
Micro- and Macro-
Environmental 
Factors in Solid 
Cancers

Printed Edition of the Special Issue Published in Cells

www.mdpi.com/journal/cells

Elda Tagliabue
Edited by

 M
icro- and M

acro-Environm
ental Factors in Solid Cancers   •   Elda Tagliabue



Micro- and Macro-Environmental
Factors in Solid Cancers





Micro- and Macro-Environmental
Factors in Solid Cancers

Editor

Elda Tagliabue

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editor

Elda Tagliabue

Head of Molecular Targeting

Unit, Department of Research,

AmadeoLab, Fondazione IRCCS

Istituto Nazionale dei Tumori

Italy

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Cells (ISSN 2073-4409) (available at: https://www.mdpi.com/journal/cells/special issues/factors

cancers).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-0692-0 (Hbk)

ISBN 978-3-0365-0693-7 (PDF)

© 2021 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Editor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Elda Tagliabue

Special Issue: Micro- and Macro-Environmental Factors in Solid Cancers
Reprinted from: Cells 2021, 10, 247, doi:10.3390/cells10020247 . . . . . . . . . . . . . . . . . . . . 1

Ilona Rybinska, Roberto Agresti, Anna Trapani, Elda Tagliabue and Tiziana Triulzi

Adipocytes in Breast Cancer, the Thick and the Thin
Reprinted from: Cells 2020, 9, 560, doi:10.3390/cells9030560 . . . . . . . . . . . . . . . . . . . . . . 5

Antonio Palumbo Jr., Nathalia Meireles Da Costa, Bruno Pontes, Felipe Leite de Oliveira,

Matheus Lohan Codeço, Luis Felipe Ribeiro Pinto and Luiz Eurico Nasciutti

Esophageal Cancer Development: Crucial Clues Arising from the Extracellular Matrix
Reprinted from: Cells 2020, 9, 455, doi:10.3390/cells9020455 . . . . . . . . . . . . . . . . . . . . . . 27

Andrea Resovi, Patrizia Borsotti, Tommaso Ceruti, Alice Passoni, Massimo Zucchetti,

Alexander Berndt, Bruce L. Riser, Giulia Taraboletti and Dorina Belotti

CCN-Based Therapeutic Peptides Modify Pancreatic Ductal Adenocarcinoma
Microenvironment and Decrease Tumor Growth in Combination with Chemotherapy
Reprinted from: Cells 2020, 9, 952, doi:10.3390/cells9040952 . . . . . . . . . . . . . . . . . . . . . . 49
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Paracrine and endocrine signaling between the tumor and host have been convincingly shown to
support tumor progression. As cancer development depends on stochastic mutational events, knowledge
regarding the signal(s) that pass between tumor cells, the surrounding microenvironment, and host organs
at distant anatomic sites is essential for improving diagnostic, prognostic, and therapeutic approaches.

This Special Issue comprises six papers, including three original articles and three reviews, covering a
broad range of topics investigating the host factors that support solid tumors, highlighting the relevance of
micro- and macro-environmental factors in solid cancers.

The review by Rybinska et al. [1] skillfully summarizes the current knowledge regarding
tumor–adipocyte crosstalk. Recently, adipose tissue has developed from being considered an inert energy
storage site to being recognized as an endocrine organ that functions in hematopoiesis, lymphopoiesis,
immune function, and reproduction. As associations between obesity and some cancers have been
suggested and because some tumors appear to spread to adipose-rich sites, the possibility of adipocytes
sustaining the progression of tumors that develop in proximity to these cells, as in breast cancer (BC),
has emerged. The analysis of adipocytes surrounding tumors has revealed a lack of lipids and the
acquisition of fibroblast-like features, supporting the occurrence of intimate crosstalk between cancer
cells and adipocytes. Tumor-modified adipocytes (also known as cancer-associated adipocytes (CAAs))
comprise a large population of stromal cells in BC, which are entirely committed to sustaining tumor
progression and promoting resistance to treatment.

Although the precise mechanism(s) involved in the crosstalk between cancer cells and adipocytes
remains to be determined, adipocytes that have previously been conditioned by tumor cells are recognized
as releasing molecules that can stimulate tumor invasiveness. Recent evidence has demonstrated that
CAAs feature an altered secretome compared with that of mature adipocytes, similar to obese adipocytes,
which suggests that the increased tumor incidence in obese people is an effect of altered adipocytes. Thus,
the targeting of adipocytes or their crosstalk with tumor cells deserves further investigation to improve
tumor therapy and prevention strategies.

The micro-environmental factors that support solid tumors represent a complex network that includes
both host cellular and molecular components. The extracellular matrix (ECM) surrounding solid tumors
has been reported to play relevant roles in tumor development and progression. The ECM consists of a
network of biochemically distinct components, including fibrous proteins, glycoproteins, proteoglycans,
and polysaccharides, and the tumor ECM has been shown to differ significantly from that in normal organs.
The ECM influences intratumoral signaling, transport mechanisms, and metabolism, as well as affects
neoplastic cell dissemination and the development of resistance to therapy.

Cells 2021, 10, 247; doi:10.3390/cells10020247 www.mdpi.com/journal/cells
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Palumbo et al. [2] provide a thorough review of the spectrum of interactions potentially mediated
by the ECM in esophageal cancer (EC). EC is a highly lethal cancer, and the current knowledge of EC
biology remains limited. Similar to most solid tumors, in EC, the interaction between tumor cells and
the ECM governs various phenomena that are crucial for tumor progression. The ECM molecules and
signaling pathways that have been identified as being altered in EC include lysyl oxidase (LOX) and the
matrix metalloproteinases (MMPs). These proteins are fundamental for collagen turnover and therefore
regulate ECM stiffness. Increased ECM stiffness promotes tumor cell growth by inducing telomerase
activity, followed by telomere elongation, which sustains a limitless replication pattern that is accompanied
by genetic instability. The increased production of ECM molecules has been reported to improve tumor
cell adhesion, resulting in the initiation of intracellular signaling pathways, which are crucial for tumor
cell survival, migration, and the activation of oncogenic signaling. Conversely, increased MMP levels can
be triggered by active signaling pathways in tumor cells, such as the mitogen-activated protein kinase
(MAPK) pathway.

This review also focuses on the crosstalk between EC cells and the ECM as a likely mechanism
through which risk factors that are associated with EC (obesity and gastroesophageal reflux disease)
promote tumor survival. Increases in leptin and interleukin-17 (IL-17) levels, which are induced by
these risk factors, support higher MMP expression and activity by promoting the development of an
inflammatory environment. As the cellular mechanism that underlies the development of EC has not yet
been fully elucidated, the documented function of the ECM during EC progression may represent a basis
for improving EC management strategies in the future.

Pancreatic ductal adenocarcinoma (PDAC) is among the tumors with a strong desmoplastic reaction,
and is associated with high ECM deposition, which has been found to promote both PDAC aggressiveness
and resistance to therapy.

Resovi et al. [3] investigated the therapeutic value of targeting connective tissue growth factor
(CCN2/CTGF), a profibrotic matricellular protein that is highly expressed in the PDAC microenvironment
and is associated with disease progression. CCN proteins are produced and secreted by many tumors
and bind to various ECM molecules and cellular receptors (e.g., Notch, integrins, TrkA, and heparan
sulfate proteoglycans) to modulate various activities, including replication, death, adhesion, motility, and
ECM production. Given its role in PDAC progression, CCN2 has recently been proposed to serve as a
therapeutic target for this aggressive tumor. The authors investigated the therapeutic value of two modified
synthetic peptides that were derived from the active regions of CCN3, which is an endogenous inhibitor of
CCN2. Peptide treatment in a murine orthotopic PDAC model impaired collagen deposition in the tumor
microenvironment and increased chemotherapeutic activity, revealing new therapeutic perspectives for
one of the most aggressive tumor types with limited treatment options.

The tumor stroma and leukocyte infiltration are widely recognized as supporting tumor progression
by fueling inflammation, and the administration of non-steroidal anti-inflammatory drugs (NSAIDs) after
diagnosis could increase long-term survival. Prostaglandin-endoperoxide synthase-2 (PTGS2), one of
the key enzymes that mediate prostaglandin neosynthesis, is typically induced by inflammatory stimuli.
PTGS2 is considered an ideal target for reducing tumor inflammation, especially in colorectal cancer (CRC)
patients. Despite an ongoing, multicenter, Phase III trial to evaluate the efficacy of a PTGS2 inhibitor,
celecoxib, combined with folinic acid, fluorouracil, and oxaliplatin (FOLFOX) chemotherapy, established
criteria for patient selection are still lacking.

By analyzing PTGS2 levels in a series of 100 primary CRC patients using immunohistochemistry (IHC)
and immunofluorescence double-staining assays, Venè et al. [4] show that cancer-associated fibroblasts
(CAFs) represent a prevalent, non-tumor source of PTGS2. The in vitro analysis of primary CRC-associated
CAFs revealed the powerful induction of PTGS2 expression by IL1β treatment, which is an important
mediator of the inflammatory response. Intermediate levels of stromal PTGS2 were associated with better
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prognosis, whereas high PTGS2 levels were associated with a negative outcome compared with low- or
null-PTGS2-expressing CRCs. In contrast, tumor-associated PTGS2, assessed by IHC, did not influence
patient outcomes. By verifying the importance of the stroma during tumor progression, they identified an
unexpected association between stromal PTGS2 levels and patient prognosis, which supports the potential
role of stromal PTGS2 as a predictive marker for the response to NSAID treatment.

Cosentino et al. [5] provide evidence that BC can corrupt the surrounding microenvironment through
the release of microRNAs (miRNAs) into the stroma. Specifically, miR-9, released by triple-negative BC
(TNBC) cells, was found to perturb the transcriptional landscape of fibroblasts, inducing a shift toward a
CAF malignant phenotype through the downregulation of the epidermal growth factor (EGF)-containing
fibulin extracellular matrix protein 1 (EFEMP1). TNBC cells that were conditioned with the supernatant of
normal fibroblasts that had been transfected with miR-9 or silenced for EFEMP1 became more resistant
to cisplatin treatment. EFEMP1 is a structural protein that also interacts with the tissue inhibitor of
metalloproteinase-3 (TIMP-3), which, in turn, inhibits the metalloproteinases MMP2 and MMP9, which are
highly expressed in breast cancers and are actively involved in matrix remodeling. This study highlights
the relevance of miRNAs in tumor cell communication with the host. In addition, because released
miRNAs can enter the blood, they provide compelling support that tumors can corrupt the host.

The cancer cells within a tumor are now recognized as consisting of a heterogenous population, and a
small subset of cancer cells, cancer stem cells (CSCs), has been identified as a reservoir of self-sustaining
cells for tumor maintenance. Therefore, understanding the interactions between CSCs and the micro-
and macro-environment is necessary for designing innovative treatments that are aimed at fighting the
source of cancer. As immune tolerance is a key step in cancer development and progression, CSCs adopt
specific strategies to escape attack by host immune cells, as reviewed by Castagnoli et al. [6]. Two primary
mechanisms that are used by CSCs to prevent attack by immune cells include the downregulation of
proteins that are involved in antigen presentation and the upregulation of immune checkpoint molecules,
which impair the activity of immune cells.

CSCs can also contribute to the process of immunoediting by releasing cytokines that modulate the
activity of tumor-infiltrating immune cells. In addition, CSCs were found to produce small molecules
with immune-suppressive action, including prostaglandin E2, which induces a shift from a Th-1 to a Th-2
immune response. The immune checkpoint molecules that are expressed by CSCs not only inhibit immune
system activation but also sustain tumor stemness by stimulating the expression of molecules that are
associated with CSC-specific signaling. Soluble inflammatory cytokines that are released into the tumor
microenvironment by tumor-infiltrating immune cells can also modulate CSC activities. Thus, the dynamic
crosstalk that occurs between CSCs and the immune tumor microenvironment represents a key player in
allowing CSCs to escape host immune recognition, sustaining tumor maintenance and expansion. These
results support several ongoing trials that are testing the efficacy of combining therapies against CSCs
with existing therapies that use immune-modulating agents that promote an effective antitumor immune
response.

Recognizing that many aspects of tumor biology can be explained by the dynamic crosstalk that
occurs between the tumor and the host, we hope that this Special Issue will be of interest, particularly to
researchers who are focused on tumor–host interactions. The findings from these studies are expected to
provide a better understanding of how local and systemic environments contribute to cancer progression
and to serve as the basis for novel diagnostic and therapeutic approaches.

Funding: The author received no specific funding for this editorial.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: It is well established that breast cancer development and progression depend not only on
tumor-cell intrinsic factors but also on its microenvironment and on the host characteristics. There
is growing evidence that adipocytes play a role in breast cancer progression. This is supported by:
(i) epidemiological studies reporting the association of obesity with a higher cancer risk and poor
prognosis, (ii) recent studies demonstrating the existence of a cross-talk between breast cancer cells
and adipocytes locally in the breast that leads to acquisition of an aggressive tumor phenotype,
and (iii) evidence showing that cancer cachexia applies also to fat tissue and shares similarities
with stromal-carcinoma metabolic synergy. This review summarizes the current knowledge on the
epidemiological link between obesity and breast cancer and outlines the results of the tumor-adipocyte
crosstalk. We also focus on systemic changes in body fat in patients with cachexia developed in the
course of cancer. Moreover, we discuss and compare adipocyte alterations in the three pathological
conditions and the mechanisms through which breast cancer progression is induced.

Keywords: adipocytes; breast cancer; obesity; adipokines; cancer associated adipocytes
(CAAs); cachexia

1. Introduction

In cancer, the tumor surrounding cells have altered biological properties compared with the
normal state. We know today that there is a large spectrum of reciprocal interactions between a
tumor and its stroma that significantly influence tumor biology and support tumor progression.
Given the close juxtaposition of adipocytes and breast cancer (BC) cells, it is somehow surprising
that knowledge-intensive research about the role of adipocytes in tumor initiation, growth, and
metastasis is a relatively new area of investigation [1]. The previous lack of attention can be partially
explained by the fact that adipose tissue (AT) used to be regarded as a rather inert site principally
storing energy in the form of lipids and cushioning the body [2]. It has taken on a new significance,
particularly since the discovery of leptin in 1994 [3]. Thereafter, the list of adipocyte-derived factors
has been increasing at an extraordinary pace, and the traditional role of AT has progressed to a fully
functioning endocrine organ, acting on local and systemic levels and modulating feeding behavior,
total body energy expenditure, andsuch fundamental processes as hematopoiesis, lymphopoiesis,
immune function, and reproduction [4,5]. A great importance attributed to the role of adipose tissue
in cancer is sustained by two main observations: (i) epidemiologic studies have demonstrated an
association between obesity and some cancers [4], and (ii) many tumors metastasize to adipose rich
niches such as abdomen or bone marrow [6,7]. In addition, adipose mass in these sites is increased
with obesity and aging and in turn may explain cancer progression in obese and/or elderly patients [7].
Worth mentioning, cancer cachexia, which is due to severe metabolic dysregulation in fat tissue, is
observed in more than 50% of cancer patients, including those with BC [8]. Importantly, adipose

Cells 2020, 9, 560; doi:10.3390/cells9030560 www.mdpi.com/journal/cells5
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tissue wasting observed in cancer cachexia shares some similarities with stromal-carcinoma metabolic
synergy [9]. Finally, it is obvious that, in organs such as the breast, early local tumor invasion results
in immediate cancer cell proximity to adipocytes. The large number of recently published studies
supported the presence of the heterotypic interaction between epithelial cells and adipocytes at the
invasive tumor front and, together with different variants of the two-compartmental in vitro models,
provided more details about the mechanisms of this vicious interaction. The aim of this article is
to summarize current knowledge on the role of AT and adipocytes in BC progression, focusing on
mechanisms and implications of obesity, closeness between tumor cells and adipocytes, and cachexia.

2. Adipogenesis and the Adipose Organ

2.1. The Adipogenesis Process

Adipocytes derive from multipotent mesenchymal stem cells that also have the potential to
differentiate in myoblasts, osteoblasts, and chondroblasts [10]. Molecular characteristics, based mainly
on in vitro studies, divide adipogenesis into two stages. The first step, named determination, defines
cell fate. This stage requires the commitment of a pluripotent stem cell to the adipocyte lineage.
Entrance into this stage of differentiation was once considered non-reversible, but now we know that
this process is multidirectional, and adipocytes under certain stimuli can return to a phenotypically
stem-like precursor state. Cell growth arrest initiates the second phase of adipocyte differentiation,
during which preadipocytes begin to resemble characteristics of the mature fat cells in terms of
expanded lipid metabolism and the secretion of adipocyte-specific proteins. Adipogenesis in vitro is
based on a cocktail of inducing agents containing 3-isobutyl-1-methylxantine (IBMX) (stimulating the
cAMP-dependent protein kinase pathway), dexamethasone (stimulating the glucocorticoid receptor
pathway), and insulin (serving as permissive differentiation signal to preadipocytes) required to
induce differentiation of preadipocytes into fat cells [10]. Adipogenesis in its complexity is a highly
regulated process, at the head of which stand the nuclear receptor-peroxisome proliferator-activated
receptor-γ (PPARγ) as well as transcription co-activators CCAAT/enhancer-binding protein α and β

(C/EBP α and C/EBP β) [11]. Enhanced lipid accumulation and subsequent expression of the adipocyte
fatty-acid binding protein (FABP4) and the insulin-responsive glucose transporter type 4 (GLUT4)
are characteristic of an early stage of differentiation [10]. Mature adipocytes additionally express
adiponectin (ADIPOQ), leptin (LEP), the adipose triglyceride lipase (ATGL) and lipoprotein lipase
(LPL), as well as high levels of perilipin 1 (PLIN1), a lipid droplet coating protein.

2.2. The Adipose Tissue

Classification, based mainly on cellular mitochondrial content, divides adipocytes in white,
beige, and brown types. White adipocytes are dominant in the body and contain a large, unilocular
lipid droplet and are specialized for storage of neutral lipids. Due to their unique expression of a
mitochondrial membrane protein called uncoupling protein 1 (UCP1), brown adipocytes can generate
endogenous heat in a process called thermogenesis. Classification of white/brown adipocytes does
not fully describe their diversity as, even among white adipocytes, cells from different locations have
distinct molecular and physiological properties.

Based on the anatomical distribution, AT may be divided into subcutaneous, visceral,
intramuscular, bone marrow, and dermis subtypes [12]. There are significant gender-related differences
in the expansion of the AT mass, but, in general, human subcutaneous AT comprises ~80% of total
body fat and is located primarily in the gluteal and the femoral depots. Additionally, in women, the
breast fat pad is a relevant contributor to total subcutaneous fat. On the other hand, the visceral
fat portion includes omental, mesenteric, and epiploic adipose tissue as well as gonadal, epicardial,
and retroperitoneal fat pads. It surrounds vital organs and makes up approximately 5% to 20%
of total body fat in normal weight individuals. Although adipocytes are the major component of
AT, it is composed also by preadipocytes and a stromal-vascular fraction containing endothelial
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cells (10–20%), pericytes (3–5%), stem and progenitor cells (0.1%), as well as a rich collection of
innate and adaptive immune cells [macrophages, dendritic cells, mast cells, eosinophils, neutrophils,
and lymphocytes (5–45%)] [4]. Curiously, every fat depot is really unique. More to the point,
differences concern preadipocyte populations, signals governing adipogenesis, metabolic functions
(secretion of adipokines and inflammatory cytokines), lipolysis rates and thermogenic potential,
degree of innervation, and vascularization [10]. This is in line with their differential involvement
in metabolic-related complications. Worthy of consideration, visceral fat is strongly associated with
metabolic disease risk, whereas subcutaneous adiposity is comparatively benign [13].

2.3. Mammary Adipocytes

Physiological intimate bidirectional interaction of mammary adipocytes with adjacent epithelium
leading to an extreme plastic phenomenon occurring in adult tissue is a hallmark of mammary
adipocytes. Indeed, fat cells are required for proper mammary duct development during puberty as
well as for the maintenance of ductal architecture in the adult mammary gland [14]. Moreover, during
pregnancy, they modify their phenotype, making a place for alveolar cells able to synthesize various
milk constituents [15]. The fate of adipocytes during this process remains hotly discussed. In particular,
whether fat cells die off or transdifferentiate into another cell type, as suggested by Morroni et al. [16]
is unknown. Maybe they remain constantly present as smaller, slimmed cells, giving the impression of
adipocytes disappearance [16,17]. Considering the above, the post-lactation adipogenesis seems to
be a process not involving proliferative events but rather based on lipid trafficking and cytoplasm
refilling with components derived from regressing milk-producing cells [18]. Nowadays, we know
such particular dialog persists also in pathological conditions, such as cancer.

Tumor cells exert significant effects on adjacent adipocytes. The histological picture of
tumor-surrounding adipocytes unraveled that they become fewer, lose lipids, and acquire fibroblast-like
features [19]. Several in vitro studies using two compartmental models (cancer cells/adipocytes)
supported that the phenotype of adipocytes observed at the invasive tumor front was the result of
direct influence of tumor cells [20]. The intimate cross-talk between cancer cells and adipocytes resulted
in the initiation of the process of adipocytes dedifferentiation in the sense of a reduction of adipocytes
terminal differentiation with a reduction in the expression of differentiation markers such as PPARγ
and C/EBPα as well as their downstream genes such as FABP4, ADIPOQ, and hormone sensitive
lipase (HSL) [19,21]. Tumor modified adipocytes (named cancer associated adipocytes, CAAs, Table 1)
may be an intermediate form of arising cancer-associated fibroblasts (CAFs), which constitute the
non-homogenous population comprising the majority of stromal cells in BCs [22]. Adipocyte-derived
fibroblasts exhibited increased expression of the CAF marker fibroblast-specific protein-1 (FSP-1) but
not alpha smooth muscle actin (a-SMA) [22].

Table 1. Comparison of adipocyte features in obesity, cachexia and after interaction with tumor cells.

Characteristic Obesity
CAAs

Cachexia
In Vivo In Vitro

Size/TG stores ↑ A size [23] ↓ A size [19] and lipid
droplet size [24]

↓ lipid droplets size and
number [19,24]

↓ A size and TG
content [25]

Adipogenesis regulators
↓ C/EBPα and

PPARγ [26] - ↓ PPARγ and C/EBPα
[19,24]

↓ PPARγ and
C/EBPα [25,27]

UCP1
(browning)

↑ in brown AT [28]
↓ in white AT [29] ↑ [30] - ↑ [31]

Glucose transport ↓ GLUT4 [28] - ↓ GLUT4 and IRS1 [24] ↓ GLUT4 [32]

Lipogenesis ↑ in white AT [33] ↓ (↓HOXC8, HOXC9,
FABP4, and HSL) [30]

↓ (↓ FABP4, HSL, ATGL,
CIDEA, and FASN) [24] ↓ (↓ SREBP-1c) [32]

Lipolytic activity (ATGL/HSL) ↑ in subc. A [34] ↓ HSL [30] ↓ HSL [19] ↑ HSL [35]

A: adipocytes; AT: adipose tissue; CAAs: cancer associated adipocytes; subc: subcutaneous; TG: triglycerides.
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Although some candidate molecules secreted by tumor cells such as tumor necrosis factor
alfa (TNF-α) [36], Wnt3a [22], Wnt5a [37] and stromelysin-3 (MMP11) [38] have been proposed to
dedifferentiate mature adipocytes, the precise mechanisms that could be involved in tumor-driven
adipocyte dedifferentiation and lipid loss remain to be discovered.

3. Epidemiological/Clinical Association between Obesity and BC

According to the World Health Organization (WHO) and the National Institute of Health (NIH),
overweight and obesity are clinically present when the body mass index [BMI, defined as weight (kg)/
height (m2)] is greater than 25 or 30 kg/m2, respectively [39]. Almost two billion adults and more than
500 million people are respectively defined as overweight and obese in the world, and these rates will
increase in the future [40,41].

BC is the most frequent female type of cancer and a leading cause of cancer-related mortality
worldwide [42], and it is a highly heterogeneous disease with a wide range of hysto-pathological,
biomolecular patterns, and clinical behaviors that associate with different prognosis [43]. Leaving aside
genetic predispositions, such as BRCA 1–2 mutations, or reproductive factors, as BC causes, tumor
pathogenesis is a multifactorial process in which metabolic consequences and related interactions of
an unhealthy lifestyle are epidemiologically and clinically widely studied. Surely, it is considered
interesting and challenging that unbalanced diet, unsatisfactory physical activity, and high alcohol
consumption contributing to determine a high BMI may be modifiable risk factors, as shown in the
European Prospective Investigation into Cancer and Nutrition (EPIC) Italy study on over 15,000
post-menopausal women [44].

Two of the leading questions in this area of investigation are if there is a linear relation between
increasing BMI and BC onset and what subtypes of BC are more influenced by obesity. Epidemiologically,
obesity is a risk factor for many cancers [45], and it is particularly associated with BC in post-menopausal
women. In a prospective cohort study within the Nurses’ Health Study, more than 87,000 women were
followed up, recording their weight change during a long-observed period of life and showing that
weight gain since menopause significantly increases the risk of BC, particularly in obese women [46].
Other convincing evidence that body fatness and weight gain may be directly and progressively
related to post-menopausal BC has been described in the larger European EPIC study on almost
250,000 post-menopausal women in which, conversely, healthy behaviors reduced the risk of BC [47].
Furthermore, evaluating in a meta-analysis the relationship of adult weight gain with subgroups of BC,
Vrieling at al. showed in obese patients a significantly increased risk of post-menopausal estrogen
receptor (ER)+BC [summarized risk estimate (RE) = 2.33; 95% confidential interval (CI) 2.05–2.60] [48].
This association between BMI and ER+ BC was also demonstrated by an analysis of pooled tumor
markers and epidemiological risk factors in more than 35,000 invasive BC patients from 34 studies
participating in the Breast Cancer Association Consortium [49].

In pre-menopausal women, studies examining the association between diet, BMI, and BC showed
inconsistent results with major complexity. Suzuky et al. associated a high BMI with a 20% lower
risk for ER+ BC in pre-menopausal women (95% CI = −30% to −8%), confirming an 82% higher risk
in post-menopausal women (95% CI = 55–114%) [50]. The same authors showed that each five unit
increase in BMI was associated with a 33% increased risk among post-menopausal women (95% CI =
20–48%) and a 10% decreased risk in pre-menopausal women (95% CI = −18% to −1%). In this paper,
no association was observed for ER-negative BC, but further meta-analysis showed a significantly
increased risk of triple-negative BC (TNBC) in pre-menopausal women with high BMI [51].

Some meta-analyses analyzing large numbers of patients showed that obesity is also positively
related to BC recurrence and mortality. Protani et al., evaluating 43 historical studies (which principally
defined obesity using BMI more than waist-to-hip ratio) and comparing obese versus non-obese
patients, showed a statistically significant higher risk for overall survival (HR = 1.33) and for BC
specific survival (HR = 1.33; 95% CI = 1.21–1.47) in obese patients [52]. In interest, differences were
seen in pre-menopausal (HR = 1.47) and in post-menopausal (HR = 1.22), even if they were not
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statistically significant. A more recent meta-analysis on 82 studies evaluating more than 210,000
patients showed that BMI was significantly associated with BC mortality; for BMI calculated before
the diagnosis, the summary relative risks of total mortality and of BC mortality were 1.41 (95% CI
= 1.29–1.43) and 1.35 (95% CI = 1.24–1.47) for obese compared with normal weight patients, with a
difference for pre-menopausal (1.75; 95% CI = 1.26–2.41) and for post-menopausal (1.34; 95% CI =
1.18–1.53) BC patients [53]. Conversely, in a further systematic review and meta-analysis, weight gain
(≥ 5% of body weight, measured at least one year post-primary BC diagnosis) versus maintaining body
weight during the follow-up in BC patients seemed to be associated with higher all-cause mortality but
not with hazard of BC specific mortality [54]. Furthermore, in a study on 15,000 patients, overweight
and obesity have been significantly associated with higher probability to develop controlateral BC
(adjusted hazard ratio: 1.50; 95% CI = 1.21–1.86) compared to normal weight women after 10 years of
follow-up [55].

Obviously, obese patients may have delayed diagnosis with more advanced disease at diagnosis
compared with patients with normal BMI. This was shown by a study in Denmark on over 18,000
patients in which obese patients were older and had significantly more advanced BC at diagnosis than
normal weight patients. However, after data adjustment for disease characteristics, obesity remained
an independent prognostic factor for distant metastases and for death in BC [56]. Similarly, a French
study on over than 14,000 BC patients showed that, even if obese patients presented more advanced
tumors at diagnosis, multivariate analysis identified a relevant independent effect for obesity on BC
recurrence [57].

