by an unknown mechanism in multiple
cancer cell lines (91, 92). It has been proposed that PKGII
suppresses P-catenin/TCF transcription through activation
of cJun N-terminal kinase (JNK) and the downstream
forkhead box O transcription factor 4 (FOXO4) (93). In
this model, activated-FOXO4 binds and recruits PB-catenin
to alternative DNA-binding sites, preventing its association
with TCF and reducing TCF-mediated transcriptional output.
However, it was later shown by the same group that PKGII
suppresses JNK in mice (94). Furthermore, although there
have been reports of TCF-independent recruitment of p-
catenin to DNA, including by the FOXO family, a recent
comprehensive analysis of p-catenin DNA-binding sites in
mouse intestinal crypts revealed that TCF family members
are universally required for P-catenin recruitment (95).
Hence, the mechanisms by which ¢cGMP signaling opposes

proliferation remain debated and likely involve with several
pathways.

cGMP, Genetic Instability, and DNA

Damage Repair

The intestinal epithelium is continuously exposed to DNA
damaging agents. These include exogenous agents, such as
radiation, microorganisms, and mutagenic substances in the
lumen, as well as endogenous agents, such as reactive oxidative
species (ROS) generated by metabolically-active crypt cells (96).
Cells detect and respond to DNA damage by several mechanisms.
The best-characterized guardian of genomic integrity, p53,
activates a transcriptional program in response to DNA damage
(97). Canonically, this begins with transcription of p21 to
suspend the cell cycle and DNA replication, followed by
activation of genes encoding DNA repair machinery, or if
the damage is beyond repair, pro-apoptotic Bcl-2 proteins.
Genetic instability, the corruption of normal DNA repair
mechanisms and accumulation of mutations, is a hallmark of
cancer and plays a central role in colorectal tumor progression
(77, 98). Most sporadic colorectal tumors arise through a
specific series of mutations, termed the adenoma-carcinoma
sequence, beginning with APC, and followed by mutations in
tumor suppressors such as p53 (60-70%) or oncogenes such
as KRAS (40%) that enable transformation (77). Interestingly,
only 10% of preneoplastic lesions progress to carcinoma
over a 10 year period, as the accumulation of mutations
required for tumorigenesis is slow (77). Genetic instability
and disrupted damage sensing mechanisms accelerate the rate
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of mutation and provide a survival advantage to malignant
cells.

Loss of APC predisposes for colorectal cancer partly
because it suppresses oncogenic P-catenin/TCF-driven
transcription, but also because APC regulates DNA repair
and chromosomal stability (99, 100). APC shuttles between
the cytoplasm, where it regulates the P-catenin destruction
complex, and the nucleus, where it modulates the DNA base
excision repair, double strand break repair, and replication
fork dynamics (101-104). Furthermore, through interactions
with EBI1, a microtubule-binding protein, APC associates
with the kinetochore in mitotic cells, regulating spindle
assembly, orientation, and chromosome segregation (105).
Cells harboring truncated APC mutants have defects in
chromosome segregation (106) and APC™"/* mice exhibit
tetraploidy (107). Indeed, a recent report highlighted the central
importance of APC in intestinal tumor suppression using a
doxycycline-inducible APC shRNA, enabling toggling of wild
type APC. Elimination of APC in the context of p53 and
KRAS mutations produced tumors, but removal of the shRNA,
reconstituting APC in established tumors, rapidly reversed
transformation and restored normal crypt-villus architecture
(108).

c¢GMP signaling promotes DNA damage repair and opposes
chromosomal instability in healthy tissue and in the context
of APC defects. Elimination of GUCY2C from wild type
and APC™"/* mice produces DNA double strand breaks
(quantified by the marker phospho-yH2AX) and DNA oxidation
(84, 109). This underlying environment of DNA damage
in the absence of cGMP signaling predisposes to further
accumulation of mutations. Indeed, tumors from APC™™/+
mice lacking GUCY2C have a higher frequency of APC
loss of heterozygosity than those with GUCY2C, reflecting
genomic instability (84). Although the mechanism has yet
to be fully defined, cGMP signaling contributes to genomic
stability at least in part through metabolic reprogramming
from glycolysis to oxidative phosphorylation (characteristic of
proliferating vs. quiescent cells), decreasing ROS production
and oxidative DNA damage in mice and cancer cell lines (87).
Interestingly, deletion of CDX2, the intestinal transcription
factor responsible for GUCY2C expression (110, 111), similarly
potentiates tumor burden, chromosomal aberrations, and APC
loss of heterozygosity (112). This reflects stimulation of
mTOR, a downstream effector of AKT (112). Furthermore,
it was recently reported that GUCY2C contributes to DNA
integrity in part through a mechanism mediated by p53
(113). Elimination of GUCY2C from mice increased, while
oral administration of the GUCY2C ligand, ST, reduced
radiation-induced gastrointestinal toxicity in mice. ¢cGMP
signaling potentiated p53 activation in response to radiation
injury, reducing DNA double strand breaks, abnormal mitotic
orientation, and aneuploidy (characteristics of chromosomal
instability). In summary, cGMP signaling potentiates DNA
damage response mechanisms and promotes cellular quiescence,
reducing susceptibility to chromosomal instability underlying
tumor progression.

cGMP, Intestinal Inflammation, and
Epithelial Barrier Integrity

The intestinal epithelium serves as both a selective conduit and
a barrier between the luminal and systemic compartments.
Transport between these compartments occurs by the
transcellular route (via selective amino acid, electrolyte,
and other nutrient transporters on the apical and basolateral
surfaces of the enterocyte) or by the paracellular route, which
is regulated by junctional complexes that bind the lateral walls
of epithelial cells together (114). These junctional complexes
are divided into three categories: desmosomes, adherens
junctions, and tight junctions, the latter of which seals the
paracellular space and is responsible for selective transport
between cells. Numerous factors regulate junction complex
integrity, particularly regulators of the inflammatory response
(115-117). Endogenous anti-inflammatory cytokines, such
as interleukin-10 (IL-10), promote barrier integrity (118).
Others, such as tumor necrosis factor alpha (TNFa) and
interferon gamma (IFNy), key mediators of inflammation,
increase barrier permeability through myosin light chain kinase
(MLCK)-mediated phosphorylation of myosin light chain
(MLC), leading to tight junction disassembly (119). Exogenous
factors, such as alcohol and pathogenic microorganisms, also
increase membrane permeability (114). Dysfunction of the
epithelial barrier contributes to the pathology of numerous
diseases, including inflammatory bowel disease (IBD), irritable
bowel syndrome (IBS), sepsis, and autoimmune disease like
celiac disease and type I diabetes (114, 117). Severe intestinal
inflammation, such as IBD, also increases colorectal cancer risk
(120).

Aside from the overt phenotype of intestinal secretory
dysfunction, individuals harboring mutations in GUCY2C suffer
from IBD (9, 10), suggesting that cGMP signaling regulates
intestinal inflammation. Indeed, elimination of GUCY2C from
mice produces an inflammatory phenotype associated with
increased circulating and epithelial cytokines (109, 121, 122).
In one study, intraperitoneal lipopolysaccharide injection (a
bacterial endotoxin that provokes the immune response),
produced greater proinflammatory gene expression (including
TNFa and IFNy) in colonocytes of GUCY2C™/~ relative
to wild type littermates (122). Additionally, elimination of
GUCY2C from the intestine of a genetic intestinal colitis model
(IL10~/7) accelerated the onset of the disease (122). This
suggests that homeostatic cGMP signaling reduces sensitivity to
inflammatory stimuli. For example, mice exposed to dextran-
sodium sulfate (DSS; a chemical model of intestinal inflammation
mimicking IBD) and treated with plecanatide (a GUCY2C
agonist) or sildenafil (a PDE5 inhibitor), were protected from
inflammation compared to untreated mice (43, 123, 124). This
effect was measured by epithelial histologic scoring, immune
cell recruitment, expression of inflammatory cytokines, and
inflammation-driven tumorigenesis (43, 123, 124).

cGMP signaling opposes intestinal inflammation at least
in part through protection of epithelial barrier integrity.
Elimination of GUCY2C in mice produces a phenotype of
increased intestinal permeability, driven by MLC-mediated tight
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junction disassembly and increased basal levels of epithelial
IENy, a canonical driver of intestinal permeability (121).
Subsequent transcriptomic profiling of GUCY2C™/~ mouse
epithelium also revealed decreased expression of 74 tight junction
genes, including occludin, claudin-2, claudin-4, and JAM-
A, contributing to loss of barrier integrity and susceptibility
DSS-induced colitis (109). These changes were mediated by
aberrant AKT signaling, which is opposed by cGMP signaling.
A complementary mechanism was recently proposed, examining
the role of reactive oxygen species in disrupting barrier integrity.
Wang et al. suggest that cGMP signaling enhances barrier
integrity through activation of the transcription factor, FOXO3a
and its downstream antioxidant transcriptional targets (125).
FOXO3a is phosphorylated and inactivated by AKT. Treatment
of colon cancer cells, human biopsy specimens, and mice
with 8Br-cGMP or the PDE5 inhibitor, vardenafil, suppressed
AKT signaling, activated FOXO3a-mediated transcription of
antioxidant species, and enhanced barrier integrity in the DSS-
colitis model. These effects were abolished in PKGIT~/~ animals,
confirming the role of cGMP. Collectively, several laboratories
have confirmed that cGMP signaling promotes intestinal barrier
integrity and opposes intestinal inflammation. The extent to
which these effects are mediated changes in cytokine expression,
regulators of tight junction assembly, expression of junction
components, or potentiation of antioxidant species remains an
open-ended question.

