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Preface to ”Oncogenic Signaling of Growth Factor
Receptors in Cancer: Mechanisms and Therapeutic
Opportunities”

At the molecular level, the activation of growth factor receptors (GFRs) induces a mitogenic

response and maintains cancer cell growth. The majority of malignant diseases are related to aberrant

intra- and intercellular communication, associated with the GFR-mediated pathways. Moreover,

the evasion of apoptotic signals and the requirement of angiogenesis were also found to be of

fundamental importance for tumor progression and metastasis. In this context, a high expression

of GFRs aids blood vessel formation, cell migration, and the inhibition of apoptosis. GFR-directed

therapy that would theoretically selectively kill malignant cells and reduce the toxicity associated

with nonselective conventional chemotherapy may be a promising treatment for cancer.

Many intracellular proteins involved in GFR signal transduction can also function as oncogenes.

Mutations affecting key proteins in the RAS/MAPK and PI3K/AKT pathways are known to be

crucial in maintaining the malignancy of different types of cancers. This information has guided

the development of compounds designed to target one or more of these pathways in cancer cells.

Even though there have been important advances in our understanding of GFRs and their

signaling, certain essential information is still lacking, and these membrane receptors are still being

laboriously studied by several research groups, to find therapeutic solutions to unmet medical needs.

This Special Issue will cover the latest preclinical and clinical progress made in the areas

associated with GFRs’ oncogenic signaling.

Anica Dricu

Editor
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Oncogenic Signalling of Growth Factor Receptors in Cancer:
Mechanisms and Therapeutic Opportunities
Anica Dricu

Department of Biochemistry, Faculty of Medicine, University of Medicine and Pharmacy,
200349 Craiova, Romania; anica.dricu@live.co.uk

Cancer is a common name for several distinct diseases caused by uncontrolled cell
growth and proliferation. More than 200 types of cancer are described in the literature,
each of them with its own identity given by specific gene, protein or hormone signatures.
However, concerted and redundant dysregulations of mitogenic pathways arising from
growth factor receptors (GFRs) are common events in all cancer types [1,2].

These sophisticated membrane-spanning proteins harmonize the information flow
from several sources, controlling the mitogenic network in the normal cell. The complexity
of GFRs function is supported by their multiple regulatory mechanisms, including feedback
loops, multidirectional cross-communication and redundancy in downstream signalling.
Recent large-scale studies identified alterations in genes and proteins of several GFRs such
as epidermal growth factor receptor (EGFR), platelet-derived growth factor receptor α/β
(PDGFR α/β), vascular endothelial growth factor receptors (VEGFRs), IGF-1R, fibroblast
growth factor receptor (FGFR), etc. [3].

The majority of malignant diseases are related to aberrant intra- and intercellular
communication, associated with subverted GFRs pathways. At the molecular level, the
overactivation of GFRs induces a mitogenic response and maintains cancer cell growth.
Four main mechanisms are known to generate aberrant activation of GFRs in malignant
diseases: autocrine/paracrine activation, genomic amplification, chromosomal rearrange-
ments and gain-of-function mutations [4,5].

GFs mediate their mitogenic function by binding to and activating GFRs with intrinsic
tyrosine kinase (TKs) activity. Cancer cells produce GFs or reprogram and force other
cells to produce GFs according to their own needs, becoming independent of endocrine
signalling and finally leading to constitutive receptors activation in tumours [6–8].

GFRs gene amplification, also known as genomic DNA copy number amplification,
has been found in a wide variety of tumours, causing receptor protein upregulation and
overactivation, inducing oncogenic behaviour and resistance to therapy [9,10].

Chromosome rearrangements mechanism is a usual condition of malignant cells, in
which a fragment of chromosomes is deleted or inverted, giving rise to fusion proteins that
are responsible for the formation of several types of malignancies. The BCR-ABL fusion
oncoprotein, which fuses the ABL1 tyrosine kinase gene on chromosome 9 to the BCR
gene on chromosome 22, was the first tyrosine kinase fusion identified [11]. Chromosome
rearrangements leading to fusion proteins are also found in many solid cancers, such as
breast cancer, brain tumours, lung cancer, colorectal cancer, etc. [12–15].

Gain-of-function mutations can exercise mitogenic functions by stimulation of growth
factors or by inducing constitutive activation of GFRs, driving uncontrolled cell prolifera-
tion and tumour progression [16].

Once activated, GFRs trigger a wave of intracellular signalling events, mediated by
two major pathways: mitogen-activated protein kinase (MAPK) and phosphoinositide
3-kinases (PI3K) cascades [17].

Many intracellular proteins involved in rat sarcoma virus (RAS)/MAPK or PI3K/AKT
pathways can also function as oncogenes. Mutations affecting key proteins in RAS/MAPK
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or PI3K/AKT pathways are known to be crucial in maintaining the malignancy of different
types of cancers [18–20].

Many effector proteins in GFRs signal transduction, such as PI3K, extracellular signal-
regulated kinase 1/2 (ERK1/2) or MAPK can act as junction for multiple signalling path-
ways [21]. It is also well demonstrated that mutations in mammalian target of rapamycin
(mTOR), RAS or rapidly accelerated fibrosarcoma (RAF) are very common in malignant
diseases [22].

Crosstalk and collaboration between GFRs and other protein families are constantly
being discovered, making the receptor signalling system far more complex. For example, G
protein-coupled receptors (GPCRs) can engage GFRs to mediate cell proliferation, differ-
entiation, and vice versa, several GFs use GPCRs proteins to exert their mitogenic signal
signalling [23].

Moreover, the evasion of apoptotic signals and the requirement of angiogenesis were
also found to be of fundamental importance for tumour progression and metastasis. In
this context, high expression of GFRs aids blood vessel formation, cell migration and the
inhibition of apoptosis [24,25].

All this information has guided the development of compounds, designed to target
one or more of these pathways in cancer cells. A vast variety of GFR signalling inhibitors
have been developed, many of which have been approved by the Food and Drug Adminis-
tration (FDA). While some FDA-approved inhibitors are selective for individual GFRs (e.g.,
Alectinib, Afatinib, Dacomitinib, Erlotinib, Gefitinib, Lapatinib, etc.), others demonstrate
efficiency by inhibiting several receptors (e.g., Dasatinib, Lestaurtinib, Imatinib, Ponatinib,
Vandetanib, etc.). However, the development of novel therapeutic strategies for cancer
treatment is tightly restricted by the similarities between the normal and malignant cells.
GFR-directed therapy that would theoretically selectively kill malignant cells and reduce
the toxicity associated with nonselective conventional chemotherapy may be a promising
treatment for cancer. Based on this rationale, different strategies have been developed to in-
hibit the oncogenic effects of GFRs (e.g., small-molecule inhibitors, monoclonal antibodies,
siRNA, antisense oligodeoxynucleotides, triple helix, dominant-negative mutants, etc.).

This Special Issue will cover the latest preclinical and clinical progress made in the
areas associated with GFRs’ oncogenic signalling.

Funding: Grant PN-III-P4-ID-PCE2020-1649, by the UEFISCDI Authority, Romania.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Recent studies have begun to reveal surprising levels of cell diversity in the human brain,
both in adults and during development. Distinctive cellular phenotypes point to complex molecular
profiles, cellular hierarchies and signaling pathways in neural stem cells, progenitor cells, neuronal
and glial cells. Several recent reports have suggested that neural stem and progenitor cell types found
in the developing and adult brain share several properties and phenotypes with cells from brain
primary tumors, such as gliomas. This transcriptomic crosstalk may help us to better understand
the cell hierarchies and signaling pathways in both gliomas and the normal brain, and, by clarifying
the phenotypes of cells at the origin of the tumor, to therapeutically address their most relevant
signaling pathways.

Keywords: single-cell RNA-seq; primary cerebral tumors; glioma; cancer stem-like cells; human
neural stem cells; human neural progenitors; neurogenesis; gliogenesis

1. Introduction

Deciphering the composition of the human brain and its primary tumors continues
to be one of the central concerns in neuroscience and neuro-oncology. Over recent years,
several international large-scale efforts have been devoted to analyzing and understanding
normal and diseased brain composition, development and functions—including its onco-
logical aspects. However, the classification and characterization of the cells of the brain
and brain tumors is very challenging, and no consensus has yet been achieved.

The adult human brain is composed of two main cell compartments: a larger dif-
ferentiated cell compartment which contains several hundred billion neuronal, glial and
non-neural cells [1,2], and a much smaller compartment of potentially proliferative cells—
including neural stem and progenitor cells—responsible for the modest cell turnover of
the adult brain. However, new neurons and glia are continuously produced from various
types of stem and progenitor cells throughout life in restricted brain areas. Unfortunately,
some of these cells can suffer genetic alterations, producing different types of primary brain
tumors—mainly gliomas—with an incidence of around 5 new cases per 100,000 people
every year [3].

Malignant gliomas, of which glioblastomas are the most common [3], are associated
with different genomic alterations and are some of the most lethal cancers. Several glioma
subtypes relate to mutations in the enzyme isocitrate dehydrogenase (IDH). Mutations in
IDH1, or less frequently IDH2, define two major classes of malignant gliomas: astrocytoma
(IDH-A) and oligodendroglioma (IDH-O). Their distinct morphology and oligodendroglial
or astrocytic marker expression suggest different glial lineages. However, a mixture of cells
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with histological features of neoplastic astrocytic and oligodendroglial cells are frequently
observed within individual tumors, making the existence of distinct glial lineages in
different IDH-mutated gliomas questionable [4].

IDH wild-type (IDHwt) glioblastoma is the most prevalent form of adult primary brain
cancer. Analysis of whole-tumor transcriptomic data has shown that IDHwt glioblastoma
includes three main subtypes: proneural (MGH26); classical (MGH30); and mesenchymal
(MGH28, MGH29) [4,5]. However, all IDHwt glioblastoma individual tumors are highly
heterogeneous, each containing different percentages of neoplastic cell types also present
in all the other subtypes [4].

Moreover, all these malignant tumors are composed of two cellular compartments:
a larger differentiated cell compartment, and a smaller compartment of cells with stem and
progenitor features generically named “cancer stem-like cells” (CSCs), which means that
they can self-renew and differentiate into multiple cell types, continually contributing to
the tumor maintenance. CSCs isolated from different glioma, named glioma stem-like cells
(GSCs), show variability with respect to marker expression, proliferation and differentia-
tion, pointing to interpatient and intratumoral heterogeneity within the proliferative cell
compartment as well [6]. GSCs were first identified through isolation of CD133-positive
cells from primary glioblastoma, demonstrating that these cells were necessary and suf-
ficient to give rise to an ectopic tumor [7]. A number of other neural stem cell markers,
such as SOX2 and nestin, were used to validate the stemness of the GSC populations [6].
However, the current understanding of the stem and progenitor like-cell phenotypes within
tumors and of their contribution to tumor heterogeneity and maintenance is still limited [8].
Although the GSC compartment is small in comparison to the differentiated compartment,
it is still clinically relevant. Several studies have shown that GSCs resist radiotherapy and
chemotherapy and are the main contributors to cancer recurrence. Presently, there are
no clinically approved treatments specifically targeting GSCs—this is considered the main
cause of the poor response to treatment in malignant gliomas [3,8].

In order to solve this problem, several recent studies have aimed to clarify the het-
erogeneity of GSCs and how their phenotypes link to the neural stem cells or the glial
progenitor cells in the developing and adult brain. As most of the malignant glioma local-
ize at the cerebral level, and many in the vicinity of the adult neural stem cell niches [4],
the neural stem and progenitor cells in the developing and adult human telencephalon are
the most relevant populations to be addressed. The updated knowledge about the neural
development stages, cell hierarchies and phenotypes in humans is presented briefly, with
the aim of better understanding the links they have with the neural stem, progenitor and
differentiated cells in adult telencephalon, but also to address the hypothesis that different
progenitors are specifically affected in different types of gliomas.

Recent single-cell high-throughput approaches have allowed the taking of huge steps
ahead in the definition of cellular identities and have provided unprecedented details on
cellular diversity. The deep sequences of single cells or nuclei combined with bioinformat-
ics tools provide the scale for an unbiased survey of molecular expression [9]. These tools
can now overcome some of the previous difficulties associated with the scarcity of hu-
man brain tissue and can be applied to relatively small neurosurgical or postmortem
samples [10,11]. Several reported transcriptomic profiles coming from different human
telencephalon stages and regions have increased our current understanding of the de-
velopmental dynamics of the three major neural cell types in the human brain: neurons,
astrocytes and oligodendrocytes.

At the same time, many databases nowadays include single cell sequencing of primary
tumor specimens from human brains. These molecular profiles have captured the great ex-
tent of intra-tumor heterogeneity and have identified different GSC populations in different
classically defined gliomas. Some recent studies, which are further briefly overviewed, have
reported that several proliferating cells inside adult glioma samples show a remarkable
similarity to different neural stem and progenitor cells found during normal telencephalic
development. This supports the connection between neural development, neural stem cell
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niches and cancer biology, requiring a deeper consideration and opening new perspectives
in cancer therapy.

2. Neural Cell Types in the Human Developing Telencephalon

The development of the nervous system in general implies a precise temporal and
spatial generation for each cell type, following the stages of neural induction, pattern-
ing/proliferation, neurogenesis, gliogenesis and functional maturation [12–18].

Neural induction starts in the early human embryo at the middle of gestation week
(GW) 3 in the midline anterior ectoderm, which transforms into the neuroectoderm.
The neuroectoderm first organizes as a neural plate, which further extends and forms
neural folds; they gradually fuse to form the neural tube, which is entirely closed at the
end of the GW 4. In parallel with the neural tube forming and closing, the cells in the
neuroectoderm transform. The initial neuroepithelial (NE) cells express the transcription
factors (TF) PAX6 and SOX2, intermediate filaments such as nestin (NES), and adherent
junction proteins such as N-cadherin (NCAD), zonula occludens 1 (ZO1) and prominin
1 (PROM1 or CD133) [19–21]. NE cells begin a transition into more elongated, radial-
oriented cells called radial glia (RG), with their somas located in the ventricular zone (VZ)
of the neural tube wall, their apical processes in contact with the internal surface (lumen or
ventricle), and their basal processes contacting the external surface (pia matter) of the neural
tube. In addition, by pattering, these RG acquire different identities in the anterior–posterior
(A–P) and dorsal–ventral (D–V) axes due to gradients of morphogens produced by different
organizer centers. A–P patterning starts in the head region by defining the forebrain
(prosencephalon) and continues with the midbrain and the hindbrain. The forebrain
further divides into the telencephalon and diencephalon. Parallel D–V patterning in the
telencephalon leads to the definition of two main regions: the dorsal telencephalon or
pallium and the ventral telencephalon or subpallium (Figure 1).
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Figure 1. Morphological structures of the fetal and adult human telencephalon. Coronal sections from
fetal (A) and adult (B) telencephalic hemispheres showing the pallium with the cortex, the subpallium
and the lateral ventricle (LV). Images modified from the BrainSpan Reference Atlases for 15 gestational
week and 34-year-old human brains sectioned at the rostral level (https://atlas.brain-map.org/,
accessed on 20 August 2021).

Concomitantly, RG situated at different positions in the neural tube proliferate at
different rates in response to local mitogens [16,22], forming morphologically defined
domains and subdomains (Figure 1A). Several subtypes of RG with distinct behavioral,
morphological, and transcriptional signatures have recently been described in prenatal
human development [23,24]. Some RG, called ventricular radial glia (vRG, also called
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apical RG), remain situated in the VZ and continue to express NE cell markers, while others
gradually move their somas into the newly formed subventricular zone (SVZ). After GW 9,
many of them lose contact with the lumen of the neural tube and become the outer radial
glia (oRG), locating and proliferating into the outer SVZ (oSVZ) and specifically expressing
HOPX and the cell surface marker PTPRZ1, while losing the expression of some vRG
markers [24]. By GW 34, some vRG detach basally and form truncated radial glia (tRG),
which will be present during all of the following fetal stages [23]. The features of RG
division are complex and tightly controlled in time and space. Symmetrical or asymmetrical
mitosis occurs in response to different signals, parts of the FGF-MAPK cascade—including
platelet-derived growth factor (PDGF) signaling [25]—the PI3K/PTEN/AKT pathway [26],
hedgehog signaling [27], N-cadherin/β-catenin signaling [28], and Notch signaling [29].

Neurogenesis, the developmental process by which the neurons are generated, in-
cludes the production of neuronal progenitor cells and their differentiation into mature
neurons. Between GW 5 and 28, RG dominate in all VZ, SVZ and oSVZ regions and
produce most of the neurons in the human telencephalon, mainly indirectly, by gener-
ating transit-amplifying progenitors such as the intermediate (or basal) progenitor cells
(IPCs) [30]. By asymmetric division, both vRG and oRG generate IPCs, which may undergo
few symmetric divisions in response to different local mitogens. IPCs further differentiate
into neurons, which use the RG processes as scaffolds to migrate superficially toward the
basal (or marginal) zone of the neural tube [31]. The location of the neurons links tightly to
the timing of their generation. This temporal patterning results in the sequential generation
of specific types of neurons and is a fundamental process of neuronal diversification [18,32].
Generally, long projection neurons (excitatory and inhibitory) are produced first, followed
by interneuron production. Excitatory neurons (EN), including glutamatergic neurons,
are produced from pallial domains, while inhibitory neurons (IN), including GABAergic
and cholinergic neurons, are produced from subpallial domains [16]. The neurons born
in the subpallium can remain in ventral regions or migrate to the dorsal regions, as is the
case with cortical inhibitory neurons [14,22,33]. During cerebral cortex formation, the first
neurons migrating from the dorsal SVZ into the telencephalon mature into cortico-thalamic
neurons. The most recently born neurons migrate past the earlier-born neurons and mature
into intra-telencephalic neurons [18,34], while the migrating interneurons reach the cortex
with a specific temporal and spatial distribution [22].

Gliogenesis, the developmental process by which glial cells are generated, includes
the production of glial progenitor cells and their differentiation into mature glia. In the
brain, these are macroglia (astrocytes, ependymal cells and oligodendrocytes) and microglia.
Gliogenesis in the human telencephalon mainly occurs after the completion of neurogenesis,
when the remaining RG in the VZ and SVZ proceed to produce macroglia directly or
indirectly, while microglial cells have mesodermal origins [35]. The mode of transition
from RG to mature astrocytes, ependymal cells and oligodendrocytes is still controversial
and several models are proposed.

Most of the studies on astrocytogenesis have relied on the detection of intermediate
filament proteins such as glial fibrillary acidic protein (GFAP), which are expressed by mature
astrocytes but also by fetal and postnatal RG [36], making the interpretation of their expression
difficult. Different types of RG could be direct or indirect sources of protoplasmic astrocytes
in the gray matter and fibrous astrocytes in the white matter, as well as of the ependymal
cells lining the ventricular system, which in the telencephalon form the lateral ventricles
(LV; Figure 1). By GW 34, tRG appear to transform mainly into astrocytes, both fibrous and
protoplasmic, that populate widespread regions of the brain parenchyma and express mature
astrocytic markers such as AQP4 and APOE [35]. In the postnatal period, a few astrocytes can
also undergo symmetric division and generate daughter astrocytes—a process that can also
be detected in adult life [35]. Immature ependymal cells also arise from RG in parallel with
astrocytes, and, by GW 34, they start to differentiate into mature ependymal cells, responsible
for producing cerebrospinal fluid. From postnatal day 10 to adulthood, all ependymal cells
lining the LV acquire a mature multi-ciliated morphology [37].
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Oligodendrocytes are the myelin-forming glia in the central nervous system. As shown
by several lineage-tracing studies in animal models, oligodendrocyte origins are both
spatially and temporary diverse [38–40]. Multiple progenitor domains generate oligoden-
drocyte progenitor cells (OPCs) at distinct embryonic stages in the developing mouse
telencephalon and several similar phenotypes have been identified in the human embry-
onic and fetal brain. Many studies have identified a variety of molecular markers for OPCs:
platelet-derived growth factor receptor α (PDGFRα), chondroitin sulfate proteoglycan
4 (CSPG4) (also known as NG2), basic helix-loop-helix TFs OLIG1 and OLIG2, as well as
the Sox family of high mobility group-containing TFs. OPCs begin to emerge as early as
GW 5 and are continuously produced throughout the rest of the prenatal period, while
migrating toward various brain regions, thereby becoming abundant and widespread
already at birth [39]. Early born OPCs emerge from the most ventral progenitor domains
and spread to more dorsal domains at later prenatal stages, with progenitors in the pallium
becoming the major source of OPCs at early postnatal stages. OPCs derived from ventral
progenitor domains mainly populate the subpallium, while those from both ventral and
dorsal domains differentiate into oligodendrocytes which later myelinate the axons of the
neurons in the dorsal telencephalon, such as the neocortex and corpus callosum. OPCs
can stay undifferentiated for a long period of time during fetal and early postnatal stages,
eventually becoming myelin-expressing mature oligodendrocytes at later stages [38,40].
Starting at early postnatal stages, OPCs begin to differentiate first into pre-myelinating im-
mature oligodendrocytes (Pre-OL), defined by the expression of TFs NKX2.2 and NKX6.2,
which subsequently undergo maturation into myelin-expressing oligodendrocytes [38].
While there are few oligodendrocytes and little myelination before birth, their number
and the myelin produced by them in the white matter expand rapidly after birth until
approximately 5 years of age [41].