4. Evidence of the Pro-Tumorigenic Effect of the Adipocyte-Tumor Cell Crosstalk

Several in vitro studies have demonstrated that AT supports and promotes tumor growth.
Moreover, the degree of tumor infiltration into the adjacent fat AT serves as histological criterion
reflecting the aggressiveness of the tumor and is indicative of poor prognosis [58,59]. A special role
in this matter can be attributed to mature AT fraction. It was evidenced that mature adipocytes
being in direct contact with BC cells, but not stromal AT preadipocytes, increased tumor growth of
ER+ BC cell lines. Importantly, it is likely that mature adipocytes, during coculture with BCs for
a relatively long time (7 days), acquire tumor promoting characteristics and become CAAs. This
would be in line with a study carried out by Dirat et al. [19], which clearly showed that cross-talk
between the two cell populations is necessary to observe the pro-invasive effect. In detail, only CAAs
previously conditioned by tumor cells, not “naive” adipocytes, release molecules stimulating tumor
invasiveness. Although a growth-promoting effect has been largely reported in several models, e.g.,
ovarian, prostate, colon, and melanoma cancers [21], the interaction between adipocytes and BC cells
is very complex and often ambiguous (Table 2). For example, some BC cell lines cocultured with
adipocytes exhibit increased proliferation but others did not. It can suggest that the effect depends
on the tumor subtype. In contrast to proliferation, the adipocyte effect on cancer migration/invasion
seems to be clearer and more repeatable in various studies. This in line with experimental studies
that have shown that cocultures of adipocytes with BC cells increased cancer cell migration [60]
and invasion [19]. Of note, the list of studies clearly shows that the aggressive-promoting effect of
adipocytes on cancer cells is not conditioned by the direct contact, suggesting that it is caused by
soluble molecules. The cancer-adipocyte crosstalk is of great importance in the modulation of tumor
behavior and induction of partial epithelial mesenchymal transition (EMT) [60,61]. It was also shown
that some BC cell subtypes, when cocultured with mature adipocytes, displayed a downregulation of
the epithelial marker E-cadherin with a simultaneous morphological change (spindle shape) [60]. In
contrast, preadipocytes were shown to induce expression of E-cadherin in BCs cell lines. In the same
study, however, adipocytes did not affect E-cadherin expression in cocultured BC cells.
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Table 2. Pro-tumorigenic effect of the adipocyte-tumor cell crosstalk.

Feature Effect
Adipocyte
Comments

Ref

Proliferation

↑ in ER+ (MCF-7, ZR75-1, T47-D) cells by
mature A

= in ER+ cells by preadipocytes
= in ER- (MMT 060562) cells by mature A

Primary mature
subcutaneous rat A and

preadipocytes
7 days of direct contact

in 3D collagen gel

[61]

↑ in SUM159PT by mature A
= in ZR 75.1, 67NR, 4T1 by mature A

3T3-F442A cell line
3 days coculture in

transwell
[19]

↑ in BC cell lines (MCF7, MDA-MB-231,
N-453, N-435S, -468) by mature A

Mature 3T3-L1
2 days coculture in

transwell
[60]

Tumor growth

EO771 cells injected in brown AT >white
AT > subcutaneous AT

Dorsal subcutaneous fat,
inguinal white AT,

interscapular brown AT
of C57BL/6 mice

[62]

↑ SKOV3ip1 ovarian cancer cells injected
with A vs. tumor cells alone

Human primary omental
A

Nude mice
[21]

EMT/
stemness

↑ E-CAD expression in T47D and MCF-7
cells by preadipocytes

= E-CAD in ZR75-1 and MMT 060562 cells
by preadipocytes

= E-CAD expression in T47D, MCF-7,
ZR75-1 and MMT 060562 cells by mature A

Primary mature
subcutaneous rat A and

preadipocytes
7 days of direct contact

in 3D collagen gel

[61]

↑ change in morphology in MCF-7,
MDA-MB-435S, -231 cells by mature A

= in MDA-MB-453, -468 cells
↓ E-CAD in MCF7 cells by mature A

↑ Vim in MCF-7, MDA-MB-231 and-435S
cells by mature A

3T3-L1 A
2 days coculture in

transwell
[60]

Migration/
Invasion

↑ invasion of ZR 75.1, 67NR, SUM159PT,
4T1 cells by mature A

↑ in BC cell lines by CM from CAAs
= in BC cell lines by CM from “naive” A
↑ number of metastases in BALB/c mice

injected with 4T1 cells previously
cultivated with A

3T3-F442A cell line
Indirect coculture/CM [19]

↑MCF7, MDA-MB-231, -468, -453, -435S)
by mature A

↑ TN (MDA-MB-231, -468, -435S) > ER+
MCF7, HER2+MDA-MB-453

3T3-L1 A
2 days coculture in

transwell
[60]

Metabolic
reprogramming

↑ accumulation of lipids in T47D and
MDA-MB-231 in coculture with A

Human primary omental
A [21]

A: adipocytes; AT: adipose tissue; CAA: Cancer associated adipocytes; CM: conditioned medium; EMT: epithelial
mesenchymal transition; ER: estrogen receptor.

Numerous studies demonstrated that adipocyte lipolysis stimulated by cancer cells is at the very
heart of the synergy between cancer cells and adipocytes. Lipolysis is defined as the hydrolytic cleavage
of ester bonds in triglycerides (TGs), resulting in the generation of fatty acids (FAs) and glycerol [63].
BC cells, when cocultured with adipocytes, accumulate lipids [21]. Using the adipocyte-ovarian cancer
cell coculture model, the direct transfer of lipids from adipocytes to ovarian cancer cells was proved.
Moreover, it was shown, perhaps by induction of FA β-oxidation (FAO) in cancer cells, to promote
tumor growth, suggesting that adipocytes act also as an energy source for cancer cells [21].
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5. Mechanisms Behind the Pro-Tumorigenic Effect of Adipocytes

The pathological expansion of altered white AT in obesity leads to an abundant production of
several biologically active factors, including inflammatory cytokines, hormones, adipokines, and
lipid metabolites that can be considered mediators between obesity and cancer. Recent evidence
demonstrated that CAAs have an altered secretome compared to mature adipocytes. CAAs share
some common features with obese adipocytes, e.g., they secrete significantly higher levels of motility
factors such as CCL2, CCL5, autotoxin (ATX), as well as proinflammatory cytokines such as IL-1β, IL-6,
TNF-α, VEGF, and leptin. Moreover, cachectic adipocytes give an essential contribution to cachexia
(Table 3).

Table 3. Molecules at the basis of the pro-tumorigenic effect of adipocytes in obesity, cachexia, and
after interaction with BC.

Molecules Obesity
CAAs

Cachexia
In Vivo In Vitro

TNF-α ↑ [64] ↑ [30] ↑ [19] ↑ [65,66]

IL-6 ↑ [67,68] ↑ [19] ↑ [19] ↑ [65,66]

IL-1β ↑ [69] - ↑ [19] ↑ [66]

CCL2 ↑ [70] - ↑ [71] ↑ [66,72]

CCL5 ↑ [73] ↑ [74] - -

Aromatase ↑ [75] ↑ [76] - -

Leptin ↑ [77,78] ↑ [30] ↓ [24] ↓ [79] *

Adiponectin ↓ [80] * ↓ [19,30] ↓ [19,24] ↑ [81] *

Resistin ↑ [67] * ↑ [20] ↓ [19,24] -

Autotaxin ↑ [82–84] ↑ [85] - -

HGF ↑ [86] ↑ [20] - -

IGF-1 ↑ [87,88] - - -

PAI-1 ↑ [89,90] ↑ [20] ↑ [19] -

COL6A3 ↑ [91] ↑ [20] - -

MMP11 - ↑ [20] ↑ [19,24] -

MMPs ↑ [92] ↑ [20] ↑ (MMP9, [24]) ↑ (MMP2 and MMP9, [93])

Collagen ↑ (fibrosis, [94]) - ↑ (COL I, [37]) ↑ (COL I, III, VI, [27,65])

* Data derived from analyses in plasma/serum and not in AT or adipocytes.

5.1. Inflammation

It is well recognized that chronic inflammation with high circulating levels of C-reactive protein
represents a pathophysiological condition that bridges obesity and cancer [95]. However, local
inflammation driven by altered adipocyte also has a role in obesity. The histological biomarker of
this local inflammation is represented by the presence of the so-called “crown-like structures” (CLSs),
derived from dead/dying adipocytes surrounded by macrophages. Macrophages are recruited in the
obesity-associated AT due to excessive accumulation of fat and production of chemokines such as
CCL2 and CCL5 [70,73] and are switched towards an M1 proinflammatory state [96]. A paracrine loop
involving free fatty acids (FFAs) and tumor necrosis factor-alpha (TNF-α) between adipocytes and
macrophages establishes a vicious cycle that leads to high secretion of cocktail of proinflammatory
mediators such as prostaglandin E2 (PGE2), TNF-α [64], IL-1β [69], and IL-6 exacerbating inflammatory
status in the AT. This phenomenon has been described mainly in the visceral fat of obese women, but it
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occurs also in the breast AT and has a role in BC progression. Indeed, CLSs are enriched in BCs of obese
patients and have negative impact on disease recurrence and survival [97]. Moreover, inflammatory
factors (e.g., IL-6, IL-1β, TNF-α) are found at high levels in obese patients and are associated with poor
outcome in BC patients [98]. The presence of CLSs is not limited to obese patients, but it also occurs
in BCs from normal weight women [99]. Tumor trace released on adipocytes provides important
modifications of fat cell secretome, which, generally speaking, becomes highly inflammatory. Indeed,
CAAs secrete significant amounts of pro-inflammatory mediators such as CCL2 and IL-1β, leading to
the accumulation of macrophages forming CLSs. Notably, in normal weight BCs, CLS are associated
with reduced survival, supporting a role for local AT inflammation in BC progression [100,101].

IL-6 and TNF-α

In normal AT, adipocytes are not the major source of IL-6, however, under pathological conditions
such as obesity and cancer, the levels of IL-6 secreted from adipocytes increase significantly [67,68].
Changes in adipocyte secretory profile (e.g., TNF-α, IL-6, and IL-1β) were also observed after coculture
with BC cells or in isolated adipocytes from BCs [20]. Activated adipocytes assume an inflammatory
phenotype (CAAs) and release more IL-6 [1,19]. Function of IL-6 in breast and other solid tumors
progression and treatment was shown to be associated with the development of stem cell phenotype,
angiogenesis, cachexia, and resistance to therapy [102]. One-third of the total circulating IL-6 is
expressed predominantly by adipocytes. IL-6 circulating levels increased in human obese subjects
and correlated with adiposity [67,68]. In BC patients, the extent of the increase of IL-6 in serum was
correlated with poor disease outcome and reduced prognosis [103].

TNF-α is an important inflammatory factor in the tumor microenvironment that is generated
by tumor and stromal cells. Moreover, BC cells in coculture with adipocytes stimulated their TNF-α
production [19]. While, in the serum of healthy women, TNF-α is generally not detected, clinical studies
have reported high levels of this cytokine in patients with BC [104]. It was evidenced that TNF-α may
play an important role in BC development and proliferation, chemoresistance, angiogenesis, invasion,
and metastasis [105]. Through upregulation of IL-6 and aromatase expression, TNF-α participates with
the comprehensive regulation of estrogen synthesis [106]. In addition, TNF-α as a lipolytic agent was
shown by activation MEK, ERK, and elevation of intracellular cAMP to enhance lipolysis in human
adipocytes [107].

5.2. Estrogens

More than 75% of BCs express the ER, which means the vast majority of BCs grow and progress in
response to estrogens. Of note, estradiol (E2), through the alteration of the tumor microenvironment,
was shown to increase the growth of ER-negative BCs [108]. Estrogen biosynthesis is catalyzed by the
enzyme aromatase. Most of the estrogen in pre-menopausal women is synthesized by the ovaries,
while, after menopause, the adipose organ becomes the predominant source of aromatase expression
and estrogen production [109]. Given the close proximity of fat tissue to epithelial cells in mammary
gland tissue, aromatase derived from breast adipose stromal cells may have a substantially higher
impact on breast carcinogenesis than aromatase expressed in other parts of the body. Indeed, estrogen
levels in BCs are as much as 10 times greater than in the circulation of post-menopausal women [110].
It is therefore likely that locally produced estrogens, as a consequence of breast AT inflammation, may
represent a key driver of post-menopausal BCs in obesity. Accordingly, aromatase activity is higher
in AT of obese than normal weight women [75]. Even if direct evidence is still lacking, considering
that aromatase expression in AT is a marker of preadipocytes rather than mature adipocytes and that
stimulation of PPARγ leads to a reduction in aromatase expression [111], it is likely that dedifferentiated
CAAs are relevant sources of aromatase within the tumor microenvironment. In support, aromatase
activity was found higher in the breast quadrant containing the tumor than in the opposite one [76]. It
is interesting that factors inhibiting adipocyte differentiation, such as IL-6 and TNF-α, at the same time
stimulate aromatase expression in AT.
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5.3. Adipokines

5.3.1. Adiponectin and Leptin

Adiponectin is the most abundant protein secreted by AT with wide range influence on several
tissues and organs, performing insulin-sensitizing, anti-inflammatory, antiatherogenic, proapoptotic,
and antiproliferative actions [112]. Unlike most of the other AT-derived proteins, serum adiponectin
is reduced in obesity [80]. It is reduced also in CAAs in vitro and at the invasive front compared
with normal mammary AT [19,30]. Adiponectin released by adipocytes in the BC microenvironment
has a protective effect against tumorigenesis mainly through intracellular mechanisms initiated via
its receptors (AdipoR1 and AdipoR2). It has been extensively described that adiponectin attenuates
growth and invasion of BC cells and induces apoptosis by activation of AMPK and PI3K/AKT and
ERK1/2 inhibition [113] rather than inducing autophagic cell death [114]. While consistent results on
its anti-tumor activity have been obtained in ER-negative BC cells, controversial have been reported in
ER+ BC cells [115].

Leptin is a hormone made by AT physiologically acting primarily on neurons in the hypothalamus,
regulating food intake and energy expenditure. The role of leptin in tumorigenesis was suggested
by the high expression of its receptor (ObR) in several cancer cells. Both leptin and ObR were
found overexpressed in BCs, especially in higher grade tumors, and were shown to be related
with distant metastasis and poor prognosis [116]. Prevalently, leptin exerts its biological function
through binding to its receptor, which activates multiple downstream signaling pathways such as
STAT3, ERK, and PI3K signaling, involved in the control of cell proliferation, differentiation, survival,
migration, and invasion [117]. Leptin signaling was also shown to be involved in the promotion of a
stem-like phenotype related to resistance to therapy and tumor recurrence and metastasis [118]. Its
pro-tumorigenic activity in BCs also derived from its interaction with the ER signaling. Indeed, leptin
works on two levels; on one hand, it modulates estrogen production in adipose stroma, and on the
other hand, it induces upregulation of ER expression and ER functional transactivation in BC cells
governing estrogen sensitivity in cancer cells [119]. Accordingly, it has been shown that obese stromal
cells producing large quantities of leptin increased proliferation and metastasis of several ER+BC cell
lines through a leptin-mediated pathway [120]. Leptin was described to have a pro-tumorigenic role
modulating the tumor immune microenvironment. Indeed, it was shown to induce STAT3 activation in
tumor infiltrating effector T cells promoting FAO, which in turn facilitates the use of FAs as an energy
source, impedes glycolysis associated with restricted CD8+ T cell antitumor function, and enhances
BC progression [121]. Moreover, leptin has been described to mediate dysfunction of CD8+ T cells
by increasing the expression of PD-1 [122]. These effects have clear implications in the efficacy of
checkpoint inhibitors in obese patients.

Leptin is a key paracrine mediator regulating the interaction between stromal cells and BC cells
in the meaning of tumor metabolism. It was shown that leptin released by AT contributes to the
metabolic features associated with BC malignancy, such as switching the cells’ energy balance from
mitochondrial β-oxidation to the aerobic glycolytic pathway [123]. Obesity impacts leptin [77,78] and
adiponectin levels in opposite manners, which means that not their absolute quantities but rather the
mutual proportion in which they occur may be a key parameter indicating the relative risk of BC.
Indeed, high leptin-to-adiponectin ratio is associated with increased risk of post-menopausal BC [124]
and with increased progression in TNBC [125]. In addition, its expression characterized CAAs of BC
tissue [20] and mammary fat tissue from BCs compared to fat derived from benign lesions [30].

5.3.2. Autotaxin and Resistin

Autotaxin (ATX) is a secreted glycoprotein produced by platelets, endothelial cells, fibroblast,
adipocytes and, in varying degrees, by cancer cells [20]. Enzymatic activity of ATX converts
lysophosphatidylcholine (LPC) into lipid signaling molecule lysophosphatidic acid (LPA), which
controls key processes such as cell renewal, cell migration, proliferation, and survival [126]. Increased
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ATX expression in tumors upregulates inflammatory programs and is associated with enhanced tumor
progression, aggressiveness, increased angiogenesis, metastasis, and chemoresistance [127]. Benesch et
al. [85] proposed a special role for the adipose compartment within the BC microenvironment in the
supply of ATX. Namely, inflammatory signals secreted by tumor cells increase ATX expression in CAAs
and fibroblasts, reinforcing the inflammatory vicious cycle and contributing to tumor progression. The
pro-tumorigenic crosstalk between the tumor and the surrounding AT was shown to be interrupted
by ATX inhibition. ATX is highly expressed in subcutaneous fat depots of obese patients [82] and is
increased in circulation of patients with higher BMI [83,84].

Resistin is a fat-derived secretory factor usually found in inflammatory zones [128]. Recently
published data evidenced that resistin promotes the metastatic potential of BC cells by inducing
EMT and stemness [129]. As with other adipokines circulating in the blood, resistin may act on BC
systemically and locally. It was found to be higher in the circulation of obese patients and ob/ob mice,
a well-described model of obesity [67]. Also, CAAs in BC tissues produce this metastasis-inducing
adipokine [20]. The resistin receptor adenylyl cyclase-associated protein 1 (CAP1) was shown to be
expressed by numerous BC cell lines and primary human tumors. Moreover, its high expression in BC
patients was associated with characteristics of aggressiveness and poor prognosis [130].

5.3.3. HGF and IGF

Adipocytes and preadipocytes are known to secret hepatocyte growth factor (HGF), which,
together with its receptor present on tumor cells (c-Met), forms a signaling pathway intensely
correlated with proliferation, metastasis, and angiogenesis [131]. HGF was shown to be highly secreted
by adipocytes derived from obese individuals; accordingly, its serum level was higher in obese subjects
when compared to lean subjects [86]. Of note, it was shown that c-Met expression was increased at the
BC invasive front in adipocytes proximity. Although cancer cells seem to not increase expression of
HGF in nearby adipocytes, the fact that expression of HGF and c-Met at the interface of adipocytes
and cancer cells was correlated with histologic grade and reduced patient survival is certainly an
important indication that the pathway initiated by the adipocytes-derived HGF has an impact on
tumor progression [132].

Insulin-like growth factor 1 (IGF-1) is also secreted by adipocytes and preadipocytes, and its
release is increased about two-fold in both undifferentiated cells and differentiated adipocytes from
obese compared to lean individuals [87,88]. IGF-1, through the binding of its receptor IGF-1R expressed
in tumor cells, activates PI3K/AKT and MAPK pathways, resulting in their enhanced proliferation.
Suppression of IGF-1R in BC cells was shown to inhibit the tumor promoting effect of adipocytes.

5.4. Extracellular Matrix Remodeling

Cancer progression builds upon the ability of cancer cells to traverse the extracellular matrix
(ECM) barrier access the circulation and establish distant metastases. The ECM composition not only
orchestrates cancer and stromal cell behavior but also regulates the spectrum of reciprocal complex
interactions between cells. It is widely recognized that both biochemical and biomechanical properties
of the ECM influence cancer cell plasticity, allowing them to survive in hostile microenvironments and
resist therapy. Production of ECM components functioning as signaling molecules and its continuous
remodeling are clearly implicated in tumor progression. In AT, ECM is crucial for maintaining
the structural integrity of adipocytes and plays a pivotal role in adipogenesis. Adipocytes are an
abundant source of ECM components. However, tumor-induced adipocyte “activation” makes
them produce even larger quantities of tumor promoting ECM components, such as collagen VI
(COLVI) [19,21], which was described to contribute to AT fibrosis and inflammation in obesity [91,94].
COLVI was shown to promote tumor growth and survival signaling through the NG2/chondroitin
sulfate proteoglycan receptor expressed on tumor cells [133]. The cleaved fragment of the COLVI α3
chain—endotrophin—acts a potent profibrotic factor stimulating TGF-β-dependent EMT [134].
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In the same way, adipocytes at the invasive front of human tumors and CAAs in vitro exhibit
increased expression of MMP11) [19,38]. MMP11 is a potent physiologic negative regulator of
adipogenesis, and its expression in adipocytes was shown to be induced by tumor cells, in turn leading
to the accumulation of non-malignant peritumoral fibroblast-like cells, promoting cancer cell survival
and tumor progression. Thus, MMP11 plays the central role during tumor desmoplasia [135].

5.5. Metabolic Shift

Cancer cells invading regions of adipocytes in the tumor microenvironment interfere with essential
functions of white AT, such as controlling energy balance, leading to the redistribution of nutrients
in favor of cancer cells. It was shown that a tumor educates its stroma by downregulating p62,
and such a prepared stroma shuts down energy utilization, which increases nutrient availability for
cancer cells [136]. Recently, much attention has been paid to the role of adipocytes releasing FAs
and other macronutrients supporting tumor growth [9,137]. Tumor cells switching from glycolysis
to lipid-dependent energy production are supported by both de novo lipogenic synthesis and the
acquisition of exogenous FAs [138]. FAs provide an excellent source of energy production through
the FAO. Cancer cells can also store excess lipids in the form of lipid droplets, which supply energy
to power their expansion and metastasis [138]. Especially, obese adipocytes supply more FAs to
cancer cells than non-obese adipocytes, increasing the energy amount available for tumor growth
and metastasis [34]. Cell surface fatty acid translocase (CD36) has been recognized as a marker of
metastasis initiating cells in various cancer types, including BC [138,139]. Those cells are highly
responsive to exogenous FAs, and the inhibition of CD36 was shown to impair metastasis [138,140].
FFAs released from CAAs serve not only as nutrients but can also be used for the biosynthesis of a
series of lipid-signaling molecules that promote tumorigenesis [9].

Tumor-educated adipocytes due to strong metabolic pressure shift their metabolism to glycolysis
with concomitant release of energy-rich metabolites, such as lactate and pyruvate. The dynamic
monocarboxylate shuttle between BC cells and adipocytes through monocarboxylate transporters
(MCT) plays a role in BC aggressiveness [141]. Indeed, it was shown that adipocytes co-cultivated with
tumor cells exhibited upregulated expression of 4MCT4, facilitating lactic acid efflux [142]. Cancer
cells, on the other hand, are equipped with an appropriate apparatus for lactic acid uptake, such as
MCT1 and MCT2. In fact, highly proliferating ER-negative BC subtypes express high levels of MCT1,
which is associated with poor patient outcome [141]. The association was even stronger for combined
expressions of MCT4 and MCT1 in AT and tumor cells, respectively.

Ketone bodies produced and released by glycolytic adipocytes are an ideal substrate for ATP
production by driving oxidative mitochondrial metabolism in invasive cancer. They may burn more
efficiently than other mitochondrial fuels, even during hypoxia, potentially allowing the tumor to
grow in the absence of an optimal blood supply [143]. Importantly, the coexistence of adipocytes and
tumor cells potentiates both ketogenesis in adipocytes as well as ketolytic activity in BC cells [142].
Additionally, it was shown that β-hydroxybutyrate secreted from adipocytes enhanced BC cells
malignancy in vitro, upregulating several tumor-promoting genes in BC cells [144]. Induction of
ketone-specific gene signature was shown to be associated with worse outcomes in BC patients [145].

6. Adipocytes in Cancer-Associated Cachexia

Cancer-associated cachexia is a well-known complication of cancer that frequently is the cause
of death in cancer patients. As a systemic illness, cachexia affects the vast majority of patients with
end stage cancer. Due to an energy imbalance condition and inflammation, the body burns its
own components to sustain the tumor growth. Cachexia differs from malnutrition in as much as
cachexia cannot be successfully treated by supplemental nutrition alone [145]. Cachexia has been most
frequently recognized in the course of pancreatic, gastric, colorectal, lung, head, and neck cancers [146].
Although in the past cachexia was not often documented in BC patients, more recent studies suggest
its particular impact on bone metastasis common in patients with advanced BC [147]. The previously
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rather neglected AT dysfunction is an essential contributor to cachexia and has been recognized as
an early phenomenon occurring just before the skeletal muscle atrophy [148,149]. This is in line
with observations carried out in tumor-bearing mice, which confirmed that AT wasting is an early
event occurring at a time when the tumor is hardly palpable [150]. Moreover, the breakdown of
adipocyte triacylglycerols (which is at the basis of cachexia-associated fat tissue remodeling) may
actually activate muscle proteolysis [151]. Several serum factors such as TNF-α, IL-1β, IL-6, and a
zinc-glycoprotein (ZAG), also called lipid-mobilizing factors secreted by tumor or host cells, have been
shown to be involved in local as well as systemic AT lipolysis [145]. Increased FAs levels in circulation
can be taken up by skeletal muscle, and the excess of intramuscular FAs was shown to cause several
biochemical changes, such as the expression of lipases Atrogin-1 and MuRF67, leading to skeletal
muscle atrophy [152,153]. On the other hand, skeletal muscle atrophy may act as positive feedback
enhancing AT lipolysis [154]. Thus, the particular crosstalk between AT and muscles in cachexia is an
undeniable fact and contributes to the progression of cachexia.

Cachectic adipocytes under some aspects, such as morphologic modifications, decrease in lipid
content [25], decrease in expression of C/EBPα [27] and leptin [79], as well as proinflammatory
phenotype [65,66,72] and induction of ECM remodeling [27,65,93], resemble CAAs [155] (Tables 1
and 3). Also, characteristics of cancer cachexia (i.e., decreased glucose metabolism along with decreased
lipogenic rate [32]) were observed in CAAs. There are also important features of cachectic adipocytes
not seen in CAAs, such as upregulation of lipolytic enzymes (HSL or ATGL) [35], making them similar
to adipocytes in obesity. During AT lipolysis, ATGL and HSL hydrolyze stored triglycerides and
produce FFAs and glycerol. In line with this, cachectic—similarly to obese patients—manifests high
levels of circulating FFAs, glycerol, and triacylglycerol [156–158].

A very reasonable question arises, namely, whether excess body fat and obesity can contribute
to cancer cachexia occurrence and worsening patient prognosis. As (i) illnesses associated with
insulin resistance, such as obesity, exhibit increases in whole-body protein degradation, (ii) insulin
resistance is associated with muscle fat accumulation, and (iii) high-fat diet enhances muscle protein
catabolism associated with an increase in plasma FAs and a decrease in plasma adiponectin, the
implication of obesity in cancer cachexia is an entirely plausible scenario [159]. Body composition,
defined as the proportions and the distribution of lean and fat tissues, is an emergent issue in
clinical oncology. Occurrence of sarcopenia, a severe muscle depletion, is most easily missed in obese
patients. Coexistence of obesity and sarcopenia, termed “sarcopenic obesity”, are highly prevalent [160].
Mechanisms of muscle loss observed in patients with sarcopenic obesity may involve AT homeostasis
and thus likely overlap with mechanisms of cancer cachexia. Obesity was shown to be associated with
a decrease in circulating adiponectin and increased IL-6 and FFAs levels (Table 3). These futures were
shown to trigger muscle protein loss with concomitant accumulation of fat in muscle fibers [159].

Tumor cells are highly energy-demanding, thus energy and metabolic intermediates such as
FFAs released from AT in both obese and cachectic are desired substrates required to sustain their
proliferation. However, certain cancers, along with high rate lipolysis, were shown to induce
white-to-brown transdifferentiation, named “browning”, mediated by UCP1, resulting in enhanced
fat energy burning with concomitant fat tissue wasting [31]. Paradoxically, this means that energy
that could be consumed by tumor cells is burned by thermogenic reactions in adipocytes. In the
murine prostate cancer model, p62 emerged as the main regulator of adipocyte metabolic health
(supporting browning and adipogenesis). p62 was shown to guard the fat–tumor interaction, as its loss
in adipocytes severely inhibited adipocyte browning, allowing establishment of a symbiotic interaction
based on adipocyte low energy utilization in favor of tumor needs. In fact, also in BC, p62 levels were
reduced in the stroma of several tumors, and its loss resulted in increased tumorigenesis [161].

The process of cancer induced adipocyte browning is largely described in cancer cachexia and
concerns adipocytes in the whole body, but this phenomenon has been also observed in the tumor
microenvironment. Indeed, higher browning of adipocytes was noted in AT adjacent to BCs when
compared to benign lesions [30]. Highly UCP1 expressing cancer-associated fibroblasts were shown to

16



Cells 2020, 9, 560

have tumor promoting effects via the generation of high-energy mitochondrial fuels (such as ketone
bodies). In fact, this means that even activation of the stroma towards energy consumption (browning)
may have a pro-tumorigenic effect through the production of alternative and efficient energy substrates.
In general, both adipocytes activation in the tumor vicinity as well as adipocytes extreme modifications
observed in cancer cachexia, together with their similarities and differences, are certainly not negligible
complications of tumor progression, as cancer cells induce and exploit local and systemic functions for
its purpose.

While it seems possible that restoring AT homeostasis by targeting these areas of dysfunction would
contribute to further improvements in patient-centered outcomes, current clinical trials investigating
potential therapeutic agents for patients with cancer associated cachexia do not directly address the
contributions of white, beige, and brown AT to cancer cachexia [154].