cGMP and the Intestinal Microbiome
Beyond its role in regulating fluid transport and nutrient
absorption, the human intestine serves as a host for the
densest population of microorganisms in the body, over 10'!
microbes/mL by intestinal volume (126). The gut microbiome
consists of over 1,000 species, varying in proportion from
individual to individual depending on age, diet, geographic
location, genetics, and other factors, which we have only
begun to dissect since in the advent of large scale sequencing
techniques (127, 128). Commensal bacteria, predominantly of
the bacteroidetes and firmicutes phyla, thrive in the nutrient-
rich environment provided by the intestinal epithelium. In turn,
they complement gaps in host metabolic pathways, such as the
fermentation of indigestible carbohydrates and synthesis of short
chain fatty acids, a key energy source and signaling molecule for
the epithelium (126, 128, 129). Beyond metabolic commensalism,
gut bacteria defend against colonization by pathogenic species.
These bacterial defense mechanisms occur indirectly through
stimulation of the host immune response, and directly through
nutrient competition and release of bactericidal small molecules
(126, 130). For example, bacterial synthesis of short chain fatty
acids opposes infection by enteropathogenic E. coli and virulence
gene expression by S. Typhimurium in the colon (131, 132).
Alterations in diversity and composition of the intestinal
flora, termed dysbiosis, characterize several intestinal diseases,
including IBD and colorectal cancer. Whether these changes
are a cause or consequence of disease remains an active
area of research. However, mice treated with antibiotics,
or housed in germ-free environments, exhibit intestinal
mucus thinning, susceptibility to colitis, and acceleration

of tumorigenesis, indicating that bacterial factors play a
driving role (133-136). Chronic inflammation (e.g., IBD) is
a risk factor for colorectal cancer, and bacterial species may
contribute to tumorigenesis by producing an inflammatory
state. Enrichment of specific bacterial species in the intestines
of colorectal cancer patients, such as pro-inflammatory
Fusobacterium and Enterococcaceae, and loss of anti-
inflammatory butyrate-producing strains, such Roseburia
and F. prausnitzii, alter the epithelial microenvironment
and increase tumor susceptibility (137). Further, pro-
carcinogenic species, including strains of E. faecalis, and
E. coli, produce ROS and genotoxic virulence factors that
drive mutations underlying transformation (137). Indeed,
it was recently reported that patients with the hereditary
colon cancer syndrome, FAP, harbor patches of E. coli-, and
B. Fragilis-enriched biofilms, which are absent in normal
individuals (138). These species secrete the toxins colibactin
and B. fragilis toxin, respectively, which increase levels of
inflammatory cytokines, DNA damage, and tumor onset in mice
(138).

Epithelial cGMP has recently emerged as a regulator of
microbiome composition, particularly through modulation of
epithelial mucus properties. The colonic mucus is comprised two
layers - (1) a sterile inner layer, rich in secreted immunoglobulin
A and bioactive molecules (e.g., trefoil factor peptides, restin-like
molecule b), that protects the epithelium from direct bacterial
contact, and (2) an outer layer home to bacterial flora (126,
139). The mucus matrix is organized around the glycoprotein,
mucin 2, secreted by epithelial goblet cells, which provides
attachment sites and nutrition to commensal bacteria in the
outer layer (139). It has been hypothesized that cGMP-mediated
regulation of mucus hydration and pH through apical CFTR
and NHE3 channels regulates bacterial colonization of the
epithelial surface (140, 141). Indeed, elimination of GUCY2C
from mice alters the composition of bacterial flora detected
in the stool (140). Further, compromised barrier integrity in
these mice increased susceptibility to systemic dissemination of
the murine enteric pathogen, C. rodentium (140). Mice lacking
GUCY2C also were more susceptible to a bacterial species that
actively invades enterocytes, S. enterica, due to thinning of
the protective mucus layer (141). In turn, administration of a
GUCY2C agonist reduced bacterial adhesion and invasion. These
findings support the notion that cGMP-mediated modulation
of mucus hydration regulates bacterial colonization, and in
turn, the relative proportions of commensal vs. pathogenic
species.

c¢GMP signaling, microbiome composition, and colorectal
cancer intersect in the long-recognized inverse relationship
between colonization with diarrheagenic E. coli and incidence
of colorectal cancer. Geographic regions with endemic
enterotoxgenic E. coli (ETEC, responsible for Traveler’s diarrhea),
which produce the virulence factor and GUYC2C agonist, ST,
have far lower rates of colon cancer (142). ST stimulation of
GUCY2C arrests cell proliferation (86, 89, 142), suggesting an
intriguing hypothesis that chronic ETEC colonization confers
tumor resistance. Our group recently confirmed a role for
chronic ST-exposure in tumor prevention. Mice colonized
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for 18 weeks with ST-producing E. coli, mimicking chronic ST
exposure in endemic regions of the world, developed a 50% lower
tumor burden in response to the carcinogen, azoxymethane,
than mice colonized with ST-negative E. coli (143). This
finding reinforces the role of the GUCY2C-cGMP signaling
axis, as well as the role of microbiome composition, in tumor
susceptibility.

cGMP and Epithelial-Mesenchymal Cross
Talk

Intestinal development and homeostasis rely on reciprocal
signaling between the epithelium and underlying lamina
propria. Derived from embryonic mesoderm, the lamina
propria consists of acellular (extracellular matrix) and cellular
[fibroblasts, pericytes, stromal stem cells, smooth muscle cells;
(144)] elements that provide structural support and paracrine
cues to the epithelium. Mesenchymal cells regulate epithelial
proliferation and senescence, maintain and restrict the stem
cell niche, and remodel the extracellular matrix (145). Under
normal conditions, stromal fibroblasts remain in a quiescent
state, secreting extracellular matrix proteins, matrix-modulating
enzymes, and soluble growth and differentiation factors that
maintain the underlying stroma architecture and promote
epithelial differentiation. For example, fibroblasts surrounding
the crypt base secrete Wnt molecules (Wnt2b, 4, 5a, 5b) and
BMP antagonists (gremlin-1, gremlin-2, chordin-like 1) that have
receptors on the epithelium and drive proliferation in the crypt
(65, 146-148). They also restrict the stem cell niche in a vertical
gradient through secretion of BMPs and Wnt antagonists to
prevent B-catenin signaling outside of the normal proliferating
zone (65, 72, 146, 147, 149). Fibroblasts also respond to
epithelial injury (including mechanical stress, reactive oxidative
species, inflammatory cytokines, or growth factors), converting
to metabolically active myofibroblasts, which engage in matrix
remodeling necessary for wound repair (144, 147). The primary
stimulus driving the conversion of fibroblasts to myofibroblasts
is transforming growth factor beta (TGFf), secreted by the
overlying epithelium. Resolution of injury repair and decline
of TGFpP secretion results in myofibroblast apoptosis and/or
reversion to a quiescent phenotype.

Pathological conditions, including chronic inflammation
and neoplastic transformation, promote the recruitment of
activated fibroblasts in a mutually reinforcing feedback loop.
Secretion of TGFB by injured, inflamed, or neoplastic epithelium
activates fibroblasts, inducing changes in their proliferation,
migration, adhesion, secretory, and matrix remodeling properties
(145, 150-152). In turn, activated fibroblasts produce a stromal
environment rich in extracellular matrix and secreted growth
factors that are conducive to tumor growth, termed desmoplasia.
Desmoplastic stroma has unique properties that promotes
tumor invasion and metastasis, including remodeling of
the normal Wnt and BMP gradients that define crypt
architecture (145, 153, 154). Cancer-associated fibroblasts also
directly promote tumorigenesis through the secretion of
inflammatory cytokines and growth factors, such as hepatocyte
growth factor (HGF), which is recognized by epithelial MET

proto-oncogene receptor tyrosine kinase (c-MET) and promotes
proliferation and invasion (145, 153).

c¢GMP signaling opposes epithelial-mesenchymal interactions
underlying tumorigenesis. Several studies have described
mechanisms by which intestinal cGMP signaling inhibits
cancer cell migration, invasion, and microenvironment
remodeling (155-159). cGMP suppresses the release of matrix
metalloproteinases (MMPs; enzymes that cleave extracellular
matrix components) by colon cancer cells, and was shown to
prevent metastatic seeding of these cancer cells in mice (156).
Further, loss of cGMP signaling in colon cancer cells promotes
the assembly of actin-based motility organelles (filopodea)
and invasion organelles (invadopodia) involved in tumor cell
migration (157). PKG-mediated phosphorylation of vasodilator-
stimulated protein (VASP), an actin-binding protein, opposes
this cytoskeletal remodeling (157). Finally, silencing GUCY2C in
mice and human cancer cells drives AKT-dependent secretion
of TGFp by the epithelium, producing fibroblast activation and
a desmoplastic phenotype characteristic of early transformation
(158). In turn, activated fibroblasts secrete HGE, reciprocally
driving epithelial proliferation. Collectively, cGMP signaling
opposes matrix remodeling and a cellular-invasion phenotype.