The precise cell hierarchies and mechanisms that control the transition from RG to
macroglia in different human telencephalic regions, as well as the ontogenic relationship
between oligodendrocytes and astrocytes are still subjects of debate. The occurrence of
transit-amplifying glial IPCs and migrating glioblasts, such as the neurogenic IPCs and
migrating neuroblasts in neurogenesis, was also speculated for the astrocyte and oligo-
dendrocyte lineages, but their exact identity and timing are currently unknown [35]. Cell
culture experiments have demonstrated that OPC-like cells behave as bi-potent progenitors
that can differentiate into both oligodendrocytes and astrocytes. Several in vivo stud-
ies, however, have demonstrated that OPCs become oligodendrocytes almost exclusively.
Yet, some recent studies using genetic lineage-tracing methods have provided evidence that
a fraction of PDGFRα/NG2-expressing cells differentiate not only into oligodendrocytes,
but also into astrocytes and/or neurons in certain regions of the brain, although such cells
seem to be relatively rare. A stepwise differentiation of RG via a bipotent glial progenitor
cell (GPC), which may share markers and differentiate into both OPCs and astrocytes, has
been proposed [42,43]. Recent data coming from single cell transcriptomics have started to
clarify this issue (Section 4).

3. Neural Cell Types in the Human Adult Telencephalon

Differentiated neural cells such as neurons, oligodendrocytes, astrocytes and ependymal
cells compose the large compartment of the adult telencephalon. Less than 1% of the neurons
in the human brain, which are situated at pallial and subpallial levels in hippocampus and
striatum, respectively, are replaced during adult life [44–46]. Unlike neurogenesis, adult
gliogenesis remains active in the whole brain. Most OPCs generated during embryonic
and early postnatal periods remain undifferentiated in the mature brain parenchyma
throughout life, gradually becoming mature oligodendrocytes and replacing existing
oligodendrocytes that are lost physiologically or after injury. The production of oligoden-
drocytes and myelin is very active postnatally and in early childhood—especially in the
white matter—gradually decreasing toward the adult stages, when only 1 in 300 oligo-
dendrocytes is replaced every year [41]. However, it is likely that postnatal gliogenesis is
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dynamically modulated in humans by learning new skills, with neuronal activity in general
being associated with the generation of new oligodendrocytes and increased myelination in
working brain regions. The production of new astrocytes in the adult brain parenchyma in
normal conditions is even lower than the production of oligodendrocytes [47]. Somewhat
unexpectedly, in certain pathological situations such as experimental stroke, astrocytes in
the brain parenchyma can acquire an activated stem cell behavior, enter a neurogenic pro-
gram, and give rise to new neurons, as well as new astrocytes. This supports the hypothesis
of a widespread distribution of quiescent or “dormant” adult neural stem cells (NSCs) with
an astrocytic-like phenotype [48–50].

However, it is recognized that new telencephalic neurons can normally be produced
by adult NSCs, which are present only in two distinct niches: a pallial one situated in the
subgranular zone (SGZ) of the hippocampal dentate gyrus [45] and a subpallial one in
the SVZ lining the LV [51]. While hippocampal neurogenesis in the SGZ is mostly similar
in mice and humans, the neurogenesis in SVZ is different. Large numbers of neurons
generated from SVZ progenitors are continuously added to the olfactory bulb in adult
rodents, but adult olfactory bulb neurogenesis could not be detected in adult humans [52].
Instead, human SVZ progenitors produce a subpopulation of interneurons detected in the
striatum, which mainly express the marker calretinin [53]. However, adult neurogenesis
at very low levels in other areas cannot be disregarded and continues to be an active area
of exploration [49].

Adult NSCs in both the SVZ and SGZ derive from prenatal RG and share astrocyte
morphology and markers, such as GFAP, but also stem cell markers such as CD133, SOX2
and nestin. The SVZ lining the LV in the human brain is composed of four distinct layers:
a monolayer of ependymal cells alongside the ventricular cavity; a hypocellular space
containing mainly GFAP-positive cellular processes; a dense layer containing mainly cells
expressing GFAP (both adult NSCs and astrocytes), a smaller population of proliferating
and migrating cells; and a transition zone adjacent to the parenchyma, mainly composed
of oligodendrocytes and microglia. The proliferative marker KI67 (or the gene MKI67)
is expressed in a limited number of cells in the SVZ, reflecting a very small number of
cycling cells, which may co-express GFAP and SOX2 with OLIG2 or ASCL1, and the number
of which decreases with age [37]. Although the adult NSCs, derived from various locations
of the LV wall, can self-renew and behave as multipotent progenitors in both human
and rodents—meaning that they produce all three neural lineages in vitro—whether each
individual cell indeed produces both neurons and glia in vivo remains uncertain. Adult
NSCs from the rodent SVZ, named B cells, undergo asymmetric cell divisions to give rise
to a new B cell (one of the hallmarks of a stem cell), as well as to a transit-amplifying
progenitor cell—also known as a type C cell. The progenitors further differentiate to only
one distinct subset of neurons that migrate toward the olfactory bulb [54,55]. It is also
currently unknown whether the same neurogenic adult NSCs can produce glial cell types
in vivo. Again, a stepwise differentiation of the adult NSCs via intermediate precursor
cells such as the bipotent GPCs has been proposed in rodents [42,43] and partially clarified
by the scRNA-seq profiling of the adult SVZ in rodents and the transcriptomic crosstalk
with human prenatal telencephalic progenitors (Section 4).

4. Single-Cell Transcriptomics of the Human Telencephalon

Transcriptomic sequencing is a technique that uses high-throughput, next-generation
sequencing approaches to reveal the presence and quantity of RNA in a biological sample
at a given moment. Recent advances in RNA-seq include single cell and single nucleus
RNA-seq (scRNA-seq and snRNA-seq, respectively) [10,56,57]. Unlike bulk RNA sequenc-
ing, which interrogates average gene expression in cell populations that are in most cases
heterogeneous [58], scRNA-seq can elucidate heterogeneity and allow cell-type specific
transcriptomic profiling to be performed. The recent advent of high-throughput microflu-
idic systems with droplet-based profiling techniques has further advanced the precision
of sc/sn RNA-seq profiling. Initially limited to only a few hundred cells per experiment,
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due to advances in experimental technologies, more than 1 million single cell transcrip-
tomes can be profiled nowadays [59].

Several studies have performed single-cell sequencing of human embryonic fetal and
adult samples of the human telencephalon [60–69]. In order to analyse the complex sets
of single-cell data, robust computational methodologies need to be applied [56]. Unsu-
pervised approaches use clustering followed by cluster annotation of cell types based on
differentially expressed marker genes [70], while supervised approaches use a reference
panel of labelled transcriptomes to guide both clustering and cell type identification [71].
Clustering of human telencephalic cell types has been obtained using unsupervised and
supervised methods, or by using a combination of both. Each cluster was attributed with
“unique markers”, which are the genes expressed only in that type of cell among all the
cells sampled, as well as with “combinatorial markers”, which are differentially expressed
genes that are not restricted to a single cell type. A consensus approach was proposed for
both the clustering paradigms in order to increase the accuracy of the clustering and the
precision of cell type annotation [72], which is expected to be applied in future studies.

Nowakowski et al. performed scRNA-seq in human pallial and subpallial samples across
prenatal stages from GW 6 to 37 [73]. Using unbiased clustering followed by a supervised
approach using a reference panel of labelled transcriptomes, they identified transcription-
ally distinct cell clusters and subclusters corresponding to RG, dorsal IPCs or excitatory
neuron progenitors (ENP), excitatory neurons (EN), inhibitory neuron progenitors (INP),
inhibitory neurons (IN), astrocytes (Astros), and OPCs (Figure 2A), as well as non-neural
cell types: microglia, choroid plexus cells, mural cells, and endothelial cells. As expected,
the proliferation gene MKI67 was expressed in the known transit-amplifying populations
of INPs and IPCs, as well as in a subpopulation of RG; PDGFRA and OLIG1 were expressed
mainly in the OPC cluster; the oRG gene HOPX was widely expressed in the RG cluster,
and the mature astrocytic gene AQP4 was restricted to the astrocyte cluster (Figure 2B).
In addition, the lineage reconstruction method enabled the inference of gene expression
trajectories from heterogeneous developmental tissue. Correlation of sample age with
gene co-expression networks defined a maturation score, or “pseudoage”. Analysis of
gene expression trajectories across “pseudoage” confirmed that early human cortical RG
showed enriched expression of proneural transcription factors, whereas genes involved
in gliogenesis are upregulated later in development. In addition, microdissected VZ and
OSVZ samples were used to define a lamina score, or “pseudolamina”. Gene co-expression
networks correlated with “pseudoage” and “pseudolamina” supported the classification
of RG subtypes as vRG, oRG and tRG. These transcriptomic results indicate multiple
signalling pathways which act during RG diversification and show the temporal and
topographical hierarchy in dorsal and ventral telencephalic lineages of developing cortical
neurons; within the dorsal telencephalon, these temporal and typological differences define
progenitors across cortical areas, while topographical distinctions predominate across
maturing neurons [73].
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Figure 2. Single-cell RNA sequencing in the developing human telencephalon. (A). Plot of neural cells
from pallial and subpallial human samples across prenatal stages (gestational weeks 6–37), colored by
cluster and subcluster cell assignments, corresponding to different types of radial glia, intermediate
progenitor cells (IPCs), excitatory neurons (ENs), inhibitory neuron progenitors (INPs), inhibitory
neurons (INs), astrocytes (Astros), and oligodendrocyte progenitor cells (OPCs). (B). The same cluster
representation as in (A), showing the cell/cluster-related expression of cycling and cell0specific genes
(RG, OPCs and Astros). (C). Plot of neural cells isolated from the telencephalon of four human fetuses
(gestation weeks 13–21), in which data sets from total neural cells and CD133+-selected cells were
combined, colored by clusters representing three types of radial glia (marked as RG, truncated RG (tRG)
and unknown RG (uRG), excitatory neuronal progenitors (ENPs), ENs, INPs, INs, Astros, glial progenitor
cells (GPCs) and oligo-lineage cells (OLCs). (D). The same-cluster representation as in (C), showing
the cell/cluster-related expression of the genes of the cycling and cell-specific genes (RG, OPCs and
Astros); some cells in the GPC cluster co-express these markers. (E). Immunofluorescence image of
human fetal telencephalic cells in primary culture co-expressing the proteins CD133, OLIG2, and GFAP.
DAPI nuclear staining (blue). (A,B) adapted from [73], and (C–E) adapted from [74].
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Couturier et al. performed scRNA-seq on freshly isolated cells from the telencephalon
of four human fetuses ranging from GW 13 to 21 [74]. Fluorescence-activated cell sorting
(FACS) was used to remove most of the non-neural cells such as microglia and endothelial
cells, and CD133-positive selection improved the resolution of the neural stem and pro-
genitor cell populations. Data sets of total and CD133-positive selected cells from all fetal
brains were combined in silico after excluding ependymal cells and were used for unbiased
grouping of cells into 10 clusters (Figure 2C). Differential gene expression analysis of these
clusters identified important genes in each cluster. Most of these clusters correspond to
previously defined cell populations in the developing human telencephalon [73], such as
excitatory neuron progenitors (ENPs, corresponding to dorsal IPCs), ENs, INPs, INs, as-
trocytes (Astros) and oligodendrocyte lineage cells (OLCs, which may include OPCs and
Pre-OLs), as well as three different RG clusters. However, the RG clusters were found to only
partially correspond to the expression found in the pallial vRG, oRG, tRG or subpallial RG,
and they were labelled as RG, tRG and uRG (undefined RG; Figure 2C). The proliferation gene
MKI67 was expressed, as expected, in the transit-amplifying neuronal progenitor clusters,
but also in RG subpopulations—especially in the RG cluster—while GFAP was expressed in
subpopulations in both the tRG and RG clusters. This suggests that the RG and uRG clusters
correspond to mixed pallial and subpallial subpopulations of previously defined oRG and
vRG, respectively.

Interestingly, a glial progenitor cell (GPC) cluster was detected at all gestational ages
and strongly expressed oligodendrocyte lineage genes (e.g., OLIG1, OLIG2, and PDGFRA),
glial/astrocytic lineage genes (e.g., GFAP, SOX9, HOPX, HEPACAM, and VIM), and progen-
itor genes (e.g., ASCL1, MKI67, and HES6). However, it did not express several differenti-
ation markers found in astrocytes or oligodendrocyte-lineage cell clusters (Figure 2D).
This mixed gene signature partially differs from the signature of previously defined
OPCs [73], but may be compatible with that of the proposed bidirectional GPC [42,43].
Notably, this GPC signature was almost exclusively identified in CD133-positive sorted
cells, in a fairly small cluster, which likely explains why it was not previously detected
in sequenced unsorted brain cell populations in both the prenatal and adult brain [60–69].
Importantly, the confirmation of cells co-expressing astro-like and OPC-like markers was
done in a primary culture at first passage obtained from one of the cell-sequenced fe-
tal brains (Figure 2E), as well as in the SVZ of the adult human brain (Figure 3C) [74].
This indicates a special subtype of progenitor population that is present from the fetal
to the adult stages in the human brain. Additional bioinformatics helped to define a
roadmap of the developmental-related trajectories in the human prenatal telencephalon,
where these GPCs are linked to three differentiated neural lineages—represented here by
interneurons, astrocytes and immature oligodendrocytes—while tRG link solely with the
astrocyte lineage [74].
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Figure 3. Single-cell RNA sequencing in the adult telencephalon. (A). Plot of cells from human adult
cortex samples showing clusters and subclusters of neuronal populations (excitatory neurons—ENs and
inhibitory neurons—INs), as well as small non-neuronal clusters of astrocytes (Astros), oligodendrocytes
(Oligos) and oligodendrocyte progenitor cells (OPCs; adapted from Hodge et al., 2019). (B). Plot of cells
from adult mouse subventricular zone (SVZ) samples (adapted from Dulken et al., 2017). (C). Immunoflu-
orescence image of an adult human SVZ sample. Distribution of the cells lining the lateral ventricle (LV)
and co-expressing KI67, OLIG2, and GFAP markers. DAPI nuclear staining (blue; adapted from [74]).

Velmeshev et al. performed snRNA-seq of human adult cortex samples and un-
biased clustering, followed by annotation according to expression of known cell type
markers, which identified 17 cell types, including subtypes of EN, IN and astrocytes [66].
Hodge et al. provided a more detailed transcriptomic map of the cells in the human adult
cortex by following the same computational analysis as used in the mouse cortical cells
previously profiled by Tasic et al. [64,75]. The transcriptional analysis of nuclei isolated
from samples of human cortex revealed 69 neuronal and 6 non-neuronal clusters. From
the neuronal clusters, 24 represented different types of EN, and 45 represented different
types of IN. The major clusters of non-neuronal cells expressed SCL1A3 and included two
astrocyte (Astro) types with different laminar distributions, OPCs, oligodendrocytes (Oli-
gos) (Figure 3A), microglia, and endothelial cells. Astrocytes in the first cluster expressed
higher GFAP and AQP4 levels than the astrocytes of the second cluster; the first group may
represent the interlaminar and fibrous types (from the connected white matter), while the
second group represent the protoplasmic type. Cells in the OPC cluster expressed a high
level of PDGFRα, which was also expressed at lower levels in the IN subpopulation, sug-
gesting a common developmental-related pathway [64]. Addressing the composition and
cell hierarchies of the known proliferative and neurogenic niches in the adult telencephalon,
a single-cell RNA sequencing experiment investigated the rodent SVZ [76] (Figure 3B).
Interestingly, the clusters representing the SVZ astrocytes, B cells and ependymal cells
were closely related, while C, A, and the dividing cells form a quasi-continuum. OPCs
formed a small separate cluster, but their hierarchic relationship with a subcluster of C cells,
which may be the GPCs, should be further explored. To complement the studies in rodents,
similar single-cell transcriptomic studies in human SVZ are expected to confirm these
neurogenesis and gliogenesis pathways, but also to clarify the dilemma of the “dormant”
NSCs in the adult human telencephalon [49].
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5. Single-Cell Transcriptomics in Gliomas

Paralleling the extensive development of single cell transcriptomics of normal brain
tissue, many databases and reports include single cell sequencing of brain tumor speci-
mens. Several strategies have been used to exclude non-malignant cells, which are critical
components of the brain tumor microenvironment, and to properly group malignant cells.
FACS with negative selection for non-neural cells and computational filtering by using
copy number variation (CNV) are the most used approaches to classify cells as belonging
to malignant or normal tissues [74,77,78].

In addition, different known genetic alterations and expression of cell cycling, stem-
ness and class-specific genes were investigated at the single cell level, and in some
cases compared with their expression in normal human brain cells. The generated high-
throughput molecular profiles captured to a great extent the intra-tumor heterogeneity and
identified several populations of GSCs in different gliomas.

5.1. IDH Mutant Gliomas

With the aim of understanding the differences between the two major types of
IDH-mutated diffuse gliomas—including the cells of origin—samples from oligoden-
droglioma (IDH-O) and astrocytoma (IDH-A) were first sequenced at the single-cell level
by Tirosh et al. [79]. Each tumor included in the study contained a large population of cells
with confirmed IDH1 or IDH2 mutations and co-deletion of chromosome 1p and 19q arms,
as well as tumor-specific CNVs. Highly consistent across all IDH-O and IDH-A tumors,
two prominent cell clusters expressed distinct lineage markers of oligodendrocytes and
astrocytes, respectively. One cluster was strongly associated with the high expression of
oligodendrocyte markers (such as OLIG1/2) and the low expression of astrocytic markers
(such as GFAP and APOE), while the other cluster had the opposite expression patterns.
A smaller cluster highly expressed genes related to neurodevelopment and neural stem
cells, such as SOX2, SOX4 and ASCL1. Remarkably, cells with OPC gene expression, which
were suggested to represent the origin of oligodendrogliomas in a mouse model [80], did
not form a separate cluster. All proliferating cells found in each tumor (1.5–8%), consis-
tent with Ki67 expression, grouped in the small cluster. Together, this analysis revealed
three main expression patterns recapitulating a stem/progenitor program of early neural
development and subsequent differentiation into oligodendrocytes and astrocytes. The
single-cell profiles suggested that the tumor-initiating cells in IDH-mutated gliomas more
closely resembled the NSC type than a more committed glial progenitor type such as OPCs.

Following the study of Tirosh et al. [79], Venteicher et al. combined scRNA-seq results
from ten IDH-A and six IDH-O tumor samples with bulk data from large cohorts from
The Cancer Genome Atlas (TCGA) [81]. They found that differences in bulk expression
profiles between IDH-A and IDH-O were explained primarily by genetic alterations and
the composition of the tumor microenvironment (TME), but not by distinct glial expression
programs in the malignant cells. Again, in both IDH-A and IDH-O tumors, only a small
proportion of cells (~4% on average) were in a proliferative stage, co-expressing cycling
and putative stem cell markers. Single-cell approaches showed again that undifferentiated
cells from both tumor types exhibited increased similarity in gene expression programs,
further suggesting a shared cell of origin for both IDH-A and IDH-O. Thus, IDH-mutant
gliomas as defined by genetics and histopathology as differing in terms of genetics and
TME but, examined at single-cell resolution, all contain three subpopulations of malignant
cells: two non-cycling differentiated glial lineages—astrocyte-like and oligodendrocyte-like
cells—as well as one cycling undifferentiated subpopulation that resembles NSCs.