7. Conclusions

Adipocytes are active players in the development and the progression of BCs. Through the
secretion of several stimuli, they create a permissive microenvironment for tumor growth. In the
current review, we compared adipocytes involved in three pathologies—obesity, BC, and cachexia. In
our opinion, such a comparison may help to understand the way adipocytes support tumor growth and,
above all, it can hopefully bring us closer to understanding how cancer cells introduce modifications
in AT not found in normal AT. Adipocyte characteristics in obesity are similar to those detected in
CAAs of invasive tumors, raising the possibility that adipocytes support tumor development and
progression in obese people due to their already altered phenotype. At first glance, such different
adipocytes observed in obesity and cachexia turned out to be very similar, especially in terms of
metabolic disturbances and pro-inflammatory features, hence becoming dangerous partners of tumor
progression. Importantly, altered phenotypes of CAAs and cachectic adipocytes are the results of
tumor direct/indirect actions, local and systemic, respectively. Indeed, they both have detrimental
effects when it comes to tumor progression and patient prognosis.

Adipocytes, as active player in tumor progression, are emerging as a new target in treating BC.
New drugs can be developed to target adipocytes and/or cancer cells to block the adipocyte–tumor
cells’ vicious cycle from inducing cancer progression. In this context, further research is required to
understand the mechanism(s) by which tumor cells modify adipocytes. Tumor-derived signals to
adipocytes might be those used by tumor cells to continuously communicate with and activate stromal
cells in the bone marrow or in distant organs in order to progress into metastasis. Moreover, blocking
such signals could help in countering tumor-derived adipocyte dysfunction such as cachexia. On the
other hand, understanding the efficacy of adipocyte-derived factor inhibition on cancer progression
could represent a new strategy to treat cancer, especially in obese patients. Curiously, adipocytes
have been also exploited to be the final result of a trans-differentiation process induced in BC cells to
reduce BC progression [162]. Indeed, it was recently demonstrated that cancer cells undergoing an
EMT program to adapt to changing signals from the microenvironment and to escape drug treatments
acquired cellular plasticity that could be exploited to force trans-differentiation of BC cells into bona
fide postmitotic adipocytes. This treatment was demonstrated to inhibit cancer metastasis in several
preclinical models. Based on the relevance of the interaction between tumor cells and adipocytes in BC
progression reviewed above, a potential contribution of the cancer cell-derived adipocytes to tumor
progression warrants further investigation before the use of this strategy as a therapeutic approach.
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Abstract: In the last years, the extracellular matrix (ECM) has been reported as playing a relevant role
in esophageal cancer (EC) development, with this compartment being related to several aspects of EC
genesis and progression. This sounds very interesting due to the complexity of this highly incident
and lethal tumor, which takes the sixth position in mortality among all tumor types worldwide.
The well-established increase in ECM stiffness, which is able to trigger mechanotransduction signaling,
is capable of regulating several malignant behaviors by converting alteration in ECM mechanics
into cytoplasmatic biochemical signals. In this sense, it has been shown that some molecules play
a key role in these events, particularly the different collagen isoforms, as well as enzymes related
to its turnover, such as lysyl oxidase (LOX) and matrix metalloproteinases (MMPs). In fact, MMPs
are not only involved in ECM stiffness, but also in other events related to ECM homeostasis, which
includes ECM remodeling. Therefore, the crucial role of distinct MMPs isoform has already been
reported, especially MMP-2, -3, -7, and -9, along EC development, thus strongly associating these
proteins with the control of important cellular events during tumor progression, particularly in the
process of invasion during metastasis establishment. In addition, by distinct mechanisms, a vast
diversity of glycoproteins and proteoglycans, such as laminin, fibronectin, tenascin C, galectin,
dermatan sulfate, and hyaluronic acid exert remarkable effects in esophageal malignant cells due to
the activation of oncogenic signaling pathways mainly involved in cytoskeleton alterations during
adhesion and migration processes. Finally, the wide spectrum of interactions potentially mediated by
ECM may represent a singular intervention scenario in esophageal carcinogenesis natural history and,
due to the scarce knowledge on the cellular and molecular mechanisms involved in EC development,
the growing body of evidence on ECM’s role along esophageal carcinogenesis might provide a solid
base to improve its management in the future.

Keywords: esophageal carcinogenesis; extracellular matrix; stiffness; remodeling; adhesion;
metalloproteinases; glycoproteins; proteoglycans
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1. Introduction

The high level of organization among multicellular organisms is largely attributed to a constant
process of communication between different cellular types [1,2]. In fact, due to this highly organized
communication system, a myriad of chemical signals is stratified, thus integrating physically distant
compartments in a functional organism [3,4]. However, the physical and chemical integration is not only
based on the establishment of cell–cell communications, but also on the communication between cells
and their surrounding microenvironment, particularly the extracellular matrix (ECM) [5,6]. ECM can
be defined as a complex non-cellular compartment, present within tissues and organs, providing
physical scaffolding, as well as biochemical and biomechanical signals required for several biological
processes [1]. In this sense, the establishment of interactions between cells and ECM is crucial for
morphogenesis and homeostasis maintenance, besides presenting an important role in the genesis
and progression of distinct diseases, including cancer [7,8]. Thus, the relevance of ECM in cancer has
strongly increased over the last years, and it is now well demonstrated that it does not represent only
a mere physical compartment, but a functional protein network, capable of modulating the fate of key
events during carcinogenesis, such as cell survival, apoptosis, proliferation, angiogenesis, migration,
and invasion, among others [7–12]. Additionally, several biological aspects of ECM (adhesion, stiffness,
remodeling, growth factor release, and others) may cooperate and stimulate the malignant behavior
of cancer cells by a feedback mechanism that is established between tumors and their surrounding
microenvironment [13,14]. Moreover, in the last years, it has been reported that ECM plays a relevant role
in esophageal cancer (EC) development, being this compartment related to several aspects of its genesis
and progression [15]. EC is a highly incident and lethal cancer, taking the sixth position in mortality in
men, among all tumor types worldwide [16]. This lethal tumor confers a 5-year survival rate of about
15–25% of patients, demonstrating its poor prognosis [17]. There are two main EC histopathological
subtypes: esophageal squamous cell carcinoma (ESCC) and esophageal adenocarcinoma (EAC),
which widely differ considering populations affected, etiological factors, and molecular alterations,
among others. Although ESCC development is highly associated with tobacco and alcohol abuse
and ingestion of high temperature beverages, for EAC, the main associated risk factors are obesity,
gastroesophageal reflux disease (GERD), and Barrett’s esophagus (BE), an intestinal metaplasia where
the normal stratified squamous esophageal epithelium is replaced by a columnar intestinal-like
one [18,19]. ESCC represents the predominant EC histotype; nevertheless, along with the increase in
obesity rates in some western countries, the incidence of EAC has increased sharply over the past few
decades [20,21]. Although EC is a remarkably incident and lethal cancer, the knowledge on its biology
is still scarce. EC poor prognosis is directly associated with its late detection, which is a consequence of
the lack of clinical symptoms in early tumor stages. Thus, the deeper understanding of the mechanisms
involved in its genesis and/or progression may be useful in identifying potential markers for diagnosis
and prognosis, as well as potential therapeutic targets. Therefore, the reciprocal interactions that occur
between the cells and the surrounding ECM orchestrate a complex cascade of events during esophageal
malignant transformation, where the adhesion mediated by glycoproteins and proteoglycans triggers
signaling pathways, which induce the expression and activation of catalytic enzymes that, in turn,
promote structural alterations in ECM stiffness and remodeling [15]. These alterations culminate
in the activation of signaling pathways in a feedback loop mechanism (Figure 1). In this context,
the interactions between EC and ECM may shed some light on the cellular and molecular mechanisms
that govern the malignant development of these tumors. Thus, the aim of this review was to compile
existing data of crucial phenomena related to ECM, focusing specifically on the stiffness, remodeling,
and adhesion/migration events under the context of esophageal carcinogenesis, as presented in the
following sections.
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Figure 1. Extracellular matrix (ECM) and esophageal carcinogenesis. The figure schematically represents
how ECM may affect the genesis and/or development of esophageal tumors. The first layer represents
the main classes of ECM constituting proteins involved in esophageal carcinogenesis. The second layer
represents ECM phenomena modulated in esophageal tissues as a consequence of the altered protein
constitution and function of this compartment. The third layer represents the crucial cellular events
impacted by structural and functional alterations occurring in ECM, which may play a crucial role in
esophageal carcinogenesis. Arrows indicate the dynamism and hierarchy between the three layers
of events.

2. EC and ECM

2.1. Structural Proteins and ECM Stiffness

The tumor microenvironment plays a key role in tumor development and progression [15,22–26].
This dynamic environment is formed by several cellular components that include not only cancer
cells, but also fibroblasts, and immune and endothelial cells [15]. Moreover, one of the most
important constituents of the tumor microenvironment is the ECM, a meshwork of proteins and
glycosaminoglycans surrounding tumor cells [12]. ECM provides the biochemical and mechanical
support for tumor progression [12,27,28]. The expression of several ECM proteins has been shown
to be upregulated in tumors, of which, the most abundant is type I collagen [29]. This structural
protein not only fills up the interstitial spaces between cancer cells, but it also changes the mechanical
properties of cancer tissues, particularly by increasing their stiffness and providing tissues with tensile
strength and resistance to deformation [12,30]. The increase in tissue stiffness occurs not only due
to the increased deposition and cross-linking of thick fibers of type I collagen together with other
proteins, such as fibronectin and types III and IV collagens, but also by the increase in cross-linking
capacity of these meshworks [29]. These modifications involve several post-translational changes in the
molecule that take place inside the cells, followed by reactions that occur in the ECM [31]. For instance,
lysine or hydroxylysine residues in collagen molecule can undergo oxidative deamination catalyzed
by lysyl oxidase (LOX) enzymes at the ECM, leading to the formation of covalent intermolecular
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cross-links between neighboring collagen molecules [31]. Although type I collagen was traditionally
considered as a physical barrier to prevent tumor cell dissemination, mainly because early studies in
the field showed that collagen molecules should be degraded to allow tumor progression, it is now
evident that type I collagen is actively involved in tumor invasion [32]. It is well-established that the
increase in ECM structure and stiffness is directly associated with tumor progression. The so-called
“tumor stiffening” is due to the deposition and cross-linking of several ECM molecules [29,33–37].
Huge amounts of ECM molecules are deposited during EC development [38]. Thus, the constituents
of the ECM can have a lasting effect on cancer cells. Indeed, ECM remodeling creates a reorganized
environment that promotes tumor progression by destabilizing cell polarity and cell–cell adhesions
and by increasing growth factor signaling [32], which impact on tumor gene expression, differentiation,
proliferation, migration, and responses to treatments [32]. Type I collagen protein secretion within the
tumor microenvironment is mainly originated from the cells surrounding these tumors, particularly
cancer-associated fibroblasts (CAFs) or tumor-associated fibroblasts (TAFs) [39]. These cells have
a specially activated phenotype, marked by the expression of fibroblast activation protein-α (FAP-α)
and α-smooth muscle actin (α-SMA), although with extremely heterogeneous subpopulations that may
have different roles during tumor development and progression [40,41]. The increase in expression
of these CAF proteins are induced by growth factors and microRNAs (miRNAs) secreted by cancer
cells [22,42,43]. Once in this state, CAFs can modulate the tumor progression in several ways, such as via
secreted factors, activating pro-inflammatory pathways, disrupting immune surveillance, and also by
altering the ECM protein structure and stiffness [22,44–48]. Regarding EC, a recent study demonstrated
that cells from tumor microenvironment synthesize increased ECM proteins, and the upregulation of
these proteins is associated with patients’ poor prognosis and chemoresistance [38]. Moreover, using
cell-derived 3D ECM, the authors showed that differences in ECM composition and structure are both
crucial to EC cell response to chemotherapeutic drugs [38]. Thus, targeting ECM proteins synthesized
by tumor surrounding cells could be an effective method to control cancer development and progression
mainly because increased levels of ECM proteins together with their structural organization both act
as a barrier for chemotherapy efficiency. A combinatory therapy that acts not only in EC cells but
also in the ECM surrounding these cells should be considered. Tumor cells also need to degrade and
remodel type I collagen meshwork. This is mainly performed by matrix metalloproteinases (MMPs)
secreted by tumor cells as a very important feature that allows for the invasion and dissemination of
cancers. Collagen molecules are synthesized as procollagens by the cell. When procollagen is secreted
extracellularly, it is cleaved, assembled, and cross-linked to form collagen [12]. Indeed, the levels
of such propeptides are associated with worse prognosis of patients affected by different types of
cancers, being detected in their serum [49]. Moreover, it was already demonstrated that collagen
fragments could induce the expression of signaling molecules, such as vascular endothelial growth
factor (VEGF) and C-X-C motif chemokine receptor 4 (CXCR4), known as activators of MMP-2 and
MMP-9 [50]. Over the past few decades, the notion that tumors secrete MMPs to degrade type I
collagen in ECM has been very well accepted [51]. Recent studies, however, have described how cancer
cells also produce their own type I collagen molecules, nevertheless presenting a different molecular
weight from that of stromal cells, particularly in the case of EC [52,53]. Cancer-derived type I collagen
molecules may affect tumor microenvironment and, although the precise mechanisms need to be
explored, it is already known that tumor type I collagen facilitates cancer cell adhesion by modulating
ECM to contribute to tumor clone formation [52,53]. Thus, one could suggest that cancer-derived type
I collagen represents a promising target to improve cancer diagnosis and treatment, pointing out the
need to further elucidate their function, particularly in EC. Apart from ECM remodeling promoted by
tumor cells, there is also little research trying to elucidate the effect of CAFs on EC ECM remodeling.
By observing the morphology of collagen fibers using multi-photon laser scanning microscopy with
the second-harmonic generation, Hanley and colleagues showed that the appearance of elongated
collagen fibers within CAFs is associated with poor survival rates in EC patients [54]. Moreover,
the authors also showed that the formation of this collagen linear structures are specifically regulated
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by a CAF type that displays a myofibroblastic phenotype (αSMA-positive), suggesting that these
αSMA-positive CAFs are the ones capable of regulating collagen fiber elongation and highlighting that
the combined evaluation of collagen structure and αSMA-positive CAFs may be an important feature
for the prognostic assessment of EC [54]. Cells sense ECM stiffness through their transmembrane
receptors that are linked to the actomyosin cytoskeleton. Thus, the mechanical properties of ECM can
influence growth, survival, migration, invasion, and differentiation of cells within their tissues [12,30].
Once the development of pathologic conditions, such as cancer, are accompanied by alterations in
the composition, organization, and mechanical properties of ECM, these changes contribute not only
to the malignant transformation but also to tumor progression and metastasis [12,30]. Cells bind to
the ECM through diverse transmembrane receptors, such as integrins, syndecans, and, particularly
in the case of type I collagen molecules, to discoidin domain receptors (DDRs) [55]. Upon collagen
binding, DDR receptors’ cytoplasmic tails undergo autophosphorylation, creating docking sites for
several other molecules, such as phosphoinositide 3-kinase (PI3K), extracellular-signal-regulated
kinase (Erk), and myosin II [56–58]. This myosin II, together with actin, constantly checks the
mechanical properties of ECM and propagates intracellular signaling pathways through a process
known as mechanotransduction. It sounds very interesting, once it has already been reported that
LOX, responsible for catalyzing the cross-links between collagen molecules, is highly expressed in
ESCC samples, resulting in an increase in ECM stiffness [59], which, in turn, activates signaling
pathways involved with malignant phenotype acquisition [12,30]. In fact, it was observed that the
activation of specific signaling pathways in tumors triggered by alterations in ECM stiffness, besides
altering cell morphology and migration [60]. Therefore, these data indicate that the stiffness patterns
observed in EC samples [54,61] may represent the activation of several pathways involved in EC
evolution. According to this hypothesis, the increase in ECM stiffness, which is observed in a vast
range of tumor types [61], also contributes to tumor cells’ sustained growth, by inducing telomerase
activity and, consequently, telomere stretching [62]. Such a phenomenon was also observed along EC
development [63]. In this scenario, as a consequence of telomere elongation, cells are unable to arrest
along cell cycle progression, conferring a limitless replication pattern, which characterizes neoplastic
cells [39]. Moreover, a previous study showed that the increase in integrin expression in epithelial cells
is associated with a higher telomerase enzymatic activation [64]. Thus, once integrins represent the
main class of receptors interacting with ECM, one could suggest that the activity of telomerase induced
by the alterations in ECM stiffness, may be mediated, at least in part, by integrin receptors. On the other
hand, it has been reported that loss of integrin subunits α6, β1, and β4 is related to ESCC patients’ poor
prognosis, whereas their presence is associated with increased relapse-free survival [65]. Thus, these
data could suggest that the association between ECM stiffness—through integrin activation—and
telomerase activity may represent an early step along esophageal carcinogenesis, once, during EC
development, integrins are precociously lost [65]. In fact, it has been reported that telomere elongation
is an early event related to esophageal carcinogenesis, as its association with esophageal pre-malignant
lesions, such as BE, telomere elongation, and the consequently genetic instability triggered by this event,
is also observed after the exposure to ethiopathological risk factors associated with EC development [63].
Finally, because integrins represent a key element during mechanotransduction, one could say that
the alterations in ECM stiffness might play a central role in the esophageal tissue transformation
due to its involvement in telomere elongation. In addition, a stiffer ECM will foster these signaling
pathways, whereas a compliant ECM will halt them [12]. Thus, ECM stiffening through collagen
cross-linking stimulates tumor cells in generating higher intracellular cytoskeletal tension, and also
stronger traction forces on ECM [12]. ECM stiffening is positively correlated with the aggressive
behavior of cancer cells, such that most cells migrate faster on stiffer substrates [66]. This feature
can be explained because a stiffer ECM promotes cell migration and invasion by enhancing adhesion
molecule clustering, focal adhesion kinase (FAK) phosphorylation, and Rho-GTPase activation, which
favor the assembly of cellular protrusions such as filopodia and lamellipodia required for efficient
tumor cell migration through ECM [67]. Moreover, cellular responses to mechanical stimuli also alter
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gene expression. For example, the expression of integrins, MMPs, and also cytoskeletal proteins are all
increased in response to stiff substrates in a sort of positive feedback that enhances tumor progression
and metastasis [68–70]. Although most of the mechanical mechanisms described above are already
partially elucidated for some cancers, very little is known about these phenomena in EC. Therefore,
investigating these characteristics in EC may be an interesting research topic for the field.

2.2. MMPs and ECM Remodeling

ECM remodeling is a very dynamic process, represented by the balance between production and
degradation of proteins comprising ECM. This event plays an essential role in the maintenance of tissue
homeostasis through the regulation of a myriad of interactions that constantly occur between cells and
their surrounding microenvironment [71]. Nonetheless, the proteolytic enzymes play a central role in
this process, by catalyzing the reactions that culminate in alterations in the chemical structure of target
proteins [72]. In this context, the MMP protein family is characterized as multi-domain zinc-dependent
endopeptidases and represent one of the major class of enzymes involved in ECM remodeling [72].
The different MMP subtypes are closely related to several distinct aspects of cancer development.
Specifically, it has been reported that MMPs regulate key events in tumor progression, such as cell
survival and invasion, metastasis development and angiogenesis, and malignant transformation [73].
MMPs are also biologically relevant for esophageal carcinogenesis. It has been previously shown
that MMPs function as potential biomarkers, and distinct MMP subtypes, including MMP-1, MMP-2,
MMP-3, MMP-7, and MMP-9, have been associated with EC diagnosis and/or prognosis [74–79].
In this way, among the nearly 30 distinct MMPs subtypes, MMP-2 and MMP-9 are the most strongly
associated with esophageal carcinogenesis [74]. In fact, due to the breakdown of basement membrane
collagen IV, MMP-2 and MMP-9 overexpression confers a poor prognosis for EC patients and is
associated with late tumor stage, as well as with local invasion and presence of metastasis [74]. Hence,
because aberrant expression of MMP-2 and MMP-9 plays a key role along EC progression, different
studies have shed some light on the mechanisms involved in the deregulation of MMP-2 and MMP-9
expression. Accordingly, the study published by Wang and colleagues revealed that overexpression of
aurora A kinases (AURKA) in ESCC cell lines triggers a signaling pathway involving other kinases,
such as p38 mitogen-activated protein kinases (p38) and protein kinase B (Akt), that culminates in
MMP-2 expression and activity augmentation and, consequently, enhancement of ESCC cells’ invasion
abilities [80]. The involvement of the mitogen-activated protein kinase (MAPK) pathway seems to be
a central mechanism in the regulation of MMP-2 and MMP-9 expression, as it it was demonstrated that
a decrease in extracellular signal-regulated kinases (Erk) 1/2 and p38 phosphorylation, promoted by the
tumor suppressor distinct subgroup of the Ras family member 1 (DIRAS1), leads to a down regulation of
both MMPs [75]. Moreover, in accordance with these data, the activation of c-Jun N-terminal kinase (JNK)
by E3 ubiquitin-protein ligase RAD18 also promotes an upregulation of MMP-2 and MMP-9 expression,
as well as an increment in ESCC malignant cell invasion capacity [76]. In addition, the involvement of
MAPK members in MMP-2 and MMP-9 expression control is likely to be also indirectly regulated by
DNA damage events, because DNA polymerase iota, which acts in translesion DNA repair, is able to
increase the expression of both MMPs by inducing the activation of the JNK/activator protein 1 (AP-1)
axis in ESCC cells [77]. Oppositely, the study performed by Garalla and colleagues showed that the
blockage of the MAPK pathway was not able to interfere in MMP-7 expression [78], although MMP-7
aberrant levels had been previously related to EC progression [79,81]. Nonetheless, in the same study,
the authors demonstrated that PI3K blockage, by using the chemical inhibitor LY294002, was able
to strongly abolish MMP-7 secretion by EAC cells [78]. Additionally, the increase in MMP-7 levels
could also be triggered through the modulation of other pathways, and, by using a panel of ESCC
malignant cell lines, it was shown that the upregulation of AP-1 induced by activin A culminated
with an increase in MMP-7 levels [82]. Taken together, these data suggest that different pathways
are strictly associated with the modulation of distinct MMP subtypes’ expression along esophageal
carcinogenesis. Therefore, the well-established association between DNA damage and environmental
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factors, which characterizes the natural history of EC, may also be involved in the early deregulation
of MMP function and expression. Furthermore, it seems that not only genetic alterations are related to
the imbalance of MMP levels, but also to epigenetic mechanisms, such as acetylation of histones and
DNA methylation, that could indirectly regulate MMP-2 and MMP-9 expression [83,84]. Additionally,
obesity figures act as a crucial ethiopathological factor for EAC development. Corroborating this
statement, high leptin levels, instead of adiponectin, are detected (among other hormonal alterations)
in EAC patients. In this way, it was previously shown that the activation of signal transducer and
activator of transcription 3 (STAT3) by leptin signaling pathway in the malignant EAC cell line OE-33
was capable of modulating the expression of MMP-2, but not that of MMP-9, which was also regulated
by leptin, nevertheless in a STAT3-independent manner [85]. Because STAT3 is a recognized p38
activator, it could be reasonable to suggest that MAPK pathway activation by leptin may not be strong
enough to regulate MMP-9 expression, or, as postulated by the authors, MMP-9 expression could be
regulated by other mechanisms, including MAPK activators, or even other pathways mediated by
leptin signaling. However, in the same work, Beales and colleagues demonstrated that adiponectin
was able to antagonize leptin effects observed in EAC malignant cells, including MMP-2 and MMP-9
downregulation, thus indicating the importance of hormonal imbalance induced by obesity during
EAC genesis and progression. In accordance with these observations, it was previously reported
that obesity strongly influences the expression of MMP-2 and MMP-9, due to the fact that EAC cells
display a great increase in the expression of these two enzymes after its co-cultivation with adipose
tissue obtained from visceral fat area [86]. On the other hand, it was shown that the tumor suppressor
candidate-activating transcription factor 3 (ATF3), which is significantly downregulated in malignant
tissues [87], including ESCC specimens [88], coordinates a signaling cascade involved in the formation
of a protein complex composed by p53, MDM2, and MMP-2, which mediates MMP-2 degradation
and attenuation of tumor progression through cellular invasion inhibition [88]. Furthermore, in the
same study, it was observed that cisplatin, the main chemotherapeutic agent used in EC management,
was able to revert the invasive phenotype of ESCC cells, due to the induction of ATF3 expression
occurring through p53 intermediation. These results sound very interesting because cisplatin is
an alkylating agent that promotes DNA damage by forming adducts [89]. Otherwise, differently
from other chemotherapeutic agents, cisplatin-based treatment may exhibit the best responses in EC
patients, considering the additional effects exerted by this drug on the pathway that leads to MMP-2
degradation. In fact, MMP expression and activation seems to be regulated by different proteins that
would be directly associated in a process orchestrated by the biological context. BE consists in one of
the major hallmarks of EAC development, with GERD being the main inductor of this condition [90].
In this context, it has been previously reported that MMP-2 is activated by GERD occurring along
EAC development [91]. In this way, chronic inflammation represents one of the main biological
consequences promoted by GERD, with this inflammatory condition being a major driving force
along EAC carcinogenesis [92]. Furthermore, nuclear factor kappa B (NF-kB), a key element activated
during inflammation process, has been associated with the presence of invasion and metastasis during
ESCC progression, by inducing epithelial mesenchymal transition (EMT) and MMP-9 expression [93].
Further, the study published by Shin and colleagues elucidated the mechanistic pathway linking the
increase in MMP-9 expression and NF-kB by showing that protein tyrosine kinase 7 (PTK7) is able
to activate NF-kB by a complex circuit, which involves different types of tyrosine kinase receptors,
MAPK proteins, and Src [94]. In addition, it was previously reported that the pro-inflammatory
interleukin 17 (IL-17) was able to induce the invasiveness of EAC cells by upregulating MMP-2 and
MMP-9, and moreover increasing reactive oxygen species’ (ROS) intracellular levels [95]. In fact,
Lu and colleagues showed that high levels of oxidative stress, which characterizes the bile acid reflux
environment, promotes apurinic/apyrimidinic endonuclease 1 (APE1) accumulation that, in addition
to the promotion of cell survival through oxidative DNA damage repair and activation of STAT3
signaling, is also capable of binding to ADP-ribosylation factor 6 (ARF6) protein. The binding of
APE1 to ARF6 leads to its stabilization and, subsequently, it introduces a recycling membrane-type 1

33



Cells 2020, 9, 455

matrix metalloproteinase (MT1-MMP) to the cellular membrane, where the MT1-MMP enzyme will
activate MMP-2 [91]. Moreover, along EAC evolution, the increase in nitric oxide levels, induced
by GERD, was able to promote the invasion of high-grade dysplasia Barrett’s cells by upregulating
MMP-1 [96]. Of note, MMP-1 expression deregulation has been reported as a poor prognosis marker for
EC development [97,98]. Therefore, it seems that a permissive environment would arise in esophageal
tissue as a response to bile acid reflux insult. Specifically, the increase in NF-kB activation, as well as in
ROS levels, caused by chronic inflammation plays a central role in the acquisition of a more invasive
phenotype, as a consequence of the aberrant expression of MMPs, particularly MMP-2 and MMP-9.
In addition, the relationship between GERD and MMPs along esophageal carcinogenesis seems to
represent a wide event, and it has been reported that GERD condition is associated with the prevalence
of polymorphisms in MMP-1 (*1G/2G) and MMP-3 (*6A/5A) [99]. Thus, because it is already known
that polymorphisms in MMP-1 (*1G/2G) and MMP-3 (*6A/5A) are related to an enhanced risk for EAC
development [100], these data suggest that the association between GERD and MMP polymorphisms is
an early event during EAC development. Nevertheless, this scenario seems to be more complex—the
impact of MMP polymorphisms on EC development risk modulation depends on the polymorphism
itself, as well as on the MMP gene affected. In this way, a meta-analysis study conducted by Peng and
colleagues revealed that the distinct polymorphisms present in MMP-7 and MMP-9 genes were not
related to increased risk for EC development, and moreover, two polymorphisms found in MMP-2 gene
were associated with a diminished susceptibility of EC development [101]. Finally, it has been shown
that epidermal growth factor (EGF) pathway, an important mechanism involved in the malignant
transformation of several different tumors, also plays an eminent role in EC progression [102]. In this
respect, in addition to the association between greater EGF and MMP-9 expression and a more invasive
phenotype observed in EC tumors [103], it is known that ESCC cell line treatment with recombinant
EGF leads to MMP-9 expression enhancement [104]. Of note, the study of Okawa and colleagues
reported that the crosstalk between epidermal growth factor receptor (EGFR), human telomerase
reverse transcriptase (hTERT), and p53 are directly associated with invasion of stromal compartment
through the activation of MMP-9, but not that of MMP-2 [105]. Therefore, instead of MAPK signaling
pathway, which seems to represent a central pathway involved in the regulation of MMP-2 and MMP-9,
EGF signaling pathway likely participates strictly in the regulation of MMP-9, with these mechanisms
being associated with PI3K activation and p53 cooperation [105,106].