Beyond its role as an intracellular second messenger,
c¢GMP also acts as a paracrine signaling molecule in the
intestine. Activation of GUCY2C produces intracellular cGMP
accumulation, as well as cGMP release into the extracellular
environment (160-162). This extrusion is mediated by the
membrane anion channel, multi-drug resistance protein 4
(MRP4), expressed on the apical and basolateral membranes
of the epithelium (162, 163). Extracellular cGMP promotes
analgesia by acting on visceral nociceptive neurons, and as such,
the GUCY2C signaling axis has been targeted for the treatment
of pain in constipation-predominant irritable bowel syndrome
(IBS-C) (160, 161, 164). Other roles for cGMP in the intestinal
stroma are unknown. It is tempting to speculate that given the
various tumor-suppressive roles of cGMP signaling, pathological
conditions that diminish extracellular cGMP could create a local
microenvironment susceptible to transformation. However, its
role as a paracrine tumor suppressor remains purely hypothetical
because a cGMP receptor or cGMP uptake transporter have yet to
be identified, and its extracellular mechanisms of action remain
elusive.

cGMP DYSREGULATION IN COLORECTAL
CANCER AND THERAPEUTIC
IMPLICATIONS

Colorectal cancer remains the second leading cause of cancer
death and fourth most incident cancer in the United States
(165). Genetic alterations underlying tumorigenesis have
been well defined; namely, the driving mutations in APC
and P-catenin, which lift a block on proliferation along the
crypt-villus axis (77). Furthermore, certain risk factors such
as chronic inflammation (i.e., IBD), smoking, and obesity
predispose patients to the development of tumors. Yet, the
underlying changes in the intestinal epithelial microenvironment
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that tip the homeostatic balance in favor of tumorigenesis
remain poorly understood. Genetic mutations represent an
irreversible phenomenon, and the standard of care remains
surgical and chemotherapeutic approaches to eliminate
transformed tissue. Hence, the identification of reversible
factors contributing to the earliest stages of transformation are
needed.

Cell-Autonomous Suppression of cGMP

Signaling in Colorectal Cancer

c¢GMP has emerged as a key regulator of intestinal circuits
that oppose tumorigenesis (Figure 5). As such, suppression of
c¢GMP signaling is a common thread in colorectal cancers
and may be necessary for tumorigenesis. Indeed, a recent
analysis of mRNA and long non-coding RNA expression in
tumor vs. normal tissue samples on the TCGA database
identified the PKG-cGMP pathway among the top regulated
gene networks (166). One mechanism of cGMP suppression
is altered intracellular expression of cGMP axis elements,
resulting in loss of ¢cGMP signaling in cancer cells. For
example, upregulation of PDEs accelerates hydrolysis of cyclic
nucleotides. PDES5 elevation has been observed in human colon
cancer cell lines and tumor samples compared to normal
tissue, and PDE10 elevation has been observed in human
cell lines, biopsy specimens, and tumors from APC™M/+
mice (58,90, 124, 167). Another study found that expression
of PDE4B (which preferentially degrades cAMP) was elevated
in histologically normal-appearing intestinal epithelium from
colorectal cancer patients, suggesting that cyclic nucleotide

TABLE 1 | PDE inhibitors shown to oppose tumorigenic cell circuits.

Specificity Functions Regulated Models
Sulindac sulfone PDE5 Apoptosis, (181) cell cells, mice,
(Exisulind) proliferation, (88) polyp  humans
multiplicity (182-184)
Sulindac benzylamine  PDE5 Cell proliferation and cells
apoptosis (167)
Sulindac sulfide PDE5 Cell proliferation and cells
apoptosis (185)
Sildenafil PDE5S Polyp multiplicity, (186)  mice
colitis, (124)
inflammation-induced
polyps (124, 187)
Vardenafil PDE5 Cell proliferation (94), cells, mice
colitis (94), redox stress
(125)
Zaprinast PDES5, 6, Cell proliferation (86) cells
9,11
ADT-094 PDE5, 10 Cell proliferation (91) cells
Papaverine PDE10 Cell proliferation (58, 91) cells
PQ-10 PDE10 Cell proliferation (58) cells
Pf-2545920 PDE10 Cell proliferation (58, 92) cells

dysregulation occurs early in transformation, preceding other
histologic markers (57). Suppression of the cGMP effector, PKGI,
has also been observed in colon tumor specimens compared to
normal tissue, contributing to angiogenesis in tumor xenografts
(168, 169).
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Inhibition, rather than changes in expression of cGMP
signaling elements also contributes to silencing of the
signaling C-src, a tyrosine kinase overexpressed
in colorectal cancer, phosphorylates tyrosine 820 on the
catalytic domain of GUCY2C, inhibiting receptor activation
(170). An alternative mechanism of receptor silencing may
involve removal from the cell surface and sequestration in
subcellular compartments, which was recently observed by
immunohistological staining of multiple gastrointestinal
malignancies (171). Whether changes in localization regulate
c¢GMP generation remains unknown. Hence, through various
mechanisms, silencing the tumor-suppressive properties of
c¢GMP signaling appears to be a common feature of colorectal
cancer.

axis.

GUCY2C Paracrine Hormone Loss in

Colorectal Cancer

The aforementioned examples focus on cell-autonomous
mechanisms of modulating of intracellular cGMP signaling
in tumorigenesis. Another intriguing paradigm recognizes
the role of cGMP signaling in intercellular communication
via the secretion of GUCY2C ligands that act in an autocrine
and paracrine fashion. The GUCY2C ligands, guanylin,
and uroguanylin, are among the most commonly lost gene
products in colorectal cancers, and this loss is conserved
between mice and humans (172-176). For example, in a
study of 300 patient tumor samples, >85% exhibited loss of
guanylin (the colonic hormone) mRNA and protein expression
compared to matched normal adjacent tissue (176). Ligand
loss is also observed in the context of diet-induced obesity
and intestinal inflammation, conditions which predispose to
the development of colorectal cancer, and may represent a
mechanistic link between these risk factors and tumorigenesis
(122,177, 178). Elimination of guanylin from mice results in loss
of epithelial cGMP, producing crypt hyperplasia (80), and ligand
reconstitution through oral administration or by transgenic
expression opposes tumorigenesis (174, 177). Importantly, the
receptor, GUCY2C, is retained in transformed tissue, despite
the loss of its ligands (16, 171, 174, 179). Collectively, these
findings underlie the paracrine hormone hypothesis of colorectal
cancer (180), which suggests that guanylin insufficiency
silences the tumor suppressive properties of the GUCY2C-
c¢GMP axis, producing a microenvironment conducive to
transformation.

Colorectal Cancer Prevention by Restoring

the cGMP Axis

Activation of cGMP signaling, thereby promoting epithelial
homeostasis and restoring its tumor suppressive function
represents an enticing approach to cancer prevention, potentially
overcoming irreversible genetic mutations in APC or -
catenin. The enzymes responsible for cGMP generation and
degradation can be targeted for pharmacological regulation, for
example with GUCY2C agonists or PDE inhibitors. Among
the earliest demonstrations of the efficacy of targeting the
GUCY2C-cGMP axis for tumor prevention, Shailubhai et. al.

TABLE 2 | GUCY2C agonists shown to oppose tumorigenic cell circuits.

Structural Models

Analog

Functions Regulated

ST Calt conductance, (89, 142) cell cells, mice
proliferation, (85, 89) matrix
remodeling and invasion,
(156, 157) DNA damage sensing,
(113) fibroblast activation, (158)
tumor metabolism, (87) colitis and
barrier permeability, (109)
pathogen defense, (141)
carcinogen-induced
tumorigenesis, (143)

Guanylin matrix remodeling and invasion, mice
(156) colitis and barrier

permeability, (109)

obesity-induced tumorigenesis

(177)
Cell proliferation, (86) matrix mice
remodeling and invasion, (156)
polyp multiplicity (174)

Polyp multiplicity, (186) cGMP
efflux, (162) intestinal pain (160)

Uroguanylin

Linaclotide ST cells, mice,

humans

Plecanatide Uroguanylin Colitis, (43) inflammation-induced mice
dysplasia (123)
Dolcanatide Uroguanylin Colitis (43) mice

observed a reduction of tumor burden in APC™"/* mice fed
uroguanylin in the diet (174). Since then, cGMP-elevating agents,
including PDE inhibitors (Table1) and GUCY2C agonists
(Table 2) have been shown to oppose cellular proliferation,
genomic instability, barrier dysfunction, inflammation, dysbiosis,
desmoplasia, and other factors discussed above that contribute to
tumorigenesis.