Together, the studies on IDH mutant gliomas represent a shift in understanding the
histogenesis of glial tumors and support a model where IDH mutant glioma subclasses
share developmental programs and putative lineages of glial differentiation, but differ
primarily by the genetic mutations and the number of macrophages and microglia in
the TME [81].
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5.2. Glioblastoma

IDHwt glioblastoma was the first brain tumor investigated at the a single-cell transcrip-
tome level [78]. As for IDH mutant gliomas, it was shown clearly that bulk transcriptomics
did not capture the true diversity of transcriptional subtypes within a tumor but detected
only the dominant transcriptional program. While the classification of IDHwt glioblastoma
via bulk transcriptomics includes the proneural, classical and mesenchymal subtypes [4,5],
the scRNA-seq showed that all tumor samples consisted of heterogeneous mixtures with
individual cells corresponding to different glioblastoma subtypes. Panoramic analysis
of the chromosomal landscape identified chromosomal aberrations in each tumor cell,
such as the gain of chromosome 7 and the loss of chromosome 10, the two most com-
mon genetic alterations in glioblastomas [82]. Single-cell transcriptomic analysis have
revealed that IDHwt glioblastoma samples contain multiple cell states with distinct tran-
scriptional programs and have provided inferential evidence for dynamic transitions; cell
cycle-related genes were active in 1.4% to 21.9% of malignant cells. Application of the
stemness signature revealed stemness gradients in all tumors, modestly anti-correlated to
the cell cycle signature and consistent with the notion that NSCs divide at lower overall
rates, as compared with IPCs. The stemness signature was stronger in individual cells
from samples of proneural and classical subtypes. In contrast, cells of the neural subtype
were more like oligodendrocytes. These findings suggested parallels between intratumoral
cellular heterogeneity in glioblastomas and cellular diversity in the developing brain, with
respective subsets of tumor cells resembling a stem cell and progenitor compartment,
an astrocytic lineage, or an oligodendrocytic lineage. The analysis also revealed “hybrid”
states in which a single cell scored highly for two subtypes, most commonly classical and
proneural (progenitor states) or mesenchymal (differentiated states).

To further understand glioblastoma transcriptional and genetic heterogeneity, Neftel et al.
addressed an integrative approach, combining scRNA-seq, analysis of bulk specimens and
lineage tracing in glioblastoma models [83]. They found that malignant cells in glioblas-
tomas may be grouped into four categories: neural progenitor-like (NPC-like), OPC-like,
astrocyte-like (AC-like) and mesenchymal like (MES-like) states. While each glioblastoma
sample contained cells in multiple states, the relative frequency of each state varied be-
tween tumors. Furthermore, by coupling scRNA-seq to uniquely barcoded single cells
in vivo, Neftel et al. demonstrated the plasticity between states and the potential of a single
mutated cell to generate all four states. This work provided a roadmap of the cellular
programs of malignant cells in glioblastomas, as well as their plasticity and modulation by
genetic drivers, but did not address the origin of the malignant cell types [83].

Bhaduri et al. analyzed the glioblastoma samples by using scRNA-seq and the previ-
ously described transcriptional signatures of the developing human brain [73] and adult
cortex [66]. Despite their heterogeneous composition, each tumour contained a distinctive
combination of transcriptionally defined cancer cell types (Figure 4A) and a mitotic index of
20% or higher. By exploring the cell types associated with CNV, the authors found dividing
RG-like cells, IP-like cells and OP-like cells, which were expected, but also neuronal-like
cells which expressed MKI67 (Figure 4B) [84].
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Figure 4. Single-cell RNA sequencing in glioblastoma. (A). Plot of cells from glioblastoma samples from 16 patients showing
clusters colored by attributed cell types. (B). The same cluster representation as in (A), showing the cell-type/cluster-related
expression of several genes expressed during neural development in stem and progenitor populations. (C). Immunofluorescence
image of a glioblastoma sample showing co-expression of the oRG markers HOPX and PTPRZ1; DAPI nuclear staining (blue);
scale bar: 10µm. (D). Glioblastoma samples from a glioma repository, showing the expression of the proteins PROM1, PDGFRA,
nestin (NES) and OLIG2. (Adapted from [84]).

Almost all identified cell types expressed at least one marker associated with stem-
ness and previously known GSC markers. A number of previous studies have shown
the potential for a variety of cell types to become GSCs, such as OPCs, astrocytes, and
neuronal cell types [85–88]. However, the gene combinations previously associated with
GSC stemness were expressed uniquely for each individual tumour. While several progeni-
tor genes such as SOX2 and NES were expressed broadly, PROM1 (expressed as CD133),
a marker that has been shown to be sufficient to give rise to ectopic tumours [7], was very
sparsely expressed (Figure 4B). Thus, the cell types that make up glioblastomas can be
found in various combinations across tumours, but the cocktail of stemness markers co-
expressed within a GSC cell type is largely specific to every individual tumour. By further
exploring a glioblastoma repository [89], Bhaduri et al. observed that individual tumours
co-expressed a variety of GSC marker genes such as PROM1 (CD133), PDGFRA, NES and
OLIG2 (Figure 4D), which also confirmed the expression found at the single cell transcrip-
tomic level (Figure 4B). These results from orthogonal datasets support the hypothesis that
diverse sets of GSCs can be found within a single tumour, characterized by heterogeneous
marker gene combinations. The transcriptomic profiles of glioblastomas suggest that pro-
grams associated with stemness are broadly expressed, and that the activation of stemness
programs indicated by these GSC marker genes can occur in almost any cell type within
the tumour. Additionally, a distinct cell type within the glioblastoma atlas expressed oRG
marker genes [84]. The oRG network was strongly recapitulated in glioblastoma, with
the same hub genes such as PTPRZ1 and HOPX [23,24] (Figure 4B), and with confirmed
expression at the protein level (Figure 4C). This suggests that re-expression of the develop-
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mental oRG signature in GSCs is associated with a dynamic cell behaviour characteristic of
prenatal oRG cells [84].

The oRG-like population in glioblastoma cells was further enriched using FACS
PTPRZ1-positive selection and re-analyzed by scRNA-seq. Even though the PTPRZ1-
positive sorted population was not homogenous, it was significantly enriched for RG-like
cells compared to the PTPRZ1-negative population [90,91]. To functionally investigate the
PTPRZ1-positive, negative and unsorted cell populations, they were labelled with a GFP-
expressing adenovirus and transplanted into an in vitro model of human brain organoids.
Two weeks after transplantation, the tumour cell populations were composed primarily
of either neuronal or astrocytic cells. Both PTPRZ1-positive and negative cells expressed
canonical GSC markers in each of these populations, consistent with the earlier observation
that different glioblastoma cell types express stemness markers. The expression of GSC
markers uniformly decreased after transplantation, while differentiated cell types within
each population increased. Together, these results supported the PTPRZ1-positive oRG-like
glioblastoma cells as being one of several GSC cell types and showed their invasive nature
and involvement in tumor propagation [84].

Couturier et al. made a step forward in defining the cells of origin and heterogeneity in
glioblastoma by comparing the previously established lineage hierarchy of the developing
human brain (Figure 5A) to the transcriptome at the single-cell level of both whole-tumor
samples and CD133-positive selected samples (with the aim of increasing the proportion of
GSCs), and after CNV selection. Plotted on the roadmap for human prenatal telencephalic
cells (Figure 5A), the whole tumor samples mainly mapped onto a GPC cluster, an oligo-
lineage cluster, an astrocyte cluster, a tRG cluster, and an interneuron cluster—but also
onto a non-defined intermediate population (Figure 5B). In the population enriched by
CD133-positive selection (named GSC in Figure 5C), most of the plotted cells expressed
GPC genes, but some expressed neuronal and astrocytic genes. These data suggest that
the GSC-enriched population is also heterogeneous but organizes into subpopulations
resembling a developing brain [74].

Almost all cycling cancer cells had high glial progenitor scores (Figure 5D). These
data also show that GPC-like cancer cells are the cell types with the highest rates of
proliferation—more than the cancer cells undergoing lineage differentiation. This model
reveals a GPC-centered organization in both the whole-tumor and the GSC-enriched
population. Remarkably, the GPC signature was the only one robustly expressed in all
patients. The identification of highly proliferative GP-like cells was in contrast to previous
works [78,83], where such a population was not found. Protein marker panels, representa-
tive of each cancer cell type, and single-cell proteomic analysis, were additionally used to
validate this result. Together, these analyses suggest that astrocytic, mesenchymal, oligo-
dendrocytic, and neuronal-like glioblastoma cells are more differentiated than GP-like cells,
and that they are one of the originators of the trilineage hierarchy in glioblastomas [74].
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Figure 5. Developmental-related transcriptomic roadmaps in the human fetal brain and glioblastoma
samples. Cell maps built with human prenatal telencephalic cells (A) and glioblastoma cells from
whole-tumor samples (B–D) or enriched by CD133-positive selection; a population named glioma stem-
like cells (GSC) in C. GPC cluster (orange, (A,B)), oligo-lineage cluster (violet, (A,B)), astrocyte cluster
(coral, (A,B)), tRG cluster (green, (A,B)) and interneuron cluster (blue, (A,B)), but also a non-defined
intermediate population (grey, (B); adapted from [74].

6. Towards Signaling-Specific Targeted Therapy in Gliomas

Significant obstacles hampering the development of effective cancer therapeutics
include tumor heterogeneity and the persistence of GSCs that give rise to cancer recurrence.
Most studies consider the GSC population to be uniform. However, recent single-cell
transcriptomics studies have shown that GSCs display heterogeneity driven by a hierar-
chical developmental organization [74,81,84]. Some of these recent studies have evaluated
chemoresistance and tumorigenicity in selected GSC populations in glioblastomas. In addi-
tion, identifying the signaling pathways that maintain tumor-initiating cell proliferation
may provide therapeutic targets for inhibiting tumor growth. Identification of signaling
pathway alterations between progenitor cancer cells and more differentiated cancer cells
may yield meaningful new therapeutic targets.

The association of the genetic alterations in signaling pathway component genes
such as PDGFRα, EGFR and NF1 was explored in IDHwt glioblastomas, with each mutation
being shown to favor a particular state [83]. However, these signaling pathway components
are expressed broadly in different normal populations in the adult brain, making the
targeted approach difficult. A more efficient approach should address signaling pathways
related to more specific cell populations.

The proliferation and migration of the RG in the fetal brain occurs in response to different
signals, parts of different signalling pathways, such as the FGF-MAPK, PI3K/PTEN/AKT,
Hedgehog, N-cadherin/β-catenin, Notch, mTOR and Rho/Rho-kinase (ROCK) path-
ways [26,29]. Nowakowski et al. highlighted the gene enrichment at the single-cell level in
oRG for GLI2, NFAT2C, and several regulators of the mTOR signalling pathway, as well as
increased phosphorylation of the S6 ribosomal protein [73]. Bhaduri et al. explored the role
of PTPRZ1 in oRG-like GSCs. PTPRZ1 and its ligand, PTN, have been previously identified
as necessary for tumour invasion and viability and linked with the known effects of the
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Rho/Rho-kinase signalling pathway in glioblastoma [92–94]. The authors used genetic and
pharmacologic approaches and found that PTPRZ1 and PTN double knockdown signif-
icantly reduced the migration of the oRG selected from fetal human brains. In order to
relate these findings to invasive behaviour in glioblastoma, an in vitro invasion assay used
tumour samples treated with either control shRNAs, PTPRZ1 shRNAs, or Rock inhibitor.
Both PTPRZ1 knockdown and Rock pathway inhibition significantly decreased the invasive
behaviour of oRG-like cells in an in vitro model using human brain organoids, suggesting
a selective way of further addressing single members of the GSC population [84].

Couturier et al. focused on GP-like cells as the originators of the cancer cell hierarchy
in glioblastoma [74]. These rapidly cycling progenitor cancer cells were seen as a prime cell
population to target and were tested both in vitro and in vivo, in xenograft models. In GSC
culture conditions, where all GSCs retain the ability to divide, GP-like cells were found
to be the most resistant to chemotherapy. Investigating the scRNA-seq transcriptomic
data, Couturier et al. identified several pathways with a significant enrichment in the
GPC cluster, as compared to the astro-mesenchymal groups. Hits with significant and
strong correlations were found in pathways previously established as relevant to GSC
self-renewal and tumorigenicity, such as the WNT pathway and the EZH2 and FOXM1
genes, but also in pathways of previously unknown significance in glioblastoma. Of these,
the E2F4 pathway was the most significant, and was thus selected for testing. While
E2F4 expression in glioblastoma tissue has been previously shown [95], Couturier et al.
provided the first description of its role in the GPC malignant population. The E2F gene
family regulates the cell cycle and is important for progenitor cell survival [96]. It has been
shown that E2F4 inhibition causes senescence of gastric cancer cells [97]. The effect of the
small molecule inhibitor HLM006474, which prevents E2F4 binding to DNA, was tested
in vitro and in vivo in IDHwt glioblastoma cells. Following HLM006474 treatment, the
proliferation and survival of the GPC population in vitro was reduced significantly as
compared to the neuronal and astro-mesenchymal populations, supporting its specific
effect on the GP-like cell population in glioblastomas. After orthotopically xenografting
glioblastoma cells, a significant reduction in tumor growth and improved survival in
the HLM006474-treated mice was observed. In addition, no synergism or antagonistic
effect was found between the HLM006474 and classical chemotherapy. In addition, mice
xenografted with GP-like cancer cells developed tumors faster and exhibited a shorter
survival time than mice engrafted with OPC-like cancer cells [74].

While targeting the most rapidly cycling and functionally aggressive progenitor cancer
cell population may be an effective treatment approach, given the plasticity that can occur
in the GSC population, separate targeting of all cell types within a cancer may need to be
addressed in future for each GSC subtype. The signalling pathway components waiting
for further exploration in selected cell populations from glioma include the oRG-like and
GPC-like cells. Several combined targeted therapies could address each tumor and cell
type in a personalized approach.

7. Conclusions and Outlook

Several transcriptomic-related studies have shown that the optimal classification of
cell subtypes in a tissue or a tumour sample should imply a deeper knowledge of their
origins and trajectories during development and maturation. The single cell transcriptomic
approaches presented here provide convergent evidence for a robust description of cell
type identity in both normal and pathological lineages, validating the neurodevelopment
pathways as important players in tumour development. The developmental roadmaps
generated from the transcriptomic studies still wait for additional work for validation, such
as cell fate mapping in vitro and in vivo, which is necessary to uncover the exact position
of these cells within the developmental hierarchy of the brain. However, the proposed
models of cell hierarchies resemble a pattern that has also been shown in gliomas: GSCs
generate daughter cells that subsequently differentiate into tumour bulk cells [93,98]. Using
these tools, the cellular hierarchies proposed for the prenatal telencephalon can be linked
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with a diverse range of cerebral tumours, as we propose here for IDH-mutated glioma and
IDHwt glioblastoma (Figure 6).
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Figure 6. Towards a model of cell hierarchies in gliomas. Single-cell transcriptomics-based links proposed
for the developing human telencephalon (A), adult human telencephalon (C), and the potential similarities
with IDHwt glioblastomas (B) and IDH1/2 gliomas (D). The nodes in (A) represent the cell types from
human fetal telencephalic samples corresponding to different types of radial glia (RG), excitatory neuron
progenitors (ENPs), excitatory neurons (ENs), inhibitory neuron progenitors (INPs), inhibitory neurons
(INs), truncated RG (tRG), astrocytes (Astros), glial progenitor cells (GPCs) and oligodendrocyte progenitor
cells (OPCs; shown as clusters in Figure 2). Nodes in (B) marked with (*) represent cell types with IDHwt
glioblastoma-related mutations. Mesenchymal-like cells (Mesos). The nodes in (C) represent the cell types
in the adult subventricular zone (SZV) samples corresponding to different types of adult neural stem cells
(NSCs), such as quiescent (qNSCs) and activated neural stem cells (aNSCs), inhibitory neuron progenitors
(INPs), inhibitory neurons (INs), astrocytes (Astros), glial progenitor cells (GPCs) and oligodendrocyte
progenitor cells (OPCs; shown as clusters in Figure 3). Nodes in (D) marked with (*) represent cell types
with IDH1/2 glioma-related mutations. GSC: glioma stem-like cells, OLC: oligo-lineage cells.
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The single-cell profiles from IDH-mutated glioma and IDHwt glioblastoma appeared
to be different, suggesting that different progenitor populations maintain their cell pool
while producing additional tumour cell types. IDH-A and IDH-O share the same devel-
opmental hierarchy, consisting in each case of three subpopulations of malignant cells:
two nonproliferating populations differentiated along the astrocytic and oligodendrocytic
lineages, and a proliferative population of GSCs that resembles NSCs.

For the IDHwt glioblastoma, different GSC populations were detected, which exist
at the intersection of neuronal, glial and mesenchymal lineages. These GSCs correspond
to different classes of stem cells and progenitors found in human fetal telencephalon,
including oRG and GPCs [74,84], which support the high degree of heterogeneity in this
tumour type. Single-cell analysis suggests that progenitor cancer cells have the potential
to differentiate into all the cancer cell lineages identified. GSC cell type-specific xenograft
models show evidence of both neuronal and glial lineage commitment.

The transcriptomic analysis of Bhaduri et al. indicates that RG-like glioblastoma
cells, along with other progenitor populations, might serve as tumour propagating cells
in glioblastoma. ORG are stem cells of the developing human brain which give rise
to a transit-amplifying progenitor cell population, and further to neurons and glia in
a temporal- and lineage-dependent fashion [84].

The roadmap built in parallel with the fetal human telencephalon as a training set
using an equal number of cancer cells from each of the analyzed IDHwt [74] revealed
that glioblastoma develops along conserved neurodevelopmental gene programs and
contains a rapidly dividing progenitor population, which corresponds in development
to a newly defined glial progenitor type. These GPCs share markers with NSCs, but
also to OPCs, and could be clearly clustered only in the CD133-positive selected samples.
These data also show that tumour initiating cells or GSCs are the cancer cell type with the
highest rates of proliferation—they were identified in glioblastoma and phenotyped only
after enrichment for stem cell-like populations using CD133-positive selection, followed by
scRNA-seq [62,63,99,100]. These results suggest a model in which developmental programs
are reactivated in IDHwt glioblastoma cells by specific mutations (Figure 6A,B).

Another possibility is that different adult NSCs in the neurogenic and gliogenic niches
are affected directly by these mutations, and that these cells share phenotypes with the
population found during development. This is more likely to be a model for IDH1/2 gliomas,
which may originate from adult stem cells (Figure 6C,D). However, as scRNA-seq of the adult
SVZ niche cells was performed only for the adult rodent SVZ, further investigations of the
human SVZ are expected to confirm this pathway. Again, additional work such as cell fate
mapping in vitro and in vivo will also be necessary for the adult NSC, transit-amplifying, and
migrating cell populations.

Taken together, transcriptomic analysis in normal brain development reconciles
glioblastoma development, suggesting possible origins for the glioblastoma hierarchy,
and helping to identify cancer stem-like cell-specific targets. However, the transcriptomic
phenotypes of the GSC in IDHwt glioblastomas and in IDH-mutated gliomas are not the
same. This suggests a different cell of origin for these pathologies than in adult IDHwt
glioblastoma and may underlie the disparate natural histories and treatment responses
between these cancer types.

A better understanding of the spectrum and dynamics of cellular states in several types
of glioma is critical for establishing faithful models and advancing therapeutic strategies
that address the complexity of this disease. Further combining the single-cell transcriptomic
profiles of normal and tumour cells from the same brain region can provide the basis to
better define the potential origins of neural cells initiating different types of primary
cerebral tumours, and the design of therapies targeting GSC phenotypes—a potentially
novel avenue in the treatment of these currently incurable malignancies.

Single-cell transcriptomic studies have started to rewrite the knowledge regarding
the composition of the brain and its tumors, but also of cell hierarchies and cell-specific
signaling. They belong to an ongoing major collaborative effort directed to generating
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a complete description of cell types in the human brain (the National Institutes of Health
(NIH) BRAIN Initiative Network, braininitiative.nih.gov, accessed on 9 November 2021),
in the human neocortex (Allen Institute for Brain Science, www.allenbrain.org, accessed on
9 November 2021), the whole human body (the Human Cell Atlas, www.humancellatlas.
org, accessed on 9 November 2021) [62,63,99,100], and the pathological brain, such as the
IVY glioblastoma repository [89].