2.3. Glycoproteins and ECM Adhesion and Migration

The activation of key cellular events depends on the interaction between cells and ECM adhesion
molecules, which consists of a central mechanism represented not only by the “adhesion process
itself”, but also by the activation of several signaling cascades that trigger crucial behaviors involved
in the maintenance of tissue homeostasis and cancer development [107,108]. In this way, loss of
E-cadherin, which plays a central role in cellular adhesion and communication by primarily mediating
cell–cell adhesion, during tumor progression is directly associated with invasiveness and metastatic
potential [109]. Moreover, classic malignant behaviors associated with EC progression, such as EMT,
are also linked to decreased or lacking functional E-cadherin [110]. Particularly in EC, E-cadherin
has drawn attention due to its great potential role as a prognostic biomarker. A meta-analysis study
suggested that decreased levels of E-cadherin-positive staining are typical of undifferentiated tumor
cells, and it has been proposed as a prognostic marker for ESCC patients [111]. Additionally, it was
demonstrated that downregulation of E-cadherin by EC cells was directly correlated with increased
risk of lymph node metastasis and advanced clinical stage [111]. Although molecular mechanisms
are unclear, some target genes have been investigated and linked to reduction of E-cadherin and
ESCC progression, such as p21 and cyclooxygenase-2 (COX-2) [112]. In this regard, these observations
reinforce the notion that adhesion proteins, such as integrins, cadherins, and its ECM partners,
play an essential role in esophageal carcinogenesis. In fact, the interaction between tumor cells and
ECM mediated by adhesion glycoproteins could force the anomalous progression of cell cycle by
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tumor cells due to the activation of a complex circuit, which culminates in the decreased expression of
the cell cycle regulators p15 and p21 [113]. Moreover, these data corroborate the previously reported
association between aberrant expression of adhesion proteins, such as laminin and fibronectin, and EC
progression [114,115]. Laminins are high molecular weight heterotrimeric glycoproteins produced
by the association between α, β, and γ chains, playing a fundamental role for the physiology of
basement membranes [116]. In fact, it has been reported that esophageal basaloid-squamous cell
carcinomas displayed positive laminin and type IV collagen staining, being basement membranes
thinner than in healthy esophageal tissues, and occasionally discontinuous in the EC [117]. Additionally,
it has been reported that laminin receptors are progressively overexpressed in ESCC from stage I
to III, such as a 67 kDa laminin receptor [114], which reinforces the association of this glycoprotein
and ESCC prognosis. Nonetheless, another study demonstrated that in invasive tumors, basement
membranes were partially or completely lost, depending on inflammatory pattern and epithelial
organization [118]. The correlation between lack of basement membranes, inflammatory reaction
in situ, and EC progression was reinforced by studies that linked these findings with secretion of
proteolytic enzymes produced by cancer cells [119]. Since then, different subunits of laminins have
been described and associated with the prognosis of patients affected by EC. For instance, γ2 chain of
laminin-5 (Lam5 (γ2)), composed by the α3, β3, and γ2 chains, is frequently detected at elevated levels
in invasive carcinomas and widely linked to recurrence in ESCC patients [120]. Indeed, co-expression
of Lam5 (γ2) chain and EGFR indicates a very poor prognosis of ESCC due to high metastatic
potential [121]. In fact, it seems that a mutual relationship between Lam5 (γ2) and EGF pathway
exists along EC development and, besides the fact that EGF enhances Lam5 (γ2) expression [122],
degradation of γ2 subunit by MT1-MMP produces a functional biological fragment, called DIII,
which is able to bind and activate the EGFR, culminating with an increase in MMP-2 expression
and cellular migration [123]. In accordance with these data, when in contact with MMP-1, Lam5
(γ2) cleavage enhances invasiveness and metastasis in ESCC patients [124], thus corroborating the
biological consequences associated with Lam5 (γ2) degradation during ESCC progression. Moreover,
laminin-5 β3 chain expression is significantly elevated in ESCC tissues in comparison with healthy
esophageal tissues. This finding is directly correlated with enhanced metastatic potential and decreased
life expectance in EC patients [125]. Concerning laminin-5, this protein is located in the basement
membrane compartment of EC and seems to play a relevant role in ESCC carcinogenesis because it
enhances tumor invasiveness potential by activating the PI3K pathway [126]. It has been demonstrated
that ECM plays regulatory roles in distinct events during tumorigenesis and cancer progression;
therefore, unveiling ECM composition is critical to deeper understand the molecular mechanisms
through which it controls such crucial events and, consequently, to envisage potential new therapeutic
strategies. Recently, Senthebane and colleagues investigated the chemotherapeutic response of ESCC
cell lines cultured over 3D cell-derived ECM. In this sense, it was observed that differential expression
and deposition of ECM proteins, such as collagens, fibronectin, and laminins, by ESCC cell lines was
able to decrease the efficacy of different chemotherapeutic agents [38]. Further, high concentration
of ECM components in the serum, including hyaluronic acid (HA) and laminin, was suggested as
a potential marker for assessing upper gastrointestinal cancer development risk [127]. In EAC, high
expression of laminin is associated with enhanced cell detachment, invasion, and dissemination in
an osteopontin (OPN)-dependent manner [128]. Finally, the expression of laminins in EC can also be
regulated by miRNAs. In this sense, it has been recently reported that laminin α1, which is widely
distributed in ESCC tissues, displays an inverse correlation with the expression of miRNA-202. In other
words, miRNA-202 is capable of suppressing tumor progression by targeting laminin α1 in ESCC,
and high levels of laminin α1 have been associated with poor prognosis [129]. Moreover, these data
are in accordance with miRNA-202 low expression observed in ESCC tissue [130,131], which was
significantly associated with local invasion and metastasis [131]. Focusing on another important ECM
adhesion protein, it has been already described that fibronectin is highly associated with esophageal
tumorigenesis and esophageal patients’ prognosis; nevertheless, the mechanisms through which it
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occurs are still unclear [132]. Fibronectin is a glycoprotein present in the ECM of normal and cancerous
tissues, including the esophagus, where it regulates cellular events such as adhesion, differentiation,
proliferation, and metastasis. In ESCC, fibronectin is predominantly found in tumor stroma and is
widely associated with lymphatic metastasis, indicating that fibronectin exerts stromal regulatory
functions favoring tumor cell metastasis [133]. Inflammatory conditions also interfere with ECM
organization in EC. In ESCC cells, the exposure to lipopolysaccharide (LPS) potentiated cell adhesion to
fibronectin and hepatic sinusoids through toll-like receptor 4 (TLR4) signaling and selectin ligands [134].
Further, EAC-associated risk factors are capable of inducing TLR4 expression in a normal esophageal
epithelium cell line, as well as in EAC cell lines (data not published). In fact, these observations sound
very interesting, and the association between inflammatory process and EC development has emerged
as a key event along disease development [39,135]. Furthermore, in silico analysis identified genes and
signaling pathways potentially involved with EAC genesis and development, with it being detected
that fibronectin 1 may represent a major target associated with metastatic capacity [136]. Indeed,
fibronectin is upregulated in EAC [137], but nevertheless its contribution to cell invasion and migration
is still under investigation. In this context, several authors have contributed with mechanistic proposals.
One of them includes the transcriptional network of sex-determining region Y-box transcription
factor 17 (SOX17) regulating fibronectin functions in ESCC tissues. Approximately 47% of ESCC
patients present low levels of SOX17, which inhibits the expression of fibronectin and other genes
involved with ESCC progression and metastasis [138]. On the other hand, it was demonstrated that
the overexpression of fibronectin in ESCC cells could be associated with the activation of the MAPK
pathway [115], as well as with miRNA regulation [139]. In this way, in ESCC patients, low miRNA-1
expression hallmarks poor clinical outcome and lymph node metastasis, whereas high expression
of miRNA-1 promotes apoptosis followed by cell cycle arrest in ESCC cells, as well as fibronectin
1 organization [139]. Additionally, fibronectin may also be regulated by long noncoding RNAs
(lncRNAs). It has been already reported that co-overexpression of fibronectin 1 and lncRNAs, such as
lnc-ABCA12-3 (ATP Binding Cassette Subfamily A Member 12-3), in ESCC tissues is associated with
tumor expansion, metastasis, and patients’ poor prognosis [140]. Furthermore, increased expression of
lncRNA SPRY4-IT1 (sprouty RTK signaling antagonist 4—Intronic Transcript 1) observed in ESCC
cell lines increased cell motility and favored EMT, an event strongly related to an increase in the
cell motility that could be corroborated by fibronectin-positive staining [141]. In addition, during
EMT-induced by hypoxia, fibronectin upregulation was directly associated with hypoxia-inducible
factor 1-α (HIF-1α) secretion and downregulation of E-cadherin [142]. These data seem interesting,
as hypoxia is a phenomenon largely associated with the tumor microenvironment, reinforcing the
functional association of fibronectin and EMT phenotype as a tumor progression mechanism triggered
by hypoxic context. Another ECM member glycoprotein involved in EC genesis and/or progression is
tenascin-C. This protein controls proliferation, differentiation, and migration of different cell types in
normal and tumoral tissues. In ESCC patients, this glycoprotein is predominantly detected surrounding
tumor stromal cells, invading the submucosa [143]. Tenascin-C is considered as a predictive marker for
EAC progression [144], and it is associated with ESCC patients’ poor prognosis due to its capacity of
favoring invasion and metastasis [145,146]. In EAC, upregulation and co-overexpression of tenascin-C
and fibronectin have been directly associated with poor prognosis and metastasis of the patients [137].
The mechanisms that regulate tenascin-C expression and its involvement with the development
of EC remain unclear, although some efforts have already been made to shed some light on this
question. Recently, Yang and colleagues demonstrated that tenascin-C displays potential in amplifying
cancer stem-like properties, at least in part, indicating that tenascin-C may be involved with tumor
recurrence [147]. These authors revealed that expression of tenascin-C in ESCC cells is directly associated
with that of SRY-box transcription factor 2 (SOX2), a well-known cancer stem cell marker. Further, they
also demonstrated that tenascin-C promotes EMT through an Akt/Hypoxia Inducible Factor 1 Subunit
Alpha (HIF1-α)-dependent manner [147]. Finally, in order to investigate ECM components with
potential to regulate cellular and molecular mechanisms involved with carcinogenesis, attention has

36



Cells 2020, 9, 455

been drawn to glycoproteins that recognize membrane compartments on tumoral cells and structural
ECM proteins. One of them is galectin-3, a β-galactoside-binding protein that regulates cell–cell
and cell–ECM interactions and is highly associated with tumorigenesis and cancer progression [148].
In the tumor microenvironment, extracellular galectin-3 interacts with distinct ECM molecules and
surface glycoproteins, such as growth factor receptors, integrins, cadherins, and members of Notch
family, probably favoring the biology of cancer cells [149]. Galectin-3 interacts with galectin-3-binding
protein (LGALS3BP), a receptor/ligand of galectin-3, other galectins, and ECM compounds, such as
collagens and fibronectin. In ESCC cells, LGALS3BP is overexpressed in most tumors [150]. On the
other hand, LGALS3BP is not considered a specific marker for ESCC progression [151]. In EC
cell line Eca109, downregulation of galectin-3 induced pro-apoptotic mechanisms and inhibited
proliferation, migration, and invasion [152]. Additionally, Eca109 and EC9706 cells reduced the capacity
of forming tubular networks upon galectin-3 knockdown in a phenomenon associated with MMP-2
downmodulation upon galectin-3 silencing [153]. Furthermore, ESCC cell lines lacking galectin-3
expression display lower viability, mitotic index, and invasiveness capacity compared with control
cells, at least in part, as a consequence of reduced EGFR endocytosis [154]. Other galectins have
been linked to EC formation and progression. For instance, galectin-9 enhances antitumor immunity
mediated by Tim-3+ dendritic cells and CD8+ T cells [155]. In EC cell lines, galectin-9 inhibited cell
proliferation in a concentration-dependent manner and induced mitochondria-mediated apoptosis [156].
Moreover, galectin-9 showed antitumor effects in vitro, inducing apoptosis followed by high levels
of caspase-cleaved cytokeratin 18, activated caspase-3, and activated caspase-9 [157]. In addition,
galectin-7 overexpression in ESCC tissues has been suggested as a potential biomarker for ESCC
diagnosis [158]. Furthermore, it has also been reported that some proteoglycans, such as dermatan
sulfate and hyaluronan, are overexpressed in ESCC tissue [159,160]. Finally, its deregulated expression
is capable of altering not only the adhesion properties of EC cells, but also of improving EC cell
migration and invasion abilities through the activation of phosphorylated extracellular signal-regulated
kinases (pErk1/2) and FAK [160,161].

3. Conclusions

ECM plays regulatory roles in the tumor microenvironment controlling tumorigenesis, progression,
and metastasis. There are several biological events intrinsically linked to ECM that are crucial for
cancer formation and progression, including cell differentiation and proliferation, apoptosis evasion,
immunological disturbances, and inflammation. The reciprocal interactions between ECM and the
surrounding EC cells may represent a fundamental step along disease development and progression,
as described in Figure 2. However, the vast repertory of interactions between EC cells and ECM seems
to be complex, and the mechanisms involved during the establishment of each interaction could be
regulated by dozens or even hundreds of different proteins. Moreover, the singular natural history of
EC, which is strongly characterized by the influence of distinct ethiopathological factors, improves
the complexity of the current scenario. However, due to the scarce knowledge on the cellular and
molecular mechanisms involved in this disease development, the growing evidence of ECM’s role
along esophageal carcinogenesis could provide a solid base to improve EC management in the future.
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Figure 2. Mechanistic pathways involved in the reciprocal interactions between esophageal cancer (EC)
cells and extracellular matrix (ECM). The figure illustrates the main molecules and signaling pathways
altered along the interaction between tumor cells and ECM, which may represent fundamental steps
for esophageal carcinogenesis. (A) Lysyl oxidase (LOX)- and matrix metalloproteinase (MMP)-altered
expression in esophageal tumors is involved in the turnover of collagen molecules, resulting in ECM
stiffness modulation that, in turn, may enhance telomerase activity, resulting in activation of signaling
pathways involved with malignant phenotype acquisition, such as cell cycle progression, limitless
replication, and genetic instability. (B) Esophageal tumor cell release increased levels of ECM adhesion
molecules that activate intracellular signaling pathways involved with cell survival, enhanced cellular
migration, and activation of oncogenic signaling. (C) Risk factors associated with esophageal tumor
development (obesity and gastro-esophageal reflux disease—GERD) lead to an increase in leptin and
interleukin 17 (IL-17) levels, which generates an inflammatory environment. The alterations in leptin
and inflammation levels modulate the expression of several intracellular molecules that, together with
other altered signaling pathways, converge to the activation of MMP expression and activity, entailing
basement membrane (BM) breakdown, cellular invasion, and metastasis. Dotted arrows: molecules
secreted by esophageal tumor cells; solid arrows: activation of cellular events or intracellular signaling
pathways; red solid arrow: overexpressed molecules; solid blue arrow: underexpressed molecule.
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EGF epidermal growth factor
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Erk extracellular-signal regulated kinase
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FAK focal adhesion kinase
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HIF-1α hypoxia-inducible factor 1-α
hTERT human telomerase reverse transcriptase
IL-17 interleukin 17
JNK c-Jun N-terminal kinase
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MT1-MMP membrane-type 1 matrix metalloproteinase
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STAT3 signal transducer and activator of transcription 3
TAF tumor associated fibroblasts
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Abstract: The prominent desmoplastic stroma of pancreatic ductal adenocarcinoma (PDAC) is a
determinant factor in tumor progression and a major barrier to the access of chemotherapy. The PDAC
microenvironment therefore appears to be a promising therapeutic target. CCN2/CTGF is a profibrotic
matricellular protein, highly present in the PDAC microenvironment and associated with disease
progression. Here we have investigated the therapeutic value of the CCN2-targeting BLR100 and
BLR200, two modified synthetic peptides derived from active regions of CCN3, an endogenous
inhibitor of CCN2. In a murine orthotopic PDAC model, the two peptides, administered as
monotherapy at low doses (approximating physiological levels of CCN3), had tumor inhibitory
activity that increased with the dose. The peptides affected the tumor microenvironment, inhibiting
fibrosis and vessel formation and reducing necrosis. Both peptides were active in preventing
ascites formation. An increased activity was obtained in combination regimens, administering
BLR100 or BLR200 with the chemotherapeutic drug gemcitabine. Pharmacokinetic analysis indicated
that the improved activity of the combination was not mainly determined by the substantial
increase in gemcitabine delivery to tumors, suggesting other effects on the tumor microenvironment.
The beneficial remodeling of the tumor stroma supports the potential value of these CCN3-derived
peptides for targeting pathways regulated by CCN2 in PDAC.

Keywords: PDAC; tumor microenvironment; CCN2/CCN3; matricellular proteins

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive tumor types, with limited
treatment options. It is characterized by a strong desmoplastic reaction, with prominent fibrosis and
extracellular matrix (ECM) deposition that, on the one hand, promote PDAC progression, influencing
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tumor cell proliferation, survival, and invasion and, on the other, hampers distribution and activity of
chemotherapy and immunotherapy [1]. This has generated great interest for the development of agents
targeting the tumor microenvironment as new therapeutic tools for PDAC treatment, particularly
when used in combination with cytotoxic drugs [2]. Attempts to directly deplete PDAC associated
stroma cell populations often resulted in a more aggressive tumor [3,4]. However, targeting the
molecular mechanisms governing the desmoplastic reaction to affect the tumor promoting activity of
the microenvironment emerged as a more promising therapeutic approach [2,5].

In this context, the unique functional properties of CCN matricellular proteins place them in
an area of great interest for the design of new drugs that mimic or regulate their biological activity.
The CCNs are considered to be master regulators of multiple biological functions. They are produced
and secreted by a variety of cell types including many tumors [6] and are found circulating in plasma or
deposited in tissues where they simultaneously bind to a variety of ECM molecules and cell receptors,
translating environmental signals to the cell. The four modules that make up all but one of the
six-member family (CCN5 contains only three modules) contain sites for binding different receptors.
These receptors include Notch, integrins, TrkA, and heparan sulfate proteoglycans, and they are
known to modulate such diverse activities as cell replication, death, adhesion, motility, and ECM
production [7].

Among the CCNs, CCN2 (formerly named connective tissue growth factor, CTGF) is known
to play a role in early development of a variety of tissues, but mostly in pathological conditions
where it interacts with ECM molecules, growth factors, and cell receptors depending on the cellular
context. CCN2 is a potent inducer of ECM production [8] and a profibrotic agent in pancreatic
disease [9–11], renal pathology [12,13], bronchopulmonary dysplasia [14], and cardiac fibrosis [15].
Its altered expression has been associated with tumorigenesis [16].

In particular, CCN2 acts as a profibrotic molecule in PDAC [17], where it is produced by acinar
cells, ductal cells, stellate cells, and fibroblasts. CCN2 plays an important role in the activation of
pancreatic stellate cells, stimulating the production of ECM, proteases, and protease inhibitors and
modulating the activity of growth factors and angiogenic factors. Activated stellate cells, in turn,
are the major source of CCN2 during PDAC progression. We have recently demonstrated that plasma
CCN2 is upregulated in PDAC patients and is a valuable potential biomarker for PDAC diagnosis and
for monitoring drug response [18].

CCN2 has recently been proposed as a target for PDAC therapy. The CCN2-targeting mAb
FG-3019 inhibited tumor growth and metastasis in the PANC-1 orthotopic preclinical model [19].
In genetically engineered mice LSL-KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre (KPC), FG-3019 enhanced
tumor response to the chemotherapeutic drug gemcitabine [20]. FG-3019 (pamrevlumab) is currently in
a Phase 3 clinical trial to evaluate its efficacy and safety as neoadjuvant treatment in combination with
gemcitabine plus nab-paclitaxel in the treatment of locally advanced, unresectable pancreatic cancer.

CCN3/NOV, another member of the CCN family, acts as an endogenous inhibitor of CCN2
biological activity as well as production [21]. In particular, CCN3 inhibited CCN2 profibrotic activity
in in vitro and in vivo models of renal disease, where it blocked cellular injury and prevented the
conversion of mesangial cells to activated alpha-smooth muscle actin-positive fibroblast-like cells [22,23].
CCN3 also reduced skin fibrosis blocking collagen type 1 production and cell proliferation stimulated
by platelet derived growth factor (PDGF) [24]. Building on the endogenous regulatory role of CCN3 on
CCN2, a set of small modified peptides based on two CCN3 regions identified as responsible for this
activity have been created by BLR Bio, as potential agents to treat fibrotic diseases including cancer [24].

Given the role of CCN2 in PDAC progression, this study was designed to investigate the potential
value of two of these peptides, BLR100 and BLR200, for use as therapeutic agents to treat PDAC, using a
PDAC model transplanted orthotopically in the pancreas of immunocompetent mice. The activity
of the peptides has been evaluated in tumors formed by the FC1199 tumor cells, derived from KPC
mice, the model used to first demonstrate the activity of the CCN2 inhibitor FG-3019 in PDAC.
When implanted orthotopically in syngeneic mice, these cells form tumors that recapitulate the
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pathological features of the original tumors in genetically engineered mouse model (GEMM), as well
as of human PDAC, particularly in terms of desmoplastic microenvironment. This study shows the
ability of BLR100 and BLR200 to modify the PDAC microenvironment, controlling tumor growth and
ascites formation, particularly in combination with chemotherapy.

2. Materials and Methods

2.1. Drugs

BLR100 and BLR200 and the control peptide (scrambled) were chemically synthesized by JPT
Peptide Technologies (Berlin, Germany). BLR100 and BLR200 are based on two different 14 amino
acid sequences identified from different modules in CCN3, selected for ability to interact with CCN2
and block CCN2 binding to cell receptors (Riser, B.L., Inventor, “CCN3 peptides and analogs thereof
for therapeutic use.” U.S. Patent 8518,395, Issued 27 August 2013) with proprietary modifications
to increase stability. The purity of the peptides used were greater than 95%, with the remaining 5%
representing small unincorporated amino acid groups, as determined by HPLC analysis.

The peptides were dissolved in water at the concentration of 1 mM, stored at −80 ◦C, and further
diluted in phosphate buffered saline immediately before use. Gemcitabine (Teva, Assago, Italy) was
dissolved in saline (40 mg/mL), stored at −80 ◦C, and further diluted immediately before use.

2.2. Tumor Cells

The FC1199 pancreatic cancer cell line, derived from tumors arisen in
LSL-KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre mice [25] in the C57BL/6 background, was provided by D.A.
Tuveson (Cold Spring Harbor, NY, USA). Cells were cultured in Dulbecco modified Eagle’s medium
(DMEM) (Gibco, ThermoFisher Scientific, Rodano, Italy) supplemented with 10% Fetal calf serum
(FCS) (Euroclone, Milano, Italy) and 1% L-glutamine (Gibco). Cells were kept in culture for no more
than three weeks before injection in mice and routinely tested and found free of mycoplasma infection.

2.3. Proliferation Assay

FC1199 were seeded into 96-well plates in DMEM supplemented with 5% FCS. At 24 h after
seeding, cells were exposed to increasing concentrations of BLR100 and BLR200 alone or in combination
with increasing concentrations of gemcitabine. After a 72 h incubation, cells were fixed and stained
with crystal violet solution (Sigma–Aldrich, Merck Life Science, Milano, Italy). The staining was
eluted with a 1:1 ethanol/0.1 M sodium citrate solution, and the absorbance at 595 nm was measured.
Each condition was tested in triplicate.

2.4. ELISA Assays

CCN2 levels in conditioned media and cell lysate of FC1199 tumor cells were measured by ELISA
(CSB-E07877m, Cusabio, Wuhan, China), according to the manufacturer’s instructions. Each sample
was analyzed in duplicate.

2.5. In Vivo Studies

Procedures involving animals and their care were conducted in conformity with institutional
guidelines that comply with national (Lgs 26/2014) and EU directives laws and policies (EEC Council
Directive 2010/63) in line with guidelines for the welfare and use of animals in cancer research [26] and
with the “3Rs” principle. Animal studies were approved by the Mario Negri Institute Animal Care
and Use Committee and by the Italian Ministry of Health (Authorization 125/2016-PR).

Six- to eight-week old female C57BL/6 mice (Charles River Laboratories, Lecco, Italy) were
maintained under specific-pathogen-free conditions, with constant temperature and humidity,
and handled using aseptic procedures. FC1199 cells (5 × 104) were implanted orthotopically in
the pancreas as described [18]. Peptides were administered i.p. at the dose of 4.5 or 10 μg/kg,
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as indicated, with the schedule shown in Figure 2A and Figure 4A. Gemcitabine was administered i.v.
at 40 mg/kg (see scheme in Figure 4A). Control groups received the same volume of vehicle. Mice were
weighed every other day as a measure of drug toxicity. When the first mice displayed signs of distress
the experiment was concluded for all experimental groups. Tumor burden was evaluated at the end
of the experiment, as pancreas weight. Peritoneal ascitic fluid was collected with a syringe and the
volume recorded. Animals with a collectable peritoneal fluid (≥100 μL) were considered positive for
ascites. Liver of mice were analyzed for macroscopic metastases, and no metastatic foci was detected
in any group.

2.6. Pharmacokinetics Studies

FC1199-bearing mice were treated i.p with BLR200 (10μg/kg) from day 11 for a total of 4 treatments,
every other day. On day 17, mice were treated with gemcitabine (100 mg/kg, i.v., single bolus).
After 30 min and 1 h, plasma and tumors were collected for HPLC measurement of gemcitabine
and metabolites. The plasma fraction added with 10 μL tetrahydrouridine (THU) 2.5 mg/mL was
immediately separated by centrifugation at 3200× g for 15 min at 4 ◦C and stored at −20 ◦C until
analysis. Tumors were immediately frozen in liquid nitrogen and stored at −20 ◦C until analysis.
Extraction and analysis of gemcitabine (dFdc, dFdCTP, and dFdU) in tumors and plasma were carried
out according to Bapiro et al. [27].

Briefly, tumors were weighted, spiked with 2′-deossicitidine as the internal standard (IS) at a final
concentration of 1 ng/mg, and homogenized with ice-cold acetonitrile (ACN) 50% (v/v) containing THU
25 μg/mL in a Precellys Evolution homogenizer (Bertin Technologies S.A.S., Montigny-le-Bretonneux,
France). Fifty microliters of homogenate were added with 200 μL ACN 50% (v/v), vortexed,
and centrifuged at 13,200 rpm for 10 min at 4 ◦C. The supernatant was dried under N2 flux and the
residue reconstituted with 100 μL of milliQ water. Concerning plasma, 25 μL were spiked with 1 μL
of 10 μg/mL of IS and processed in the same way as tumors. The reconstituted tumors and plasma
extracts were analyzed by injecting 2 μL in a UHPLC System connected to a LCMS-8060 (Shimadzu
Scientific Instruments, Columbia, MD, USA) with a dual ion source. Chromatographic separation
was achieved on an Hypercarb column, 2.1 × 100 mm, 5 μm (Thermo Fisher Scientifics, Waltham,
MA, USA) fluxing mobile phase at a flow rate of 0.3 mL/min under gradient conditions. The mass
spectrometer worked with an electrospray ionization source operating both in the negative and positive
Multiple Reaction Monitoring mode, quantifying target ions m/z 264→59.25 for gemcitabine (positive),
m/z 502→158.9 for dFdCTP (negative), m/z 263.1→220 for dFdU (negative), and m/z 228.1→112.05
for IS (positive). The lower limit of quantitation (LOQ) was 0.2 ng/mg for gemcitabine, 0.4 ng/mg for
dFdU, and 0.5 ng/mg for dFdCTP in tumor samples, while it was 0.01 μg/mL for gemcitabine and
0.02 μg/mL for dFdU in plasma samples.

2.7. Histological and Immunohistochemical Analysis

Tumors were collected, fixed in 10% phosphate-buffered formalin, embedded in paraffin, and cut
into 4 μm-thick sections. Sections were stained with Hematoxylin and Eosin (H&E) and Sirius red
as described [18]. For immunohistochemical analysis of the tumor vasculature, anti-mouse CD31
antibody SZ31 (Dianova GmbH, Hamburg, Germany) followed by biotin-conjugated goat anti-rat
IgG antibody (Vector Laboratories, Burlingame, CA, USA) and streptavidin-alkaline phosphatase
conjugate were used [18]. CCN2 expression was evaluated using anti-CCN2 (ab6992, Abcam, Milano,
Italy), followed by MACH 4 Universal HRP-Polymer (Biocare Medical, Pacheco, CA, USA) [18].
Negative controls included no-primary antibody control and the use of a specific inhibitory mouse
CTGF peptide (ab7861, Abcam). Images (bright field for H&E and CD31 and polarized light for
Sirius red) were acquired with Axio Imager Z2 (Zeiss, Felbach, Switzerland). Presence of fibrosis and
vascular structures was analyzed using ImageJ software (https://imagej.nih.gov/) and expressed as
the percentage of total tumor area. The amount of necrotic tissues in tumors was quantified by blind
scoring, exploiting the difference in staining intensity between vital and necrotic tissue.

52



Cells 2020, 9, 952

2.8. Statistical Analysis

Differences in proliferation and tumor growth were analyzed by one-way ANOVA followed
by Tukey’s or Dunnett’s multiple comparisons test. The p value < 0.05 was considered significant.
Statistical analysis was performed using GraphPad Prism version 8 Software (GraphPad, LaJolla,
CA, USA).

3. Results

3.1. Effect of CCN-Targeting Peptides (BLR100 and BLR200) on the Orthotopic Growth of PDAC

The antitumor activity of BLR100 and BLR200 was first investigated in the murine FC1199 cells
established from pancreatic tumors in KPC mice. We began by verifying that the tumor model
expressed CCN2, the primary target of the peptides. Immunohistochemical analysis of FC1199 tumors
grown in the pancreas of syngeneic C57BL/6 mice and characterized by the presence of significant
amount of stroma, confirmed that CCN2 was expressed in vivo, both in tumor cells and stroma
cells, but was barely detectable in healthy pancreas (Figure 1A–C). In agreement, FC1199 tumor cells
in vitro expressed the CCN2 protein: the protein was detectable in the cell lysate and was released in
relevant amounts in the conditioned media (Figure 1D). This indicated that FC1199 cells maintain the
characteristics of the original KPC tumors, previously reported to produce CCN2 [18,20], and therefore
represent a good model to test the therapeutic potential of CCN2-targeting agents, such as BLR100
and BLR200.