Supporting the feasibility of targeting the cGMP axis for
tumor prevention, several cGMP elevating agents have been
shown to oppose colorectal tumorigenesis in clinical and
pre-clinical models. Early trials tested the PDE5 inhibitor,
exisulind, in patients with FAP and sporadic colorectal adenomas
(182-184). Exisulind, the sulfonated derivative of the NSAID,
sulindac, produces intracellular cGMP accumulation, driving
caspase-mediated apoptosis in cancer cells (181, 188). In
patients, exisulind treatment produced tumor cell apoptosis
and polyp regression, but significant hepatic toxicity at
therapeutic doses proved insurmountable (182-184). Further,
the antineoplastic mechanism of action has been questioned
(189), leading to interest in alternate cGMP elevating agents
with more desirable safety profiles. Recent studies have turned
to agents already FDA-approved for other disorders. These
include the PDES5 inhibitor, sildenafil, approved for the
treatment of erectile dysfunction and pulmonary hypertension
(53), and the synthetic GUCY2C ligands, plecanatide and
linaclotide, which target the secretory function of GUCY2C
to treat chronic idiopathic constipation and constipation-
predominant irritable bowel syndrome (28). Recent reports
showed that sildenafil and linaclotide administered orally in
water reduced tumor multiplicity in the APC™™* mouse

Frontiers in Oncology | www.frontiersin.org

August 2018 | Volume 8 | Article 299


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Rappaport and Waldman

GUCY2C-cGMP Signaling Opposes Neoplasia

(186). Furthermore, in mouse models of carcinogen-driven
(azoxymethane) and inflammation-driven (DSS) tumorigenesis,
sildenafil and plecanatide reduced the incidence of polyps
and dysplastic lesions (123, 124, 187). These promising
preclinical reports support approaching tumor prevention
through reconstitution of the silenced GUCY2C-cGMP signaling
axis.

While clinical translation of cGMP-elevating agents for
tumor prevention is a logical next step, several questions
remain to be answered regarding the mechanism of tumor
suppression by the GUCY2C-cGMP axis. One area of debate is
the nature of colorectal cancer inception, and where along the
transformation continuum cGMP exerts its effects. It remains
unclear if cGMP elevating agents oppose the initial drivers of
tumorigenesis, for example by opposing genetic instability and
therefore avoiding the sequential accumulation of mutations
beginning with APC loss. Alternatively, healthy cGMP tone
may promote a homeostatic microenvironment that suppresses
proliferative signaling, inflammation, and desmoplasia, thereby
preventing cancer progression in spite of APC/B-catenin
mutations. Another open debate is the nature of the GUCY2C-
c¢GMP axis suppression in cancer, and its implications for
therapeutic reconstitution of c¢GMP signaling. PDEs are
overexpressed in transformed tissue, albeit by an unknown
mechanism, suggesting that cGMP loss is a cell-autonomous
result of transforming mutations. In turn, PDE inhibitors
would effectively elevate epithelial cGMP and oppose tumor
progression. An alternative view recognizes that endogenous
GUCY2C ligands are suppressed early in transformation
(again, by a mechanism yet to be defined), suggesting that a
paracrine field of GUCY2C silencing is responsible for cGMP
loss and tumor susceptibility. This latter paradigm supports
the reconstitution of cGMP signaling with exogenous ligand
replacement, and forms the basis for clinical trials exploring
oral GUCY2C agonists as a chemopreventative strategy in
humans (190). The relationship between the GUCY2C-cGMP
axis and colorectal cancer inception will undoubtedly become
clearer in the coming years, and these molecular insights
will ultimately provide a mechanistic framework for tumor
prevention.
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Unraveling the Role of Angiogenesis
in Cancer Ecosystems

Iratxe Zuazo-Gaztelu and Oriol Casanovas*

Tumor Angiogenesis Group, ProCURE, Catalan Institute of Oncology — IDIBELL, Barcelona, Spain

Activation of the tumor and stromal cell-driven angiogenic program is one of the first
requirements in the tumor ecosystem for growth and dissemination. The understanding
of the dynamic angiogenic tumor ecosystem has rapidly evolved over the last decades.
Beginning with the canonical sprouting angiogenesis, followed by vasculogenesis and
intussusception, and finishing with vasculogenic mimicry, the need for different neovas-
cularization mechanisms is further explored. In addition, an overview of the orchestration
of angiogenesis within the tumor ecosystem cellular and molecular components is pro-
vided. Clinical evidence has demonstrated the effectiveness of traditional vessel-directed
antiangiogenics, stressing on the important role of angiogenesis in tumor establishment,
dissemination, and growth. Particular focus is placed on the interaction between tumor
cells and their surrounding ecosystem, which is now regarded as a promising target for
the development of new antiangiogenics.

Keywords: angiogenesis, angiogenic tumor ecosystem, sprouting angiogenesis, vasculogenesis, vasculogenic
mimicry, intussusception, antiangiogenics

FOUNDATIONS OF THE TUMOR STROMAL ECOSYSTEM

The simplistic view of a tumor as a conundrum of just mutant cells engaged in clonal expansion is
currently evolving into a more holistic approach where tumors are regarded as organ-like structures
(1, 2). Genetic deletion, overexpression, mutation, and translocation events certainly lead to the
transformation of a normal cell into a malignant cell which will then undergo sustained proliferation.
However, for neoplastic cell expansion and growth, the ability to handle the surrounding stroma to
create a favorable ecosystem becomes imperative (3). Hence, the information enclosed in the rich
and ever-changing tumor microenvironment is crucial for the understanding of antitumor drug
sensitivity.

The tumor microenvironment is formed by a tangled combination of both tumor and stromal
cells, extracellular matrix (ECM), and secreted factors, thus perfectly fitting in the definition of
an ecosystem (4, 5). Alteration of the gene expression of tumor cells provokes a disruption in the
normal tissue homeostasis, favoring the secretion of certain molecules (cytokines, growth factors,
etc.) that recruit stromal cells. Cells composing the tumor stroma are cancer-associated fibroblasts
(CAFs), endothelial cells, pericytes, adipocytes, and immune cells, including monocytes, mac-
rophages, lymphocytes, and dendritic cells (DCs), among others (Figure 1). These cells are enclosed
in heterogeneously deposited ECMs and are affected by changing biophysical parameters including
oxygenation and pH (6-9).

The insight into the dynamic action of the tumor ecosystem has improved exponentially over
the last years, regarding the stroma as an integral part of tumor initiation, progression, and malig-
nization. Stromal elements hold the key for prognostic and response predictive information. As
such, therapeutic targeting of stroma-related processes are continually described. Tumor cells
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FIGURE 1 | Cellular and molecular components of the tumor ecosystem that shape the tumor angiogenic landscape. The cellular components primarily consist of

tumor and normal cells, together with the vascular endothelial and pericyte cells and the stromal fibroblasts [cancer-associated fibroblasts (CAFs)]. The immune cell
compartment comprises mainly tumor-infiltrating macrophages, dendritic cells (DCs), and lymphocytes. Figure was created using Servier Medical Art according to a
Creative Commons Attribution 3.0 Unported License guidelines 3.0 (https://creativecommons.org/licenses/by/3.0/). Simplification and color changes were made to
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dwell in symbiosis with the rest of the body, mimicking and
coopting several normal physiological processes on behalf of
their surrounding stroma. Together with sustained proliferation
and recruitment of immune cells, angiogenesis is one of the
acknowledged promoters of tumor growth and survival (6, 10).
In fact, tumor-associated vessels also contribute to dissemina-
tion of tumor cells by abetting their entry into the circulatory
system and aiding in the generation of the pre-metastatic niche.
In this review, we will further explore the role of angiogenesis
as a key modulator inside the tumor ecosystem. To do so, we will
first describe the different mechanisms responsible for tumor
angiogenesis and we will focus later on the action of antiangio-
genic drugs upon the stroma.

INSIGHT INTO THE ANGIOGENIC
TUMOR ECOSYSTEM

To grow beyond a limited size, all solid tissues require a proper
vasculature that grants oxygen, nutrients, and waste disposal.
Since neoplasms are no exception to this rule, early activation
of angiogenic processes is mandatory to sustain the deregulated
proliferation of tumor cells. Apart from serving as nutrient,
oxygen, and waste transport providers, vessels also facilitate

dissemination of tumor cells to distant sites, promoting metas-
tasis. Tumor angiogenesis is thus defined as the process of blood
vessel creation, penetration, and growth in the tumor ecosystem.

The angiogenic program is switched on in response to hyp-
oxia, which, together with the lack of nutrients, bolsters the
expression of inflammatory signals and cytokines that recruit
vascular cells for the tumor vessel plexus formation (11, 12).
Early during tumor progression, hypoxia triggers the transcrip-
tion of several genes that are key mediators of the angiogenic
process, such as VEGF and PDGF (13). Mechanistically, activa-
tion of the angiogenic process involves the breakdown of the
vascular ECM at different levels for subsequent endothelial
cell invasion and tube formation (14). Apart from the role of
tumor cells as principal secretors of endothelial cell promoters,
the interplay with other stromal cells such as pericytes is also
needed for neovessel stability.