As complementary approaches, several newly released methodologies, such as in
situ sequencing of fixed tissue—called spatial transcriptomics [101–104]—offer important
information needed to interpret the results obtained from single-cell transcriptomics. They
enrich the picture by addressing each single cell in its tissue context. On this line, single-
cell analyses and spatial transcriptomics are expected to be together applied to better
characterize the cells that constitute the nervous system and its tumors [100].
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Abstract: Immune checkpoint inhibitor (ICI) therapy has revolutionized anti-cancer treatment for
many late-stage cancer patients. However, ICI therapy has thus far demonstrated limited efficacy
for most patients, and it remains unclear why this is so. Interleukin 10 (IL-10) is a cytokine that
has been recognized as a central player in cancer biology with its ability to inhibit anti-tumor
T cell responses. Recent studies suggest that IL-10 might also exert some intrinsic anti-tumor T
cell responses, and clinical studies using recombinant IL-10 alone or in combination with ICI are
underway. This paradoxical effect of IL-10 and its underlying mechanisms impacting ICI-modulated
T cell responses remain poorly understood. In this study, using an in vitro mixed lymphocyte reaction
assay, we found that treatment with ICIs such as the anti-programmed cell death receptor-1 (PD-1)
mAb nivolumab elicits a strong expression of IL-10. While neutralization of IL-10 signaling with
an anti-IL-10 specific mAb significantly decreases the production of IFN-γ by T cells in a cohort
of donor cells, the opposite effect was observed in other donor cells. Similarly, neutralization of
IL-10 signaling significantly decreases the expression of T cell activation markers Ki67 and CD25,
as well as the production of Granzyme B in a cohort of donor cells, whereas the opposite effect
was observed in others. Furthermore, we found that nivolumab and IL-10 differentially modulate
the signal transducer and activator of transcription 3 (STAT3) and AKT serine–threonine kinase
pathways. Finally, we found that nivolumab activates the mitogen-activated protein kinase (MAPK)
pathway, which in turn is responsible for the observed induction of IL-10 production by nivolumab.
These findings provide new insights into the mechanisms underlying anti-PD-1-modulated T cell
responses by IL-10, which could lead to the discovery of novel combination treatments that target
IL-10 and immune checkpoint molecules.

Keywords: nivolumab; interleukin 10; T cells; cytokines; STAT3 pathway; AKT serine–threonine
kinase pathway; MAP kinase pathway

29



Int. J. Mol. Sci. 2021, 22, 11848

1. Introduction

Immune checkpoint inhibitors (ICIs) such as anti-programmed cell death receptor-1
(PD-1) and/or programmed cell death ligand-1 (PD-L1) therapeutic monoclonal antibodies
reinvigorate the anti-tumor immunological activities by reversing immune checkpoint
receptor-induced immunosuppressive effects [1–4]. The U.S. Food and Drug Adminis-
tration has approved several anti-PD1 mAbs (nivolumab, pembrolizumab, cemiplimab,
and dostarlimab) and anti-PD-L1 mAbs (atezolizumab, durvalumab, and avelumab) to
treat cancer patients at a variety of stages due to their significant clinical benefits. How-
ever, most patients either do not respond to treatment or develop resistance to the ICI
immunotherapy [5–8]. The mechanisms of unresponsiveness or resistance to this type
of immunotherapy are poorly understood. Therefore, identifying factors that drive or
prevent an effective T cell response to ICI immunotherapy is an urgent need for under-
standing these resistance mechanisms, and could lead to the discovery of novel effective
combination therapies.

IL-10 has been recognized as one of the most important immunosuppressive cytokines,
and accumulating evidence suggests that it has pleiotropic effects on immunoregulation
and inflammation, as well as being one of the most critical modulators in anti-cancer
immune responses [9–11]. IL-10 is widely expressed in the tumor microenvironment by
tumor cells as well as various innate immune cells such as macrophages and dendritic
cells. IL-10 is also highly expressed in CD4+ cells, CD8+ T cells, and regulatory T cells
(Tregs) [12–14]. Historically, IL-10 has been thought to exert potent pro-tumor effects [15,16]
mainly due to its immunosuppressive abilities [17,18]. However, recent studies also suggest
that IL-10 provides significant anti-tumor effects in several mouse models. For example,
tumor immune surveillance was shown to be decreased in IL-10 knockout mice, whereas
transgenic overexpression of IL-10 protected mice from carcinogenesis. Furthermore, injec-
tion of PEGylated IL-10 into MMTV/HER2 transgenic mice led to tumor rejection that was
dependent on activated CD8 T cells in an IFN-γ and Granzyme B-dependent manner [16].

Data from phase I/II clinical trials demonstrated that recombinant PEGylated IL-10
alone shows some anti-tumor effects against multiple cancer types including renal carci-
noma, melanoma, and breast cancer [19]. In contrast, anti-IL-10 treatment increases the
efficacy of an anticancer vaccine in a subset of patients [20]. Furthermore, early clinical
trials demonstrated that recombinant IL-10 significantly inhibits T cell responses in both
healthy donors [21] and kidney transplant patients receiving anti-CD3 mAb induction ther-
apy [22] but does not have significant effects on autoimmune diseases such as rheumatoid
arthritis and active Crohn’s disease [23,24]. Despite all of these observations, the effects of
IL-10 in cancer therapy remain inconclusive due to the lack of data from large-scale clinical
trials, and the scant evidence gathered from human in vitro testing systems.

Anecdotal evidence from animal studies suggests that IL-10 might play a role in
modulating anti-PD-1/PD-L1-induced T cell responses. In a mouse ovarian cancer model,
treatment with an anti-PD-1 mAb significantly increases IL-10 levels in serum and ascites.
The combination of anti-IL-10 with anti-PD-1 treatment in this model significantly inhibits
tumor growth compared to treatment with either component alone [25]. Consistent with
these observations, blocking IL-10 increases anti-tumor T cell activity and ICI responsive-
ness in a chronic lymphocytic leukemia mouse model [26]. Furthermore, in a phase II
clinical trial, the serum levels of IL-10 prior to treatment have been shown to be associated
with better efficacy in patients treated with nivolumab [27,28]. However, these studies have
not investigated whether or how IL-10 directly affects anti-PD-1-induced T cell responses.
More importantly, anti-mouse PD-1 mAb treatment does not affect tumor growth when
used in preclinical tumor models, indicating that these animal models do not recapitu-
late the heterogeneous T-cell responses of human cancers treated with anti-PD-1/PD-L1
therapy [25]. Blocking IL-10 signaling enhances anti-PD-1 induced tumor antigen-specific
CD8+ T cell functions in metastatic melanoma patients [15]. In addition, treatment with
recombinant IL-10 enhances nivolumab-induced anti-tumor activities in a small portion
of these patients [29]. Nevertheless, these heterogeneous and paradoxical effects of IL-10
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highlight the need to better understand the roles of IL-10 in anti-tumor responses, its impact
on nivolumab-induced T cell responses, and its underlying mechanisms in eliciting these
effects, especially in a human experimental system.

In the current study, using a well-established Mixed Lymphocyte Reaction (MLR)
assay that has been used for the characterization of nivolumab and pembrolizumab in non-
clinical studies [30–32], we show that treatment with either nivolumab or pembrolizumab
significantly increases IL-10 production, concurrent with an increased production of the im-
mune activation cytokine IFN-γ. Blocking IL-10 signaling induces a highly heterogeneous
nivolumab-induced IFN-γ production and the expression of T cell activation markers Ki67
and CD25. Furthermore, combining nivolumab with IL-10 also impacts the expression
of Granzyme B in a donor-dependent manner. Mechanistically, blocking IL-10 signaling
and/or nivolumab activates various downstream signaling pathways of IL-10 and PD-1,
including the STAT3 and AKT pathways. Finally, we demonstrate that nivolumab activates
the MAPK pathway, leading to the increased expression of IL-10. Our study demonstrates
that the induction of IL-10 by anti-PD-1 immunotherapy may be one of several possible
mechanisms underlying resistance to anti-PD-1 immunotherapy.

2. Results
2.1. Treatment with Nivolumab or Pembrolizumab Induces IL-10 Cytokine Production

IL-10 has been recognized as one of the most potent and multifunctional immunoreg-
ulatory cytokines that has a profound effect on anti-cancer T cell responses. To analyze
whether the expression of IL-10 is associated with anti-PD-1/PD-L1 immunotherapy, we
performed a cytokine profiling analysis in a human allogenic MLR system using a Luminex
assay detecting four cytokines: IL-10, IFN-γ, IL-2, and TNF-α. Nivolumab significantly
increased production of IL-10 with 13 of 19 donor pairs showing a more than two-fold
increase compared to controls (Figure 1A and Supplementary Table S1). Consistent with
previous studies [33], concomitant analyses of immune activation cytokines indicated that
nivolumab treatment also significantly increased the production of IFN-γ, IL-2, and TNF-α
(Figure 1B and Supplementary Table S1), of which IFN-γ has been a key cytokine in IL-10
mediated anti-tumor responses [16]. Of note, while most donor pairs showed an increased
level of all cytokines tested, the extent of the increase in levels of IL-10, as well as of IFN-γ,
IL-2, and TNF-α varied among donor pairs.

We then analyzed the potential correlation between the increased IL-10 production and
the production of other cytokines tested. We found that there is no significant correlation
between the increased IL-10 production with the increased production of IFN-γ and IL-2,
and only a slight correlation with the increased production of TNF-α (Supplementary
Figure S1A). Interestingly, we found a significant correlation between increased IFN-γ and
increased TNF-α production, whereas there is no significant correction of the increased IL-2
production with the increased IFN-γ and TNF-α production (Supplementary Figure S1B).
The lack of correlation between changes in IL-2 production and production of IFN-γ and
TNF-α might be due to IL-2 acting as an essential cytokine during T cell proliferation, in
which IL-2 is constantly consumed by binding to IL-2 receptors on T cells.

To further confirm the effects of anti-PD-1 mAb on IL-10 production, we analyzed the
effects of another anti-PD-1 therapeutic antibody, pembrolizumab, on cytokine production.
Consistent with the results observed for nivolumab, pembrolizumab treatment also signifi-
cantly increased production of IL-10 (Figure 1C and Supplementary Table S2), as well as
the production of IFN-γ, IL-2, and TNF-α (Figure 1D and Supplementary Table S2). The
levels of expression of these cytokines induced by pembrolizumab were comparable to
those induced by nivolumab (Supplementary Figure S2). Similar to nivolumab treatment,
the extent of the observed increase in the level of IL-10 also varied among donor pairs.

Together, our data demonstrate that both anti-PD-1 therapeutic antibodies nivolumab
and pembrolizumab increase production of IL-10, as well as IFN-γ, IL-2, and TNF-α,
although the extent of the cytokine responses to anti-PD-1 mAbs is significantly heteroge-
neous among donors.
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Figure 1. Treatment with nivolumab or pembrolizumab elicits potent interleukin-10 (IL-10) production from T cells.
(A,B) Purified T cells were co-cultured with allogeneic matured monocyte-derived dendritic cells in the presence of
nivolumab (20 µg/mL) for 5 days, after which the culture media was harvested for multiplex analysis of production
of IL-10 (A), and interferon-γ (IFN-γ), IL-2, and tumor necrosis factor-α (TNF-α) (B). (C,D) Purified T cells were co-cultured
with allogeneic monocyte-derived dendritic cells in the presence of pembrolizumab (20 µg/mL) for 5 days, after which
the culture media was harvested for multiplex analysis of the production of IL-10 (C) and IFN-γ, IL-2 and TNF-α (D).
Graphs show the relative fold changes over the no-antibody treatment controls. Each symbol represents data from one
individual donor pair. Note: The representative symbols between Figure 1A,B (nivolumab treatment group) and Figure 1C,D
(pembrolizumab treatment group) are not the same. Student’s t-test, *** p < 0.001.

2.2. Anti-IL-10 mAb Exerts Heterogeneous Effects on Nivolumab-Induced Cytokine Production

To explore the biological outcome of anti-PD-1 treatment-induced IL-10 production, we
investigated whether blockade of IL-10 signaling affects the production of other cytokines
such as IFN-γ, IL-2, and TNF-α. In comparison to controls, anti-IL-10 alone did not
significantly impact the production of IFN-γ, IL-2, and TNF-α (Figure 2A). However, anti-
IL-10 treatment decreased the production of IFN-γ in three donor pairs (donor pairs 21,
26, and 27) and increased production of IFN-γ in two donor pairs (donor pairs 3 and 9) by
more than two-fold in comparison to controls. Similarly, anti-IL-10 treatment decreased
the production of IL-2 in one donor pair (donor pair 7) and the production of TNF-α in
two donor pairs (donor pairs 3 and 29) by more than two-fold, respectively. Anti-IL-10
treatment increased the production of IL-2 in two donor pairs (donor pairs 3 and 9) and the
production of TNF-α in two donor pairs (donor pairs 14 and 29) by more than two-fold,
respectively. Of note, anti-IL-10 mAb treatment diminished subsequent IL-10 detection,
suggesting that the anti-IL-10 blocking mAb interfered with the anti-IL-10 mAb detection
antibody used in the Luminex assay (Figure 2B).
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Figure 2. Anti-interleukin-10 (anti-IL-10) mAb induces heterogeneous cytokine responses. (A,B) Purified T cells were
co-cultured with allogeneic matured monocyte-derived dendritic cells in the presence of nivolumab (20 µg/mL) with or
without anti-IL-10 mAb (5 µg/mL) for 5 days, after which the culture media was harvested for multiplex analysis of the
production of interferon-γ (IFN-γ), IL-2 and tumor necrosis factor-α (TNF-α), (A) and IL-10 (B). Graphics charting the
relative fold change over the no-antibody treatment controls per donor pair. (C) Donor pairs with two-fold changes between
nivolumab and nivolumab plus anti-IL10 mAb treatment are shown. Each symbol represents data from one individual
donor pair. Student’s t-test, *** p < 0.001.

Effects of anti-IL-10 mAb on nivolumab-induced cytokine production were also het-
erogeneous. Whereas anti-IL-10 mAb treatment on average did not have a significant
impact on nivolumab-induced cytokine production (Figure 2A), anti-IL-10 mAb treatment
significantly decreased IFN-γ production in four donor pairs and decreased IL-2 and IFN-γ
production in three donor pairs by more than two-fold (Figure 2C). Anti-IL-10 treatment
increased the nivolumab-induced production of IFN-γ in five tested donor pairs and TNF-α
in three donor pairs by more than two-fold, respectively (Figure 2C). No donor pair showed
a greater than two-fold increase in nivolumab-induced IL-2 production by anti-IL-10 mAb
treatment (Figure 2C).

Since the level of PD-1 expression on T cells and the status of dendritic activation
may potentially affect cytokine production modulated by nivolumab, we investigated the
expression of PD-1 on both CD4+ and CD8+ T cells as well as the HLA-DR expression
on dendritic cells. We found that anti-IL-10 mAb significantly, but modestly, decreased
expression of PD-1 on CD4+ and CD8+ T cells (Supplementary Figure S3A). However,
additional anti-IL-10 mAb treatment to nivolumab did not impact the expression of PD-1
in comparison to nivolumab treatment alone (Supplementary Figure S3A). Furthermore,
using HLA-DR as a dendritic activation marker [34], treatment of nivolumab and/or anti-
IL-10 mAb did not impact the expression of HLA-DR on dendritic cells (Supplementary
Figure S3B). Of note, the variation of expression of PD-1 and HLA-DR between different
donor pairs appears modest compared to that of cytokine production. Therefore, it is
unlikely that the status of expression of PD-1 and dendritic cell activation contributes to
the changes in cytokine production modulated by nivolumab and/or anti-IL-10 mAb.

In summary, anti-IL-10 mAb treatment showed a heterogeneous effect on nivolumab-
induced cytokine production.
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2.3. Anti-IL-10 mAb Exerts Heterogeneous Effects on Nivolumab-Induced T Cell Activation

To further define the potential role of IL-10 in T cell functions, we tested whether
treatment with anti-IL-10 mAb affects the expression of T cell activation markers nuclear
protein Ki67 (Ki67) and CD25. On average, treatment with anti-IL-10 mAb alone did not
significantly affect expression of Ki67 and CD25 (Figure 3A,C). However, anti-IL-10 mAb
treatment decreased Ki67 expression more than two-fold in two donor pairs for both CD4+

(donor pairs 6 and 7) and CD8+ (donor pairs 5 and 6) T cells (Figure 3A,C). Anti-IL-10
mAb treatment decreased expression of CD25 more than two-fold for both CD4+ (donor
pairs 5 and 6) and CD8+ (donor pair 6) T cells (Figure 3A,C). No donor pairs showed an
increased expression of Ki67 and CD25 for both CD4+ and CD8+ T cells by more than
two-fold (Figure 3A,C).
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Figure 3. Anti-interleukin-10 (anti-IL-10) mAb induces heterogeneous expression of nuclear protein Ki67 (Ki67) and CD25
on CD4+ and CD8+ T cells. Purified T cells were co-cultured with allogeneic monocyte-derived dendritic cells in the presence
of nivolumab (20 µg/mL) with or without anti-IL-10 mAb (5 µg/mL) for 5 days, after which cells were harvested for flow
cytometry analysis of Ki67 expression. (A,B) Donor pairs showing that anti-IL-10 mAb decreased nivolumab-modulated
expression of Ki67 in CD4+ and CD8+ T cells are shown (A). Donor pairs with two-fold changes between nivolumab
and nivolumab plus anti-IL10 mAb treatment are shown (B). (C,D) Purified T cells were co-cultured with allogeneic
monocyte-derived dendritic cells in the presence of nivolumab (20 µg/mL) with or without anti-IL-10 mAb (5 µg/mL) for
5 days, after which cells were harvested for flow cytometry analysis of CD25. Graphs show the relative fold change over the
no-antibody treatment controls (C). Donor pairs showing that anti-IL-10 mAb decreased nivolumab-modulated expression
of CD25 in CD4+ and CD8+ T cells are shown (D). Each symbol represents data from one individual donor pair. Student’s
t-test, ** p < 0.01.*** p < 0.001.

We next analyzed the effect of anti-IL-10 mAb treatment on nivolumab-modulated
Ki67 and CD25 expression. on average, anti-IL-10 mAb treatment did not impact the
expression of Ki67 and CD25 induced by nivolumab. However, the effect of anti-IL-10 mAb
appears heterogeneous (Figure 3A,C). Furthermore, anti-IL-10 mAb treatment decreased
expression of nivolumab-modulated Ki67 in one donor pair for CD4+ T cells by more
than two fold, but did not have an impact on CD8+ T cells. Anti-IL-10 mAb treatment
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decreased the nivolumab-modulated expression of CD25 in one donor pair for CD4+ T
cells (donor pair 6) and one donor pair for CD8+ T cells (donor pair 7) by more than
two-fold, respectively.

Together, our data suggest that anti-IL-10 mAb displays an inhibitory effect on the
expression of Ki67 and CD25 in a small subset of donor pairs, and does not have an additive
effect in any of the donor pairs.

2.4. Anti-IL-10 mAb Exerts Heterogeneous Effects on Granzyme B Expression in T Cells

The expression of Granzyme B (GzmB) has been shown to be a major mechanism for
IL-10 mediated anti-tumor T cell responses in a mouse tumor model [16]. We examined
whether blockade of IL-10 affects the expression of Granzyme B, a functional marker for
T cells. We found that anti-IL-10 mAb treatment alone on average did not significantly
affect the expression of Granzyme B in either CD4+ or CD8+ T cells (Figure 4A). However,
anti-IL-10 mAb treatment decreased the expression of Granzyme B in two donor pairs for
CD4+ T cells (donor pairs 2 and 13) and two donor pairs for CD8+ T cells (donor pairs
1 and 3) (Figure 4A).
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Figure 4. Anti-interleukin-10 (anti-IL-10) mAb induces heterogeneous expression of Granzyme B (GzmB) in CD4+ and
CD8+ T cells. (A,B) Purified T cells were co-cultured with allogeneic monocyte-derived dendritic cells in the presence
of nivolumab (20 µg/mL) with or without anti-IL-10 mAb (5 µg/mL) for 5 days, after which cells were harvested for
flow cytometry analysis of Granzyme B expression. (A) Donor pairs showing that anti-IL-10 mAb decreased nivolumab-
modulated expression of Granzyme B in CD4+ and CD8+ T cells are shown. Graphs show the relative fold change over the
no-antibody treatment controls. (B) Donor pairs with two-fold changes between nivolumab and nivolumab plus anti-IL10 mAb
treatment are shown. Each symbol represents data from an individual donor pair. Student’s t-test, * p < 0.05, *** p < 0.001.