Figure 1. CCN2 is expressed by FC1199 tumors. CCN2 was analyzed by immunohistochemistry (IHC)
in healthy murine pancreas (A) and FC1199 orthotopic tumors (B,C). Black arrows: tubular structures of
an adenocarcinoma with cellular atypia and differences in the thickness of the tubular wall. Red arrows:
stromal areas. C is a higher magnification of the boxed area in B. CCN2 was expressed by both tumor
cells (black arrows) and stroma cells (red arrow), scale bars: 50 μm. (D) CCN2 production by FC1199
cells in vitro. CCN2 in the cell lysate and conditioned media was measured by ELISA and expressed
as μg/mL.

The activity of BLR100 and BLR200 was then tested on orthotopic, early stage FC1199 tumors,
starting treatments 4 days after tumor cell injection, when tumors were histologically detectable
(Figure 2A,B). The peptides were initially administered at the dose of 4.5 μg/kg to simulate a
“physiological” concentration of CCN3, calculated based on the molar quantity of circulating CCN3
present in a normal mouse [23] and adjusted upward slightly to anticipate increased clearance by the
kidneys of a small peptide as compared to full-length CCN3 protein. Preliminary pharmacokinetic study
in healthy mice indicated that, following i.p. administration, the peptides distribute to the pancreas,
where they were detected in biologically relevant concentrations (not shown). Also, our previous
studies in diabetic kidney disease had shown that dosing CCN3 at 3 times per week was sufficient
to block and even reverse fibrosis, so a similar schedule was selected [23]. Under these conditions,
BLR100 and BLR200 were found to have a moderate, though not statistically significant, antineoplastic
activity detectable as early as 10 days from the beginning of treatments (day 14) and becoming more
evident at the end of the experiment (day 25, Figure 2C). Notably, the formation of ascites, a typical
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marker of disease progression, was prevented by both compounds. No mice treated with BLR200
had ascites in the peritoneal cavity while BLR100 treatment clearly reduced the percentage of mice
with ascitic fluid (Figure 2D). Although the differences in tumors treated with BLR100 or BLR200
compared to controls did not reach statistical significance, the inhibition induced by the two peptides
was reproducible and obtained with multiple preparations of the peptides. To rule out a non-specific
activity of the peptides, in a subsequent experiment we used as a control a scramble peptide, consisting
of the same amino acids contained in BLR200, but with a random order. Moreover, in this experiment,
the dose of the peptides was increased to 10 μg/kg. Tumors treated with BLR100 and BLR200 were
significantly smaller than the ones treated with the control peptide, confirming the specificity of the
effect (Figure 2E).

Figure 2. Antineoplastic activity of BLR100 or BLR200 on PDAC. (A) Schedule of treatment. The peptides
were administered three times per week at 4.5 μg/kg, at the indicated day (black arrows). Dotted arrows
indicate mice sacrifice and analysis on days 14 and 25. (B) Tumor in the pancreas of mice 4 days after
tumor transplantation (H&E staining, scale bar 100 μm). (C) Tumor burden (evaluated as pancreas
weight) in mice bearing FC1199 orthotopic tumors treated with vehicle, BLR100, or BLR 200 on day 14
(n = 5) or 25 (n = 7). Dotted line indicates the weight of pancreas in healthy mice. (D) Effect of
treatments on ascites formation. Data are the percentage of mice presenting (black) or not (gray) ascites
on day 25 (n = 7). (E) Tumor burden in mice treated with a scramble peptide, BLR100, or BLR200
(10 μg/kg) and sacrificed 25 days after tumor transplantation (n = 8). Dotted line indicates the weight
of the pancreas in healthy mice. In C and E, data are mean± SEM. One way ANOVA and Tukey’s,
** p < 0.005; * p < 0.05. (F) Effect of BLR100 or BLR200 on FC1199 cell proliferation in vitro. Data are the
percentage of control proliferation, mean± SEM of values from 2 independent experiments.

When examined in vitro, neither BLR100 nor BLR200 affected FC1199 cell proliferation (Figure 2F),
indicating that the in vivo activity was not likely due to a direct antiproliferative activity on the
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tumor cells and supporting the idea that the effect of two peptides on tumor growth was through a
modification of the tumor microenvironment.

3.2. BLR100 and BLR200 Reorganize the Tumor Microenvironment

To investigate the possible activity of the compounds on the tumor stroma, we analyzed fibrosis
and neo-vascularization in tumors treated or not with BLR100 and BLR200 (4.5 μg/mL). Alterations in
the tumor microenvironment were observed in treated tumors, with some differences between the
two compounds. Fibrosis, a major hallmark of CCN2 activity, was reduced by treatment with both
compounds. Sirius red staining of tumors (Figure 3A) showed a stromal deposition pattern of collagens
(predominantly fibers appearing green in polarized light, mainly representing thin collagen fibers),
which was reduced by both the peptides, although the reduction was significantly different only in
BLR200 treated tumors (p < 0.05, Figure 3A). The fiber organization in the tumor microenvironment
and the fact that this area is dominated by activated fibroblasts responsible for matrix reorganization
suggests an impact of the peptides on fibroblast activity. BLR200 also relevantly reduced the areas of
necrosis in the treated tumors compared with controls (p < 0.05, Figure 3B), whereas BLR100 was more
effective in reducing tumor vascularization (p < 0.05, Figure 3C).

 
Figure 3. Microenvironmental changes induced by BLR100 or BLR200 on PDAC tumors. Representative
images and relative quantification of (A) fibrosis (polarized light microscopy analysis of Sirius red
stained sections; scale bars, 25 μm), (B) necrosis (asterisks, H&E staining; scale bars, 200 μm) and
(C) tumor vessels (CD31 IHC; scale bars, 200 μm) of control and peptide-treated FC1199 orthotopic
tumors. N ≥ 6. One way ANOVA and Dunnett’s: * p < 0.05.
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3.3. Antineoplastic activity of BLR100 and BLR200 in Combination with Chemotherapy

We next investigated the antineoplastic activity of the compounds in combination with the
chemotherapeutic agent gemcitabine, standard of care for PDAC. Gemcitabine was administered
at the sub-optimal dose of 40 mg/kg and the peptides at the lower dose (4.5 μg/kg). The two
peptides were given before and during the administration of the cytotoxic drug, to maximize the
effect of microenvironmental changes on drug activity, starting treatments when tumors were palpable
(corresponding to a mean pancreas weight of 0.27 g ± 0.05 g as assessed in preliminary experiments)
on day 11 (Figure 4A). All treatments were well tolerated and no body weight loss was observed
(Figure 4B).

Figure 4. Antineoplastic activity of BLR100 or BLR200 in combination with gemcitabine on PDAC.
(A) Schedule of treatment. Mice received the peptides (black arrows) and gemcitabine (white arrows) at
the indicated times. Dotted arrow indicates mice sacrifice and tumor analysis. (B) Effect of the indicated
treatments on mouse body weight. Data are expressed as relative body weight, the percentage of mouse
weight at the beginning of treatment, mean± SEM. (C) Tumor burden (pancreas weight) in mice bearing
FC1199 orthotopic tumors treated with vehicles, peptide BLR100, peptide BLR200, gemcitabine (gem),
or gemcitabine in combination with the peptides. Dotted line: weight of pancreas in healthy mice
(n = 7, mean± SEM, One way ANOVA and Dunnett’s * p < 0.05, ** p < 0.005). (D) Effect of treatments
on ascites formation. Data are the percentage of mice presenting (black) or not (gray) ascites (n = 7).
(E,F) BLR100 and BLR200 did not affect FC1199 cell response to gemcitabine in vitro. (E) Proliferation
of FC1199 cell exposed to increasing concentrations of gemcitabine alone or with the peptide (20 and
100 nM). (F) Inhibition of FC1199 cell proliferation by gemcitabine (15 nM) in the presence of BLR100 or
BLR200 (100 nM). Data are percentage of control, from one experiment representative of two.

Under these conditions, peptide and gemcitabine, as monotherapies, had only a marginal effect on
tumor growth, as expected given the low dose of both drugs (equimolar to physiological concentrations
of CCN3 for the peptides and suboptimal for gemcitabine) and the late start of peptide treatment
(day 11) compared to the earlier treatment of Figure 2. However, tumors in mice treated with either
BLR100 or BLR200 in combination with gemcitabine were significantly smaller than controls (p < 0.05
and p < 0.005 respectively, Figure 4C). Furthermore, the large variation in responsiveness among
animals observed in the gemcitabine alone group was reduced when the combination of drugs was
used. The combined treatment was also effective in reducing ascites formation, as fewer mice presented
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ascites in the abdominal cavity compared with mice treated with the vehicle or with the single agents
(Figure 4D).

To investigate a possible direct effect of the combination on tumor cells, the effect of BLR100 at the
concentrations of 20 nM or 100 nM combined with increasing doses of gemcitabine was evaluated on
FC1199 cell proliferation in vitro. Figure 4E shows no difference in proliferation between cells treated
with gemcitabine alone or in combination with the compound (IC50 values, in nM, were 13.5 ± 4.6,
13.2 ± 3.9, and 11.9 ± 3.7 for gemcitabine alone, and with BLR100 20 nM and 100 nM, respectively,
mean and SD of two experiments). Similar findings were obtained with BLR200 (Figure 4F) indicating
that the peptides do not sensitize tumor cells to gemcitabine.

3.4. Pharmacokinetic Studies

Since tumor vascularization, necrosis, and fibrosis are critical factors influencing drug delivery,
we investigated whether the improved antineoplastic activity of the combination might be associated
with a higher concentration of gemcitabine in the tumors.

Mice bearing FC1199 tumors were treated every other day with BLR200 (10 μg/kg) from day 11
for a total of 4 treatments. On day 17, mice were treated with gemcitabine (100 mg/kg, i.v., single bolus)
and sacrificed 30 min and 1 h later. Since in vivo gemcitabine is rapidly metabolized to the active
compound dFdCTP or the inactivate metabolite dFdU, we measured the concentration of both
gemcitabine and its two metabolites in tumors and plasma by HPLC–MS. In BLR200-treated mice,
a small increase of both native gemcitabine and the dFdU metabolite was observed, while the other
metabolite, dFdCTP, was undetectable in both groups (Figure 5A,B). Although the changes induced by
the peptide did not reach the level for statistical significance in these experiments, they were consistent
with peptide-induced biological effect. These findings indicate that a net increase of gemcitabine
concentration is not the main determinant of the improved activity of the combination, although we
cannot rule out a possible effect of the peptide on the spatial distribution of gemcitabine in the tumor.

 
Figure 5. Effect of BLR200 on gemcitabine distribution. Gemcitabine (A) and the dFdU metabolite
(B) were measured by HPLC–MS analysis in plasma and tumors of mice bearing FC1199 orthotopic
tumors, treated or not with BLR200. Data are the ratio between tumor (T) and plasma (P) concentration,
30 min and 1 h after gemcitabine administration (mean ± SEM, n = 4).

4. Discussion

The PDAC microenvironment is a recognized determinant of malignant progression and resistance
to chemotherapy and has therefore been proposed as a target for treatments. In recent years several
agents targeting the tumor microenvironment have therefore been developed, tested in preclinical PDAC
models and, in some cases, also in clinical trials in combination with chemotherapy. These studies have
had different outcomes depending on the nature of the agent and the clinical setting [28]. A possible
reason for the variability of response might be associated with the pathways targeted by those drug
candidates and the nature of the PDAC microenvironment, a complex network of interacting molecules
that ultimately activate multiple pro- and antitumorigenic signals.
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In this study we show that BLR100 and BLR200, two CCN2-targeting, CCN3-derived peptides,
can actively modify the PDAC microenvironment and increase tumor response to chemotherapy.
The study was conducted in the murine FC1199 tumor model, expressing CCN2 and growing
both in vitro and in vivo, hence providing a good tool to study the activity and mechanisms
of action of CCN2-targeting compounds. The lack of direct activity of BLR100 and BLR200
on tumor cell proliferation and response to gemcitabine, in vitro, appears to rule out direct
cytotoxic and chemosensitizing effects of the peptides on the tumor cells, and points to a
microenvironmental-mediated activity. The effect of the compounds on the microenvironment
was indeed observed in FC1199 tumors in vivo, where the two peptides reduced tumor angiogenesis,
fibrosis, and necrosis. Notably, the two peptides elicited a somewhat different modification of the
tumors, with BLR100 appearing to be more effective in inhibiting blood vessel formation, while BLR200
appeared to be more effective at inhibiting fibrosis and necrosis. This different activity might conceivably
be due to the origin of the peptides, derived from different domains of CCN3 [24], known to bind to
different receptors and to carry out different functions. The finding that both peptides appear effective in
PDAC opens two possible scenarios: using each peptide at different stages of disease, or combining the
two peptides to simultaneously target multiple aspects of the PDAC microenvironment. Future studies
will address these possibilities.

Our results are in line with the role of CCN2 in angiogenesis, vascular remodeling, and fibrosis [19].
These findings show a significant decrease in collagen deposition (predominantly fibers appearing
green in polarized light, mainly representing thin collagen fibers secreted by fibroblast/mesenchymal
cells), which is highly reduced by the peptides, suggesting an impact of the peptides on fibroblast
activity. This is in line with described activity of the peptides that prevent procollagen synthesis by
skin fibroblasts (Riser, B.L., U.S. Patent 8518,395, 2013). In preliminary studies, we found no differences
in alpha smooth muscle actin (ASMA) positive cells in tumor sections of control and peptide-treated
mice (not shown), possibly suggesting that the peptides might act by blocking the CCN2 effect on
matrix turnover rather than fibroblast transdifferentiation into myofibroblasts. However, since our
study was limited to one marker of activation, and cancer associated fibroblasts are a heterogeneous
and plastic population of cells, with different levels of activation, function, and marker expression,
further work will be needed to investigate the effect of the peptides on these cells.

It has been shown that CCN2 is essential for vessel maturation [29] and microvascular integrity [30].
In agreement, the CCN2-targeting monoclonal antibody FG-3019 was described as active in reducing the
vasculature of the PANC-1 models [19], though not in KPC mice [20]. Two recent studies demonstrated
that CCN2 inhibition (FG-3019) or deficiency (CCN2 conditional knockout) resulted in the maintenance
of peritoneal function in a chlorhexidine gluconate-induced peritoneal fibrosis model by reducing
angiogenesis, fibrosis, and inflammation [31,32]. Along these lines, we observed a substantial inhibition
of ascitic fluid accumulation in the peritoneal cavity of mice treated with both the peptides. This finding
alone may be of high importance, since in human PDAC the presence of ascites is associated with the
late phases of disease progression, and is indicative of poor prognosis [33].

CCN3 is an endogenous inhibitor of CCN2, as it blocks CCN2 functions, including fibrosis, and has
therefore been proposed as a model for the design of CCN2 inhibitory agents [24]. Our findings
that peptides based on specific amino acid sequences of CCN3 are indeed able to inhibit fibrosis
and angiogenesis confirm that CCN3 can antagonize CCN2, even in a tumor setting rich in CCN2,
and supports the rationale for the development of such CCN3-based compounds for PDAC therapy.
In other cell types, the peptides were able to downregulate CCN2 expression (Riser B.L., U.S. Patent
8518,395, 2013). However, preliminary data indicate that in tumors treated with peptides, CCN2
mRNA (measured by quantitative RT-PCR analysis) and protein (analyzed by IHC) were not decreased
compared to controls (data not shown). This, together with the observed ability to reduce fibrosis and
angiogenesis (known to be induced by CCN2) indicate that the peptides may act by inhibiting CCN2
activity rather than expression.
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Both BLR peptides potentiated the therapeutic effect of gemcitabine. This indicates an
additive/synergistic effect of the drugs. The finding that no synergism/additivity was observed in vitro,
as the peptides did not increase tumor cell response to gemcitabine, points to a two-compartment
activity of the combination, targeting tumor cell proliferation (gemcitabine) and the microenvironment
(BLR drugs).

The observed reduction in fibrosis, a major obstacle to drug delivery in tumors [34], prompted
us to investigate whether BLR200 might alter gemcitabine distribution. Pharmacokinetic studies
indicated a small increase in gemcitabine and dFdU concentration in tumors treated with BLR200.
A study using a different CCN2 inhibitory agent, FG-3019, found that the antibody was able to
promote KPC tumor response to gemcitabine, without improving drug distribution. However,
differently from our findings, CCN2 targeting with FG-3019 did not cause alterations in the tumor
microenvironment, suggesting possible differences in the mechanisms of CCN2 inhibition between the
antibody and the BLR peptides. In addition to differences in physical properties, FG-3019 would be
expected to be highly specific for CCN2, whereas the CCN3 peptides might affect CCN2 and other
CCN3-interacting CCNs. Preliminary studies by one of us (BLR) have shown that BLR200 treatment
is able to counteract the increase in CCN1 (formerly named Cyr61) in a model of inflammatory
skin fibrosis (unpublished data), in agreement with the known role of CCN3 in downregulating
CCN1 [35]. Interestingly CCN1 is detected in the early precursor lesions, and intensifies with disease
progression in PDAC [36] and has supporting activity in pancreatic cancer growth, invasiveness,
and drug resistance [37,38]. Therefore BLR peptides might simultaneously target multiple CCN family
members with protumorigenic functions in PDAC.

An additional factor to be considered is the decrease in tumor necrosis following peptide treatment.
Necrosis is a major obstacle to drug delivery to tumors. In line with the findings by Cesca et al. [39]
we can hypothesize that the presence of large vital areas in BLR200-treated tumors facilitates a more
homogeneous distribution of the cytotoxic drug, thus promoting a greater antitumor activity of
gemcitabine even in the absence of a marked increase in total drug concentration. Further studies with
technologies enabling the spatial analysis of drug distribution in tumors, such as matrix-assisted laser
desorption ionization-mass spectrometry imaging, are warranted to address this hypothesis.

In conclusion, this study has shown the therapeutic potential of two CCN3-based peptides in
combination with gemcitabine in PDAC. In comparison to other recently developed drugs, the approach
proposed here could have a great advantage since CCNs are master regulators of multiple critical
disease pathways. Indeed, we observed in this study that BLR100 and BLR200 were able to affect
fibrosis deposition, angiogenesis, necrosis, and ascites formation. The different ability of the two
peptides to affect distinct aspects of tumor progression suggests that they may be used either in
combination or at different stages of the disease. Moreover, the increased activity of the combination
regimens of the peptides with gemcitabine opens new perspectives for the use of the peptides to
augment the limited efficacy of current chemotherapy and perhaps also immunotherapy in PDAC.
Since the increased activity of the combination treatment was obtained with suboptimal doses of
gemcitabine, the use of low, “physiological” doses of these peptides might also have interesting clinical
implications for the possibility of reducing dosing of the highly toxic gemcitabine while achieving a
good therapeutic response. Developing new therapeutic approaches and targeting different features of
tumor microenvironment, combined with the standard of care therapy is critical to increase PDAC
patient survival.
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Abstract: Observational/retrospective studies indicate that prostaglandin-endoperoxide synthase-2
(PTGS2) inhibitors could positively affect colorectal cancer (CRC) patients’ survival after diagnosis.
To obtain an acceptable cost/benefit balance, the inclusion of PTGS2 inhibitors in the adjuvant setting
needs a selective criterion. We quantified the 72 kDa, CRC-associated, glycosylated form of PTGS2 in
100 frozen CRC specimens and evaluated PTGS2 localization by IHC in the same tumors, scoring
tumor epithelial-derived and stroma-derived fractions. We also investigated the involvement of
interleukin-1 beta (IL1β) in PTGS2 induction, both in vitro and in CRC lysates. Finally, we used
overall survival (OS) as a criterion for patient selection. Glycosylated PTGS2 can be quantified
with high sensibility in tissue lysates, but the expression in both tumor and stromal cells limits its
use for predictive purposes. Immunohistochemistry (IHC) analysis indicates that stromal PTGS2
expression could exert a protective role on patient OS. Stromal PTGS2 was prevalently expressed
by cancer-associated fibroblasts exerting a barrier function near the gut lumen, and it apparently
favored the antitumor M1 macrophage population. IL1β was directly linked to gPTGS2 expression
both in vitro and in tumors, but its activity was apparently prevalent on the stromal cell population.
We suggest that stromal PTGS2 could exert a positive effect on patients OS when expressed in
the luminal area of the tumor.
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1. Introduction

Prostaglandin-endoperoxide synthase-2 (PTGS2), one of the key enzymes mediating
prostaglandins neosynthesis, is typically induced by inflammatory stimuli and expressed by tumor
epithelial cells in about 74–78% of colorectal cancer (CRC) (see [1] for review). PTGS2 exists both
as a rapidly-degraded 68 kDa unglycosylated form, with increased catalytic activity, and a more stable,
endoplasmic reticulum-associated, 72 kDa glycosylated form (gPTGS2) [2]. While unglycosylated
PTGS2 can be detected in the normal mucosa, gPTGS2 is typically associated with CRC.

PTGS2 has been considered an ideal target for colorectal tumor chemoprevention [3,4],
but the cardiotoxicity associated to the specific PTGS2 inhibitor Celecoxib determined an unfavorable
cost/benefit ratio for the chemoprevention of the normal population. On the contrary, the inhibition of
PTGS2 in the adjuvant setting could be beneficial for CRC patients. Three independent observational
studies by Ng, Hua, and Friis indicated an increased survival for long-term, regular users of
non-steroidal anti-inflammatory drugs (NSAIDS) after CRC diagnosis [5–7], of which specific
PTGS2 inhibitors were found to be the most active. At present, Celecoxib is prospectively tested in
patients with resected stage III colon cancer and treated with adjuvant FOLFOX chemotherapy (https:
//clinicaltrials.gov/ct2/show/NCT01150045). This phase III, multicenter trial will give a fundamental
hint for the rational use of PTGS2 inhibitors in advanced CRC. Nevertheless, a limit of this study
and of future applications is the lack of criteria for patient selection. The influence of tumor PTGS2
expression on CRC patient prognosis is difficult to interpret [8–11]. Moreover, despite the influence
of tumor stroma and leucocyte infiltration in CRC progression [12–14], previous studies did not
evaluate the influence of PTGS2 expressed by non-tumor cells on patient prognosis. We here quantified
the 72 kDa gPTGS2 in 100 primary CRC lysates as a proof of principle for the identification of patients
that could benefit from NSAIDS treatment after surgery. PTGS2 levels were also evaluated by the same
antibody in immunohistochemistry (IHC), distinguishing tumor-derived from stroma-derived PTGS2.
We also evaluated IL1β as a candidate of inflammation-driven stromal PTGS2 expression. PTGS2 was
finally correlated with patient prognosis to evaluate its association with CRC aggressiveness.

2. Materials and Methods

2.1. Patients

The study was conducted in accordance with the Declaration of Helsinki, and the protocol
was approved by the Ethics Committee of San Martino Hospital (Ethical code number: n◦4/2011).
All subjects were recruited at the unit of Oncologic Surgery and Implantable Systems after giving
their informed consent. A total of 100 patients subjected to surgical resection of CRC by dedicated
surgeons were included (49 males and 51 females; median age 70 years). All patients underwent
surgery as the first curative treatment. Tumors were located in the ascending (41), transverse (2),
descending (17), sigmoid colon (19), and rectum (21), and they were staged as I (14), II (34), III (39),
and IV (13) according to Union for International Cancer Control (UICC) 2009 classification.

2.2. Specimens Collection and Processing

Each surgical specimen was collected within 20 min after resection and evaluated by an expert
pathologist who collected a representative fragment of the invasive tumor and a strip of normal
mucosa, which was sampled at least 10 cm from the tumor mass. Each sample was placed in Safe-Lock
tubes (Eppendorf Srl, Milan, Italy) with 80 μL of RIPA buffer containing sodium orthovanadate
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(OV) 1 mM, dithiothreitol (DTT) 1 mM and a protease inhibitor cocktail 1:100 (Sigma-Aldrich Italia,
Milan, Italy, P8340), and stored at −80 ◦C. Frozen tissues were thawed on ice and minced with sharp
scissors, adding 100 μL of fresh RIPA buffer (with OV, DTT and protease inhibitors) to each sample.
After 90 min incubation on ice, samples were potterized and centrifuged (24,000× g, 4 ◦C). Supernatants
were collected and protein content was quantified by the DC protein assay (Bio-Rad Laboratories Srl,
Milan, Italy).

2.3. Cell Lines

CaCo2 and HT29 (PTGS2 positive), SW480 and HCT15 (PTGS2 negative), DLD1, SW620, LS180
human CRC cell lines (obtained from the Biological Bank of our institute, http://www.iclc.it), and MF2T
colon fibroblast primary cell culture [15] were cultured in RPMI 10% FCS.

2.4. Western Blot

Additional information about antibody selection and Western blot quantification of PTGS2 is
available in Supplementary method S1.

All 100 samples from normal mucosa and cancer tissue (= 200 samples) were analyzed.
Total proteins (30 μg/lane) were resolved on 10% SDS PAGE precast gels (Thermo Scientific)
and blotted on PVDF membranes (GE-healthcare Italia, Milan, Italy). Anti PTGS2 (D5H5) rabbit
mAb and HRP-conjugated (goat anti-rabbit 7074S) secondary antibody were from Cell Signaling
Technology, Leiden, The Netherlands). HRP-conjugated anti beta-actin (13E5 rabbit mAb, Cell Signaling
Technology) was used as loading control. Protein bands were detected by a chemiluminescent HRP
substrate (Immobilon Western, Merk Life Science Srl, Milan, Italy) and acquired by a C-Digit blot
scanner (LI-COR, Bad Homburg, Germany). Only the 72 kDa gPTGS2 band was quantified by the Image
Studio 4.0 software. All blots were normalized against two CaCo2 internal standards (10 and 30 μg)
loaded in each blot. gPTGS2 relative values were normalized extracting the cubic root (CBRT) of each
value to allow the application of parametric statistics. Human PTGS2 standard (cat. 100200-4 Alpha
Diagnostic International, San Antonio, TX, USA) was used to estimate gPTGS2 concentration in 30 μg
of total tissue lysate.

In vitro studies: in the first test, MF2T primary fibroblasts from human colon were serum-starved
for 48 hours and treated with interleukin 8 IL8/CXCL8 (Peprotech, London, UK 10 ng/mL), PGE2
(Cayman, Ann Arbor, MI, USA, 100 nM), growth-regulated oncogene beta GROβ/CXCL2 (Peprotech,
10 ng/mL), interleukin-1 beta (IL1β, Peprotech, 0.1 ng/mL), or epithelial growth factor EGF (Peprotech,
10 ng/mL) for 24 hours to verify the leading role of IL1β in PTGS2 induction (tested in duplicate).
In the second test, CRC cell lines were treated with 0.1 ng/mL IL1β in the same conditions of MF2T
(tested in duplicate). Cells were scraped, washed once in PBS, and immediately lysed in RIPA buffer.
Western blot was run as reported above for tissue samples.

2.5. Immunohistochemistry

A pathologist identified the representative paraffin-embedded tumor sample for each of the 100
cases analyzed by western blot (WB). Four μm thick sections were cut and mounted on Superfrost slides
(Thermo-Fisher Scientific Italia, Milan, Italy). IHC was carried out with the automated BenchMark
Ultra Immunostainer®(Ventana Medical Systems Tucson, Arizona, USA). Primary, anti-PTGS2 (D5H5)
rabbit mAb was used at 1:100 final dilution and detected by Ultraview universal DAB detection kit
(Ventana Medical Systems).

PTGS2 was scored by a trained pathologist as the percent of positive cells for both stromal
and tumor epithelial cells. Necrotic tissue was excluded from evaluation. Percentages were subdivided
into three categories (Low, Medium, High) for Kaplan–Meier analysis. Positivity was classified
as follows: negative or barely distinguishable staining, or ≤5% = Low; >5% to ≤20% =Medium; >20%
= High.
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PTGS2 positive cells in tumor stroma were further characterized either as serial sections stained
with DAB for bright field microscopy (CD68 and CD163 positive macrophages: 85 hot-spots in
33 samples), or by the double-fluorescent staining of single sections (Vimentin-positive mesenchymal
cells, 14 samples). Samples were probed with the following antibodies: anti PTGS2 D5H5 mAb, anti
vimentin (1:100, Thermo-Fisher Scientific Italia), anti CD68 (1:500, BioCare, Pacheco, CA, USA), anti
CD163 (1:300, BioCare), using a Leica Bond-RX immunostainer. Images were captured by a Leica
AT2 scanner (bright field) or Leica DM-LB2 microscope (Leica Biosystems, Milancity, Italy) equipped
with a GXCam-U3-18 camera (fluorescence). The percent of PTGS2, CD68, and CD163-positive cells
in hot spots was quantified by the Image Scope 12.3 software (Leica). PTGS2-vimentin fluorescent
co-localization was analyzed by the JACoP plug-in of ImageJ (https://imagej.nih.gov/ij/plugins/track/
jacop2.html).