For studying tumor angiogenesis, different approaches exist.
A compilation of the currently used in vivo, ex vivo, and in vitro
bioassays has been recently published as a collaborative work of
some of the main experts in the angiogenesis field (15). Briefly,
in vivo experimental models allow the study of mechanisms,
kinetics, and dynamics in the context of a complex organism. The
chorioallantoic membrane of a chicken embryo is used without
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graft rejection, making it easy and low cost to complete a drug
testing assay (16, 17). However, vessel formation is difficult to
assess in this model. Besides, zebrafish embryo model also has
the translationality for tumor angiogenesis study. Due to its
transparency, it allows easy imaging of the tumor angiogenic
process (18). Among the existing animal models, mouse models
are the ones that better mimic the complexity of human cancer
as an evolutionary process while, at the same time, allow easy
and cheap monitoring of the process. Even though subcutaneous
xenograft induced angiogenesis is easy to visualize, orthotopic
transplantation is better regarded as it considers the role of the
tumor ecosystem. Currently used mouse models for are reviewed
in Gengenbacher et al. (19).

Recently, outstanding advances in the in vitro and in silico
development of tumor angiogenesis models have been made. In
vitro approaches include the use of microfluidic cancer vascula-
ture on-chip systems, whereas in silico models comprise math-
ematical processes that address tumor growth dynamics. Their
progress and challenges are extensively reviewed by Soleimani
and colleagues (20).

MECHANISMS INVOLVED IN TUMOR
VESSEL GENERATION

Nearly 40 years after the studies that laid the foundations in
the field (21), research in tumor angiogenesis has extensively
matured, permitting the gathering of detailed knowledge over the
processes that govern pathological vessel proliferation. Vessels

are ordered tubular networks that permit transportation of
nutrients, cells, and gases. Apart from providing nutrients, ves-
sels function as carriers of instructive trophic signals needed
for organ morphogenesis (22). Different types of vessels, includ-
ing arteries, veins, and capillaries, are formed by a luminal side
surrounded by a monolayer of endothelial cells. On the outside,
following the basement membrane, vessels are covered by a layer
of mural accessory cells composed of pericytes and vascular
smooth muscle cells.

Archetypal mechanisms for neovascularization include vascu-
logenesis and sprouting angiogenesis (Figures 2A,B). Critical for
the formation and remodeling of vessels during development,
both mechanisms are reactivated during tumor progression.
Vasculogenesis is defined as the de novo formation of blood ves-
sels as a consequence of vascular progenitor cell differentiation,
whereas sprouting angiogenesis stands for the formation of new
vascular structures from a preexisting vessel network. Recently,
the role of other less frequent vascular formation mechanisms
during tumor growth has been described, including vasculogenic
mimicry (VM) and intussusception (Figures 2C,D). Usually,
neither of the mechanisms are mutually exclusive and even seem
to act simultaneously in pathological neovascularization.

Sprouting Angiogenesis

By far, sprouting angiogenesis is the best known angiogenesis-
promoting mechanism used by tumor cells to induce their own
vascularization from preexisting host capillaries (Figure 2A).
A thorough interplay between ECM components, cells, and soluble

A Sprouting angiogenesis

Tip cell

Endothelial cell Blood vessel

C Vasculogenic mimicry

Tumor cells line
tumor vessels

FIGURE 2 | Mechanisms implicated in blood vessel formation. In the tumor ecosystem, blood vessels grow by sprouting angiogenesis (A). In addition, less frequent
neovascularization mechanisms include recruitment of bone marrow-derived endothelial progenitor cells (EPCs) (B), intussusceptive microvascular growth

B Vasculogenesis

Recruitment of EPC
and differentiation
into endothelial cells

(C), and vasculogenic mimicry (D). Figure was created using Servier Medical Art according to a Creative Commons Attribution 3.0 Unported License
guidelines 3.0 (https://creativecommons.org/licenses/by/3.0/). Simplification and color changes were made to the original cartoons.

Frontiers in Oncology | www.frontiersin.org 214 July 2018 | Volume 8 | Article 248


https://creativecommons.org/licenses/by/3.0/
https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive

Zuazo-Gaztelu and Casanovas

Angiogenesis in the Tumor Ecosystem

factors, together with a sequence of well-defined steps, define
sprouting angiogenesis (23). Destabilization of the endothelial-
pericyte contacts, crucial for vessel integrity and maintenance of
quiescence, initiates the process. Once the basement membrane
that protects endothelial cells is destabilized, these cells undergo
an endothelial-mesenchymal transition that triggers their pro-
liferative, migratory, and invasive capabilities. Such activation
further enhances the release of several proteases that induce ECM
and basement membrane degradation, leading to guided migra-
tion and proliferation of vascular cells. The polarization of the
moving endothelial cells eventually constitutes the vessel lumen,
forming an immature blood vessel (24). An opposite mesenchy-
mal-endothelial transition program is then activated to reverse
the endothelial cells to their previous quiescent state. This latter
step, known as vessel maturation, is characterized by the absence
of angiogenesis, the recruitment of pericyte and mural cells, and
the synthesis of a new basement membrane (25).

To engage the angiogenic process, endothelial cells need to
follow a multistep specialization, which involves their plasticity
in the angiogenic sprout and their following vascular guidance
cue, that control the extension of the nascent vessel. The ini-
tiation of these morphogenetic events is marked by VEGF and
Notch signaling pathways (26). Upon proangiogenic stimuli,
sprouting endothelial cells change their phenotype toward an
invasive and motile behavior, while activating protease secretion,
cell-cell contact remodeling, and polarity reversal. The leading
endothelial cells during the sprouting process are known as “tip
cells” Their response to VEGF signaling includes extending
large filopodia that will allow guidance and sensing of the newly
formed vessel, as well as the release of molecular signals that
recruit stromal cells for vessel stabilization. On the other hand,
endothelial cells can also evolve into highly proliferative cells
located at the stalk of the angiogenic sprout. These “stalk cells”
are responsible for tube and branch formation, thus assuring the
expansion of the vascular structure in response to VEGF-A (27).
Stalk cells also collaborate in the basement membrane deposi-
tion and establish junctions with adjacent cells to strengthen the
integrity of the novel sprout (28).

By anastomosing with cells form adjoining sprouts, tips cells
interconnect in vessel loops until their leading phenotype is
switched off. The process ends with the reestablishment of qui-
escence, when proangiogenic signals decrease, a new basement
membrane is formed, and VEGF levels dampen (29). During the
transition between both states, endothelial cells gain a “phalanx”-
like phenotype, becoming non-proliferative and immobile (30).
Vessel stabilization and maturity are accomplished with lumen
generation and pericyte recruitment along the new basement
membrane, which leads to blood flow and perfusion initiation.

The functionality, correct extension, and morphology of the
new vessels depend on the balance between stalk cell prolifera-
tion and tip cell guidance. Phenotypic specialization of endo-
thelial cells in each of those types depends, in turn, on the balance
between proangiogenic factors and endothelial proliferation
suppressors (31). Inside the tumor ecosystem, this balance is
shifted in favor of a proangiogenic milieu, thus generating a
sustained sprouting angiogenic process that produces abnormal
vascular structures.

Vasculogenesis

The term “vasculogenesis” was conceived by Werner Risau, to
define the physiological formation of the vascular plexus from
the mesoderm as a consequence of angioblast differentiation (32).
During tumor vasculogenesis, endothelial progenitor cells (EPCs)
are mobilized and recruited in response to several chemokines,
cytokines, and growth factors produced by tumor and stromal
cells (Figure 2B). In particular, tumor cells produce a plethora
of cytokines and proangiogenic factors, such as VEGE, that
recruit bone marrow-derived DCs and induce their proliferation
and differentiation (33). In hypoxic conditions, HIF is able to
activate the transcription of VEGE PDGF, stromal-derived factor
1 (SDF-1), and C-X-C chemokine receptor type 4 (CXCR4) (34).
Studies with loss of function of HIF demonstrated an inhibition
of EPC proliferation and differentiation. The contribution of
vasculogenesis to tumor progression has also been demonstrated
by knockout studies where some initiator molecules, such as
inhibitors of differentiation factors, were genetically ablated.
This approach provoked a disruption of tumor vascularization,
angiogenesis blockade, and tumor growth impairment that was
rescued by the restoration of the mobilization factors after bone
marrow transplantation (35).

The first step of EPCs mobilization starts with the proangio-
genic factor-mediated activation of the matrix metalloprotease
9 (MMP9) in the osteoblastic zone. Activated MMP9 proteo-
Iytically processes the membrane bound Kit ligand to its active
soluble conformation. Kit is a stem cell-active migratory cytokine
that induces migration and release of EPCs into the circulatory
system (36). Once homed, EPCs are either incorporated into
angiogenic sprouts or into the endothelial cell monolayer, aided
by selectins and integrins (37). Endothelial cell maturation is
substantially mediated by VEGE which also contributes to vessel
size establishment. Besides, EPCs share a paracrine mechanism
that also triggers tumor angiogenesis by the release of proangio-
genic molecules at the sites of neovascularization (38).