Whereas anti-IL-10 treatment did not significantly affect the expression of Granzyme B
modulated by nivolumab, the effect of anti-IL-10 mAb appears heterogeneous (Figure 4A).
Furthermore, anti-IL-10 treatment decreased nivolumab-modulated expression of Granzyme
B in two donor pairs for CD4+ T cell by more than two-fold (donor pairs 9 and 12)
and did not impact the expression of Granzyme B in any of the donor pairs for CD8+

T cells (Figure 4B).
Together, our data suggest that anti-IL-10 mAb displays an inhibitory effect on the

expression of Granzyme B, in a small subset of donors, and does not have an additive effect
on nivolumab-mediated Granzyme B expression in any of them.

2.5. Anti-IL-10 mAb and/or Nivolumab Display Heterogeneous Effects on Activation of the AKT
and STAT3 Pathways

To determine the mechanism(s) by which nivolumab-induced IL-10 production af-
fects the nivolumab-induced T cell responses, we examined the effect of anti-IL-10 mAb
and/or nivolumab on the activation of the PD-1 downstream signaling pathways such
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as AKT [35–37], as well as the IL-10 downstream signaling pathway STAT3 that has been
shown to be a critical pathway modulating IL-10 mediated anti-tumor T cell responses [16].

Western Blot analyses indicated that the patterns of activation of these pathways
by anti-IL-10 mAb and/or nivolumab were highly heterogeneous (Figure 5 and Supple-
mentary Figure S4). For donor pair 1, treatments of anti-IL-10 and/or nivolumab did not
impact the expression of phospho-AKT or phospho-STAT3. However, for donor pair 2,
anti-IL-10 mAb treatment slightly increased the expression of phospho-STAT3 but not the
expression of phospho-AKT. nivolumab, however, increased expression of both phospho-
AKT and phospho-STAT3 in this donor pair. Additional anti-IL-10 mAb did not have
an impact on nivolumab-modulated regulation of these pathways. Lastly, for donor 3,
anti-IL-10 mAb treatment slightly decreased the expression of phospho-STAT3 but did
not have an impact on the expression of phospho-AKT. Nivolumab significantly increased
the expression of phospho-AKT, and slightly increased the expression of phospho-STAT3.
Anti-IL-10 mAb reversed nivolumab-induced expression of phospho-AKT but did not
have an impact on the expression of phospho-STAT3. In summary, our data suggest that
anti-IL-10 mAb and/or nivolumab exert heterogeneous responses on activation of the AKT
and STAT3 signaling pathways.
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Figure 5. Anti-interleukin-10 (anti-IL-10) and nivolumab differentially affect activation of the AKT and signal transducer and
activator of transcription 3 (STAT3) signaling pathways. Purified T cells were co-cultured with allogeneic monocyte-derived
dendritic cells in the presence of nivolumab (20 µg/mL) with or without anti-IL-10 mAb (5 µg/mL) for 5 days, after which
cells were harvested for WB analyses to determine activation of the AKT and STAT3 signaling pathways. Total AKT and
total STAT3 were used as loading controls. Upper panel is the quantitative data of the Western blot results as conducted
using ImageJ software. The activation of the AKT and STAT3 pathways is determined by the band intensity of pAKT (or
pSTAT3) relative to the band intensity of total AKT (or STAT3). Data are from three donors, representative of at least eleven
donor pairs.

2.6. Nivolumab-Induced IL-10 Production Depends on the Activation of the MAPK
Kinase Pathway

Many factors have been shown to regulate the expression of IL-10 in T cells, but the
activation of the mitogen-activated protein kinase (MAPK) pathway has been shown to
be a dominant signaling pathway that regulates the expression of IL-10 in T cells [14].
Conversely, engagement of PD-L1 with PD-1 on T cells has been shown to significantly
inhibit the activation of the MAPK pathway [38,39].

To further elucidate the mechanistic effect of IL-10 on nivolumab-modulated T cell
responses, we first examined whether nivolumab can activate the MAPK signaling pathway
in T cells. We found that nivolumab significantly increased the expression of phospho-ERK,
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an activation marker for the MAPK pathway in T cells, in most donors (Figure 6A and
Supplementary Figure S5). Interestingly, anti-IL-10 mAb treatment also increased the
expression of phospho-ERK in two donor pairs (donor pair 2 and 3), and anti-IL-10 mAb
treatment exerted an additive effect on nivolumab-induced expression of phospho-ERK
in donor pair 2 but did not have significant effects on donor pairs 1 or 3 (Figure 6A).
We then analyzed whether nivolumab-induced activation of the MAPK pathway results
in the nivolumab-induced IL-10 production by trametinib, a MEK inhibitor which has
been shown to effectively and specifically block activation of the MAPK pathway in T
cells [40]. We found that trametinib treatment alone significantly decreased IL-10 produc-
tion and inhibited nivolumab-induced IL-10 production (Figure 6B). Furthermore, tram-
etinib treatment abolished the expression of phospho-ERK and reversed the nivolumab-
upregulated expression of phospho-ERK (Figure 6C and Supplementary Figure S6). Of
note, the abolished activation of the MAPK pathway by trametinib did not induce cell death
(Supplementary Figure S7), indicating that trametinib-induced inhibition of cytokine pro-
duction is likely due to its inhibitory effect on cell proliferation, [33] rather than cell death.

Int. J. Mol. Sci. 2021, 22, 11848  11 of 18 
 

 

 

Figure 6. Nivolumab‐mediated upregulation of interleukin‐10 (IL‐10) production depends on the activation of the mito‐

gen‐activated protein kinase (MAPK) pathway. (A,B,C) Purified T cells were co‐cultured with allogeneic monocyte‐de‐

rived dendritic cells in the presence of nivolumab (20 μg/mL) with or without anti‐IL‐10 mAb (5 μg/mL) for 5 days. (A) 

Cells were harvested for WB analyses for the MAPK signaling pathway. Shown are three donor pairs representative of 9 

donor pairs. HSP90 and  total ERK were used as  loading controls  (left panel). Quantitation of  the Western blot results 

(combined with donor 4 to 9 is presented in Figure S5) was conducted using ImageJ software. The activation of the ERK 

pathway is determined by the band intensity of pERK divided by the band intensity of total ERK (right panel). Student’s 

t test, ** p < 0.01. (B) Purified T cells were co‐cultured with allogeneic monocyte‐derived dendritic cells in the presence of 

nivolumab (20 μg/mL) with or without trametinib (0.2 μg/mL) for 5 days. Cell culture media were harvested for Luminex 

analyses of IL‐10 production (n = 19). (C) Purified T cells were co‐cultured with allogeneic monocyte‐derived dendritic 

cells in the presence of nivolumab (20 μg/mL) with or without trametinib (0.2 μg/mL) for 5 days. Cells were harvested for 

WB analyses for the MAPK signaling pathway. Shown is a Western Blot of one donor pair representative of nine donor 

pairs (left panel). Quantitation of the Western blot results (combined with donor 2 to 9  is presented  in Figure S6) was 

conducted using ImageJ software. The activation of the ERK pathway is determined by the band intensity of pERK divided 

by the band intensity of total ERK (right panel). Student’s t‐test, * p < 0.05, ** p < 0.01,*** p < 0.001. 

Together, our data  indicate  that anti‐IL‐10 and/or nivolumab activates  the MAPK 

pathway in a donor‐dependent manner and that nivolumab‐induced IL‐10 production de‐

pends on activation of the MAPK pathway. 

3. Discussion 

One of many challenges  for  ICI  immunotherapy  is  the  low  response  rate coupled 

with patients who develop resistance to the therapy. The mechanisms underlying these 

challenges are not fully understood [6,8,41‐44]. IL‐10 is one of the most important immu‐

noregulatory cytokines that regulates the T cell response via modulating multiple signal‐

ing pathways [12,14,15,25,45]. In the present study, we describe that nivolumab induces 

potent IL‐10 secretion in T cells due to activation of the MAPK pathway. The addition of 

anti‐IL‐10 mAb results  in a heterogeneous T cell response and modulates many down‐

stream signaling pathways of nivolumab and IL‐10 in a donor‐dependent manner. Our 

findings facilitate a better understanding of the mechanisms by which IL‐10 modulates 

nivolumab‐induced  T  cell  functions which may  lead  to  potential  novel  combination 

Figure 6. Nivolumab-mediated upregulation of interleukin-10 (IL-10) production depends on the activation of the mitogen-
activated protein kinase (MAPK) pathway. (A,B,C) Purified T cells were co-cultured with allogeneic monocyte-derived
dendritic cells in the presence of nivolumab (20 µg/mL) with or without anti-IL-10 mAb (5 µg/mL) for 5 days. (A) Cells were
harvested for WB analyses for the MAPK signaling pathway. Shown are three donor pairs representative of 9 donor pairs.
HSP90 and total ERK were used as loading controls (left panel). Quantitation of the Western blot results (combined
with donor 4 to 9 is presented in Figure S5) was conducted using ImageJ software. The activation of the ERK pathway
is determined by the band intensity of pERK divided by the band intensity of total ERK (right panel). Student’s t
test, ** p < 0.01. (B) Purified T cells were co-cultured with allogeneic monocyte-derived dendritic cells in the presence of
nivolumab (20 µg/mL) with or without trametinib (0.2 µg/mL) for 5 days. Cell culture media were harvested for Luminex
analyses of IL-10 production (n = 19). (C) Purified T cells were co-cultured with allogeneic monocyte-derived dendritic cells
in the presence of nivolumab (20 µg/mL) with or without trametinib (0.2 µg/mL) for 5 days. Cells were harvested for WB
analyses for the MAPK signaling pathway. Shown is a Western Blot of one donor pair representative of nine donor pairs
(left panel). Quantitation of the Western blot results (combined with donor 2 to 9 is presented in Figure S6) was conducted
using ImageJ software. The activation of the ERK pathway is determined by the band intensity of pERK divided by the
band intensity of total ERK (right panel). Student’s t-test, * p < 0.05, ** p < 0.01,*** p < 0.001.

37



Int. J. Mol. Sci. 2021, 22, 11848

Together, our data indicate that anti-IL-10 and/or nivolumab activates the MAPK
pathway in a donor-dependent manner and that nivolumab-induced IL-10 production
depends on activation of the MAPK pathway.

3. Discussion

One of many challenges for ICI immunotherapy is the low response rate coupled
with patients who develop resistance to the therapy. The mechanisms underlying these
challenges are not fully understood [6,8,41–44]. IL-10 is one of the most important im-
munoregulatory cytokines that regulates the T cell response via modulating multiple
signaling pathways [12,14,15,25,45]. In the present study, we describe that nivolumab
induces potent IL-10 secretion in T cells due to activation of the MAPK pathway. The
addition of anti-IL-10 mAb results in a heterogeneous T cell response and modulates
many downstream signaling pathways of nivolumab and IL-10 in a donor-dependent
manner. Our findings facilitate a better understanding of the mechanisms by which IL-10
modulates nivolumab-induced T cell functions which may lead to potential novel com-
bination therapies that would improve the efficacy of, or overcome the resistance to, ICI
mediated immunotherapy.

Our data show that the levels of IL-10 induced by nivolumab or pembrolizumab are
highly heterogeneous. Consistent with this, our recent studies also showed that nivolumab
induces IL-10 production using a PBMC-based assay [45]. This is consistent with a recent
report that elevated IL-10 levels caused by anti-PD-1 mAb treatment were also found
in an animal tumor model [25]. These data suggest that IL-10 may confer a heteroge-
neous T cell response to either nivolumab or pembrolizumab, as is observed in the clinic.
Indeed, although blockade of IL-10 signaling does not significantly impact the nivolumab-
modulated T cell responses, our data demonstrate that these responses are induced in a
donor-dependent manner when individual donor pair data were analyzed. In terms of cy-
tokine responses, anti-IL-10 either increased or decreased production of IFN-γ and TNF-α
in a subset of donor pairs, which is also in line with the clinical data (Figure 2C). How-
ever, whereas anti-IL-10 mAb increases the level of IL-2 production, there is no evidence
showing that anti-IL-10 mAb increases nivolumab-induced IL-2 production (Figure 2C).
Similar to IL-2, anti-IL-10 mAb only decreases and does not increase, expression of other
T cell activation markers induced by nivolumab, such as Ki67, CD25 (Figure 3B,C), and
Granzyme B (Figure 4B). Interestingly, blockade of IL-10 signaling alone also exerts similar
heterogeneous T cell responses. Therefore, our data reflect multiple aspects observed in
clinical studies and may partially explain why some cancer patients respond to PEGylated
IL-10 treatment or IL-10 in combination with anti-PD-1 immunotherapy, while others do
not. However, the clinical data of PEGylated IL-10 treatment with or without anti-PD-1
immunotherapy should be interpreted cautiously due to the limited patient sample size
and because this trial was designed as a single-arm trial [29]. Future studies using large-
scale randomized clinical trials will validate whether PEGylated IL-10 treatment does
indeed enhance the efficacy of anti-PD-1 immunotherapy. Of note, and consistent with
our previous studies, the cytokine responses are more sensitive to nivolumab treatment
compared to other T cell activation markers analyzed by flow cytometry [33].

The engagement of IL-10 with its receptor activates multiple signaling pathways, par-
ticularly the JAK-STAT3 pathway [12,13,46], similarly, nivolumab induces the activation of
the AKT pathway, resulting in the alteration of T cell responses. Our data show that the ac-
tivation of several major downstream signaling pathways by anti-IL-10 and/or nivolumab
is also heterogeneous. While some donor pairs showed that anti-IL-10 mAb and/or
nivolumab alters the activation of the STAT3 and AKT signaling pathways (Figure 5 and
Supplementary Figure S4), other donor pairs showed different activation patterns (Figure 5
and Supplementary Figure S4) indicating that neither these two known pathways alone
contribute to the heterogeneous T cell responses. These data also indicate the possibility
that other pathways might play a role in the heterogeneous T responses. For example,
IL-10 has been shown to regulate activation of the NF-κB pathway, [13,47] Additionally,
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the expression levels of IL-10 receptors on T cells between different donors might also
contribute to the heterogeneous responses modulated by IL-10. Future work to establish a
direct connection between the activation of IL-10 and PD-1 signaling pathways and T cell
responses is warranted.

Our study demonstrates that activation of the MAPK pathway not only regulates
the nivolumab-induced signaling pathways, but it is also a consequence of activation of
nivolumab downstream signaling pathways. Unlike activation of the AKT and STAT3
pathways, upregulation by nivolumab occurs in most donor pairs (Figure 6A,C and
Supplementary Figures S4 and S5), and blocking of activation of the MAPK pathway
significantly decreases IL-10 production (Figure 6 and Supplementary Figure S6), indicat-
ing that activation of the MAPK pathway might play a potential role in regulating the
heterogeneous T cell responses caused by anti-IL-10 mAb and/or ICI immunotherapy. Col-
lectively, our study suggests that the differential activation of multiple signaling pathways
likely contributes to the heterogeneous T responses modulated by anti-IL-10 mAb and/or
nivolumab treatment. Future work to identify the relevant signaling pathways modulat-
ing the effects of nivolumab and/or anti-IL-10 mAb on T cell responses will facilitate a
greater understanding of the mechanism of action that could guide the identification of
biomarker(s) for the clinical application of combination therapy of ICI and IL-10.

Although our study demonstrates the important roles of IL-10 and delineates the sig-
naling pathways associated with anti-IL-10 and/or nivolumab on modulating nivolumab-
induced T cell responses, there are several important aspects that need to be further inves-
tigated. (1) The serum levels of IL-10 prior to treatment have been shown to be associated
with better outcomes for patients treated with nivolumab [27]. The reasons for this are likely
due to the immunostimulatory effects of IL-10 that prevail over its immunosuppressive
functions in these patients with high endogenous levels of IL-10. Nonetheless, additional
IL-10 treatment might not be beneficial for these patients, and in some cases, might even
potentially suppress T cell responses as demonstrated in our functional assessment in
which many donor pairs show increased cytokine production by anti-IL-10 treatment in
the absence or presence of nivolumab (Figure 2B,D). Therefore, it is critical to identify
predictive biomarkers in patients that respond to IL-10 monotherapy alone, as well as in
combination with nivolumab [15,48]. (2) The experimental system we used in this study
focuses on CD4+ and CD8+ T cell functions. IL-10 not only plays an important role in mod-
ulating T cell functions but also plays critical roles in modulating anti-tumor or pro-tumor
effects by other immune cells that are abundant in the tumor microenvironment. These
immune cells include different types of helper T cells, other types of immune cells such as
macrophages, NK cells, NKT cells, myeloid-derived suppressor cells (MDSC), etc., all of
which have been shown to play critical roles in anti-cancer immune responses [6,49–52].
The development of an experimental system that contains these immune cells, as well
as tumor cells, to better reflect the true complexity of the tumor microenvironment will
be key to further delineating the mechanism of IL-10 in regulating ICI immunotherapy.
Our ongoing studies of the roles of IL-10 and/or nivolumab in regulating the function
of other types of helper T cells such as regulatory T cells and other types of cells such as
NK cells among others are an effort to shed more light on the roles and mechanisms of
IL-10 in anti-cancer immune responses. (3) Although we demonstrate that the involvement
of several signaling pathways pertains to the roles of IL-10 in nivolumab-mediated T cell
responses, we did not identify the specific pathway or pathways that determine the fate
of heterogeneous T cell responses modulated by anti-IL-10 and/or nivolumab. Since the
T cell responses modulated by anti-IL-10 and/or nivolumab are highly heterogeneous
and may spatially and temporally be controlled through convergence or divergence of
multiple downstream signaling pathways, future work is needed to identify the key critical
signaling pathways by unbiased approaches such as next-generation sequencing (NGS)
or proteomics in addition to exploring other signaling pathways modulated by PD-1 such
as the SHP2 and TCR signaling pathways [35,36,53]. These studies will not only reveal
additional mechanisms critically important for future clinical application, but they will
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also facilitate finding novel combination therapies that are more specific to targeting IL-10
or its downstream pathways, and thus able to exclusively enhance the immunostimulatory
anti-tumor effects while excluding the immunosuppressive functions of IL-10.

In conclusion, our study not only illustrates how nivolumab-induced IL-10 production
may shape the T cell responses via modulating multiple downstream signaling pathways,
but also provides a rationale for the combination of targeting IL-10 and PD-1 for cancer
patients. Future work on dissecting the mechanisms using more comprehensive approaches
on how IL-10 and/or nivolumab modulate anti-cancer immune responses in the context of
the tumor microenvironment, will lead to identifying biomarkers and discovering more
effective anti-cancer immunotherapies targeting IL-10 and PD-1.

4. Materials and Methods
4.1. PBMCs and Monocyte Derived Dendritic Cells

This study—using human peripheral blood mononuclear cells (PBMCs) and monocytes—
was reviewed and approved by both the National Institutes of Health and the Food and
Drug Administration Internal Review Boards. The demographic information of donors is
listed in Supplementary Table S1. Human peripheral blood mononuclear cells (PBMCs)
were obtained from healthy human volunteers by leukophoresis and purified from whole
blood by ficoll-hypaque sedimentation. Monocytes were purified from PBMCs by counter-
current centrifugal elutriation [54]. PBMCs and monocytes were frozen at concentrations of
50 × 106 and 20 × 106, respectively, in freezing medium containing 90% fetal bovine serum
(Cat#BS3032, Valley Biomedical, Winchester, VA, USA) and 10% DMSO (Cat#D8418, Sigma-
Aldrich, St. Louis, MO, USA). T cells were enriched from PBMCs using the RoboSep cell
isolation platform (#19051, StemCell Technologies, Vancouver, Canada). Isolated monocytes
were differentiated into dendritic cells by culturing at a concentration of 1 × 106 cells per
mL in complete RPMI1640 (Cat#11875-093, Thermo Fisher Scientific, Waltham, MA, USA)
containing 10% human AB serum (Cat#HP1022, Valley Biomedical), 1% Penn/Strep (#15140,
Thermo Fisher Scientific), 1% HEPES (Cat#15630-080, Thermo Fisher Scientific), 0.1 mM
2-Mercaptoehanol (Cat#M6250, Sigma-Aldrich), 50 ng/mL GM-CSF (Cat#215-GM/CF,
R&D Systems, Minneapolis, MN, USA), and 20 ng/mL IL-4 (Cat#204-IL/CF, R&D Systems)
for 7 days as previous described [33]. On day 6 of culture, dendritic cells were matured
with 100 ng/mL LPS (Cat#L2880, Sigma-Aldrich) for 24 h. All donor pairs used in this
manuscript are listed in Table S1.