Multiplexed IHC on single tissue sections was performed using AEC (Enzo life sciences,
Farmingdale, NY, USA) as the chromogenic substrate. Anti mannose receptor 1 (MRC1) (Sigma-Aldrich
Italia, prestige antibody AMAb90746; 1:5000 dilution), anti inducible nitric oxide synthase (iNOS)
(Thermo-Fisher Scientific Italia, PA3-030A; 1:600 dilution) and anti arginase 1 (ARG1) (Sigma-Aldrich
Italia, prestige antibody HPA003595; 1:2000 dilution) were tested in addition to anti CD68 and anti
CD163. The first multiplex tested CD68–iNOS–PTGS2 consecutively (7 samples–36 fields–108 images),
the second multiplex ARG1–MRC1–CD163–PTGS2 (7 samples–44 fields–176 images). Controls of
complete destaining were performed using only the secondary antibody between iNOS and PTGS2 in
the first series and MRC1 and CD163 in the second series: no signal was detected. After AT2 slide
scanning of each single staining, slides were destained by ETOH washings (5 min 50% ETOH, 10 min
100% ETOH, 5 min 50% ETOH) and antibodies were removed by a guanidine-based stripping solution
(6 M Gn-HCl, 0.2% NP-40, 10 mM DTT, 20 mM Tris-HCl, pH 7.5; 37 ◦C, 20 min). After extensive washing
in running tap water, (5’) slides were probed with the successive primary antibody. Hematoxylin was
used for nuclear counterstaining only in the first run. AEC positive staining was identified in each slide
using Image-J color thresholds and extracted as 8-bit black&white mask (see Supplementary Figure S1),
the colocalization of markers (1:1) was quantified by JACoP plug in.

2.6. IL1β ELISA

IL1β was quantified in tumor tissue lysates from 60 unselected cases by RayBio Human IL1
beta ELISA (RayBiotech, Peachtree Corners, GA, USA, ELH-IL1β) according to the manufacturer’s
instructions; 15 μg of tissue lysate in 100 μL of diluent was plated in each well (test run in duplicate).

2.7. Statistics

All analyses were performed using the free statistical software EZR 1.41 (http://www.jichi.ac.jp/
saitama-sct/SaitamaHP.files/statmed.html). The analysis of variance among three or more groups of
data was performed by one-way ANOVA or Kruskal–Wallis test. Correlations were calculated by
Pearson’s or Spearman’s test. Nominal data distribution was analyzed by Fisher’s exact test. Patients’
survival was analyzed by Kaplan–Meier analysis and a Long-rank test. A p ≤ 0.05 was considered
statistically significant.

3. Results

3.1. gPTGS2 Quantification in 100 CRC Lysates and its Relation to Tissue PTGS2

gPTGS2 was detectable by WB in 96/100 CRC (Figure 1a,c) (median = 156.86 pg, mean = 293.3 pg,
range 0.00–1515.64 pg of protein, in 30 μg of tissue lysate, according to the hu PTGS2 standard) and in
11/100 of matched normal mucosa (median = 0.00 pg, mean = 0.003 pg, range 0.00–79.8 pg of protein,
in 30 μg of tissue lysate). Compared to other studies (see Supplementary Table S1), this is a high
detection rate. The replicate of WB analysis on 60 CRC (Figure 1b) showed a high correlation (Pearson’s
correlation r = 0.907, p = 0.0000000000000000000000217, ensuring sufficient reproducibility.
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Figure 1. Western blot quantification of glycosylated prostaglandin-endoperoxide synthase-2 (gPTGS2)
in colorectal cancer (CRC) lysates: (a) c-digit-extracted pseudo-images showing gPTGS2 signal in
100 CRC samples; (b) reproducibility of PTGS2 quantification, by replicated WB analysis, in 60 CRC
samples; (c) relative quantification of gPTGS2 levels in CRC samples.

PTGS2 was also evaluated by IHC in 100 matched CRC paraffin embedded tissues, using the same
primary antibody. Tumor-associated and stroma-associated PTGS2 were scored independently.
The correlation coefficient of tumor PTGS2 compared with stromal PTGS2 was 0.334 (Spearman’s rank,
p < 0.001). Thus, the contemporary presence of high or low PTGS2 levels in the tumor and stromal
populations of the same sample was apparently infrequent in our cohort, suggesting the existence of
distinct mechanisms of PTGS2 induction in the different cell populations of the same tumor. In tissue
lysates, both tumor and stromal cells contributed to total gPTGS2 levels, showing a directly proportional
correspondence with IHC data (Figure 2a).

PTGS2-positive cells of the stromal component almost invariably localized in the luminal area of
the tumor, with a strong intensity of staining. These cells frequently lined the limit between living
tissue and necrotic areas or surrounded crypts of the outer epithelial border (Figure 2b), suggesting
a protective function. In CRCs with medium–high PTGS2 epithelial staining, an irregular distribution
of positive areas was observed (Figure 2b).
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Figure 2. gPTGS2 is expressed in tumor stroma and tumor epithelial cells: (a) gPTGS2 levels, quantified
in 100 CRC lysates by WB, show a directly proportional correlation with both epithelial and stromal
PTGS2 scored by IHC (L = low, M = intermediate, H = high PTGS2 expression); (b) PTGS2 positive
stromal cells show a bright staining and localize close to the outer mucosal layer of the tumor (upper row),
suggesting a protective, barrier function. Tumor epithelial positivity can be observed in all tumor areas,
with variable intensity of staining and localization (lower row). Yellow scale bar = 200 μm.

3.2. Identification of gPTGS2 Positive Cells in the Stromal Component

As in our CRC cohort, PTGS2-positive stromal populations with a luminal distribution were
previously observed in colon adenomas: Chapple and Bamba independently attributed PTGS2
positivity to macrophages, according to cell morphology or CD68 expression [16,17]. Tumor-infiltrating
macrophages have been classified as M1 (antitumor) or M2 (protumor) according to the co-expression of
CD68, iNOS or MRC1/CD206, CD163, Arg1, and other markers in in vitro models. In human pathology,
this subdivision is an oversimplification, and these markers can be expressed or downregulated in
macrophages with high plasticity, according to different microenvironmental stimuli [18]. In Apc
(Min/+) mice, the inhibition of PTGS2 reduces the M2 component [19]; thus, the expression of PTGS2
in CRC macrophages could be associated to the induction of a prevalent M2 phenotype. On the other
hand, PGE2 is able to induce M1 differentiation in other mouse models [20], suggesting a positive
influence of PTGS2 on the M1 component. We first tested the correspondence of PTGS2 expression with
CD68 and CD163 on serial sections, assuming that CD68 positivity would indicate the total macrophage
population, while CD163 would indicate the M2 component. The comparison of positive areas indicated
a possible coexistence of PTGS2 and CD68 staining in some samples, while the correspondence of
PTGS2 and CD163 was less evident (Figure 3a).

The quantification of cells, expressing these antigens in overlapping areas of equal extension,
corroborated this observation (Figure 3b). The Pearson correlation coefficient was 0.422, (95% CI
0.229–0.582, p = 0.0000586) for CD68/PTGS2 and 0.316 (95% CI 0.110–0.496, p = 0.00324) for CD163/PTGS2.

To obtain a more specific quantification of the involvement of M1 and M2 macrophages in
PTGS2 production in CRC, we also tested a multiplex IHC approach. Using consecutive destaining,
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stripping, and reprobing of the same tissue slices, we tested the CD68–iNOS–PTGS2
and the Arg1–MRC1–CD163–PTGS2 series (Figure 4).

Figure 3. Analysis of PTGS2 influence on CD68 and CD163 macrophage populations on CRC serial
sections: (a) Representative images of PTGS2, CD68, and CD163 staining on serial sections: PTGS2
can be found in areas enriched with CD68-positive macrophages, but it shows infrequent overlapping.
Scale bar = 200 μm; (b) Digital pathology quantification of PTGS2, CD68, and CD163-positive cells on
overlapping areas of serial sections and plot of linear regression. PTGS2 showed a partial relation with
CD68-positive macrophages and a weak relation with the CD163 counterpart.

Multiplex analysis showed a complex picture with high variability among samples and different fields
of the same sample. iNOS was strongly expressed by several non-macrophage cells, being the majority of
iNOS positive signals in CRC tissues (Figure 4a). Few Arg1dim-positive cells were detected, with minimal
overlap with other M2 markers (Figure 4b and Supplementary Figure S1). A strong overlay was
observed only between MRC1 and CD163 (Figure 4b), which was confirmed by co-localization analysis
(Supplementary Figure S2). PTGS2 showed a limited co-localization with macrophages: the mean
Pearson’s coefficient for CD68-PTGS2 was 0.063, while the mean Manders’ overlap coefficient, evaluating
the extent of PTGS2 positivity in the CD68-positive area, was 0.237 (Figure 4c and Supplementary Figure S2).
We also attempted a simplified representation of the co-localization of M1 and M2 single markers, assuming
their expression only in macrophages (Figure 4c, right). This analysis suggested a mixed contribution of
both M1 and M2 polarized cells in PTGS2 expression, with a possible prevalence of iNOS+ cells.
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Figure 4. Multiplex IHC analysis of PTGS2 co-localization with macrophage markers CD68, iNOS,
Arg1, MRC1/CD206, and CD163: (a) two examples of co-localization signals in the M1 series
(CD68–iNOS–PTGS2), pseudocolors have been obtained overlaying the black&white mask of each
marker on the first slide of the series; (b) two examples of co-localization signals in the M2 series
(Arg1–MRC1–CD163–PTGS2); (c) left, mean Pearson’s coefficients of PTGS2 and CD68 co-localization;
right: a simplified representation of the mean overlay between PTGS2 and each marker using Manders’
overlap coefficients. Slices indicate the extent of PTGS2 signal in the positive areas of each marker
(complete analysis is shown in Supplementary Figure S2).

Thus, the expression of PTGS2 at the luminal surface of CRC, in non-tumor cells, did not apparently
associate to a M1->M2 switch of macrophages. Moreover, macrophages did not appear as the main
PTGS2-positive cell population in stromal areas.

Adegboyega et al. described subepithelial myofibroblasts as another source of PTGS2 in colorectal
adenomas, mainly in luminal mucosal areas with damaged surface [21]. Sonoshita et al. observed
the same localization of PTGS2 in the ApcΔ716 mouse model and in human adenomas, finding a strong
co-localization of PTGS2 and vimentin, the marker of mesenchymal cells [22]. To verify the involvement
of mesenchymal cells, we performed fluorescent double staining to co-localize PTGS2 and vimentin in
multiple fields of representative CRC samples (Figure 5a).

Indeed, almost all PTGS2-positive cells corresponded to vimentin-positive cells, although stromal
cells with the bright PTGS2 signal usually showed a lower signal for vimentin. Eliminating dim
vimentin-positive signals by a color threshold, co-localization analysis showed a mean Pearson
co-localization coefficient of 0.472 (Figure 5b; range 0.367–0.600, see Supplementary Figure S3a).
Manders’ overlap coefficients, evaluating the overlap of PTGS2 with vimentin and vice versa, showed
that a high proportion of vimentin-positive PTGS2-negative mesenchymal cells was also present
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(Supplementary Figure S3b). The mean of Manders’ overlap coefficients evaluating the extent of
PTGS2 signal in bright vimentin-positive areas was 0.301 (Figure 5c). The possible involvement of
cancer-associated fibroblasts (CAF) as a prevalent non-tumor source of PTGS2 in CRC led us to analyze
in vitro the possible inducers of PTGS2 in primary colorectal CAF.

 

Figure 5. Immunofluorescent double staining of PTGS2 and vimentin indicates cancer-associated
fibroblasts as a major source of PTGS2: (a) Representative images of PTGS2 and vimentin double
immunofluorescence in four CRC. PTGS2 positivity almost invariably corresponded to vimentin positive
cells, although bright PTGS2 staining frequently corresponded to dim vimentin staining and vice versa;
(b) mean PTGS2–vimentin co-localization evaluated by Pearson’s coefficient after the subtraction of
dim vimentin positivity; (c) mean Manders’ overlap coefficient evaluating the extent of PTGS2 signal in
bright vimentin-positive areas (complete analysis is shown in Supplementary Figure S3).

3.3. In Vitro, IL1β is a Powerful Inducers of PTGS2 in CAF and Correlates to gPTGS2 Levels in Tissue Lysates

CAF primary cells [15] were stimulated for 24 h with IL1β, a known inducer of PTGS2 expression
by NFkB and AP1 activation [23]. Other factors linked to inflammatory/trophic CRC progression
(IL8/CXCL8, GROβ/CXCL2, as agonists of G-protein coupled receptors; PGE2 produced by PTGS2
activation; EGF as the prototype EGFR tyrosine-kinase agonist) were also tested as potential PTGS2
inducers [1,24–26]. The analysis for gPTGS2 expression by Western blot showed a powerful induction
of gPTGS2 by IL1β, and weak responses elicited by PGE2 and EGF (Figure 6a).
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Figure 6. IL1β strongly upregulates PTGS2 expression in cancer-associated fibroblasts (CAF)
and correlates to gPTGS2 levels in tissue lysates: (a) The well-known PTGS2 inducer IL1β and other four
cytokines involved in CRC (CXCL8/IL8, PGE2, CXCL2/GROβ, and EGF; 24 h treatment) were tested
as possible inducers of PTGS2 expression in primary CRC CAF. Only IL1β induced a powerful response.
Densitometric quantifications of WB lanes are plotted; (b) Linear regression of PTGS2 and IL1β levels
in CRC tissue lysates (60 samples). Pearson’s correlation coefficient of gPTGS2 (CBRT = cubic root) vs.
IL1β (Log) levels was 0.593 (p = 0.00000609; (c) IL1β (24 h treatment) has a reduced ability to modify
PTGS2 basal expression in CRC cell lines. Densitometric quantifications of Western blot lanes are
plotted. WB were run as experimental duplicates, with similar results (see Supplementary Figure S4).
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IL1β involvement in the induction of gPTGS2 in our cohort was verified by the quantification of
its levels in 60 tissue lysates (Figure 6b). Pearson correlation coefficient of gPTGS2 versus IL1β levels
was 0.593 (p = 0.00000609), indicating a strong link between IL1β and gPGTS2 levels in more than
half of the samples. Western blot analysis of CRC cell lines stimulated by IL1β revealed a possible
explanation for the existence of samples with a low gPTGS2/IL1β correlation. CRC cell lines showed
high or low basal levels of gPTGS2 with a limited response to IL1β stimulation compared to CAF
(Figure 6c), even at 10× increased doses of IL1β (Supplementary Figure S4). Thus, the prevalence of
stroma, or tumor-derived gPTGS2, could mirror the strong or weak response to the presence of IL1β in
CRC tissues.

3.4. Effects of Stromal PTGS2 on Patients Prognosis

In our cohort, stromal PTGS2 affected patients OS according to low, medium, or high IHC positivity
(Figure 7a). In particular, intermediate levels of stromal PTGS2 (n = 22) were apparently associated
to a better prognosis, while high PTGS2 (n = 6) showed a negative outcome compared to low/null
PTGS2-expressing CRC.

Figure 7. Effects of PTGS2 localization on patients overall survival: (a) Kaplan–Meier analysis of
patients’ overall survival according to PTGS2 levels quantified by IHC in stromal cells. L = low,
M =medium, or H = high PTGS2 expression; (b) Kaplan–Meier analysis of patients’ overall survival
according to gPTGS2 levels quantified in tissue lysates by WB. L=low, M=medium, or H=high gPTGS2
expression; (c) Kaplan–Meier analysis of patients overall survival according to PTGS2 levels quantified
by IHC in tumor epithelial cells. L=low, M=medium, or H=high PTGS2 expression: (d–e) gPTGS2
and IL1β levels detected in tissue lysates by WB were dichotomized (low vs. high) using the median
value of data as a threshold. Kaplan–Meier analysis of patients’ overall survival against low or high
gPTGS2 (d) or IL1β (e) levels was not affected by this dichotomization; (f) Dichotomization shown in
panels d–e was used to separate tumors into two new classes: the first with a directly proportional
regulation of gPTGS2 and IL1β (gPTGS2lowILβlow + gPTGS2highILβhigh = stroma gPTGS2 enriched,
continuous line), the other with an independent regulation of these markers (gPTGS2lowILβhigh +

gPTGS2highILβlow = tumor gPTGS2 enriched, dashed line). The Kaplan–Meier analysis of patients’
overall survival based on this subdivision is shown.
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The exclusion of stage IV tumors from Kaplan–Meier analysis did not modify the prognostic
potential of stromal PTGS2 expression (Supplementary Figure S5), reducing a potential bias on OS
evaluation linked to the surgical or therapeutic treatment of this group of patients. Neither gPTGS2
total levels quantified in tissue lysates nor tumor-associated PTGS2 scored by IHC influenced patients
OS in our cohort (Figure 7b,c).

Our observations suggested a possible subgrouping of CRC on the basis of stromal,
or tumor-derived PTGS2, the former modulated by IL1β, with a prognostic significance, the latter
relatively independent. We asked if we could identify these two categories of tumors on the basis
of gPTGS2 and IL1β levels in tissue lysates and if they could influence patients prognosis.
When dichotomized by the median value, PTGS2 showed no relation with the main pathological data
(Table 1), but it maintained a significant relation with IL1β (the database with pathological data, PTGS2,
and IL1β quantification is available in Supplementary data S1).

Table 1. Clinical and molecular features of CRC according to median PTGS2 levels.

Clinicopathologic
Parameters

All PTGS2 <Median PTGS2 >Median p

TOTAL 100 50 50 -

SEX
0.689Male 49 26 23

Female 51 24 27

AGE (surgery)
0.317≤70 47 22 28

>70 53 28 22

TUMOR LOCATION *

0.965
Proximal colon 43 21 22

Distal colon 36 18 18
Rectum 21 11 10

STAGE (UICC-2009)

0.974
I 14 7 7
II 34 16 18
III 39 20 19
IV 13 7 6

TUMOR GRADE

0.479
well 5 2 4

moderate 75 40 35
poor 19 8 11

JASS SCORE

0.719
I 17 7 10
II 14 6 8
III 32 18 14
IV 37 19 18

PERINEURAL INVASION
0.387PNI 0 69 37 32

PNI 1 31 13 18

MICROSAT. INSTAB. **
0.158MSS 72 40 32

MSI 15 5 10

IL1β ***
0.002IL1β<median 30 21 8

IL1β>median 30 10 22

* Proximal colon includes cecum to transverse colon; distal colon includes splenic flexure to sigmoid colon.
** Data available for 87 samples. *** Data available for 60 samples. NOTE: 2 × 2 tables were tested by Fisher’s exact
test, other parameters by Chi-square test.
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We used gPTGS2 and IL1β dichotomization by the median of data and defined as stroma-derived
gPTGS2 the cases with low + low or high + high gPTGS2 and IL1β levels (= directly proportional IL1β
and gPTGS2 levels). On the contrary, tumor-derived gPTGS2 was defined in cases with low + high or
high + low gPTGS2 and IL1β levels (= independence of IL1β and gPTGS2 expression). Dichotomized
gPTGS2 or IL1β levels, individually assessed by Kaplan–Meier analysis, did not influence patients’ OS,
showing almost superimposable curves (Figure 7d,e). On the contrary, an immediate divergence of
curves was observed when CRC with putative stroma-derived PTGS2 were compared to CRC with
putative tumor-derived PTGS2 (Figure 7f). This categorization suggested a different involvement
of stroma-expressed versus tumor-expressed PTGS2 in patient outcomes, although it did not reach
statistical significance.

4. Discussion

Several epidemiological studies suggested a favorable outcome for patients taking NSAIDS after
CRC diagnosis/surgery [5–7]. An ideal approach for PTGS2 targeting would be the identification of CRC
patients that could benefit from the inclusion of PTGS2 inhibitors in the adjuvant setting. The influence
of PTGS2 expression on patient prognosis could be a possible criterion, but the quantification of
PTGS2 by IHC only in CRC tumor cells showed variable results [8–11]. We attempted to overcome
this limitation quantifying gPTGS2 levels in CRC lysates, comparing them with IHC-scored, tumor,
or stroma-derived PTGS2.

Our approach shows that gPTGS2 levels can be quantified in CRC lysates with high sensitivity
and specificity. gPTGS2 levels partially correlated with both tumor-associated and stroma-associated
PTGS2 detected by IHC, indicating that gPTGS2 expression is not restricted to tumor cells
as hypothesized before. Stroma-associated PTGS2 showed an almost exclusive luminal distribution,
as already observed in adenomas [21,22], suggesting a homeostatic role in preserving the mucosal
barrier. Macrophages did not appear as a major PTGS2-positive cell population, although minor
populations of macrophages expressing M1 (iNOS) or M2 (MRC1, CD163) markers co-localized with
the PTGS2 signal. The slight prevalence of the PTGS2 signal in iNOS-positive macrophages would
be in accordance with the preferential expression of PTGS2 by M1-polarized macrophages observed
in vitro [27]. Multiplex IHC analysis showed that only MRC1 and CD163 were frequently associated,
while Arg1 expression was rare and iNOS was expressed by several different cells without relation
to CD68. While macrophages could directly contribute to PTGS2 expression in CRC, their specific
ability to produce IL1β [28] would be a major mechanism of PTGS2 amplification by the paracrine
stimulation of bystander fibroblasts. Indeed, Cui et al. showed that most IL1β-expressing cells localize
in the stroma of CRC (median 19.2 cells/high power field, hpf), while positive epithelial tumor cells are
rare (median 0.4 cells/hpf) [29]. Our in vitro data and CRC lysates analysis sustain the hypothesis that
gPTGS2 expression could be mediated by IL1β, preferentially targeting CAF. Accordingly, Cui et al.
showed a higher positivity for IL1R1 in the stroma (median 11.0 cells/hpf) than in tumor epithelial
cells (median 0.7 cells/hpf) [29]. IL1β is neo-synthesized and activated by the inflammasome only in
the presence of microbial components or tissue damage [28], sustaining the plausible role of luminal,
stromal PTGS2 for the homeostatic rescue of the epithelial barrier. Indeed, several bacterial species
have been associated to CRC [30], and Streptococcus gallolyticus can infect colorectal tumors and has
been linked to local IL1β and PTGS2 expression [31]. According to these data, stromal PTGS2 expressed
in the luminal area could exert a protective role for the patient, not necessarily influencing CRC
progression. Unfortunately, we could not evaluate this hypothesis as only overall survival data were
available for our cohort, without information about the cause of death.

Tumor-associated PTGS2 did not apparently affect patients’ overall survival, and the quantification
of specific gPTGS2 levels in tissue lysates could not discriminate patient outcome. Tumor epithelial
PTGS2 could be less controlled by physiologic stimuli as some oncogenic mechanisms can affect its
expression; for example, PTGS2 is frequently downregulated in MSI CRC, while PIK3CA mutation
could mediate PTGS2 activity [32–34]. When gPTGS2 and IL1β levels were used to discriminate those
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CRC depending on IL1β for gPTGS2 expression (enriched in stromal gPTGS2) from tumors with
an independent gPTGS2 expression (enriched in tumor gPTGS2), survival curves showed an immediate
dichotomy. While this datum has no significant prognostic implications, it suggests distinct roles for
stromal and tumor PTGS2.

5. Conclusion

Our study suggests an unpredicted association of stromal PTGS2 with patients’ prognosis that
limits the use of total gPTGS2 quantification in CRC samples lysates for predictive purposes. Due to
the possible positive influence on patient OS of an intermediate PTGS2 expression in the luminal tumor
stroma, we propose further validation of this marker on larger cohorts.
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Abstract: Tumor growth and invasion occurs through a dynamic interaction between cancer and
stromal cells, which support an aggressive niche. MicroRNAs are thought to act as tumor messengers
to “corrupt” stromal cells. We previously demonstrated that miR-9, a known metastamiR, is released
by triple negative breast cancer (TNBC) cells to enhance the transition of normal fibroblasts (NFs)
into cancer-associated fibroblast (CAF)-like cells. EGF containing fibulin extracellular matrix protein
1 (EFEMP1), which encodes for the ECM glycoprotein fibulin-3, emerged as a miR-9 putative
target upon miRNA’s exogenous upmodulation in NFs. Here we explored the impact of EFEMP1
downmodulation on fibroblast’s acquisition of CAF-like features, and how this phenotype influences
neoplastic cells to gain chemoresistance. Indeed, upon miR-9 overexpression in NFs, EFEMP1 resulted
downmodulated, both at RNA and protein levels. The luciferase reporter assay showed that miR-9
directly targets EFEMP1 and its silencing recapitulates miR-9-induced pro-tumoral phenotype in
fibroblasts. In particular, EFEMP1 siRNA-transfected (si-EFEMP1) fibroblasts have an increased ability
to migrate and invade. Moreover, TNBC cells conditioned with the supernatant of NFs transfected
with miR-9 or si-EFEMP1 became more resistant to cisplatin. Overall, our results demonstrate that
miR-9/EFEMP1 axis is crucial for the conversion of NFs to CAF-like cells under TNBC signaling.

Keywords: tumor microenvironment; triple-negative breast cancer; cancer-associated fibroblasts;
EFEMP1; miRNA; miR-9; chemoresistance

1. Introduction

The physiological role of stromal cells like fibroblasts, endothelial cells, adipocytes and immune
cells is to sustain and shield epithelial cells from harm [1]. Breast cancer, as other solid tumors,
must engage stromal cells in an aberrant cross-talk in order to grow, invade the neighboring tissues,
and migrate to distant sites [2]. For example, “corrupted” fibroblasts, the so-called cancer-associated
fibroblasts (CAFs), actively secrete pro-tumor factors like growth factors, cytokines and chemokines,
remodel the extracellular matrix (ECM) to favor tumor cell motility and, eventually, mediate resistance
to anticancer drugs [3–5]. CAFs are also able to affect the behavior of the other stromal cells, for instance
by releasing pro-inflammatory chemokines and pro-angiogenic factors that facilitate the immune and
endothelial cell recruitment at the tumor site and the polarization toward a malignant phenotype [6–8].
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Triple-negative breast cancer, a highly aggressive malignancy, is thought to have a unique
microenvironment, distinct from other breast cancer subtypes, which might significantly impact on the
progression of these malignances [9].

An increasing body of evidence supports the involvement of microRNAs (miRNAs) in the
interaction between tumor and stroma. Indeed miRNAs, small non-coding RNAs involved in
post-transcriptional gene regulation, have been proven to act as “messages” to induce the acquisition
of malignant traits in stromal cells [10]. Accordingly, in our previous work by Baroni S et al.,
we demonstrated that TNBC cells are able to induce the acquisition of CAF-like properties in NFs by
releasing the known breast metastamiR miR-9, packaged into exosomes [11,12]. We also showed that
these CAF-like cells can increase, in turn, tumor cell aggressiveness. Gene expression profile of miR-9
overexpressing NFs revealed EFEMP1, collagen type1 alpha1 (COL1A1) and matrix metalloproteinase-1
(MMP1), as the most significantly modulated genes, being the first two transcripts predicted miR-9
targets. These molecules were selected for further analyses since they are known to be involved in the
crucial pathways of ECM synthesis and remodelling. However, since only EFEMP1 downmodulation
was validated in public datasets comparing tumor vs normal stroma of breast cancer patients [11],
we decided to focus our efforts on studying EFEMP1 contribution to the observed phenotype.

EFEMP1 encodes for the ECM glycoprotein fibulin-3, which participates in maintaining the
integrity of the stroma linking elastic fibres to basement membranes [13,14]. Interestingly, in 2015 Tian
H et al. identified fibulin-3 as a novel TGF-β pathway inhibitor in breast cancer microenvironment,
interfering with tumor progression [15]. Here we focus on validating EFEMP1 targeting by miR-9 in
fibroblasts and explore the contribution of this modulation to the acquisition of CAF-like features,
such as cell motility and induction of chemoresistance in TNBC cells.

2. Materials and Methods

2.1. In-Silico Analysis to Define Caf and NF EFEMP1 Expression Portraits

Normalized gene expression profiles of GSE20086, GSE80035 and GSE37614 were downloaded from
Geo omnibus. Genes were annotated with biomaRt package from Bioconductor in R environment [16].
Duplicated probes for a same gene were collapsed by selecting the one with the highest interquartile
range for Affymetrix profiling, while the probe with the highest value was selected for further analyses
on Illumina profiles. Plots were performed with ggplot. Wilcoxon test was applied to define differential
expression on R.

2.2. Cell Culture and Primary Fibroblasts Isolation

Immortalized normal fibroblasts, HEK-293T and MDA-MB-468 cell lines were purchased from
ATCC (Rockville, MD, USA). NFs were cultured in FGM-2 medium with 10% FBS, HEK-293T and
MDA-MB-468 in DMEM with 10% FBS and maintained at 37 ◦C under 5% CO2. MycoAlert Mycoplasma
Detection Kit (Lonza, Basel, Switzerland) was used to assure a negative mycoplasma status in cultured
cells before experiments were started. Primary NFs and CAFs were isolated from specimen belonging
to TNBC patient who underwent surgery at Fondazione IRCCS Istituto Nazionale dei Tumori of
Milan (INT) and who signed an informed consent to donate the leftover tissue after diagnosis to
INT for research. The INT Ethic Committee authorized the use of these samples for the project
“Tumor-microenvironment related changes as new tools for early detection and assessment of high-risk
disease” on January 24th 2012. RNA from these samples was isolated as previously described [11].

2.3. MiRNA Mimics and siRNA Transient Transfection

MiR-9 overexpression was performed using a chemically synthesized miRNA mimic (Catalog
number AM17100, Assay ID PM10022, Thermo Fisher Scientific, Waltham, MA, USA) at a final
concentration of 100 nM. A Silencer® Select Pre-Designed siRNA (Catalog number AM16708, Assay
ID 14094 Thermo Fisher Scientific, Waltham, MA, USA) was purchased to perform EFEMP1 silencing,
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using a final concentration of 50 nM. Lipofectamine 2000 was used as transfection reagent in Optimem
medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), which was replaced with standard
medium after 6 h.