Depending on the experimental cancer model and the type of
the tumor, vasculogenesis contributes to tumor vessel formation
processes ranging from 0.1 to 50% of all vessels. As an example,
the tumor ecosystem of hematopoietic and lymphoid tissues
is more dependent on EPCs. Besides its role in primary tumor
growth, vasculogenesis is also involved in dissemination and
metastasis. SDF-1 produced by immune cells might attract EPCs
to distant sites and once there spontaneously induce SDF-1 pro-
duction, generating a gradient of this molecule that will serve as
a chemoattractant of tumor cells. The interaction between SDF-1,
secreted by EPCs, and its CXCR4 receptor, mainly expressed by
tumor cells, would promote extravasation and development of
the pre-metastatic niche (39). Moreover, the activation of MMP9
by EPCs is also related to an increase in tumor cell migration
and invasion, confirming the role of vasculogenesis in metastatic
niche formation (40).

Vasculogenic Mimicry

Vasculogenic mimicry refers to the ability of some malignant
cells to start the dedifferentiation process to adopt multiple
cellular phenotypes, including endothelial-like properties (41)

Frontiers in Oncology | www.frontiersin.org

215

July 2018 | Volume 8 | Article 248


https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive

Zuazo-Gaztelu and Casanovas

Angiogenesis in the Tumor Ecosystem

(Figure 2C). Those cells finally converge in de novo vasculo-
genic-like networks composed of red blood cells that are able to
contribute to circulation (42). In this way, cells undergoing VM
are able to reproduce the pattern of an early embryonic vascular
plexus, providing the tumor ecosystem with an additional circu-
latory system independent of angiogenesis.

The process of VM was observed in highly invasive melanoma
cells, whose phenotype reverted to an embryonic-like state and
increased cell plasticity, including expression of endothelium-
associated genes such as Ephrin-A2 and VE-cadherin (43).
Release of ECM components, hypoxia, and activation of trans-
membrane metalloproteinases has been described as VM promo-
ters (44). Although the occurrence of VM is relatively infrequent
within tumors, it has been related to aggressive tumors, an
increased risk of metastasis and poor prognosis (45).

Intussusception

Vessel intussusception or intussusceptive microvascular growth
(IMG) is defined as a developmental intravascular growth mech-
anism consisting of the splitting of preexisting vessels into two
new vascular structures. This was first described in postnatal
remodeling of lung capillaries (46) (Figure 2D). During intus-
susception, endothelial cell proliferation is not required, which
ultimately makes it a rapid process that occurs within hours or
minutes if compared with sprouting angiogenesis. Furthermore,
IMG does not rely on endothelial cell proliferation, but it is rather
a remodeling process of the endothelial cells that happens as a
consequence of both their narrowing and volume increase. IMG
is described to occur after sprouting angiogenesis or vasculo-
genesis, as a mean of expanding the capillary plexus without the
need of a high-metabolic demand (47).

The “touching spot” between endothelial cells from opposite
walls initiates the IMG process. To reinforce the transendothelial
cell bridge, the endothelial bilayer is formed with cell-cell junc-
tions and the interstitial pillar is formed. Pericytes and other
mural cells are recruited to cover the interstitial wall, which is
later widened, allowing endothelial cell retraction and the crea-
tion of two independent vessels (47). By using this mechanism,
a large vessel is able to split into many smaller functional vessels.
Although the precise mechanism underlying IMG is not fully
described, alterations in blood flow dynamics, wall stress over
pericytes, changes in shear stress on endothelial cells sensed by
absence of CD31 and VEGF are some of the possible events that
result in IMG initiation (48).

Intussusceptive microvascular growth has been reported in
mammary, colorectal, and melanoma tumors (49). In human
melanomas, a correlation between VEGF and intussusceptive
angiogenesis was found, together with a higher number of intra-
luminal tissue folds (50). This scenario suggests that sprouting
angiogenesis inhibition could stimulate IMG. Taking into
account that intussusceptive angiogenesis only occurs in preexis-
ting vascular structures, its most important contribution to
tumor malignization is its ability to augment the number and
complexity of tumor microvessel networks already created by
other angiogenic mechanisms. Ultimately, the creation of new
vessel structures also provides additional surface for further
activation of sprouting angiogenesis.

ROLE OF TUMOR ECOSYSTEM
IN PROMOTING ANGIOGENESIS

Inside the tumor ecosystem, tumor cells are the main producers
of the proangiogenic molecules that switch on the angiogenic
program. Among the molecules that regulate this process, PDGFE,
HGE FGE, and, particularly, VEGF and its cognate receptors
(VEGFRs) are the driving force, owing to their specific expression
on tumor and endothelial cells. Nevertheless, other cells compo-
sing the tumor ecosystem also contribute to tumor angiogenesis
and their role must be considered throughout an integrative
approach (Figure 1).

Cancer-Associated Fibroblasts
Cancer-associated fibroblasts normally originate from tumor or
resident stroma, even though they can also differentiate from bone
marrow precursors. While CAF-mediated secretion of proteases
contributes to ECM degradation, CAFs also produce and deposit
ECM, remarking a dual role for these cells in ECM remodeling.
Besides, CAFs also secrete multiple angiogenic cues, participat-
ing in tumor growth and progression (51). Due to their primary
localization at the leading edge of the tumor, where expanded
vessel supply is demanded, the contribution to angiogenesis by
stromal fibroblasts becomes crucial (52, 53).

One of the most important molecules secreted by stromal
CAFs is VEGEF-A, which was found to be induced in the stroma
of both spontaneously arising and implanted tumors of geneti-
cally engineered mice with a reporter for VEGF-A (54). Actually,
in ovarian carcinomas, most angiogenic growth factors are
provided by CAFs rather than by malignant cells (55). CAFs also
supply other factors such as angiopoietin-1 and -2, which are
needed for neovascular stabilization (56).

Immune Cells

The tumor ecosystem constitutes a crucible of heterogenous
immune cell populations, resulting in tangled interactions bet-
ween tumor cells and stroma. Immune cells have a remarkable
role during the regulation of different aspects of tumor growth,
such as modulation of angiogenesis and immune system evasion
(57). Particularly, the contribution of macrophages, DCs, and
mast cells is further explored in this section.

Tumor-associated macrophages (TAMs) represent one of the
most abundant leukocyte population in the tumor ecosystem
and their presence correlates with a reduction in survival in
most tumor types (58). Regarding their phenotype, macrophages
can be classified into the classically activated M1 and alterna-
tive activated M2 subsets. Whereas M2 macrophages show a
proangiogenic phenotype, M1 macrophages have been described
as antitumor effectors (59). TAMs often shift toward the M2
phenotype, becoming an important supplier of angiogenic
cytokines and ECM remodeling molecules (60-62). Indeed, in
different types of tumors, macrophage presence has been cor-
related with high vascularity (63, 64). Apart from the canonical
signaling pathways, alternative proangiogenic molecules such as
semaphorins and plexins have been also described as mediators
of the macrophage—endothelial cell cross talk (65).
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Dendritic cells, due to their potent antigen-presenting abil-
ity, are considered a critical factor in antitumor immunity (66).
Nevertheless, defective myelopoiesis inside the tumor ecosystems
renders DCs incompetent (67). A role for DCs in tumor angio-
genesis has been described after the finding that immature DCs
increased neovascularization in implanted tumor models, while
depletion of DCs revoked angiogenesis (68).

Mast cells were found more than 30 years ago to be accumu-
lated in tumors before the onset of angiogenesis, residing in close
proximity to blood vessels (69). Those granulocytes participate
in tumor rejection by IL1, IL4, IL6, and TNF-a production.
However, mast cells also promote tumor growth by increasing
the angiogenic supply, degradation of the ECM and immuno-
suppression (70). In detail, mast cells release angiogenic cyto-
kines, such as VEGE, FGF-2, and TGF-f, among others (71).

Vascular-Associated Components

Even though endothelial cells are the main players of the angio-
genic tumor ecosystem, other components of the vascular system,
such as platelets and pericytes, are also necessary for the proan-
giogenic switch. For instance, platelets, best known for their role
in assisting the blood clotting process, have also been described
as proangiogenic cells. Upon interaction with tumor cells, plate-
lets are able to release VEGF from « granules (72, 73).

The contractile cells that surround the basement membrane
of vessels are known as pericytes. In absence of angiogenesis,
pericytes commonly express proteins such as PDGFRp, NG2, and
desmin and lack expression of a-SMA. Upon the activation of
angiogenic signaling via PDGE, TGF-f, angiopoietin, and Notch,
tumor pericytes loosen their attachment to the vessel, leading
to a higher permeability of blood vessels (74, 75). Particularly,
the recruitment of pericytes to the tumors highly depends on
PDGF-B ligand production by endothelial cells (76, 77).