4.2. Mixed Lymphocyte Reaction

For the mixed lymphocyte reaction (MLR), monocyte-derived dendritic cells were har-
vested and resuspended at a concentration of 2 × 105 cells/mL in complete RPMI medium
(Cat#11875-093, Invitrogen) containing 5% human AB serum, 1% Penn/Strep, 1% HEPES,
and 0.1 mM 2-Mercaptoethanol at 1 × 105 cells/mL. Allogeneic T-cells were co-cultured
with the matured dendritic cells at a concentration of 1 × 106 cells/mL in 96 well plates
(Cat#3595, Corning, NY 14831 USA) for 5 days in the presence or absence of nivolumab
and pembrolizumab (20 µg/mL, via McKesson Specialty Health, Scottsdale, Arizona), and
functional anti-IL-10 monoclonal neutralizing antibody (Cat#AHC0103, clone JES3-9D7,
Thermo Fisher Scientific) (5 µg/mL). After 5 days, cell culture supernatants were harvested
for Luminex cytokine analysis, and cells were harvested for flow cytometry analysis as
well as for Western blot protein analysis.

4.3. Cytokine Luminex Assay

Cytokine assays on cell culture supernatants were performed in duplicate using mul-
tiplex bead-based kits (eBioscience, San Diego, CA, USA) for the indicated cytokines as per
the manufacturer’s instructions. The fluorescence of beads was measured using a BioPlex
200 analyzer (Bio-Rad Laboratories, Hercules, CA, USA). Cytokine data analysis was per-
formed using the BioPlex Manager software (v. 6.2, BioHercules, CA). Concentrations were
determined using a 5-parametric logistic nonlinear regression curve-fitting algorithm.
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4.4. Flow Cytometry

Cells were harvested and stained with Live/Dead Aqua (Cat#L34966, Invitrogen,
Eugene, OR, USA), prepared according to the manufacturer’s instructions. Once cells were
washed in PBS containing 5% fetal bovine serum and 0.1% sodium azide (Cat#26628-22-8,
Sigma-Aldrich, St. Louis, MO, USA), they were fixed and permeabilized using eBioscience
FoxP3 Fixation/Permeabilization kit (Cat#00-5521-00, Thermo Fisher Scientific). Cells were
then stained for both extracellular and intracellular antigens using fluorescence-conjugated
antibodies to human CD3 (BV711 Clone UCHT1, Cat#563725, BD Biosciences, San Jose,
CA 95131, USA), CD4 (FITC Clone RPA-T4, Cat#561842, BD Biosciences), CD8 (BV650
Clone RPA-T8, Cat#563821, BD Biosciences), CD25 (BV605 Clone 2A3, Cat#562660, BD
Biosciences), Granzyme B (BV421 Clone GB11, Cat#563389, BD Biosciences), PD1 (BV421
Clone MIH4, Cat#562323, BD Biosciences), Ki67 (Alexa Fluor 700 Clone B56, Cat#561277,
BD Biosciences), and HLA DR (AF700 Clone G46-6 Cat# 560743 BD Biosciences). Flow
cytometry analysis was performed using a 5-laser BD LSR Fortessa™ flow cytometry
system, and data were analyzed with FlowJo software (v. 10.7.1, BD Biosciences). For
analysis of expression of HLA-DR on dendritic cells, CD3-negative cells were gated for
dendritic cells.

4.5. Western Blot Analysis

T cells were gently harvested from the dendritic and T cell co-cultures that were
treated with nivolumab and/or anti-IL-10 mAb for Figure 5, or MEK inhibitor trame-
tinib (GSK1120212, 0.2 µM, Cat# HY-10999, Selleckchem, Houston, TX, USA) and/or
nivolumab for Figure 6 for five days. Cells were washed twice with cold PBS and cell
pellets were lysed using NuPAGE LDS sample buffer (Cat#NP0008, Invitrogen). Lysates
were separated on 4–12% Tris-glycine gels (Invitrogen) and were transferred to nitrocellu-
lose membranes. Anti phospho-STAT3 (Cat#9145S), -STAT3 (Cat#9139S), -phospho-AKT
(Cat#4060L), -AKT (Cat#9272S), -phospho-ERK (Cat# 9107) and -ERK (Cat#9107) Abs were
used as primary antibodies (Cell Signaling Technology). HSP90 (Cat#4877S) was used as
a loading control (Cell Signaling Technology). Membranes were blocked with Odyssey
Blocking Buffer (Cat#927-60001, LI-COR Biosciences, Lincoln, NE, USA) and incubated
overnight at 4 ◦C with the respective antibody as per the manufacturer’s recommendations.
Donkey anti-mouse (680nm Cat#926-68072, LI-COR Biosciences) or donkey anti-rabbit
IRDye (800nm Cat#926-32213, 680nm Cat#926-68023, LI-COR Biosciences at 1:10,000) were
used as secondary antibodies and incubated for one hour at room temperature. Following
washing, the blots were scanned and analyzed using the Odyssey Classic Imaging Detec-
tion System (LI-COR Biosciences). Quantification of WB data was performed with ImageJ
software (v. 1.83e). The bands of interest were manually circled. The area and average
intensity of the circled bands was calculated by the software. Similar circles in the adjacent
area without bands were selected as controls. The intensity of bands was calculated by
subtracting the control from the intensity of the phospho- or total targeted protein [55].

4.6. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software (v. 9, GraphPad
Software, San Diego, CA, USA). A two-tailed Student’s t-test was used to analyze dif-
ferences in cytokine production and expression of T cell activation markers among the
experimental groups. Regression analysis was performed to determine the correlation
between cytokine production after treatment. A p-value of <0.05 was considered to be
statistically significant.

Supplementary Materials: Supplementary materials can be found at https://www.mdpi.com/
article/10.3390/ijms222111848/s1.
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Abstract: Colorectal cancer (CRC) is a predominant malignancy worldwide, being the fourth most
common cause of mortality and morbidity. The CRC incidence in adolescents, young adults, and
adult populations is increasing every year. In the pathogenesis of CRC, various factors are involved
including diet, sedentary life, smoking, excessive alcohol consumption, obesity, gut microbiota,
diabetes, and genetic mutations. The CRC tumor microenvironment (TME) involves the complex
cooperation between tumoral cells with stroma, immune, and endothelial cells. Cytokines and
several growth factors (GFs) will sustain CRC cell proliferation, survival, motility, and invasion.
Epidermal growth factor receptor (EGFR), Insulin-like growth factor -1 receptor (IGF-1R), and
Vascular Endothelial Growth Factor -A (VEGF-A) are overexpressed in various human cancers
including CRC. The phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)/mammalian
target of rapamycin (mTOR) and all the three major subfamilies of the mitogen-activated protein
kinase (MAPK) signaling pathways may be activated by GFs and will further play key roles in CRC
development. The main aim of this review is to present the CRC incidence, risk factors, pathogenesis,
and the impact of GFs during its development. Moreover, the article describes the relationship
between EGF, IGF, VEGF, GFs inhibitors, PI3K/AKT/mTOR-MAPK signaling pathways, and CRC.

Keywords: colorectal cancer; growth factors; PI3K/AKT/mTOR; MAPK; growth factor inhibitors

1. Introduction

If, in 1950, colorectal cancer (CRC) was a rare malignancy, today, it became a predomi-
nant form worldwide [1]. After breast, lung, and prostate cancer, CRC is the fourth most
common cause of cancer [2] and aggressive malignancy [3]. In the United States, it is the
second-leading cause of death [2]. Every year, more than 1.2 million patients are diagnosed
with CRC, and more than 600,000 lose the battle with this disease [4]. Worldwide, CRC is
the third most common cancer, and the incidence is increasing with age [5–7]. In Europe,
around 11% of CRC cases are attributed to overweight and obesity, especially visceral
fat or abdominal obesity. The epidemiologic studies reported an incidence of 30–70%
increased risk of CRC in obese men [8]. The most common CRC subsets are colon, proximal
colon, distal colon, and rectum [9]. Since 1994, the CRC incidence in adolescents and
young adults under 45 years has been increasing every year [10–13]. The statistical data
published in 2014 revealed that 26% of proximal colon cancers were diagnosed in women
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younger than 50 years, while 56% of the cases were registered in women aged 80 years
and older [14]. Compared with older CRC patients, early-onset CRC is a heterogenous
group that is distinct from the clinical, pathologic, and molecular points of view [15].
Therefore, an increased incidence was observed between 49 and 50 years [16]. Kim SE
reported that women are more prone to developing right-sided (proximal) colon cancer
compared with men. Proximal colon cancer is a more aggressive form versus the left-sided
(distal) form [17]. Depending on the mutation origin, CRC carcinomas are classified as
sporadic (70%), inherited (5%), and familial (25%). Unfortunately, metastatic CRC (mCRC)
is often incurable in most cases, representing 13% of all diagnosed cancers [18,19], with
an overall survival rate of 13% [18,20]. Corroborating all the information received from
genomic, epigenomic, transcriptomic, and microenvironment levels, CRC has molecular
heterogeneity. Moreover, genomic events accumulated during carcinogenesis remain the
leaders of cancer progression in the metastatic stage [21]. For early CRC, the 5-year survival
rate is ~90%, but this rate decreases to 15% in the case of mCRC [22].

2. Risk Factors in CRC

Both environmental and genetic factors are involved in the etiology of CRC [23].
More than 80% of CRC cases are sporadic, as patients do not present a family history [23].
Therefore, the majority of the CRC cases (>90%) can be prevented if they are tested and
screened early [24]. Several modifiable risk factors are involved in CRC pathogenesis such
as diet, obesity, sedentary life, smoking, and moderate-to-heavy alcohol consumption [25].
Diet plays a pivotal role in CRC development [26,27], the consumption of unhealthy
food being a significant factor in CRC development [28]. Moreover, a diet rich in red
meats, processed meats, saturated animal fats, spicy foods, refined carbohydrates are
associated with increased CRC development [27]. The International Agency for Research
on Cancer (WHO-IARC) classified the consumption of processed meat as “carcinogenic
to humans”. Several compounds present in red (haem iron) and/or processed meat
(nitrates and nitrites) as well as those formed during cooking will react with colorectal
mucosa and promote carcinogenesis [29]. Experimental studies, performed on rodent
models, reported that red meat haem iron induces lipid oxidation with the formation of
4-hydroxynonenal (HNE) from n-6 fatty acids. Aldehydes’ synthesis is correlated in rats
with preneoplastic lesions. In vitro, it has been observed that haem iron and aldehydes can
enhance cellular inflammatory processes and cellular permeability, as well as promoting
cellular DNA damage [30]. The process of meat cooking can incorporate or develop
mutagens and carcinogens, which have been shown to enhance carcinogenesis. During
high-temperature or open-flame meat cooking, heterocyclic amines (HCAs) and polycyclic
aromatic hydrocarbons (PAHs) are formed. In meat, the most common PAH compound is
benzo(a)pyrene. Cytochrome P450 enzymes activate these pro-carcinogens, which will be
further converted in several metabolic pathways [31]. Moreover, N-nitroso compounds
(NOC) obtained by the interaction between nitrogen oxides or nitrite with secondary amines
and N-alkillamides have CRC carcinogenic properties [32]. In addition, the consumption
of red meat and other animal products is conducive to trimethylamine N-oxide (TMAO)
synthesis, a gut microbiota-derived metabolite of choline and L-carnitine, associated with
an increased risk of CRC, cardiovascular disease, and diabetes. The correlation between
TMAO and cancer is performed via inflammation, OS, DNA damage, and protein folding
disruption [33].

The results from the epidemiologic and experimental studies performed in the last few
decades revealed that calcium, fibers, milk, and whole grains decrease the CRC incidence,
while red and processed meat increase the risk [26]. While the Western society prefers to eat
red and processed meat associated with an increased cancer incidence, the Mediterranean
diet is correlated with a decreased cancer incidence [34]. Smoking and a sedentary lifestyle
are major risk factors for early-onset CRC [35]. Smoking cigarettes generates more than
7000 toxic chemicals, with at least 70 known carcinogens that can affect the entire human
body. Carcinogens from the cigarette smoke (nitrosamines, heterocyclic amines, benzene,
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and polycyclic aromatic hydrocarbons) directly interact with the colorectal mucosa in two
ways—by direct ingestion or through the bloodstream. Overall, smoking has a direct
oncogenic effect, being correlated with CRC adenoma [36]. Moreover, passive smoking is
an independent risk factor for CRC neoplasia in non- and former smokers [37].

In addition, it seems that physical activity after CRC diagnosis may reduce the risk
of mortality by 38% [38]. In 2015, Baena R and co-workers published the results of the
epidemiologic studies from EMBASE and PubMed-NCBI, carried out since November 2014,
and revealed that obesity increases the risk of CRC by 19%, while regular physical activity
reduces this risk by 24%. In addition, fish, fibers, and milk consumption reduce the risk of
colon cancer [39]. Among students, the most important factors for CRC development are
smoking (90.5%), excessive alcohol consumption (87.4%), family history of cancer (84.2%),
and obesity (82.6%) [40]. The results of a prospective study regarding the effect of diet
on CRC development were published in 2020. The study was conducted over a period of
4 years (2006–2010) and included men and women aged 40–69 years. The study revealed
that consumption of 76 g/d red and processed meat and alcohol consumption increase
the risk of CRC, while fibers from bread and breakfast cereals were associated with a
decreased risk [41]. Ethanol is metabolized to acetaldehyde by alcohol dehydrogenases
(ADH), catalase, or cytochrome P450 2E1. Aldehyde dehydrogenase further oxidases
ethanal to acetate, a Group 1 carcinogen for humans. In the stomach and colon, the ethanal
level is influenced by gastric colonization, by Helicobacter pylori, or by colonic enzymes.
Furthermore, alcohol generates reactive oxygen species (ROS), leading to DNA damage and
activating signaling pathways involved in inflammation, metastasis, and angiogenesis [42].

Diabetes is another risk factor for CRC [43]. An elevated body weight associated with
a sedentary lifestyle plays an important role in CRC pathogenesis [43]. A link between
insulin resistance (IR), hyperinsulinemia and cancer, and changes in the expression of
insulin receptors and insulin growth factor (IGF) system, including IGF-I, IGF-II, has been
observed. When insulin binds to IGF-1 receptor (IGF-1R) with low affinity, cell proliferation
is stimulated via phosphatidylinositol 3 kinase (PI3K)/protein kinase B (AKT)/mammalian
target of rapamycin (mTOR) signaling pathway [44]. Therefore, an IGF-I serum level within
the upper part of the normal range has been associated with an increased risk of cancer
development. In tumor cells, including in CRC and liver cancer, fetal isoforms of the IR
have been observed to be increased. Leptin, a hormone produced by the adipose tissue
stimulates cell growth, migration, and cytokines production by macrophages. Moreover,
leptin activates proangiogenic factors, being also involved in tumor development [44].
Some cancer cells, such as those from human CRC, can locally produce IGF-II, triggering
tumor proliferation and further metastatic effects [44].

Leptin and adiponectin are involved in cancer cell proliferation, invasion, and metasta-
sis by the activation of the Janus kinase (JAKs)/signal transducer and activator transcription
proteins (STATs), mitogen-activated protein kinase (MAPK), PI3K, mTOR, and the AMP-
activated protein kinase (5’AMPK) signaling pathways and induce multiple dysregulations,
including those of Cyclooxygenase 2 (COX-2) and mRNA expression [45].

The adipose tissue can produce pro-inflammatory cytokines (Interleukins-ILs, IL-8,
IL-6, and IL-2), enzymes (lactate dehydrogenase-LDH) and tumor necrosis factor alpha
(TNF-α). The lipid peroxidation process leads to 4-hydroxynonenal (4-HNE) formation, an
active compound that upregulates prostaglandin E2, which is directly correlated with an
increased risk of CRC development. Furthermore, 4-HNE can dysregulate cell proliferation,
cell survival, differentiation, autophagy, senescence, apoptosis, and necrosis via MAPK,
PI3K/AKT, and protein kinase C signaling pathways [46].

Moreover, the adipose tissue of obese patients present M1 macrophage, which will
secrete tumor-promoting molecules, such as TNF-α, IL-1β, IL-6, IL-8, IL-18, IL-32, inter-
feron (IFN)-γ, vascular endothelial growth factor (VEGF), osteopontin (OPN), tenascin C
(TNC), and monocyte chemoattractant protein (MCP)-1 [47]. During cancer development,
TNF-α is involved in cellular transformation, promotion, survival, proliferation, invasion,
angiogenesis, and metastasis [48].
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Soltani G et al. conducted a study that included 693 patients who were evaluated
for adenoma/adenocarcinoma and underwent colonoscopy. The study concluded that
obese and diabetic patients present an increased risk of developing adenoma versus the
control group. The research group did not detect any association between obesity, diabetes,
and adenocarcinoma [49]. Another important risk factor for CRC may be considered the
gut microbiota disruption [50]. Diet can influence the gut microbiota through production
of metabolites. Butyric acid, an important source for colonocytes, protects the colonic
epithelial cells from tumorigenesis, having anti-inflammatory and antineoplastic properties.
Instead, protein fermentation and bile acid deconjugation will damage the colonic cells
in proinflammatory and pro-neoplastic ways, leading to increased risk of developing
CRC [51]. Moreover, the initial microflora plays a key role in maintaining the survival
and health of the host organism, because it can activate antitumor cytokines and reduce
the production of oxygen free radicals. In CRC patients, a significant intestinal decrease
in intestinal microbiota diversity versus healthy people has been observed. Moreover,
intestinal microbiome dysregulation can stimulate intestinal epithelial cells to activate the
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway that will
trigger an inflammation stage [52]. Dysbiosis or imbalance of gut microbiota may cause
chronic inflammation, which is recognized as one of the prime causes of CRC. Therefore,
gut microbiota-derived phytometabolites can eliminate gut pathogenic organisms and
reduce DNA oxidative damage and pro-inflammatory mediators, regulating normal cell
division and apoptosis [53].

Patients diagnosed with long-standing ulcerative colitis and Crohn’s disease have
an elevated risk of developing CRC [54]. Furthermore, gut microbiota has effects on the
immune cells in the lamina propria, which further influence the inflammation process and
subsequently CRC [55]. The fermented fibers produce butyrate, which further induces
tumor cell and T-cell apoptosis, which represents the source of colonic inflammation [56].
Saturated fats or the Western diet negatively alter the gut microbiota. Instead, a diet rich
in n-3 PUFA has a positive effect on gut microbiome, increasing the production of good
probiotics such as Lactobacillus and Bifidobacteria and reducing Helicobacter and Fusobacteria
nucleatum [56]. Smoking is another risk factor for CRC, especially in the case of individuals
that have smoked for over 30 years [57]. Moreover, bile acid synthesis, such as cholic acid,
may be strongly associated with colon cancer development [58].

3. CRC Pathogenesis

According to the Cancer Genome Atlas, three molecular types of CRC tumors, hyper-
mutated (13%), ultra-mutated (3%), and with chromosomal instability (CIN) (84%), have
been identified [59]. CIN-CRC type is associated with inactivation or loss of Adenomatous
polyposis Coli (APC) tumor suppressor gene as an early event in neoplasia development.
The hypermutated-CRC type is characterized by DNA mismatch repair (MMR) and mi-
crosatellite instability (MSI) and is often associated with wild-type TP53 gene mutation [60].
In total, 70% of CRC adenomas are correlated with early APC gene mutation, which usu-
ally progress to carcinoma by acquiring KRAS as well as TP53 and SMAD4 inactivated
mutations. Moreover, a small subset of sporadic CRC cases has active BRAF mutations [61].
Approximately 15% of CRC have MSI due to either epigenetic silencing of MLH1 or a
germline mutation in one of the mismatch repair genes MLH1, MSH2, MSH6, or PMS2 [62].

More than 80% of sporadic CRC cases manifest CIN and are characterized by chromo-
some changes such as gains, deletions, and translocations [59]. In sporadic CRC adenomas
and adenocarcinomas, APC gene mutations are frequently reported as being nonsense
or frame shift mutations that encode for truncated APC proteins [63]. CRC adenoma–
carcinomas that are observed in most human CRC cases are 84% CIN tumors with DNA
somatic alteration and mutations in APC, TP53, KRAS, SMAD4, and PIK3CA genes [59].
The KRAS gene, also known as Kirsten Rat Sarcoma Viral oncogene homologue, is located
on human chromosome 12, which encodes for the KRAS protein [64]. Wang D and col-
leagues detected in 6364 CRC tumors that KRAS mutation is abundant among Chinese
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patients [65]. Familial adenomatous polyposis (FAP), which has an increased risk of CRC
progression, is mainly caused by APC gene mutation [66], which may account for 87% and
which are causative point mutations, while 10%–15% of them are intragenic deletions and
duplications [67].