2.4. Cloning and Mutagenesis

EFEMP1 3′UTR was cloned into pmirGLO vector plasmid (Promega, Medison, WI, USA), designed
to perform luciferase reporter assay and carrying β-lactamase coding region (Ampicillin resistance).
EFEMP1 3′UTR sequence to be cloned was amplified by PCR using ThermoScientific Phusion Hot Start
High-Fidelity DNA polymerase kit (Thermo Fisher Scientific, Waltham, MA, USA). Primer sequences
are reported in Table 1. Plasmid vector and insert were first digested with NheI and XbaI restriction
enzymes (New England Biolabs, Ipswich, MA, USA) through incubation for 1h at 37 ◦C. The digested
products were purified with Gel/PCR DNA Fragments Extraction kit, dephosphorylated with rAPid
Alkaline Phosphatase kit (Roche, Basel, Switzerland) through incubation at 37 ◦C for 10 min followed by
2 min at 75 ◦C and then ligated using Rapid DNA Ligation kit (Roche, Basel, Switzerland), with samples
incubated for 5 min at 20 ◦C. As a negative control, the same reaction was performed without insert
addition. One ShotTM TOP10 chemically competent E. Coli cells (Thermo Fisher Scientific, Waltham,
MA, USA) were transformed, through heat-shock, with either the ligation product or the negative
control, and plated on Agar plates with LB medium and ampicillin. Few resistant colonies were
incubated in LB selective medium for 8 h. A backup plate for the selected colonies was stored at 4 ◦C.
Plasmid DNA was extracted with EuroGOLD plasmid Miniprep kit (Euroclone, Pero, MI, Italy) and
sequenced (Eurofins Genomics, Vimodrone, MI, Italy) to check proper cloning using the primers in
Table 2. Plasmid DNA with the correct integrated insert was amplified starting from the corresponding
backup colonies and extracted with NucleoBondXtra Midi Plus kit (Macherey-Nagel, Düren, Germany).

Table 1. PCR primers.

3′UTR EFEMP1 Forward 5′-AATTGCTAGCTTGACAATAATAGTGGGGCCA-3′

3′UTR EFEMP1 Reverse 5′-AATTTCTAGATGCCCACTTTATACCATGG-3′

Table 2. Primers for sequencing.

pmirGLO Forward 5′-CGCGAGATTCTCATTAAGGCC-3′

pmirGLO Reverse 5′-CAACTCAGCTTCCTTTCGG-3′

The plasmid DNA containing the cloned EFEMP1 3′UTR sequence was used to generate pmiRGLO
plasmids carrying a mutated form of the miR-9 target site, using GENEART Site-Directed Mutagenesis
System (Thermo Fisher Scientific, Waltham, MA, USA). Specific primers were designed to be used as
templates in the mutagenesis reaction (Table 3). Plasmid DNA was extracted from six random grown
colonies and sequenced to check for mutated products.

Table 3. Template primers for mutagenesis (mutated sites underlined).

MiR-9 binding site 5′-CCAAAGA-3′

3′UTR EFEMP1 MUT Forward 5′-ATAAAATAGTGCTTTAAGGTAACAATATCGTGTCGCTGACTTAAA
TGCCTGTGGTTGACTCT-3′

3′UTR EFEMP1 MUT Reverse 5′-AGAGTCAACCACAGGCATTTAAGTCAGCGACACGATATTGTTAC
CTTAAAGCACTATTTTAT-3′

2.5. Luciferase Reporter Assay

3 × 105 HEK293 cells were seeded in 12-well plates and co-transfected with 500 ng pmirGLO
vector plasmid carrying either the wild-type or the mutated EFEMP1 3′UTR and 100 nM miR-9
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precursor or negative control, using Lipofectamine 3000 transfection reagent (Thermo Fisher Scientific,
Waltham, MA, USA). Cell lysates were collected 24 h post transfection and Firefly and Renilla luciferase
activities were quantified by Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA)
on a GLOMAX 20/20 luminometer (Promega, Madison, WI, USA). Firefly luciferase was normalized
on Renilla luciferase and the reporter activity was finally expressed as relative activity between cells
silenced for miR-9 and the corresponding control.

2.6. Motility Assays

Migration and invasion assays were performed using Transwell Permeable Support 8.0 μm
(Corning Incorporated, Corning, NY, USA). 1 × 105 transfected cells in 300 μL of FBS-free medium
were seeded in the upper chamber; for invasion, 50 μL of Matrigel (Corning Incorporated, Corning,
NY, USA) was added at the bottom of the upper chamber. 10% FBS enriched medium was added to
the lower chamber as chemoattractant. After an overnight incubation at 37 ◦C, migrated/invaded cells
were fixed with 100% cold ethanol, stained with 0.4% Sulforhodamine B (GE Healthcare Life Sciences,
Chicago, IL, USA) and captured in photos (4 images per well, 10×magnification). For wound-healing
assays, 1 × 105 transfected fibroblasts were seeded in 12-well plates. When confluent, cells were
removed in the middle of the well with a plastic tip. Images of the wound were captured at this
moment and after 48 h (2 images per well, 10×magnification). All images were captured using EVOS
XL Core Imaging System (Thermo Fisher Scientific, Waltham, MA, USA) and processed with ImageJ
informatic program (NIH, Bethesda, MD, USA).

2.7. Protein Extraction and Western Blot

Whole cell lysates were prepared using NTG buffer (50 mM Tris HCl, 150 mM NaCl, 1%
Triton), supplemented with protease inhibitors (Sigma-Aldrich, St. Louis, MO, USA) and activated
orthovanadate (1:50). Bradford assay with CoomassiePlus Protein Assay Reagent (Thermo Fisher
Scientific, Waltham, MA, USA) was used to quantify the total proteins at Ultrospec 2100 pro
(GE Healthcare, Chicago, IL, USA) spectrophotometer. 30 μg total protein were electrophoretically
separated on NuPAGE 4–12% Bis-Tris Gel (ThermoFisher Scientific, Waltham, MA, USA). Western
blot analyses were performed with primary antibodies: anti-β-actin peroxidase-linked (1:30,000,
clone: AC-15, catalog number: A3854, Sigma-Aldrich, St. Louis, Missouri, USA); anti-fibulin-3 (1:200,
clone: C-3, catalog number: sc-365224 Santa Cruz Biotechnology, Dallas, TX, USA); anti-e-cadherin
(1:200, clone: G-10, catalog number: sc-8426 Santa Cruz Biotechnology, Dallas, TX, USA) and the
corresponding secondary antibodies anti-mouse and anti-rabbit peroxidase-linked (1:5000 and 1:10,000,
respectively, GE Healthcare, Chicago, IL, USA). The signals were visualized by ECLTM Prime Western
Blotting Detection Reagent (GE Healthcare, Chicago, IL, USA). The quantification of protein bands
was performed by Quantity One 1-D Analysis (Bio Rad, Hercules, CA, USA).

2.8. Immunohistochemistry

IHC evaluation of fibulin-3 levels was performed on tumor samples collected from the in vivo
experiment illustrated in the work by Baroni et al., 2016 (11) (6 samples per experimental condition).
Tissue sections were deparaffinised, rehydrated and heated for 5 min at 95 ◦C in citrate buffer
(4:1 sodium citrate (10 mM, pH 8) and citric acid (5 mM); final pH 6). Peroxidase blocking was achieved
with 15 min incubation in 80% methanol and 3% hydrogen peroxide. Sections were then incubated
with Protein Block Serum-Free (Dako products, Agilent Technologies, Santa Clara, CA, USA) in BSA
1%. Slides were then incubated at room temperature for 1h with a mouse monoclonal anti-fibulin-3
antibody (1:100, clone: C-3, catalog number: sc-365224, Santa Cruz Biotechnology, Dallas, TX, USA)
and then with Biotinylated anti-mouse secondary antibody (1:100, Dako) for 45 min. Antibodies were
diluted in “Dako real antibody diluition” (Dako products, Agilent Technologies, Santa Clara, CA, USA).
Follows HRP-conjugated streptavidin (1:300) for 30 min, DAB (1:50 in HRP substrate buffer) staining
for 5 min and mayer’s hematoxylin counterstaining for 10 s. Sections were finally dehydrated and
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mounted. A positivity score ranging from 0 to 2 was assigned to each tumor, having 0 for no signal,
1 for intermediate positivity and 2 for high positivity.

2.9. Tumor Cell Conditioning and Resistance Test

On the first day, 4.5 × 105 immortalized fibroblasts were seeded in 6-well plates. After 24 h,
NFs were transfected with either miR-9 or si-EFEMP1 and controls, and 3 × 105 MDA-MB-468 cells
were seeded in 6-wells plates. On the third day, MDA-MB-468 cells were conditioned with the medium
of transfected NFs and then treated (or not) with Cisplatin (5 μM) after 24 h. The drug was added in
fresh medium. On day 5, cell viability was assessed by cell counting.

2.10. Mining Data to Evaluate Correlation of MiR-9 Expression and Cisplatin Response

Publicly available data from TNBC data sets with available matched mRNA-miRNA expression
profiles from The Cancer Genome Atlas (GDC TCGA Breast Cancer RNA counts) were downloaded
from the Xena browser, while normalized data from METABRIC study [17] were recovered through
cBiportal, together with our in house cohort (SubSeries GSE86948). Genes from each platform were
annotated with biomaRt and only common cross-platform genes were selected for further analysis.
TCGA data were downloaded as raw counts and processed with limma-voom in limma R package.
Normalized data were scaled by median-absolute-deviation (MAD) for each sample. For TCGA
miRNA expression profiles, TPM data was downloaded from TCGA BRCA cohort in XENA.

Gene expression signatures were explored for their correlation with the CAF populations identified
by dedicated metagenes reported by Bartoschek M et al. [18]. The included endothelial/microvasculature
signature [19], stroma-related signature [20] and microvasculature signature [21]. Gene signature
scores were computed as the averages of mean centred expression of all these gene members of each
signature. For each metagene, correlation patterns were compacted using Pearson correlation.

3. Results

3.1. In-Silico Evaluation of EFEMP1 Levels in CAFs

Aiming at investigating EFEMP1 role in the conversion of normal to cancer-associated fibroblasts in
the breast cancer microenvironment, we analyzed its expression level in six matched paired NFs/CAFs
obtained from breast malignances (two grade III, three grade II and one grade I; GSE20086). Figure 1a
illustrates the significant downregulation of EFEMP1 in CAFs vs. their matched NFs.

Moreover, since breast cancer is a complex and highly heterogeneous disease, to gain a better
understanding of these complexities we analyzed EFEMP1 expression in public profiles of human
dermal fibroblasts conditioned with three breast cancer cell line models (GSE80035). Relevantly,
fibroblasts conditioned with TNBC (MDA-MB-468) and HER2+ (SkBr3) cells presented a lower
EFEMP1 expression than Luminal A ER+/PR+/HER2+ (T-47D) cells (Figure 1b). In support of these
observations, CAFs isolated from human TNBC tumors (GSE37614) presented a lower expression of
EFEMP1 in comparison to other tumor subtypes (Figure 1c). These data are strengthened by the result
of qRT-PCR analysis of EFEMP1 expression in a couple of NFs/CAFs from a TNBC patient, illustrated
in Figure S1.

Thus, these results suggest that EFEMP1 downmodulation is linked to the acquisition of a
malignant phenotype in tumor-associated fibroblasts, which seems to be particularly relevant in
TNBC subtype.
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Figure 1. EFEMP1 is downregulated in breast cancer-associated and TNBC-conditioned fibroblasts.
In-silico evaluation of EFEMP1 levels in paired NFs/CAFs of six breast cancer patients (a); in normal
human dermal fibroblasts conditioned with the supernatants of breast cancer cells of different subtypes
(b) and early passage of primary CAFs isolated from human breast cancer samples classified as
ER+ (n = 7), TNBC (n = 7) and HER2+ (n = 6) (c).

3.2. MiR-9 Directly Targets EFEMP1 and Affects Protein Levels In Vitro and In Vivo

Encouraged by the in-silico results, we proceeded assessing EFEMP1 expression in our normal
fibroblast in vitro model (NFs) at mRNA and protein level, upon miR-9 transfection, by qRT-PCR and
western blot analyses, respectively. As shown in Figure 2a,b, EFEMP1 and fibulin-3 levels decreased in
miR-9 overexpressing NFs (NFs miR-9) compared to control (NFs miR-NEG).

Fibulin-3 is a secreted protein and it exerts its main activity as anchoring element in the stroma.
In order to verify miR-9-induced EFEMP1 downmodulation in this cellular compartment, we performed
an IHC analysis on tumor samples from our previous in vivo experiment. Particularly, it was monitored
the in vivo tumor growth of MDA-MB-468 cells co-injected in the mammary fat pad of SCID mice
with NFs transfected with miR-9 (NFs/miR-9) or negative control (NFs/miR-neg), which resulted
increased in MDA-MB-468 cells and NFs/miR-9 group [11]. Thus, evaluating fibulin-3 expression
in tumor samples from mice injected with MDA-MB-468 and NFs/ miR-9 compared to negative
control, we observed a lower expression of this protein in the tumor stroma (Figure 2c and Figure S2a).
Since MDA-MB-468 and NFs/miR-9 mice developed bigger tumors compared to negative control, it is
reasonable to hypothesize an anti-oncogenic role for this ECM protein in the TNBC stroma.

Even though a slight decrease in fibulin-3 levels was observed also in some of the tumor nodules in
the MDA-MB-468 + NFs miR-9 group, no modulation of EFEMP1/fibulin-3 expression was detected in
MDA-MB-468 cells overexpressing miR-9 in in vitro experiments (Figure S2b). We evaluated e-cadherin
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as positive control since it has been already validated as miR-9 target in tumor cells. Thus, these results
suggest that EFEMP1 is not a miR-9 target in this cell model.

Figure 2. EFEMP1 is a direct target of miR-9. Evaluation of EFEMP1 gene and protein levels by
qRT-PCR (a), western blot (b) and IHC (c). qRT-PCR and western blot analysis were performed on
NFs miR-9 vs. control. Protein expression levels are indicated above western blot bands. IHC images
show fibulin-3 expression in ex vivo samples of tumors grown from the co-injection of MDA-MB-468
cells and NFs miR-NEG/9. Images are representative; the experiment was performed on 6 tumors per
group. Scale bars 2.5 μm (d). Luciferase assay performed on HEK293 cell line transfected with miR-9
or control and with wild-type or mutated EFEMP1 3′UTR (mutated sequence shown above). Data are
presented as the mean of three biological replicates ±SEM (*** p < 0.001, ns = non-significant).

In order to check whether EFEMP1 regulation by miR-9 in fibroblasts is due to a direct
targeting, we performed a luciferase reporter assay. Wild-type or mutated EFEMP1 3′UTR were
cloned downstream the luciferase gene and co-transfected with miR-9 or control in HEK-293T cells.
As illustrated in Figure 2d, we observed a significant reduction of the luciferase activity in the cells
transfected with the wild-type construct in the presence of miR-9, compared to control. This effect was
lost when the mutated 3′UTR was tested.

3.3. EFEMP1 Silencing Recapitulates miR-9-Induced CAF-Like Features in Normal Fibroblasts

To evaluate the contribution of EFEMP1 downmodulation to the acquisition of CAF-like features
upon miR-9 targeting, we first performed migration and invasion assays. Normal fibroblasts were
transfected with siRNA targeting EFEMP1 (si-EFEMP1) or with a negative control (si-NEG). As shown
in Figure 3a,b, EFEMP1 knockdown significantly increased fibroblast motility. Specifically, at 24 h,
a +15% of cells migrated to the bottom chamber of the transwell, while +28% of cells invaded the
Matrigel upon EFEMP1 silencing, compared to control. In order to better appreciate si-EFEMP1
phenocopy of miR-9 effect, we decided to perform a wound healing assay on fibroblasts transfected
in parallel with miR-9 or si-EFEMP1 vs. each respective control. Figure 3c shows that both miR-9
overexpression and EFEMP1 silencing increased fibroblasts ability to “heal the wound”, evaluated 48 h
after the scratch. For each experiment, transfection efficiency was assessed by qRT-PCR (Figure S3).
Thus, we demonstrated that EFEMP1 silencing partially mimics miR-9 action in NFs, leading to the
acquisition of CAF-like features.
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Figure 3. EFEMP1 silencing increases fibroblast’s motility. Migration (a), invasion (b) and wound healing
(c) assays performed on fibroblasts transfected with miR-9 (wound healing exclusively)/si-EFEMP1 or
controls. In Figure 3c, the red line identifies the region of the wound which is still not occupied by cells.
Images are representative and data are presented as mean of three biological replicates ±SEM. (* p < 0.05;
** p < 0.01); scale bars, 100 μm.

3.4. CAF-Like Properties Induced by miR-9/si-EFEMP1-Transfection Reduce MDA-MB-468 Cell Sensitivity
to Cisplatin

It is well known that CAFs can also affect tumor cell responsiveness to treatment by triggering
multiple escape mechanisms. For instance, Figure S4 shows EFEMP1 mRNA pattern among
CAFs isolated from tumors of sensitive and resistant breast cancer patients before neo-adjuvant
chemotherapy. CAFs from resistant patients exhibited slightly lower EFEMP1 mRNA levels than
sensitives. Since platinum-based therapy is an effective treatment for a subset of TNBCs [22], we then
decided to evaluate the ability of miR-9/si-EFEMP1-induced CAF-like cells to affect tumor cell sensitivity
to the anti-cancer drug cisplatin. MDA-MB-468 cells were chosen among the available TNBC cell lines
considering their sensitivity to this compound [23] and our existing expertise with this cell model.
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Tumor cells were conditioned for 24 h with the supernatant of NFs miR-9/si-EFEMP1 or controls,
and then treated with cisplatin (5 μM, IC50 concentration) for 24h. When we challenged the tumor cells
with cisplatin, we observed a 15% increase in MDA-MB-468 cell viability upon conditioning with NFs
miR-9 supernatant, compared with control conditions (Figure 4a,b). Transfection efficiencies related to
this experiment are shown in Figure S5a.

Figure 4. NFs miR-9/siEFEMP1 reduce tumor cell sensitivity to cisplatin. MDA-MB-468 cell count
upon treatment with cisplatin (24 h) after 24h of conditioning with the supernatant of (a) NFs miR-9
or (b) si-EFEMP1, compared to controls. Cell count data are presented as mean of the percentage of
viable treated (CISP = cisplatin) cells of three biological replicates, compared to non-treated (NT) cells,
±SEM (** p < 0.01, *** p < 0.001).

It is worth noting that we detected an increase in miR-9 levels in MDA-MB-468 cells conditioned
with the supernatant of NFs miR-9 (Figure S5b). This could be due to miR-9 uptake by MDA-MB-468
cells from NF medium. However, a slight but significant miR-9 upmodulation was also seen in treated
control cells, compared to the non-treated counterpart, suggesting an additional action of the treatment
alone on tumor miR-9 levels. Further studies should be performed to investigate the biological meaning
of these data.

This evidence demonstrates the relevance of miR-9/EFEMP1 axis on the transition of NFs phenotype
to CAF-like, which, in turn, promotes chemoresistance in TNBC.

3.5. Characterization of miR-9/CAF Axis on TNBC Biology and Chemotherapy Response by Mining mRNA and
miRNA Expression Data

To further analyze whether miR-9/CAF axis on TNBC is related with cisplatin treatment response
we analyzed the transcriptional landscape on TNBC and public available signatures. Recently, single-cell
resolution analysis revealed the existence of at least two spatially and functionally subsets of breast CAFs:
(1) vascular CAFs (vCAFs), enriched in vascular development and angiogenesis signaling pathways
and (2) matrix CAFs (mCAF), endowed in matrix-related genes and stroma-related treatment-predictive
signatures [18].

To further identify functionally distinctive CAFs through reported molecular signatures we
analyzed the transcriptional landscape of TNBC from the public data sets TCGA and METABRIC,
as well as an in-house profiled cohort (GSE86948) composed of mRNA-miRNA matched expression
profiles (n = 342). Notably, on TCGA and GSE86948 datasets, a similar expression pattern of miR-9
was observed in matched normal adjacent tissue and tumor cells of TNBC patients (Figure S6a,b),
suggesting a coordinate and correlated altered phenotype in both breast tissues (Figure S6c).
Consequently, the tumoral miR-9 expression pattern is informative of the miRNA expression in
the stroma comportment.

We then sub-grouped TNBC data sets according to miR-9 level as following: miR-9 high (over 3rd
Quantile), intermediate (Inter, >3rd Q and <1st Q) and low (<1st Q). We first set out to determine
whether the observed CAF subtypes, detected by dedicated metagenes, are correlated with their
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inferred functions, including modulation of extracellular matrix production (ECM metagene) and
angiogenesis (endothelial metagene) (Table S1) [19]. In keeping with reported data, the vCAF signature
was highly correlated to an endothelial cell metagene (R = 0.61, p < 0.01 vs R = 0.28 in mCAF) and
microvascular signature (R = 0.61, p < 0.01 vs R = 0.3 in mCAF) (Figure S7a), whereas the mCAF
signature was strongly associated with the ECM metagene (R = 0.98, p < 0.01 vs 0.49 in vCAF)
and stroma signature (R = 0.98, p < 0.01 vs 0.55 in vCAF) (Figure S7b).

Furthermore, correlations within TNBC tumors were dependent on the miR-9 subgroup. Notably,
the relations between CAFs and gene signatures in tumors with high or intermediate miR-9 expression
strongly indicate that the functionality of both ECM and endothelial gene programs correlated with
vCAFs and mCAFs. In contrast, tumors with low miR-9 expression present a dependent relation of
endothelial signature only in vCAF (Figure 5a and Figure S7a,b). These specific correlated profiles
further indicate the existence of different CAF subtypes in TNBC related with elevated miR-9 expression,
and represent a strong support of the notion that miR-9 up-modulation modifies NFs, which in turn
support malignant phenotypes and likely provide advantages against chemotherapy treatment.

Figure 5. miR-9 expression in TNBC correlates with different CAF subsets and resistance to cisplatin.
(a) Bubble plot showing computed Pearson correlations between TNBC subgroups according to miR-9
expression, CAF subsets and biological signatures of related functions. ns: non-significant, significant
p value < 0.05. Bubble colour represents Person correlation, while size corresponds to −log10 p value,
as illustrated in plot legend. (b) BRCA1 gene expression in two well-characterized cohorts of patients
with TNBC treated in neoadjuvance with cisplatin (GSE18864 and GSE103668), evaluated Pathological
complete response by Miller-Payne (MP) criteria (0: MP 0, 1, 2 Progression, no change or still high
tumor cellularity; 1: MP 3, 4 minor and marked loss of tumor cells, 2: MP 5 non-malignant cells)
(left panel), and BRCA1 gene expression in TNBC sub-grouped by miR-9 expression (right panel).
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We therefore investigated whether miR-9 conveys sensitivity to therapy in human TNBC tumors.
Relevantly, literature has reported that low BRCA1 mRNA expression is a factor associated with good
cisplatin response [24]. Thus, we examined BRCA1 gene expression in two well-characterized cohorts
of patients with TNBC treated in neoadjuvant with cisplatin (GSE18864 and GSE103668). Patients
with lower BRCA1 expression respond better to cisplatin treatment, compared to patients expressing
moderate or high BRCA1 levels, evaluated by Miller–Payne criteria (Figure 5b). This is consistent
with the idea that “BRCAness” phenotype is characterized by a decreased BRCA1 expression [25,26].
Relevantly, a similar BRCA1 expression pattern was observed in TNBC tumors sub-grouped by miR-9
expression; for instance, high and intermediate miR-9 category displayed a significantly higher BRCA1
expression. Together, these data provide independent evidence that miRNA signaling, other than
prompting a fibroblast reprogramming, can also affect response to cisplatin, likely by modulating
CAF/tumor interplay.

4. Discussion

Given the idea of a tumor tissue as “a wound that never heals”, the tumor microenvironment can
also be chronically altered through a reciprocal tumor–stroma signaling. Indeed, CAFs, which constitute
the major component in the stroma, exert several pro-tumoral functions [27]. It is generally accepted
that CAFs, considered fibrotic myofibroblasts, have distinctive features, functions or location from
normal fibroblasts, and contribute to establish and maintain the aggressiveness of the lesion.

Approximately 80% of fibroblasts in breast cancer stroma acquires an aggressive phenotype [28];
however, how such activation occurs is still not well understood. In our previous work, we unravelled
one of the mechanisms engaged by TNBC cells to obtain fibroblast’s support. We provided evidence
that TNBC cells overexpressing miR-9 are able to release the miRNA into the stroma, where normal
fibroblasts are able to incorporate it. Consequently, miR-9 perturbs the transcriptional landscape of the
recipient cells, inducing a shift towards CAF malignant phenotype. The data presented here extended
these findings and demonstrated that EFEMP1 downregulation, due to direct miR-9 regulation, is a
relevant step in the malignant transformation of fibroblasts in the TNBC microenvironment. We also
showed that EFEMP1 specific silencing in NFs partially recapitulates the CAF-like features triggered by
miR-9 uptake, such as an increased ability to migrate and invade. Certainly, considering the common
mechanism of action of microRNAs, able to finely tune several molecules to achieve a specific biological
effect, it is conceivable that miR-9 has additional targets implicated in fibroblast’s behaviour, and it
would be interesting to explore other candidates.

Another important oncogenic downstream effect of CAF reprogramming includes the impairment
of chemotherapy efficacy. The mechanisms underlying this process still have to be fully elucidated,
but the literature already provides interesting inputs. For example, CAFs can convey pro-survival cues
to tumor cells, induce epithelial-to-mesenchymal transition, angiogenesis, metabolic reprogramming
and stemness traits [29–31]. Interestingly, in a dataset comparing gene expression of CAF from breast
cancer patients resistant vs sensitive to neoadjuvant chemotherapy, EFEMP1 was found significantly
downmodulated in the resistant group. Moreover, this CAF subgroup was associated to cancer
stemness phenotype, a feature associated to disease aggressiveness and resistance to chemotherapy [32].
It is interesting to note that Bartoschek and collaborators reported that the absolute number of CAFs in
tumor tissues before receiving neoadjuvant chemotherapy is not statistically different between sensitive
and resistant patients [19]; instead the CAF subclasses defined in their study and also analysed in the
present work are differentially operating in each tumor class and, relevantly, presented a distinctive
correlation with miR-9 expression. In particular, correlation data of miR-9 overexpressing tumors
(high an intermediate subgroups) and CAFs subsets pinpoint the functional differences driven by
miR-9/ CAF axis. Indeed, in miR-9 overexpressing tumors ECM and endothelial gene programs
correlate with both vCAFs and mCAFs, tumors with low miR-9 expression present a dependent
relation of endothelial signature only in vCAF. Interestingly, mCAFs are highly associated with a
stroma-derived invasion signature predictive of responsiveness to neoadjuvant chemotherapy in breast
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cancer [18]. Numerous clinical trials are currently revaluating cisplatin as chemotherapeutic option
to treat TNBC, especially those harbouring a BRCA mutation [24,33]. As expected, our data show
that lower BRCA1 expression is found in cisplatin responder patients, compared to non-responders.
BRCA1 expression analysis in TNBC tumors, sub-grouped on the basis of miR-9 expression, revealed
that tumors with higher miR-9 expression in tumor or fibroblast compartment also over-expressed
BRCA1, further supporting the correlation of high miR-9 expression to a chemo-resistance phenotype.
Consistently, our in vitro experiments corroborate this hypothesis: miR-9/si-EFEMP1-induced CAF-like
cells were able to impact on TNBC cell sensitivity to cisplatin. MDA-MB-468 cells conditioned with the
supernatant of either miR-9 or si-EFEMP1 transfected NFs resulted in a significant increment of viable
cells after treatment, compared to control. Moreover, our data show a moderate increase of miR-9 levels
in MDA-MB-468 cells conditioned with the supernatant of NFs transfected with miR-9. This event
could be the result of either an uptake or/and an induction of the miRNA upon cell conditioning and
contributes to the observed resistant phenotype. Indeed, a recent review reports a list of CAF-secreted
miRNAs responsible of conferring cisplatin resistance in different tumor models, even though miR-9
was not reported [34]. However, the reduction of sensitivity in conditioned tumor cells can also be
caused by other multiple secreted factors rather than by a single molecule. Further studies should be
performed to explore these mechanisms. Considering that TNBC patients still lack targeted therapies
and rely only on standard chemotherapy, our data appear particularly relevant for future translational
studies. The literature extensively suggests the perspective of depleting CAFs to ameliorate patient’s
prognosis, but no relevant results were obtained so far [35]. Another proposed approach is the CAF
reversion to a non-malignant phenotype. Since miR-9 was demonstrated to act on multiple targets,
both in breast cancer and stromal cells, it would be advantageous to exploit this target for therapeutic
purposes [36–38].