Nevertheless, the ultimate outcome of pericyte-derived signal-
ing remains to be fully elucidated, since it seems to be context
dependent. On the one hand, ectopic expression of PDGF-B in
a mouse melanoma model increased tumor growth, indicating
that a more stable and functional neovasculature was achieved
through pericytes (78, 79). On the other hand, PDGF-B trans-
fection into colorectal and pancreatic tumor cell lines inhibited
tumor growth as a consequence of the angiostatic effect of
recruited pericytes (80). Pericytes are also involved in the control
of the metastatic spread of tumor cells (81). In fact, an increased
rate of metastasis was described in a pancreatic neuroendocrine
tumor mouse model genetically designed to be pericyte-poor.
It remains to be elucidated whether their protective effect against
metastasis is due to their active participation or as a consequence
of their passive role as a physical barrier to extravasation.

ECM and the Vascular ECM

The organization and composition of the matrix that supports
the cells of the tumor ecosystem is essential for the regulation
of angiogenesis. In fact, mice bearing alterations in ECM mol-
ecules such as collagen, laminin, and fibronectin exhibit vascular
abnormalities (82). Vessel ECM is constituted by the basement
membrane BM, which is mainly composed of collagen IV and
laminin (83) and provides a broad binding surface for other

ECM proteins, integrin receptors, and growth factors. Those
interactions lead to the activation of many signaling pathways,
such as PI3K, AKT, and MAPK, which are involved in adhe-
sion, migration, invasion, and proliferation, thus contributing to
tumor angiogenesis (84).

The interstitial matrix that surrounds the BM, which com-
prises collagen I, II, and III, as well as fibronectin and fibrinogen,
also contributes to tumor angiogenesis. It primarily functions as
a reservoir of regulatory molecules, such as angiogenic growth
factors, cytokines, and proteolytic enzymes (85). Moreover,
binding of VEGF to fibronectin has been found to enhance the
activity of VEGF. Concomitantly, tumor and stromal cells pro-
duce proteolytic enzymes, such as MMPs, that release fragments
with promigratory and proangiogenic properties (86), besides
the activation of ECM-sequestered growth factors (87).

THE ANGIOGENIC SWITCH
IN TUMORIGENESIS

In the absence of new vasculature, during the avascular phase,
tumor growth is normally limited to no more than 1-2 mm’.
Tumors obtain nutrients and oxygen from nearby blood ves-
sels and angiogenic processes are not observed. The avascular
tumors reach a stable state characterized by a balance between
proliferation and apoptosis. To grow beyond the restricted size
and sustain unlimited proliferation, tumors require their vas-
cular network to be extended. This transition from this avascular
state to the angiogenic phase is commonly known as “angiogenic
switch” and occurs early during tumor progression (88). In
pursuance of angiogenic activation, tumor cells need to undergo
numerous genetic and epigenetic rearrangements that grant
them the angiogenic potential for both tumor growth and latter
metastasis. Indeed, a plethora of experiments have shown that
the lack of a functional vascular network leads to tumor apopto-
sis or necrosis, reinforcing the importance of tumor vasculature
for tumor thriving (89).

The angiogenic switch depends on a dynamic balance bet-
ween positive (proangiogenic) and negative (antiangiogenic)
factors controlling vascular homeostasis (90). Under physiologi-
cal conditions, this balance is shifted toward negative regulation
of angiogenic processes, thus maintaining the quiescence of the
vasculature. Once tumor progression is started, different mech-
anisms, such as the loss of tumor suppressor genes and oncogene
upregulation, revert this balance. During the first steps of tumo-
rigenesis, high levels of strong angiogenic inducers, such as VEGF
and FGE, are released to the tumor ecosystem. VEGF is regarded
as the canonical angiogenesis initiator and has been found to be
expressed in most types of cancer in response to different stimuli.
Besides hypoxia, hypoglycemia, and growth factors, overexpres-
sion of the oncogene Myc produces a 10-fold increase in VEGF
levels (91). Apart from VEGE other proangiogenic molecules
upregulated for the engagement of tumor angiogenesis are PDGE,
EGE, TGF-f, FGE MMPs, and angiopoietins.

Aiming at evading the ECM-associated endogenous inhibi-
tors, tumor cells are able to further upregulate proangiogenic
factors and even lose the expression of tumor suppressor genes
such as p53 (92, 93). Moreover, tumor cell metabolism shifts
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and becomes highly acidic, as a consequence of the Warburg
effect (94). The net increase in glucose consumption produces
an abnormal lactic acid release that turns lowers extracellular
pH (95). High levels of lactate have been correlated with EMT,
dissemination, and metastases of several types of human can-
cer, such as melanoma and Lewis lung carcinoma (96-98). In
detail, acidification further promotes angiogenesis through the
increased expression of VEGF (99).

The Hypoxic Tumor Ecosystem

Lack of oxygen inside the tumor occurs as an inevitable conse-
quence of the rapid expansion of the tumor mass. Neoplasms have
been generally described as highly hypoxic structures, bearing
distorted, and abnormal vascular networks, inefficient in oxygen
transportation (100). Hypoxia is known to upregulate proangio-
genic inducers and endothelial-pericyte destabilizing molecules
(Ang-2) and downregulate inhibitors. Furthermore, mobiliza-
tion of bone marrow-derived precursor cells and recruitment of
immune cells to the tumor ecosystem is also positively controlled
by hypoxia (101). By changing the cytokine milieu, hypoxia can
also induce an immunosuppressive microenvironment, allowing
immune system evasion by cancer cells (102).

Hypoxia also produces a metabolic switch to apoptosis inhi-
bition, anaerobic metabolism, increased invasiveness, EMT, and
metastasis (103). A stem-like phenotype is induced concomi-
tantly with the release of cytokines like IL-6. Consistently,
hypoxia-driven expression of VEGE MMPs, and ANGPTL4 is
crucial for intravasation (104). In detail, ANGPTL4 expression
disrupts vascular endothelial tight junctions and augments per-
meability, thereby altering transendothelial barriers (105).

CONTRIBUTION OF ANGIOGENESIS
TO METASTASIS AND INVASION

Aside from the role in primary tumor ecosystem maintenance,
tumor angiogenesis enables tumor cell invasion and dissemina-
tion and favors the creation of new secondary tumor ecosystems
at metastasized sites. VEGF-mediated stimulation of blood and
lymphatic endothelial cells provides a wide vascular area for
intravasation of tumor cells, apart from increasing vascular per-
meability. In tumor endothelial cells, VEGF upregulates protease
secretion, contributing to basement membrane degradation, and
increasing the expression of molecules that mediate in tumor-
endothelial cell interactions (106).

Other stromal cells also participate in the angiogenic-driven
metastasis process. Pericytes covering tumor vessels are more
loosely attached to endothelial cells, affecting endothelial cell
survival, and increasing the number of intercellular gaps that
permit easy access for tumor cell intravasation (81, 107). As a
consequence of the increased vascular leakiness, passive escape
of tumor cells is highly induced (108).

BLOCKING VESSELS IN THE ECOSYSTEM

Fighting neovascularization to halt tumor progression has become
a critical step of the long-established theory of angiogenic

activation for tumor growth. In fact, more than 40 years have
passed since tumor angiogenesis inhibition was first introduced
as a potential therapeutic strategy (21, 109). Since then, many
drugs targeting tumor vascularization have proven successful in
the treatment of different tumors. Such is the case for the first
FDA-approved angiogenesis inhibitors sunitinib (Sutent®) and
bevacizumab (Avastin®), which demonstrated promising results
in the treatment of kidney and colorectal cancers (110, 111).

Currently, using standard chemotherapy alone for cancer
treatment has proven inefficient due to low selectivity of tumor
cells, producing toxicity in normal tissues with high-proliferation
rates (e.g., bone marrow, hair follicles, and gastrointestinal tract).
Besides, tumor cells become resistant, whereas the abnormality
of tumor vasculature impairs efficient drug delivery (112). On
the contrary, with thousands of people being treated with VEGF
inhibitors around the world, antiangiogenic targeting surely
serves as an example of specific tumor ecosystem disruption for
efficient cancer treatment.

There are different reasons underlying the success of tumor
vascular targeting, involving both tumor and stromal cell inter-
play. First, the concept that tumors are dependent on multiple
factors extrinsic to themselves, so rendering them without a
functional vasculature that delivers oxygen and nutrients should
kill them. Second, stromal cells, unlike neoplastic cells, are
genetically more stable, being less likely to develop resistance
to therapy. This makes angiogenesis a really attractive target for
drug development. Third, tumors have always been described
as highly vascular structures, meaning that anti-vascular target-
ing could be aimed at the treatment of a wide range of solid
tumors (113, 114).

Taking into account the abundance of mechanisms involved
in tumor angiogenesis, blood vessel formation processes can be
inhibited at many different levels (Figure 3). Actually, distinct
types of compounds, such as antibodies and small molecules,
have been developed as antiangiogenic drugs. Production of anti-
bodies presents some disadvantages for the pharma companies
regarding the expensive requirement of mammalian cell produc-
tion systems, dependence on disulfide bonds for stability, over-
coming the tendency to aggregation, and low expression yields.
Consequently, other promising molecules such as small globular
proteins, aptamers, and peptides are currently being investigated
(115). Noteworthy, not all antiangiogenic compounds have the
same cellular effects nor the same therapeutic relevance. The
main effects of angiogenic inhibitors can be classified according
to their effects on: inhibition, regression, or normalization of
tumor blood vessels. In this section, some of the main mecha-
nisms to inhibit vascular malignization will be highlighted.