Currently, APC gene has become one of the most frequent mutations in CRC patients
with a family history of polyposis [68]. Ye ZL and co-workers published the results of a
study conducted over a period of 20 years (May 1998–December 2018), which included
1190 Chinese CRC patients who had undergone clinical genetic testing. The study reported
that 582 CRC patients (48.9%) had gene mutations, among whom 19.7% presented two
concurrent mutations and 1.0% with three concurrent mutations. The most common gene
mutations were KRAS (36,1%) followed by PIK3CA (10.2%), NRAS (3.9%), BRAF (2.9%),
HRAS (0.9%), and epidermal growth factor receptor (EGFR) (0.9%). Regarding the rela-
tionship between mutation and prognosis, the study did not find any association between
KRAS/NRAS/PIK3CA/BRAF mutations and CRC prognosis. Instead, BRAF mutation was
associated with poor prognosis in CRC patients who received anti-EGFR therapy [69].

The study conducted by Yaeger R and colleagues reported oncogenic alterations in
KRAS, BRAF, PIK3CA, AKT1, RNF43, and SMAD4 in 1,134 mCRC patients with right-sided
primary tumor compared with left-sided primary tumors [70].

Paerlman R and his research team investigated the rate of gene mutations in
450 patients with early-onset CRC (younger than 50 years). The study reported that 16% of
patients have 75 gene mutations. In addition, from 48 patients (10.7%) with MMR-deficient
tumors, 40 patients (83.3%) had at least 1 gene mutation, and, from 402 patients (89.3%)
with MMR-proficient tumors, 32 patients (8%) with at least 1 gene mutation [71]. Wang Q
and co-workers reported that the PIK3CA gene mutation was 9.55% in 440 CRC patients.
They also showed worse response to first-line chemotherapy, because this mutation causes
PI3K/AKT signaling pathway activation, which increases LGR5+ CRC stem cells survival
and proliferation [72].

In addition, activation of KRAS mutations has been reported in various malignancies
involved in cell proliferation, anti-apoptosis, and angiogenesis. More than 40% of KRAS
mutations have been detected in CRC [64]. The RAS genes family, which includes KRAS,
NRAS, and HRAS, plays crucial roles in EGFR-activated signaling pathways [46]. APC gene
mutations promote β-catenin dysregulation, which further activates the wingless-type
(Wnt) pathway; therefore, the mechanism of polyps’ formation is activated leading to
cancer progression [73]. In CRC, NRAS mutations are shown in about 3–5% of cases, while
HRAS mutations are negligible events [74].

Recently, in eukaryotic cells, circRNAs have been detected, which are a class of
ubiquitous and abundant RNA molecules, characterized by the absence of both 5′caps and
3′tails. CircRNAs play key roles in cancer growth, metastasis, stemness, and resistance to
therapy, including CRC [75]. Therefore, during CRC progression, genetic alterations occur
in the initiation, transformation, and progression steps of normal colonic stem cells into
neoplastic, malignant, and metastatic cells [76].

An increased risk for CRC and polyposis formation is the germ-line mutations in
the exonuclease domain of DNA polymerase Pol δ and Pol ε. Moreover, two recurrent
pathogenic variants, POLE p.L424V and POLD1 p.S478N, have been identified in CRC
family cases [77]. On the other hand, stool DNA testing is more sensitive than the fecal
occult blood test. Stool DNA testing is a noninvasive procedure based on colonocytes
exfoliation from malignant lesions, which are higher compared with normal tissue [78].

From the molecular point of view, CRC has been classified in 4 consensus molecular
subtypes (CMS). CMS1 presents MSI status, BRAF mutation, increased immune cell infil-
tration, and upregulation of checkpoint inhibitors, while CMS2 is characterized by CIN,
Wnt/MYC pathway activation, and decreased immune cells infiltration. The CMS3 subtype
has KRAS mutation, whereas CMS4 has a mesenchymal phenotype with transforming
growth factor-β (TGF-β) activation and a high rate of stromal and immune cell infiltra-
tion [79]. The TGF-β family of cytokines inhibits normal growth of epithelial cells and may
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promote tumorigenesis when they lose their sensitivity. After the binding of TGF-β ligands
to TGF-β type I and type II receptors (TGFBR1, TGFBR2), TGF-β signaling is activated,
which further phosphorylates the receptor-activated SMADs (R-SMADs), SMAD2, and
SMAD3, involved in transcriptional regulation. TGF-β pathway members’ mutations are
common in multiple human types of malignancies including CRC. Approximately, 10% and
15% of patients with sporadic CRC cases have SMAD4 and TGFBR2 mutations, respectively.
Moreover, TGFBR2 mutation is particularly present in MSI tumors [80].

Calcium-activated chloride channels (CLCA) are proteins involved in chloride trans-
port across the plasma. The CLCA family proteins have 3 subtypes (CLCA1, CLCA2,
and CLCA4) that have a high degree of homology regarding sequence and functions, but
with differences in tissue distributions. CLCA4 expression is downregulated in human
cancers including CRC. In CRC and many other cancers, CLCA4 mutation has a decreased
prevalence (0.44% of CRC) [81].

The complex cooperation between tumor cells with stroma, immune cells, and en-
dothelial cells will constitute the tumor microenvironment (TME) [82]. TME orchestrates
the tumor proliferation, immune evasion, metastasis, and chemoresistance. The stromal
cells, extracellular matrix (ECM) components, and exosomes are the main TME compo-
nents. Endothelial cells, cancer-associated fibroblasts, pericytes, immune cells, lympho-
cytes, natural killer cells, regulatory T cells (Treg), tumor-associated macrophages (TAMs),
myeloid-derived suppressor cell chemokines, matrix metalloproteinases-MMPS, and in-
tegrins can be detected in CRC-TME [83]. These cells suffer dynamic changes that will
sustain the progression and metastasis of CRC tumors [83]. The myeloid cells sustain the
survival and proliferation of neoplastic cells by the inflammatory cytokines (IL-6, IL-1,
IL-23, and IL-17A) release or may induce an adaptive anti-tumoral immunity (IL-12, in-
terferon gamma-IFN-γ) [84]. Zhang R and co-workers conducted experimental studies
(in vivo and in vitro) and reported that cancer-associated fibroblasts attract monocytes by
secreting IL-8 and subsequently promote M2 polarization of macrophages correlated with
the suppression of the function of natural killer cells. In addition, IL-6 secretion promotes
the adhesion between monocytes in CRC cells [85].

Therefore, TME has pro-tumorigenic effects through cytokines and growth factors
(GFs) that will support cancer cell proliferation, survival, motility, and invasion [82].
The presence of inflammatory cells and inflammatory mediators such as chemokines and
cytokines will facilitate CRC progression. Moreover, a single cytokine can activate signaling
pathways, leading to tumor progression and development [86]. IL-6 level is increased
in CRC patients’ serum versus those of healthy subjects. Moreover, studies performed
in vitro and in vivo revealed that IL-6 stimulates the invasiveness of human CRC cells,
promoting colonic tumor growth [87]. Chemokines are small proteins that can bind to G-
protein-coupled receptors that are involved in tumorigenesis, metastasis, and angiogenesis.
However, there are chemokines with a positive impact. For example, CC ligand 19 (CCL19),
also named as macrophage inflammatory protein 3-beta (MIP-3b), inhibits tumorigenesis,
metastasis, and angiogenesis, and is associated with a good prognosis of CRC patients.
Studies in vivo and in vitro performed by Xu Z et al. revealed that, in CRC cases, CCL19
may block angiogenesis by inhibiting tyrosine-protein kinase Met (Met)/extracellular
signal regulated kinase (ERK)/Elk-1/hypoxia-inductible factor-1 alpha (HIF-1α)/VEGF-A
pathway in a CCR7-dependent pattern [88].

De la Fuente López M and his research team have evaluated the levels of chemokines
(CCL2, CCL3, CCL4, CCL5, and CX3CL1), TNF-α, and VEGF, in both plasma and tissue
lysates of 48 CRC Chilean patients. Chemokines, TNF-α, and VEGF levels from tissue
lysate of CRC patients statistically increased compared with healthy tissue. The plasma
levels of CCL2, CCL3, CCL4, TNF- α, and VEGF were detected in 32 patients with CRC and
15 heathy subjects. From all chemokines measured, only CCL3 had a statistically higher
level in CRC patients’ plasma. The research team observed positive correlations between
the plasmatic level of CCL4 with TNF -α and VEGF, correlations that reflect poor prognosis
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of CRC patients. Therefore, plasmatic levels of chemokines together with TNF-α and VEGF
can be used as biomarkers for CRC prognosis [89].

Macrophages support neoplastic transformation and malignant progression by ROS
release, which will be conducive to DNA damage and mutation in neighboring epithelial
cells. Moreover, via NF-kB pathway, commensal bacteria, and microbial products induce
the secretion of inflammatory cytokines, including IL-1β, IL-6, and IL-23, which further
promote the proliferation and survival of neoplastic cells and pro-tumorigenic Th-17 T cells
differentiation [90]. In CRC microenvironment, TAMs shift from M1 to M2 macrophages,
which are induced by Th2 cytokines [91]. M1 macrophages possess anti-tumor properties,
while M2 macrophages lead to immunosuppression and tumorigenesis [91]. CRC patients
with M1 macrophages infiltration at the tumor site have been observed to be correlated
with a better prognosis. Unfortunately, most CRC TAMs display the M2 phenotype [92].

The epithelial–mesenchymal transition (EMT) plays an important role in the metastasis
process, being involved in the interaction between the tumor cells and TME. Moreover,
EMT-programmed tumor cells release inflammatory mediators that change the cellular
and noncellular components of TME [93]. Moreover, cytokines released from infiltrated
inflammatory cells contribute to tumor initiation by ROS and reactive nitrogen species
(RNS) increased levels production, because they change the epigenetic of tumor suppressor
genes. On the other hand, cytokines and chemokines sustain tumor growth in the later
stage of tumorigenesis by promoting angiogenesis and suppressing the anti-tumor immune
response [94].

During EMT transition, the epithelial cells lose the epithelial phenotype and acquire
the mesenchymal phenotype [95]. Tumor cells, including CRC, undergo metabolic re-
programming, including glycolysis, mitochondrial energy production, lactate, and fatty
acid metabolism important for the maintenance of malignant features, which will lead to
a rapid proliferation rate [96]. microRNAs (miRNAs) are important regulators of CRC
metabolic reprogramming, which sustain the metabolic processes after interactions with
enzymes, transporters, suppressors, and oncogenes. Moreover, due to its localization in
CRC epithelial cells, MiR-181a detection can be a valorous prognostic biomarker for mCRC
patients, which is correlated with distant metastasis and poor overall survival [96].

Under various stimuli, EGFR signaling regulates macrophage activation. EGFR phos-
phorylation occurs in macrophages and will have major effects on the expression of both
M1 and M2 macrophages [97]. EGFR signaling has been mostly studied within the context
of epithelial cell function and has been correlated with CRC initiation and progression [97].
Besides EGFR, VEGF receptor (VEGFR) is mostly expressed in endothelial cells including
CRC [98].

In addition, obesity characterized by chronic inflammation contributes to CRC pro-
gression by several mechanisms, including insulin, IGF, leptin, adiponectin, microbiome,
and cytokines [99]. The most important environmental and genetic factors involved in
CRC pathogenesis are presented in Figure 1.
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3.1. CRC and Insulin-Like Growth Factor Family (IGF)

The IGF family of proteins have three ligands, IGF1, IGF2, and insulin, which will
bind to the following surface transmembrane receptors: IGF1R, IGF2R, and insulin re-
ceptor (IR) [100]. IGF-1 receptor (IGF-1R) is a transmembrane glycoprotein that acts
as a tyrosine kinase receptor and presents two extracellular units and two cytoplasmic
subunits [101]. Moreover, it is involved in many human cancers, favoring cell growth,
proliferation, differentiation, apoptosis, and angiogenesis [101]. IGF-1R overexpression
has been detected in CRC, pancreatic, gastric, and esophageal cancer [102]. In addition,
IGF-1 and IGFBP-3 favor angiogenesis by increasing the VEGF gene transcription. An
elevated serum ratio for IGF-1/insulin-like growth factor binding protein-3 (IGFBP-3)
was associated with increased risk of CRC [103]. Both IGF-1 and STAT3 can induce CRC
development and progression via cell-autonomous and microenvironmental effects [82].
During cancer progression and metastasis, insulin and IGF-1 have a functional role, espe-
cially in patients with hyperinsulinemia. Furthermore, insulin is able to induce mRNA
expression of the matrix metalloproteinase-2 (MMP-2) by activating the signaling path-
ways insulin receptor substrate-1 (IRS1)/PI3K/ AKT and MAPK signaling in HCT-116
human colorectal cells [104]. Both MMP-2 and MMP-9 are involved in the regulation of the
activity of cell receptors and growth factors. Moreover, MMP-2 is overexpressed in tumor
tissues, including CRC [105]. The expression of IGF-1R is found in mild, longstanding
inflamed colon, which will further lead to elevated levels of both mARN and protein.
In these inflammatory conditions, epithelial cells may suffer pathological changes [106].
Moreover, in murine acute colitis, IGF-1-primed macrophages will suppress intestinal
immune inflammation by producing IL-10 [106]. In inflammatory conditions, immune
and epithelial cells release ROS and nitrogen species (RNS), which will induce DNA le-
sions [59]. Currently, IGF-1R has been recognized as a major determinant of cancers, while
its biological roles and exact tumorigenesis mechanisms remain elusive [64]. IGF-1R plays
crucial roles in mitochondrial respiratory chain regulation, which is a key element between
colitis and CRC development [107]. IGF-1R, together with mesenchymal-epithelial tran-
sition (MET), is frequently overexpressed by various tumor types, including CRC [108].
Additionally, IRS-1 may present a certain association with colon cancer incidence [108].
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Jiang B et al. reported that serum levels of leptin, insulin, IGF-1, and IGF-1/IGFBP3 in
CRC patients were significantly elevated compared with healthy ones, while the IGFBP-3
level decreased compared with controls. These aspects suggest that serum detection of
IGF-1 may be an early warning indicator [109]. To test the implication of hyperinsulinemia
in CRC progression, various epidemiologic observations and experimental studies were
performed [109,110]. Dietary-induced hyperinsulinemia and hypertriglyceridemia may
affect the colon by producing aberrant crypt foci, a putative precursor of colon cancer [110].
Moreover, it has been observed that insulin influences the growth of the colon epithelial
and carcinoma cells in vitro [110]. Hu J and his research team measured the expressions of
IGF-1, ERK, GLUT4, and IRS-1 in CRC patients with metabolic patients compared with
healthy controls [111]. The study concluded that the expression levels of IGF-1 and ERK
were elevated in patients with metabolic syndrome with/without CRC versus the healthy
controls [111]. The expression of GLUT4 was decreased in CRC patients with metabolic syn-
drome, compared with patients without metabolic syndrome and controls [111]. Moreover,
the study observed that expression levels of ERK, IGF-1, and GLUT4 were correlated with
CRC clinical characteristics, such as tumor size, distant metastasis, and advanced stages
(III/IV) [111]. Peters G and co-workers detected the expression of IGF-1, IGF-2, and IGF-1R
in CRC patients [112]. The expression of IGF-1 was observed in 7.5%, IGF-2 in 12.6%, while
IGF-1R in 99.6% of the cases [112]. Moreover, the study detected few associations between
IGF-1 and Ki-67, IGF-2, and tumor stage. In addition, IGF-2 was positively correlated with
worse clinical outcomes [112]. Alagaratnam S et al. detected IGF-1Ec, an isoform of IGF-1,
in 16 patients with CRC and 11 patients with colonic polyp. IGF-1EC has been identified to
be overexpressed in cancers, such as prostate and neuroendocrine tumors [113]. The study
revealed a significantly increased expression of IGF-1Ec in CRC patients (p < 0.001) and
colorectal polyps (p < 0.05) compared with normal colonic tissues [113]. Furthermore, it
has been postulated that markers of hyperinsulinemia such as IGF-1 and C-peptide may be
correlated with an increased risk of CRC [114]. In addition, phosphorylated nuclear IGF-1R
(nIGF-1R) is expressed in approximately 20% of mCRC and 50% of patients harboring
mutations within the BRAF gene [115]. The inhibition of IGF-1/IGF-1R signaling will
inactivate downstream AKT/mTOR signaling pathway [115].

3.2. CRC and Epidermal Growth Factor (EGF)

Dysregulation of the EGF receptor (EGFR) signaling pathway is frequently met in
human cancers, including CRC [116]. The EGFR (ERB-1 or HER-1) is a member of the
human EGFR (HER)-erbB family of tyrosine kinase receptors (RTKs), which includes three
other members, such as HER2/C-neu (ErbB2), HER3 (ErbB3), and HER4 (ErbB4) [117].
EGFR is a glycoprotein that belongs to the ErbB family member of RTK, which presents
an extracellular ligand-binding domain and an intracellular tyrosine kinase domain [118].
In the absence of specific ligands, such as EGF, TGF-α, epiregulin (EREG), betacellulin,
heparin-binding EGF-like growth factor (HB-EGF), amphiregulin (AREG), epigen, hereg-
ulin, and neuregulins 1–4, EGFR is in a state of inhibition [118]. After the binding of
one of the mentioned ligands to the extracellular domain, homo- or hetero-dimerization
takes place, triggering the phosphorylation of the tyrosine kinase domain and activation of
the RAS-RAF-MAPK signaling pathway, promoting tumor growth and progression [118].
EGFR can be found on the cell membrane surface, and its expression is elevated in cancer,
moderate in adenoma, and very decreased in normal epithelia [119]. EGFR is an excellent
candidate for targeted cancer therapy, being over-expressed in many types of cancers,
including CRC [120]. Moreover, after binding to its receptor EGFR, EGF will activate the
PI3K/AKT/mTOR signaling pathway, which is critical to cell survival, motility, and inva-
sion [118,121]. Moreover, in CRC, EGFR mutation is rare [121]. The survival of patients with
mCRC has been significantly improved with the introduction of the monoclonal antibodies
that have as target EGFR [122]. The human epidermal growth factor receptor (HER-2) pro-
tein is involved in cancer cell proliferation, differentiation, and apoptosis [123,124]. HER-2
is a transmembrane tyrosine growth factor receptor that is considered to be a relevant
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therapeutic target in several human cancers, including CRC [123,124]. Moreover, HER-2
can be found on normal and malignant epithelial cells [123,124]. Lawan AI and co-workers
explored the expression of EGFR in 54 patients with CRC carcinoma and reported that
EGFR was expressed in 85.2% of the cancer cases [125]. Moreover, the study observed
an association between EGFR status and depth of tumor invasion and tumor size. EGFR
presence is correlated with a poor survival rate [125]. EGFR contributes to malignant
behaviors of colon cancer cells in five ways—transformation of non-tumorigenic cells into
tumorigenic cells, mitogenesis of polarizing colon cancer cells, cancer cells proliferation,
cellular metastasis, and autophagy [126]. In addition, the tumorigenic effect of EGFR is
attenuated in the presence of TGF-β signaling. Therefore, TGF-βmay stimulate EGFR to
create a beneficial microenvironment for metastasis [126]. Nemanqani DM and colleagues
explored the expression of EGFR in 35 CRC specimens and observed its presence in 74% of
the studied specimens [127]. The study also observed a higher EGFR expression mostly in
grade II (85%) and stage T3 of tumors (69%) [127]. Thus, CRC EGFR over-expression could
be a biomarker for an unfavorable prognosis [128].