Certainly, since one of the main concerns about a miRNA-derived therapy is the potential side
effects, especially when considering a miRNA that seems to have contrasting roles in different tumor
types and/or tissues, the most successful approach to overcome this issue would likely be to develop a
tumor-specific delivery [39]. Data in the literature regarding EFEMP1 expression in the tumor epithelium
are also controversial: it was found downregulated in lung, nasopharyngeal, prostate, hepatocellular
and glioma cancers, compared to normal tissue [40–43]; on the contrary, it acts as oncogene in cervical,
pancreatic and ovarian cancers [44–46]. In breast cancer, EFEMP1 was found downmodulated in
sporadic malignancies but there is also evidence of pro-tumor activities [47,48]. Moreover, our qRT-PCR
and western blot evaluation of EFEMP1 levels in miR-9 transfected MDA-MB-468 cells suggests that
the fibulin is not a target of the miRNA in this cell line model.

Furthermore, it is important to note that fibroblasts are the main secreting cell compartment of
fibulin-3 in the stroma. The molecule exerts its principal activity as structural protein, although it is also
known to induce and interact with the tissue inhibitor of metalloproteinase-3 TIMP-3, which inhibits
metalloproteinases MMP2/9, highly expressed in breast cancers and actively involved in matrix
remodelling. IHC evaluation of fibulin-3 levels in ex vivo samples suggests that a reduced expression of
the protein in the stroma milieu could have provided an oncogenic advantage to MDA-MB-468 + NFs
miR-9 tumors, given that this group grew significantly more than controls [11].

In conclusion, our results demonstrate that miR-9 directly targets EFEMP1 in fibroblasts and
that EFEMP1 downmodulation is important in determining NF’s acquisition of CAF-like properties.
Additional experiments are necessary to address the intriguing fibroblast-specific miR-9 targeting
of EFEMP1 in tumoral cells. Our work sheds light on previously unknown mechanisms that define
NFs reprogramming in TNBC and has significant therapeutic implications for patients with this
tumor subtype.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/9/2143/s1,
Figure S1. EFEMP1 expression in TNBC paired NFs/CAFs. Figure S2. Evaluation of fibulin-3 levels in vivo and
in vitro upon miR-9 overexpression in NFs. Figure S3. miR-9/si-EFEMP1 transfection efficiency of fibroblasts
used in motility assays. Figure S4. In-silico evaluation of EFEMP1 expression in CAFs isolated from resistant
vs sensitive breast cancer patients treated with neoadjuvant chemotherapy. Figure S5. Evaluation of fibroblasts
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transfection efficiency and analysis of miR-9 levels in conditioned and treated MDA-MB-468. Figure S6. In-silico
evaluation of miR-9 expression in matched adjacent normal and tumor tissue of TNBC patients from TCGA
and GSE38167 data sets among breast cancer subtypes (HER+, HR+/HER2+ and TN). Figure S7. Correlation
analysis between vCAF (a) and mCAF (b) subsets and ECM, endothelial, microvasculature and stroma gene
signatures. Table S1. Publicly available metagenes used to detect respectively vCAF, mCAF, endothelial and ECM
CAF subtypes.
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Abstract: Although the introduction of immunotherapy has tremendously improved the prognosis
of patients with metastatic cancers of different histological origins, some tumors fail to respond or
develop resistance. Broadening the clinical efficacy of currently available immunotherapy strategies
requires an improved understanding of the biological mechanisms underlying cancer immune escape.
Globally, tumor cells evade immune attack using two main strategies: avoiding recognition by
immune cells and instigating an immunosuppressive tumor microenvironment. Emerging data
suggest that the clinical efficacy of chemotherapy or molecularly targeted therapy is related to the
ability of these therapies to target cancer stem cells (CSCs). However, little is known about the
role of CSCs in mediating tumor resistance to immunotherapy. Due to their immunomodulating
features and plasticity, CSCs can be especially proficient at evading immune surveillance, thus
potentially representing the most prominent malignant cell component implicated in primary or
acquired resistance to immunotherapy. The identification of immunomodulatory properties of CSCs
that include mechanisms that regulate their interactions with immune cells, such as bidirectional
release of particular cytokines/chemokines, fusion of CSCs with fusogenic stromal cells, and cell-to-cell
communication exerted by extracellular vesicles, may significantly improve the efficacy of current
immunotherapy strategies. The purpose of this review is to discuss the current scientific evidence
linking CSC biological, immunological, and epigenetic features to tumor resistance to immunotherapy.

Keywords: cancer stem cells; immunotherapy; tumor microenvironment; immune checkpoint blockade

1. Introduction

Consistent with the concept of cancer immunoediting, many pieces of evidence have underlined
the existence of bidirectional crosstalk between cancer cells and cells of innate or adaptive immunity.
Specifically, cancer immunoediting, which can constrain or promote tumor development and
progression depending on the balance between cancer and immune cells, is a multistep process
consisting of different and interchangeable scenarios: 1) the clearance of cancer cells by immune cells,
2) an equilibrium between cancer and immune cells, and 3) the escape phase, with a prevalence of
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cancer cells over immune cells [1]. During tumor progression, cancer cells acquire specific biological
characteristics that lead to immune tolerance, thus preventing or hampering tumor cell attack and
killing by antitumor immune cells [2]. In particular, the overexpression of inhibitory immune
checkpoints, which impair the anticancer immune response, and/or the release of immunosuppressive
cytokines/chemokines are the most common mechanisms that cancer cells utilize to protect themselves
from the attack of cytotoxic immune cells [3]. In addition to these mechanisms, genomic instability [4],
antigen (ag) loss or downregulation of the ag-presenting machinery [5], the generation of cell hybrids
in the tumor microenvironment (TME) [6], the release of extracellular vesicles (EVs) as powerful
mediators of intercellular communication [7], and the hierarchical tumor organization arising from
cancer stem cells (CSCs) could contribute to immune escape in human cancers [8].

CSCs represent a minor subset of malignant cells capable of unlimited self-renewal and
differentiation that contribute to tumorigenesis and tumor aggressiveness, tumor heterogeneity,
metastasis, and resistance to antitumor therapies [9,10]. Through asymmetric cell division, a process
that underlines the unlimited self-renewal capabilities of CSCs, a single CSC can hierarchically
reconstitute the whole cancer cell population, thus regenerating/reseeding the original tumor if
implanted in a different organism or in a different site of the same organism; this programme has been
defined as “clonal tumor initiation capacity” [9,11]. The ability to shift between different phenotypic
cell states by adapting their transcriptome to changes in the surrounding microenvironment confers
CSCs the potential to transdifferentiate and invade other tissues and organs, a process also referred to
as epithelial-mesenchymal transition (EMT) [12]. Moreover, while cytotoxic agents target the bulk of
highly proliferating tumor cells, slowly cycling CSCs can resist chemotherapy and/or radiotherapy,
finally resulting in aggressive/advanced treatment-refractory disease [13,14].

Recent studies suggest that CSCs could be crucial players in cancer immune escape; indeed,
because of their immunomodulating properties, they can evade immunosurveillance and remain
in a quiescent state, thus preventing lethal attack by antitumor immune cells [15–17]. Conversely,
specific intratumor immune cell populations of the tumor niche interact with CSCs, thus affecting their
functional status [18,19]. This biological crosstalk between CSCs and host immunity could represent
a new “evil axis” responsible for primary or acquired tumor resistance to immunotherapy, thus
paving the way for new therapeutic approaches based on the combination of anti-CSC treatments with
immune checkpoint inhibitors (ICIs). In addition, cell–cell fusion, a process that under pathological
conditions generates hybrids of tumor cells with diverse types of microenvironmental fusogenic cells,
including bone marrow-derived and mesenchymal stem/multipotent stromal cells, macrophages, and
fibroblasts, contributes to the formation of aberrant cells with tumor stem cell-like properties associated
with tumor initiation, progression, and metastasis [6,20,21]. In general, cell fusion is a genetically
regulated process, but external factors, such as hypoxia, inflammation, and mediators of intercellular
communication, may also be involved in cell hybrid generation. In particular, it has been reported that
EVs, including exosomes, may transport biological cargoes that could to some extent favor cell fusion
and the formation of cancer hybrid stem cells that, in turn, promote tumor proliferation, immune
evasion, and invasiveness [6]. Notably, EVs have also been found to exert a bidirectional role—EVs
from CSCs to the TME and EVs from the TME to CSCs—in different solid cancers, such as breast, colon,
lung, and prostate cancers, possibly promoting the development of premetastatic niches [7].

To further complicate this interactive scenario, epigenetic perturbations could also significantly
contribute to CSC-related immune escape mechanisms [22]. Indeed, epigenetic modifications of both
CSCs and differentiated cancer cells may lead to changes in the gene expression of immune-related genes,
which can impact antigen processing/presentation and immune evasion. For instance, demethylating
agents may enable re-expression of immune-related genes with potential for therapeutic impact,
especially in the setting of combination treatment with immunotherapy [23].

In this review, we aim to highlight specific immunological traits of CSCs, pointing out how
an immunosuppressive phenotype can promote tumor aggressiveness, stemness enrichment, and
immunotherapy resistance.
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2. CSCs: Leading Actors in the Intratumor Immunosuppressive Scenario?

The “CSC hypothesis” relies on the existence of a minor population of cancer cells, namely,
CSCs, with the peculiar capability to undergo asymmetric divisions, which give rise to another CSC
(self-renewal) and, at the same time, to a more differentiated precursor cell that recapitulates a tumor in
all its components, including cells with different proliferative and invasive properties. Several studies
have demonstrated that CSCs drive cancer cell proliferation, aggressiveness, and recurrence through
the activation of specific signaling pathways, such as the Notch, Hedgehog, Wingless (WNT) and NF-kB
circuits [22,24]. Notably, CSCs have also been implicated in primary or acquired tumor resistance to
radiotherapy, chemotherapy, targeted therapies, and immunotherapy; in particular, CSCs contribute to
tumor heterogeneity and metastasis [25]. For these reasons, CSCs may represent the “root of cancer”,
and their elimination represents a promising yet investigational therapeutic strategy. To date, the main
limitation to the development of effective anti-CSC treatments has been the difficulty of identifying
biological markers that univocally characterize CSCs when compared to their normal counterparts.

The interplay between CSCs and immune cells is an emerging field of investigation, and different
studies have highlighted a key role of CSCs in “re-educating” the immune system, thus modifying
the balance between antitumorigenic and protumorigenic immune cells [15–17]. The processing and
presentation of tumor-associated ags (TAAs) in the tumor cell membrane are two crucial mechanisms
driving tumor cell attack by immune cells [26]. TAAs are processed by the cytoplasmic proteasome
machinery, transported into the endoplasmic reticulum by TAP1 and TAP2 proteins, loaded onto major
histocompatibility complex I (MHC I), and presented to naive CD4+ helper and CD8+ cytotoxic T
lymphocytes [27] (Figure 1). Different TAAs expressed by CSCs, such as ALDH1A1, CD133, CEP55,
COA-1, EpCam, HEATR1 IL-13Rα2, SOX2, and DNAJB8, are recognized by T cells and are potentially
capable of eliciting an effective antitumor immune response [28]. To prevent attack by immune
cells, neoplastic cells in clinically detectable tumors often downregulate the expression of proteins
involved in ag presentation, thus preventing the exposure of TAAs in tumor cell membranes [29].
This phenomenon appears to be enhanced in CSCs of several cancer types. In particular, a significant
decrease in TAP2 and MHC I expression was revealed in the CSC compartment of head and neck and
colorectal carcinomas, melanomas, and glioblastomas [30–33]. The molecular mechanisms responsible
for the negative modulation of ag presentation in CSCs are still under investigation [31,33]. Even if the
downregulation of members of the ag presentation machinery appears to be a common mechanism
used by CSCs to avoid recognition by immune cells, it is not the only mechanism. For instance,
studies performed in models of melanoma and glioma revealed no defective expression of HLA class I
molecules [34,35]. In fact, CSCs can contribute to an immunosuppressive environment by upregulating
the expression of immune checkpoint molecules that impair the activity of immune cells, such as
CD200 and PD-L1 (Figure 1). CD200 is a protein expressed on the tumor cell surface, and it is able to
promote immunosuppression [36,37]. Indeed, the binding of CD200 on tumor cells with its receptor
(CD200R) expressed on T lymphocytes can induce a switch from an antitumor T helper (Th)-1 to an
immunosuppressive Th-2 response [38]. CD200 overexpression has been reported in the CSCs of
human papillomavirus (HPV)-positive and HPV-negative head and neck squamous cell carcinomas,
thus pointing out its candidacy as a potentially actionable CSC marker [39] and paving the way
for new therapeutic approaches targeting this immunomodulation-associated protein [40]. PD-L1,
an immune checkpoint protein known to trigger a protumorigenic immunophenotype, was also found
to be upregulated on the plasma membrane of melanoma as well as ovarian, breast, colon, and lung
CSCs [41–44]. In particular, PD-L1 binding to its receptor (PD-1) on the T cell plasma membrane
inhibits the production of immunostimulating cytokines (i.e., IFN-γ and IL-2) [45,46], dampens the T
cell-mediated immune response [47], and promotes the expansion of immunosuppressive regulatory T
(T-reg) cells [48].
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Figure 1. Schematic representing the core findings described in Section Altered expression of molecules
involved in ag presentation (MHC I), the activity of immune cells (CD200 and PD-L1), and the release
of immunomodulatory molecules with protumorigenic effects (IL-10, IL-13, GDF-15, and PGE2) by
CSCs. Created by Biorender.

The recent introduction of monoclonal antibodies (mAbs) targeting the PD-1/PD-L1 signaling axis
in cancer therapy significantly improved the survival of patients with different advanced and aggressive
tumor types, including melanoma, non-small-cell lung cancer, and kidney carcinoma [49]. In agreement
with another group [50], we recently showed that the activation of the WNT signaling pathway increased
PD-L1 expression on the plasma membrane of triple-negative breast CSCs (TNBCSCs) [42]. We also
provided the first evidence that PD-L1+ TNBCSCs interact with tumor-infiltrating CD8+ and PD-1+
immune cells, thus halting antitumor immune responses [42].

In the complex process of immunoediting, a key role is played by cytokines released by the
different cell subsets present in the TME. Depending on the type of molecule, different cytokines
could promote the killing of cancer cells or, alternatively, they could contribute to establishing an
immunosuppressive environment (Figure 1). CSCs can contribute to this mechanism by releasing
cytokines that modulate the activity of tumor-infiltrating cells (Figure 1). For instance, melanoma
and lung CSCs release IL-10 [32], a proinflammatory cytokine that exerts a negative regulation on T
cells and stimulates the expansion of T-reg cells [51]. IL-13, a proinflammatory cytokine that impairs
the cytotoxic activity of CD8+ T cells [52], was found to be overexpressed and released by lung
CSCs [53]. Moreover, growth differentiation factor (GDF)-15, a member of the transforming growth
factor-beta (TGF-β) superfamily of cytokines, was detected in colorectal carcinoma and glioma tumor
specimens, where it contributed to promoting EMT, tumor metastasis, proliferation, and immune
escape [54,55]. Additionally, GDF15 was found to maintain CSCs in breast cancer tissues by inducing
its own expression in an autocrine/paracrine manner [56]. Furthermore, CSCs from glioma and
colorectal neoplasms can also produce small molecules with immune-suppressive action. Specifically,
the stemness-related WNT signaling pathway is involved in the production of prostaglandin (PG)
E2 [57], a derivative of arachidonic acid with the capability of inducing a shift from a Th-1 to a
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Th-2 immune response, and its depletion has been shown to promote antitumor immune attack [58].
Together, these studies indicate the possibility of combining therapies directed against CSCs (by
identifying and targeting CSC-related biomarkers) with immune-modulating agents that are already
known to promote an effective antitumor immune response. Several ongoing phase I trials are testing
the efficacy of WNT (NCT02521844, NCT02675946, and NCT02013154) or Hedgehog (NCT02690948)
inhibitors in combination with pembrolizumab, a humanized MAb directed at PD-1.

3. Immunomodulatory Molecules Stimulating Tumor Stemness: The Dark Side of CSCs

CSCs are involved in bidirectional crosstalk with protumor or antitumor immune cells. Specific
factors that are produced by CSCs to inhibit antitumor immunity also sustain CSC maintenance/activity,
thus increasing tumor aggressiveness: a “direct mechanism” from CSCs to immune cells. Conversely,
populations of tumor-infiltrating immune cells regulate CSCs by establishing physical interactions
with them or through the release of soluble factors, such as cytokines: a “reverse mechanism” from
immune cells to CSCs (Figure 2).

Figure 2. Schematic representing the core findings described in Section Altered expression of
molecules involved in intratumor stemness enrichment (CD200, PD-L1, and CTLA-4) occurs via
a “direct mechanism”. Dynamic crosstalk occurs between cancer stem cells (CSCs) and immune
cells through the release of inflammatory soluble factors (IL-1, IL-6, IL-8, TNF-α, and MGF-E8) by
tumor-infiltrating immune cells—a “reverse mechanism”—coupled with the activation of CSC-related
signaling pathways (WNT, Notch, and Hedgehog) that sustain the epithelial-mesenchymal transition
(EMT) program and CSC maintenance/activity. Created byBiorender.

Regarding the “direct mechanism”, CD200 expression by CSCs not only inhibits immune system
activation (see the previous section) but also sustains stemness enrichment by stimulating the expression
of Bmi1 and Shh, two molecules implicated in Hedgehog signaling [59,60] (Figure 2). Moreover, ectopic
CD200 expression induces EMT-related genes, enhanced resistance to radiotherapy, and invasiveness
in head and neck squamous cell carcinoma and skin tumors [61,62].
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PD-L1 expression by cancer cells has also been associated with enhanced stemness potential
in different oncotypes. In particular, Almozyan S et al. demonstrated that PD-L1 expression in
breast cancer was associated with resistance to chemotherapy and with the induction of EMT [63].
In this study, the authors revealed that PD-L1-silenced breast cancer cells formed mammospheres
with significantly decreased efficiency and displayed impaired in vivo tumor-forming capacity when
injected in mice in limiting dilution conditions, thus providing evidence for a regulatory role of
PD-L1 in CSC self-renewal [63]. In addition, the same authors also reported a direct role of PD-L1
in controlling the expression of the stemness-related factors OCT4, Nanog, and BMI1 [63] (Figure 2).
Together, these data indicate that PD-L1 expression in cancer cells not only inhibits antitumor immunity
but also may contribute to the maintenance of stemness potential. Consistent with this model,
Wei F et al. demonstrated the existence of crosstalk between PD-L1 and the Hedgehog signaling
pathway that is mediated through a direct interaction between PD-L1 and HMGA1 [64]. In this study,
PD-L1 increased the frequency of intratumor CSCs and contributed to the maintenance of tumor
cell self-renewal [64]. Additionally, CTLA4, another immune checkpoint protein that inhibits T cell
proliferation, activation, and anticancer immune response [65], was shown to increase the stemness
potential in melanoma cells [66] (Figure 2). Indeed, CTLA-4 has a specific role in maintaining stem
cell activity, and its inhibition with specific anti-CTLA-4 mAbs suppressed crucial CSC properties,
including sphere-forming capability and in vivo tumorigenic potential [66].

Regarding the “reverse mechanism”, soluble inflammatory cytokines released into the TME by
tumor-infiltrating immune cells could modulate CSC activities as well. For instance, the soluble
factor IL-1 promoted Th-1 to Th-2 differentiation, thus contributing to the inhibition of antitumor
immunity [67,68]. In particular, IL-1β stimulated the expression of the CSC-related marker ZEB1,
induced resistance to chemotherapy, and increased sphere-forming efficiency in colon cancer cells,
thus supporting a role for IL-1β in promoting CSC self-renewal and EMT [69]. In pancreatic cancer,
KRAS-driven signaling activates an intrinsic inflammatory programme by activating the CSC-related
NF-κB signaling pathway, which in turn stimulates the production of cytokines of the IL-1 family that
promote early tumor invasiveness, EMT, angiogenesis, and metastasis [70]. Other proinflammatory
cytokines, such as IL-6 and IL-8, could increase the number and activation of specific CSC
subpopulations. In particular, IL-6 can act intrinsically on tumor cells, but it can also stimulate
antitumor adaptive immunity [71]. IL-6 stimulates the expression of genes involved in stemness,
invasion, migration, and tumorigenesis through a mechanism that involves its interaction with
STAT3 [72,73]. IL-6 also causes resistance to chemotherapy, a process strongly linked to CSC enrichment,
in different tumor types, including renal and ovarian carcinomas [74,75]. IL-8, a proinflammatory
cytokine able to convert the anticancer immune response into an immunosuppressive response through
its binding with CXCR1/2 receptors [76], is also involved in the acquisition and/or maintenance of
stemness features in lung, renal, pancreatic, and breast cancers [77,78]. In particular, the inhibition
of the IL-8/CXCR1/2 axis efficiently targets the CSC compartment in pancreatic cancer [78], and the
combination of repertaxin, an antagonist of the CXCR1 receptor, with lapatinib, a tyrosine kinase
inhibitor that halts HER2-mediated signaling, impairs mammosphere formation by HER2-positive
cancer cells more efficiently than repertaxin or lapatinib monotherapy [79]. In this complex scenario,
tumor necrosis factor (TNF)-α, a potent proinflammatory cytokine with putative suppressive effects in
antitumor immunity and that has been reported to be involved in the expansion of T-reg cells [80],
is implicated in the regulation of CSC-related features. In particular, TNF-α promotes cancer invasion
and metastasis associated with the EMT programme in colorectal cancer [81]. Furthermore, milk fat
globule epidermal growth factor-8 (MGF-E8), a secreted mediator of local immune suppression that
stimulates T-reg cell infiltration and suppresses the Th-1 response and NK cell and CD8+ T cell
cytotoxicity [82], was also found to enhance tumor cell survival, invasion, and angiogenesis and to
modulate CSC activity. Specifically, in colon cancer, MGF-E8 released by TAMs induces the activation
of the Hedgehog pathway, driving melanoma progression [83]. All these considerations indicate that
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an immunosuppressive TME not only affects the function of intratumor immune cells but also has an
impact on CSC number and activation status.

4. Epigenetic Control of Stemness Features and Immune Escape

Among the mechanisms regulating stemness properties, epigenetic mechanisms play a pivotal
role by shaping the plasticity and biological behaviour of CSCs. Epigenetics refers to the set of dynamic
changes in gene expression and cellular phenotypes that occur in the absence of genomic modifications.
In recent years, the study of epigenetics has attracted much interest because epigenetic modifications
have been shown to heavily affect tumor cell fate [84]. The main epigenetic events that contribute
to cancer development consist of aberrant DNA methylation, histone modifications, chromatin
remodeling, and changes in noncoding RNAs, including miRNAs. In particular, the discovery
of histone post-translational (hPT) modifications led to the so-called “histone code hypothesis”,
according to which a dynamic constellation of biochemical modifications determines the binding of
chromatin-remodeling factors to the nucleosome, a region of DNA wrapped around eight histone protein
cores [85,86]. By altering chromatin structure, chromatin-remodeling factors regulate DNA accessibility
by transcription factors, co-factors, and the general transcription machinery, thus modulating gene
expression in cancer cells. These biological processes govern the epigenome landscape, which
represents a central element during cancer progression and the expression of stemness properties. In
this context, breakthrough studies by McCullough and Weismann have described the epigenetic-driven
hierarchical organization of the hematopoietic system, with leukemia representing a paradigm
governed by plastic leukemic stem cells [87,88]. Specifically, different studies addressing the link
between stemness phenotypes and epigenetic control have analyzed the formation of the LSC
compartment in acute lymphoblastic leukemia and acute myeloid leukemia. These studies highlighted
the presence of chromosomal rearrangements involving KTM2A/MLL, which encodes a modified
histone methyltransferase that is able to constitutively activate DNA transcription. It is evident how
the establishment of epigenetic aberrations serves as an early event leading to the accumulation of
cells with increased stemness properties and self-renewal ability.

Among brain neoplasms, glioblastoma represents the most aggressive and deadly type and
is characterized by high histologic grade, an undifferentiated phenotype, and a high frequency of
CSCs. Several studies have identified gain-of-function mutations in genes encoding histone H3 in
pediatric high-grade gliomas, with at least two recurrent mutations within the histone H3.3 gene H3F3A
identified in nearly 50% of the patients [89,90]. These two mutations result in the substitutions of the
K27 or G34 residue with a methionine (K27M), an arginine (G34R), or a valine (G34V) residue. Of note,
the K27M substitution causes the inhibition of polycomb repressive complex 2, with a genome-wide
reduction in H3K27me3 and the re-establishment of an earlier developmental program in neural
precursor cells and the reacquisition of oncogenic self-renewal ability [91].

In breast cancer, key CSC-related gene pathways are finely regulated by epigenetic mechanisms
and their inhibition affects cancer cell survival, self-renewal, tumorigenesis, and progression [92].
For instance, epigenetic modifications regulate genes of the Notch and WNT pathways, which control
normal mammary development and breast cancer self-renewal [93]. Moreover, nuclear receptor
corepressor 2, which recruits histone deacetylases (HDACs) to the promoter regions of Notch target
genes (e.g., MYC and HES1) to regulate their transcription [94], has been found to be upregulated as a
result of reduced recruitment of corepressor complexes with chromatin-remodeling activity, finally
resulting in enhanced transcription of Notch target genes [95]. In a variety of human solid malignancies,
including colorectal cancer, hepatocellular cancer, and breast cancer [96], evidence is accumulating
that epigenetic mechanisms promote tumorigenesis by leading to the activation of the WNT/β-catenin
pathway. For instance, DNA methylation and histone modifications of WNT regulators, such as
WNT inhibitor factor 1, AXIN2, secreted frizzled-related protein 1, and Dickkopf-related protein 1,
have been frequently reported in breast cancer and are responsible for aberrant WNT/β-catenin gene
pathway expression/activation [97]. Moreover, some WNT proteins, such as WNT1, WNT2, WNT3A,
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and WNT5A, which are frequently overexpressed in breast, colon, lung, and prostate cancers as a
result of epigenetic modifications, behave as oncogenic activators of the canonical WNT signaling
pathway [98]. Because aberrant activation of the WNT/β-catenin axis contributes to cancer progression,
the identification of epigenetic events associated with WNT/β-catenin activation could provide useful
biomarkers for cancer detection and prognosis.

Specific epigenetic events taking part in tumor progression are also involved in tumor immune
escape. For instance, different studies, reviewed in [99], have identified mutations or structural defects
in human and mouse genes that are known to be epigenetically regulated in CSCs and are involved
in the control of T and B cell differentiation [100–102]. Moreover, epigenetic modulators have been
shown to restore functional immune cell recognition and immunogenicity, providing a proof-of-concept
demonstration that targeting tumor epigenetics could have synergistic antitumor activity with currently
available immunotherapy strategies (Figure 3) [103–105].

 
Figure 3. Schematic representing several epigenetic modulators (histone deacetylases (HDAC) and
DNA methyltransferase (DNMT) inhibitors) that may act by sensitizing tumor cells to immune
checkpoint blockade. Created by Biorender.

Taken together, published data indicate that bulk tumor cells and CSCs may exploit epigenetic
repression of specific immune genes to escape killing by immune cells. It is likely that the interplay
between genetic and epigenetic modifications affects the carcinogenesis process and takes part in the
selective pressures involved in immune cell escape. This has been clearly demonstrated in an analysis
of several melanoma cell lines derived from patients who underwent successful immunotherapy
and recurrence [106]. The scientific rationale for the use of HDAC inhibitors (HDACi) or DNA
methyltransferase inhibitors (DNMTi) in ongoing clinical trials in cancer patients relies on the ability of
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these drugs to inhibit tumor cell growth and to induce cell differentiation [107]. However, DNMTi and
HDACi are also capable of upregulating the expression of TAAs in different solid tumors [108–111],
thus potentially sensitizing cancer cells to ICIs by upregulating CTLA4, PD-1, PD-L1, and PD-L2
molecules on both tumor cells and TILs [112,113]. HDACi can also restore the expression of MHC
class I and II molecules, which are downregulated as a result of transcriptional alterations in the IFNγ

and NF-kB (for MHC class I) or the CIITA (for MHC class II) pathways [108], thus facilitating innate
and adaptive antitumor immune responses. Other studies have linked HDACi to both increased and
decreased expression of PD-L1 and PD-L2 on tumor cells [114,115]. However, the great potential
for epigenetic-targeted interventions lies in the fact that, unlike genetic abnormalities, epigenetic
modifications are reversible, thus allowing fast and potentially complete functional restoration
of otherwise intact genes [113,116]. An exciting advance towards the combination of epigenetic
and immune therapies is the fact that epigenetic therapy may reverse immune tolerance in human
cancers [115,116]. Clinical trials are ongoing to explore this hypothesis. This kind of combination therapy
may significantly benefit from the advent of next-generation sequencing (NGS)-based approaches,
which massively amplify the possibility of studying new strategies, with the goal of achieving successful
precision medicine and overcoming resistance to immunotherapy [117]. In particular, these techniques
are based on the analysis of the epigenome, defined by a set of chemical modifications, such as
methylation and acetylation of DNA and/or DNA-binding histone proteins, and include chromatin
immunoprecipitation (ChIP) assays coupled to NGS, commonly known as ChIP-seq, and methylation
analysis through whole-genome bisulfite/array-based sequencing. By harnessing the power of NGS,
it is possible to analyze genome-wide DNA-binding sites for transcription factors and histone proteins
and methylome patterns at a single-nucleotide resolution [118].

5. Conclusions

In this review, we have discussed the growing body of current scientific evidence linking CSC
biological, immunological, and epigenetic features to tumor resistance to immunotherapy. A better
understanding of the molecular mechanisms regulating the dynamic interplay between cells in the
TME and CSCs could pave the way for future anticancer therapies aimed at targeting CSCs by reversing
intratumor immunosuppression.
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