Direct Vessel Signaling Inhibition

Endothelial cell activation is commonly initiated upon stimula-
tion of tyrosine kinase (TK) receptors by growth factors. As
previously stated, VEGF is the most important growth factor
involved in tumor angiogenesis, and its inhibition influences
endothelial cell survival, growth, migration, blood flow, and
stromal cell recruitment (116, 117). Some of the VEGF-inhibiting
approaches imply neutralization of the ligand or the receptor by
specific antibodies, soluble receptors, small-molecule inhibitors
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FIGURE 3 | Tumor angiogenesis inhibition strategies. Due to the complexity of tumor angiogenesis, it can be inhibited at different levels. Direct vessel signaling
inhibition approaches include VEGF ligand inhibitors, VEGFR receptor inhibitors, and other growth factors inhibitors released by stromal or tumor cells. Other
examples are tyrosine kinase (TK) inhibitors, that block endothelial and pericyte cell activation, thus blocking their proliferation, migration, and survival. Novel
antiangiogenic strategies are directed toward endothelial progenitor cell (EPC) recruitment inhibition, via stromal-derived factor 1 (SDF-1)/C-X-C chemokine receptor
type 4 (CXCR4) signaling blockade, and extracellular matrix (ECM) remodeling inhibition. Figure was created using Servier Medical Art according to a Creative
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of TK phosphorylation, and the direct inhibition of its intracel-
lular signaling pathway (Figure 3). Thus far, 10 molecules that
target VEGF or VEGFR have been approved for the treatment of
various malignancies (118).

Since TK receptors are expressed both in tumor and vascular
cells, TK inhibitors (TKIs) are regarded as a useful drugging
strategy for their potentially dual effect (Figure 3). They are
capable of blocking tumor cell proliferation and proangiogenic
signaling simultaneously (119). However, the efficacy of TKIs
varies depending on the different expression levels of the tar-
geted ligands and effectors depending on the tumor type. Some
strategies include compounds that block the binding site of the
ATP in the TK receptor, causing the blockade of the receptor.
Other TKIs aim at preventing the binding of the TK ligand with
antibodies that block the growth factor or the binding site of the
receptor (120).

The best known TKIs that block VEGFR and PDGF signaling
are sorafenib, sunitinib, and pazopanib. Sorafenib is a synthetic
compound that inhibits both Raf signaling, involved in cell divi-
sion and proliferation, and VEGFR-2 and PDGFR signaling,
modulators of angiogenesis (121). Its use is approved in the
treatment of hepatocellular, thyroid, and renal cell carcinomas.
Similarly, sunitinib is a TKI that, apart from blocking VEGFR-2
and PDGFRp, is able to inhibit c-kit. The FDA approved
the use of sunitinib for the treatment of imatinib-resistant

gastrointestinal stromal tumor and renal cell carcinoma (122).
Recently, anti-VEGFR?2 antibody ramucirumab has received the
FDA approval for second-line gastric cancer treatment (123).
Another example includes pazopanib, a VEGFR-1, -2, -3, c-kit,
and PDGEFR inhibitor, approved for renal cell carcinoma and
soft tissue sarcoma (124).

Novel Antiangiogenic Approaches
Vascular Ecosystem Inhibition
Considering the contribution of EPCs to tumor angiogenesis
and metastasis, blocking of EPC recruitment is a recently
explored strategy for new blood vessel and metastatic niche
abrogation (125) (Figure 3). To achieve so, specific targeting of
molecules involved in EPC homing and recruitment from the
bone marrow is an interesting approach. SDF-1/CXCR4 signal-
ing axis is the main regulator of EPC mobilization and, as such,
antagonists and antibodies against CXCR4 have been proposed
(126). The action of these compounds is based on their ability
to prevent the chemokine gradient that permits the homing
of EPCs to the tumor ecosystem. Besides, VEGF is also a key
modulator of EPC recruitment and preclinical studies have
shown that VEGF blockade negatively modulates EPC-driven
vasculogenesis (127).

Given that interactions between cells composing the tumor eco-
system and their surrounding ECM are crucial for angiogenesis
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regulation, modifying the structural and biochemical properties
of the stroma should also impair vessel growth (128) (Figure 3).
Among all the molecules that compose the ECM, MMPs are
critically relevant for angiogenesis and tumor invasion, as
demonstrated by genetic ablation studies where their absence
impeded angiogenic tumor growth (129). In this context, tissue
inhibitors of MMPs, together with synthetic inhibitors of serine
proteases, such as urokinase type plasminogen activator, are
regarded as potential antiangiogenics (130). Importantly, there
are many endogenous angiogenesis inhibitors composing the
ECM that are inactivated during the angiogenic switch. Many
laboratories are trying to reproduce these natural angiogenesis
inhibitors that act through binding avp3 and f1 integrins in
endothelial cells. Some examples include arrestin, canstatin, and
tumstatin (131).

Since the combination of immune checkpoint inhibitors
with VEGF targeted agents shows a strong preclinical rationale,
several undergoing studies are exploring its potential clinical
exploitance [as reviewed in Ref. (132)]. As an example, a study
combining bevacizumab with anti-CTLA4 in melanoma patients
showed an increased infiltration of immune cells and extensive
morphological changes of CD31 + endothelial cells (133). In a
recent study, the use of axitinib, a multireceptor inhibitor that
targets VEGFR, PDGE, and c-kit, demonstrated a depletion of
mast cells together with an improved T-cell response, pivotal for
the therapeutic efficacy (134).

Vessel Normalization

In comparison with physiologic tissue vasculature, tumor vas-
culature is characterized by aberrant, dilated, disorganized, and
tortuous blood vessels. Lack of pericyte association and vascular
immaturity produce excessive permeability, increased hypoxia,
and poor perfusion, resulting in decreased antitumor treatment
efficacy. For instance, chemotherapeutic drugs and immuno-
therapies are not able to reach all regions of the tumor (135, 136).
To overcome this challenge, combination of antitumor treat-
ments and low doses of vascular targeting agents are used.
Careful dosage of antiangiogenics are able to restore normal
levels of angiogenic signals in different types of tumors, provo-
king decreased permeability by recruiting pericytes and tightening
cell-cell junctions (137). This phenomenon is known as “vascular
normalization?”

Benefits of vascular normalization have been observed in
different types of tumors. The combination of bevacizumab,
together with chemotherapy, produced a positive outcome in a
subset of breast cancer patients (138). Furthermore, combined
inhibition of VEGFR and angiopoietin-2 improves survival of
mouse glioblastoma tumor models, by increasing vessel norma-
lization and reprogramming TAMs (139). Another example of
the benefits of vessel normalization include the use of trebananib,
a fusion protein that inhibits angiogenesis by blocking binding
of angiopoietin-1 and -2 to Tie 2 receptor. In a recent study,
combination of trebananib and chemotherapy demonstrated
benefits in progression-free survival in epithelial ovarian cancer
patients (140).

CONCLUSION

Far ahead from the traditional idea that neoplasms are merely
characterized by the tumor cells, tumors are now regarded as a
heterogeneous association of both tumor and stromal cells that
contribute in an interconnected fashion to malignant progres-
sion. The tumor ecosystem remains a bustling interchange of
tumor cells, secreted molecules, and native tissue elements that,
acting together, control the balance toward a proangiogenic
program activation. In this way, the correct interaction between
the components of the tumor ecosystem is critical for the success
of the malignant lesion. Tumor stroma acts as a co-director for
the development of vascularized growing mass, becoming the
rationale driving the development of new antitumor therapies
with antiangiogenic drugs.

Several years after the establishment of tumor angiogenesis
as a cancer hallmark, the clinical exploitation of antiangiogenic
therapies has reached a certain level of maturity (6). From the
archetypal sprouting angiogenesis to describing less known
mechanisms such as VM, the understanding of angiogenic
mechanisms has become imperative for successful therapeutic
targeting. The focus on the importance of these processes and
the achievements in the clinical setting are reflected in the
increasing number of drugs available to target angiogenesis
mediators.

Undoubtedly, the normalization of the tumor ecosystem is
an important new aspect for cancer treatment. Even though
the tumor microenvironment holds many different cell types
and components, the severity of the disease can be reduced by
using a single effective drug, as demonstrated with antiangio-
genics. Based on this observation, the combination of different
therapies targeting different stromal components, together
with traditional antitumor agents, could hold the key to impair
cancer progression. Despite the rapid progress achieved in
tumor ecosystem targeting, only a modest clinical success has
been so far observed (141). Ongoing studies in the field which
focus on studying the tumor ecosystem from an integrative
point of view bear the potential to significantly control tumor
angiogenesis and broaden the spectrum of current anticancer
treatments.
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