3.3. Colorectal Cancer and Vascular Endothelial Growth Factor (VEGF)

Angiogenesis, the process of formation of new blood vessels, is fundamental for the
growth of all tumor cells, including CRC [129]. VEGF is a member of the platelet-derived
growth factor family that includes related glycoproteins, such as VEGF-A, VEGF-B, VEGF-
C, and VEGF-D [130]. VEGF is one of the most important and specific factors that stimulate
angiogenesis in both situations, physiological and pathological [131]. In addition, VEGF
is excessively synthetized in epithelial, mesenchymal, and particularly in tumor cells.
Additionally, elevated serum levels of IL-6, TNF-α, and VEGF are strongly associated with
CRC and with the clinical stage of this disease [132]. VEGF has two receptors, VEGFR1 and
VEGFR2, that act through tyrosine receptor kinases, which are implicated in angiogenesis,
while VEGFR3 is involved in lymphangiogenesis [133]. However, VEGFRs are not only
expressed in vascular endothelial cells, but also by the macrophages and monocytes [133].

VEGF regulates angiogenesis and vascular function. Thus, VEGF can promote an-
giogenesis in various pathologic conditions, including cancer, mediating endothelial cell
proliferation and survival [134]. Mohamed SY et al. evaluated the expression of VEGF
in 50 patients diagnosed with CRC [135]. VEGF was expressed in 70% of the cases, and
presented a significant correlation with tumor size, grade, and advanced tumor stage [135].
Unfortunately, VEGF-A is correlated in CRC patients with poor clinical outcome, mainly
in stages II and III [136]. Moreover, VEGF-A may be a prognostic factor in mCRC pa-
tients [137]. Jannuzzi AT et al. evaluated the VEGF single-nucleotide polymorphisms
(VEGF −2578A > C, +936C > T, and −460C > T) in patients diagnosed with CRC [138]. The
study illustrated that VEGF-2578A > C was significantly associated with CRC risk, while
+936C > T and −460C > T genotypes did not present significant differences between CRC
patients and controls [138]. Therefore, VEGF polymorphisms might play a role in CRC de-
velopment [138]. VEGFA knockdown could inhibit CRC cell growth [139]. Moreover, EGFR
and VEGF can be detected in CRC patients using fluorescence-Raman endoscopy [140]. In
addition, VEGF-A expression in CRC tissue is associated with worse survival rate in male
compared with females [141].

4. PI3K/AKT/mTOR and MAPK Signaling Pathways in Colorectal Cancer

PI3Ks are intracellular lipid kinases that are implicated in regulation of cellular pro-
liferation, differentiation, and survival [142,143]. PI3K/AKT/mTOR signaling pathway
overexpression has been reported in various cancers types, including CRC [142,143]. It is
well known that PI3Ks are kinases promoting cellular proliferation [144]. Mutations that
occur in PIK3CA gene encoding p110α catalytic subunit of PI3K have been detected in differ-
ent human solid tumors, including CRC [144]. PI3K/AKT/mTOR signaling pathway plays
a crucial role in cancer development including proliferation, metastasis, survival, and an-
giogenesis [144]. Moreover, AKT and mTOR are both downstream targets of VEGF-A [144].
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Beside PI3K/AKT/mTOR signaling pathway, all the three major subfamilies of MAPK—
ERK, the c-Jun N-terminal kinase or stress-activated protein kinases (JNK or SAPK), and
MAPK14—are involved in CRC pathogenesis [144]. The ERK/MAPK plays a key role in
cell proliferation. Moreover, the MAPK pathways are situated downstream of many GFs
receptors, including EGF [144]. Therefore, the MAPK pathways are activated by various
stimuli, such as peptide growth factors, cytokines, hormones, oxidative stress (OS) and
endoplasmic reticulum stress, regulating cells’ proliferation, differentiation, survival, and
death [145]. The ERK signaling pathway plays a crucial role in tumorigenesis, including
cancer cell proliferation, migration, and invasion, including in CRC [145]. In CRC tumors,
the PIK3CA gene mutation has been identified in 10–20% of cases [146]. EGFR is a valuable
therapeutic target in mCRC [147]. EGFR influences the tumorigenic cells’ proliferation by
activation of ERK1/ERK2, which is stimulated by Src, which further mediates a cross talk
between EGFR and aryl hydrocarbons [3]. Therefore, MAPK and PI3K/AKT signaling path-
ways are responsible for cancer cell survival and invasion [148]. The Raf/mitogen-activated
protein kinase (MEK)/ERK signaling pathways transmit signals from GFs receptors and
further regulate gene expression and may prevent apoptosis [149]. After VEGF binds to
VEGFR-2, phosphorylation at specific tyrosine residue occurs, and further activation of
ERK1/ERK2 rapidly accelerates fibrosarcoma Raf/MEK1-MAPK, triggering increased cell
proliferation [150]. mTOR pathway inhibition may induce suppression of invasion and
migration of tumoral cells [151]. EGFR activates PI3K, which further catalyzes the phos-
phorylation of PIP2 (phosphatidylinositol 4,5-bisphosphate) to PIP3 (phosphatidylinositol
3,4,5-triphosphate), an important second messenger involved in AKT recruitment, which
activates mTOR, involved in the activation of growth, proliferation, and survival signaling
responses [152]. The negative regulator of PI3K/AKT signaling cascade, Phosphatase and
Tensin Homolog (PTEN), dephosphorylates PIP3 to PIP2 and is over-expressed in human
colon cancer in around 60–70% patients [153,154]. In addition, increased levels of EGF
trigger synthesis of hydrogen peroxide (H2O2), which stimulates Ribosomal protein S6
kinase beta-1 (S6K1) or p70S6K1 via the PI3K/AKT/mTOR signaling pathway, leading
further to VEGF activation [155].

5. PI3K/AKT/mTOR and MAPK Signaling Pathways Inhibitors

Surgery, radiotherapy, and chemotherapy are the primary methods for treating
CRC [154]. These medical techniques are accompanied by side effects, including reduced
gastrointestinal function, reduced immunity, and increased pain after radio- or chemother-
apy [154]. The most commonly used target drugs for CRC therapy are those that target
EGFR and VEGFR [154]. Important drugs for CRC treatment include monoclonal anti-
bodies and tyrosine kinase inhibitors that have been developed to inhibit EGFR, VEGF,
and VEGFR [156]. Being involved in CRC progression, EGFR is an attractive target for
therapy acting on monoclonal antibodies and the tyrosine kinase inhibitors [157]. The mon-
oclonal antibodies used to target EGFR have been applied in mCRC treatment, with good
results for patients [158]. In patients with mCRC, the anti-EGFR antibodies, cetuximab
(an IgG1 recombinant human/mouse chimeric anti-EGFR mAb) and panitumumab (an
IgG2κ recombinant, only human anti-EGFR mAb), have been used in several phase III
clinical trials [159]. These antibodies present efficacy in terms of progression-free survival
(PFS) and overall survival (OR) and are able to prolong patients’ survival when are used as
monotherapy or in combination with other drugs [159]. Cetuximab and panitumumab are
target drugs against EGFR, while bevacizumab, ramucirumab, zivaflibercept, and rego-
rafenib act against VEGF [160]. Among all, bevacizumab is the only VEGF-targeted agent
approved by the US Food and Drug Administration (FDA) for mCRC patients [160] (Figure
2). In the case of CRC patients with extended RAS wild-type profiles, and with left-sided
tumors, the EGFR antibodies therapy should be restricted [161]. The molecular alterations
of the oncogenes such as RAS, BRAF, PI3KCA, and PTEN in the downstream pathway of
EGFR, which activates MAPK/ERK signaling pathway, represent the novel mechanisms of
resistance to anti-EGFR therapies [162]. Studies reported that among patients with CRC
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tumors carrying wild-type KRAS, EGFR gene copy number, mutations of BRAF, PIK3CA, or
loss of PTEN expression develop resistance to anti-EGFR therapy [117]. The meta-analysis
conducted by Therkildsen C and his research team demonstrated that mutations in KRAS,
NRAS, BRAF, PIK3CA, and loss of PTEN will predict resistance to anti-EGFR therapies in
the case of mCRC patients [163]. Canavese M et al. reported that EGFR therapy with mon-
oclonal antibodies (cetuximab and panitumumab) improves outcomes in mCRC patients
with wild-type RAS oncogene [164]. The treatment with the anti-EGFR moAb cetuximab
activates the RAS-RAF-MEK-MAPK pathway, which is the main EGFR downstream ef-
fector [164]. Napolitano S et al. evaluated the cetuximab resistance in various human
CRC models in combination with MEK inhibitors (MEKi) [165]. The in vivo and in vitro
results performed on a CRC model demonstrated that the combined treatment between
cetuximab and MEKi has synergic anti-proliferative and pro-apoptotic properties, com-
bined with MAPK and PI3K/AKT/mTOR inhibition [165]. The anti-VEGF-A monoclonal
antibody (Mab), bevacizumab, or Avastin was approved by the FDA for the treatment of
mCRC [166]. Therefore, bevacizumab is used for solid tumor types and currently is the
most widely used cancer therapeutic drug. Studies have shown that bevacizumab has a
significant survival rate in patients with previously untreated mCRC when it is combined
with fluoropyrimidine [166]. Furthermore, bevacizumab is the first therapy line against
mCRC, demonstrating the fact that VEGF is a key mediator of tumor angiogenesis, and
blocking angiogenesis is an important strategy to treat human cancer [167]. Currently, in
clinical practice, EGFR is targeted by cetuximab, and VEGF by bevacizumab [140]. The
detection of plasma or serum concentration of VEGF-A have been analyzed in relation
to drug efficacy. The results were contradictory—after the bevacizumab treatment, the
levels of serum VEGF-A may be decreased. But an elevated serum level of VEGF-A after
an initial decrease has been associated with a poor response and a reactive resistance to
chemotherapy with bevacizumab [168]. Bevacizumab-VEGF inhibitor, in combination
with other anti-angiogenic agents (murine inhibitor) and ONC201 in both CRC xenograft
and patient-derived xenograft (PDX) models, may lead to significant tumor regression
or even complete tumor ablation [169]. Fruquintinib may be a promising oral drug in
the CRC fight, being an active inhibitor of VEGFR-1, -2, -3 tyrosine kinases, inhibiting
VEGFR-2 phosphorylation, endothelial cell proliferation, and tubule formation. Presently, it
is used in China for mCRC treatment in patients that have failed at least two prior systemic
antineoplastic therapies [170]. The resistance that appears in VEGFR inhibitors seems to
be attributed to receptor mutations that appear in PIK3CA/AKT, ERK, HER-2, or even
EGFR [171]. The effectiveness of two monoclonal antibodies, cetuximab and panitumumab,
increases in combination with fluorouracil (5-FU) plus irinotecan (FOLFIRI) and 5-FU
plus oxaliplatin (FOLFOX) by acting on EGFR, leading to RAS-RAF-MEK-ERK signaling
pathway inhibition in mCRC patients [172]. 5-FU has been used in the medical practice
for the management of CRC for decades and is now utilized in combination with other
chemotherapeutic agents that may activate MAPK [173]. CRC patients may develop resis-
tance to chemotherapeutic drugs, including cisplatin, irinotecan, and 5-FU, due to MAPK,
p38αMAPK being a mediator of resistance [174]. p38 MAPKs have a dual role—they may
mediate cell survival or promote cell death through different mechanisms [174]. Based on
these aspects, the CRC growth in vitro and in preclinical models is significantly reduced
by the combination of the following drugs, such as p38α inhibitors (SB202190, SB203580,
and BIRB796), autophagy inhibitors (3MA and bafilomycin), MEK inhibitors (PD98059,
UO126, and CI-1040), HER2 inhibitors (lapatinib), multi-kinase inhibitors (sorafenib), or
chemotherapeutic agents (5-FU, irinotecan, and cisplatin), which promote a higher rate of
apoptosis versus the single treatment [174]. Cheng H and co-workers tested on CRC cell
line the inhibitory effect of Naringin. The research team illustrated that Naringin stops
the proliferation of CRC cells, promoting apoptosis by inhibiting the PI3K/AKT/mTOR
signaling pathway in a dose-dependent manner [154]. Wang J and his research team
tested on seven different colorectal cell lines the effect of W922, a novel PI3K/AKT/mTOR
pathway inhibitor, as an efficient anti-tumoral. Between all cell lines used, the HCT116
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line was the most sensitive to W922 treatment [175]. W922 was able to inhibit HCT116
cell viability and cell proliferation in vitro, in a concentration and time-dependent man-
ner [143]. Under W922 treatment, the suppression of tumor growth was observed, as well
as dephosphorylation of PI3K/AKT/mTOR proteins and mTOR inhibition [175]. Moreover,
co-treatment of W922 and chloroquine leads to cells apoptosis, thus providing a promising
therapeutic strategy for patients diagnosed with CRC [175]. Kallikrein-related peptidase
10 (KLK10) was identified in 1996 as normal epithelial cell-specific 1, involved in cancer
development by regulation of cell growth, invasion, and apoptosis [176]. Moreover, using
CRC cell lines, a negative correlation has been detected between KLK10 high expression
and OR rate. Therefore, knockdown of KLK10 dramatically suppresses cell viability and
induces apoptosis in CRC cell lines [176]. KLK10 acts by blocking the PI3K/AKT/mTOR
signaling pathway, inhibiting cell growth and glucose metabolism [176]. Helmy MW et al.
explored the effects of diosmin (DIO, a natural NF-κB inhibitor) and BEZ-235 (dactolisib,
dual PI3K-mTOR inhibitor) in HCT-116 CRC cells [177]. The research team reported that
co-administration of both drugs in two combinations inhibited the PI3K/AKT/mTOR/NF-
κB signaling cascades, leading to apoptosis and cell proliferation inhibition, and altered the
angiogenesis process [177]. Future preclinical and clinical studies must be carried out [162].
The study conducted by Li S et al. evaluated the effect of the extract Selaginella doederleinii
Hieron ethyl acetate (SDEA) in vitro and in vivo [178]. Using HT29 and HCT116 cell lines,
the anti-tumoral effect of SDEA was manifested by cell morphological changes, cell cycle
arrest, autophagy, and apoptosis [178]. Moreover, the SDEA extract may induce the loss
of the mitochondrial membrane potential, increases the autophagic flux, and will inhibit
the PI3K/AKT/mTOR signaling pathways [178]. Therefore, in xenograft tumors, SDEA
inhibits the growth in a dose-dependent manner [178]. The experimental studies conducted
by Han YH and co-workers, performed on cell lines, explored the inhibitory effect of betulin
in mCRC [179]. Studies performed in vitro illustrated that betulin can induce apoptosis,
autophagy, and cell cycle arrest by PI3K/AKT/mTOR and MAPK signaling pathways
inactivation [179]. In addition, oral administration of betulin significantly inhibits CT26
cell lung metastasis [179]. Li N and his research team evaluated in vitro if nobiletin may
enhance the inhibitory effect of oxaliplatin on CRC cell lines [180]. The study reported
that nobiletin increases CRC sensibility to oxaliplatin to induce CRC cells’ apoptosis, as
evidenced by the increased expression of pro-apoptotic proteins and the downregulation
of anti-apoptotic protein Bcl-2 [180]. Moreover, this combination will downregulate the
PI3K/AKT/mTOR pathway [180].

57



Int. J. Mol. Sci. 2021, 221, 260
Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 14 of 24 
 

 

 

Figure 2. Growth factors, growth factor inhibitors, and PI3K/AKT/mTOR-MAPK signaling path-

ways in colorectal cancer development. 

Studies performed in vivo observed that MEK and RAF inhibitors suppress colorectal 

tumor growth, but these cells develop resistance to these inhibitors by activating the 

PI3K/AKT/mTOR or JAK/STAT signaling pathways that mediate resistance. Understand-

ing the mechanisms of CRC drug resistance will enhance the patients’ survival rate [181]. 

The FRESCO Randomized Clinical Trial conducted by Li J et al. explored the efficacy and 

safety of oral fruquintinib, a VEGFR inhibitor, as third-line or later therapy in 519 patients 

(aged 18 to 75 years) diagnosed with mCRC. The study observed a median OR signifi-

cantly improved by fruquintinib versus placebo (9.3 months compared with 6.6 months). 

Moreover, the median PFS was also significantly increased with fruquintinib (3.7 months 

versus 1.8 months) [182]. PI3K or AKT inhibitors may be used in CRC clinical trial with 

promising results, but drug resistance frequently appears, driven by β-catenin, which 

blocks FOXO 3A to induce apoptosis. Therefore, using Wnt/β -catenin signaling pathway 

inhibitors will reduce PI3K or AKT drug resistance in CRC patients [183]. Arques and his 

research team explored in clinical trials, which included CRC patients, if Wnt mediates 

resistance in patients treated with PI3K or AKT different inhibitors. The study used NVP-

TNKS656—a Wnt/tankyrase inhibitor, to overcome PI3K or AKT resistance [183]. The 

study reported good results because Wnt/tankyrase inhibitor promotes apoptosis in PI3K 

or AKT inhibitor-resistant cells. For CRC patients, PI3K/AKT/mTOR and Wnt/β-catenin 

inhibitors represent an excellent strategy [183]. 

Everolimus—an mTOR inhibitor was administered in 12 patients with primary re-

sectable rectal cancer 14 days prior to the start of chemoradiotherapy and continued 

throughout the four-week course with 5-FU and radiotherapy. The study detected no in-

crease in toxicity at any of the doses with 5-FU and radiotherapy. Moreover, no significant 

increase in complete pathological response (pCR) was observed and the everolimus max-

imum tolerated dose was 10 mg. The study concluded that the combination of chemora-

diotherapy and everolimus has feasible results over long time. Another mTOR inhibitor, 

rapamycin, was used in Phase I (13 patients) and II clinical trial (31 patients) with primary 

resectable rectal cancer, where patients received rapamycin one week before and during 

radiotherapy. The study illustrated a higher rate of post-operative complications in phase 

I. Regarding the patients included in phase II, it was observed that rapamycin was feasible 

Figure 2. Growth factors, growth factor inhibitors, and PI3K/AKT/mTOR-MAPK signaling pathways in colorectal cancer
development.

Studies performed in vivo observed that MEK and RAF inhibitors suppress colorec-
tal tumor growth, but these cells develop resistance to these inhibitors by activating the
PI3K/AKT/mTOR or JAK/STAT signaling pathways that mediate resistance. Under-
standing the mechanisms of CRC drug resistance will enhance the patients’ survival
rate [181]. The FRESCO Randomized Clinical Trial conducted by Li J et al. explored the
efficacy and safety of oral fruquintinib, a VEGFR inhibitor, as third-line or later therapy in
519 patients (aged 18 to 75 years) diagnosed with mCRC. The study observed a median
OR significantly improved by fruquintinib versus placebo (9.3 months compared with
6.6 months). Moreover, the median PFS was also significantly increased with fruquintinib
(3.7 months versus 1.8 months) [182]. PI3K or AKT inhibitors may be used in CRC clinical
trial with promising results, but drug resistance frequently appears, driven by β-catenin,
which blocks FOXO 3A to induce apoptosis. Therefore, using Wnt/β -catenin signaling
pathway inhibitors will reduce PI3K or AKT drug resistance in CRC patients [183]. Arques
and his research team explored in clinical trials, which included CRC patients, if Wnt medi-
ates resistance in patients treated with PI3K or AKT different inhibitors. The study used
NVP-TNKS656—a Wnt/tankyrase inhibitor, to overcome PI3K or AKT resistance [183]. The
study reported good results because Wnt/tankyrase inhibitor promotes apoptosis in PI3K
or AKT inhibitor-resistant cells. For CRC patients, PI3K/AKT/mTOR and Wnt/β-catenin
inhibitors represent an excellent strategy [183].

Everolimus—an mTOR inhibitor was administered in 12 patients with primary re-
sectable rectal cancer 14 days prior to the start of chemoradiotherapy and continued
throughout the four-week course with 5-FU and radiotherapy. The study detected no
increase in toxicity at any of the doses with 5-FU and radiotherapy. Moreover, no signifi-
cant increase in complete pathological response (pCR) was observed and the everolimus
maximum tolerated dose was 10 mg. The study concluded that the combination of chemora-
diotherapy and everolimus has feasible results over long time. Another mTOR inhibitor,
rapamycin, was used in Phase I (13 patients) and II clinical trial (31 patients) with primary
resectable rectal cancer, where patients received rapamycin one week before and during
radiotherapy. The study illustrated a higher rate of post-operative complications in phase I.
Regarding the patients included in phase II, it was observed that rapamycin was feasible
correlated with a significant reduction of tumor metabolic activity [184]. Ganesan P and co-
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workers evaluated, in early-phase clinical trials, 191 CRC patients with diverse mutations,
especially KRAS and the PI3K/AKT/mTOR inhibitors. Depending on the mutation, the
patients received different drug inhibitors, such as for mTOR, PI3K, and AKT. The study
concluded that the median PFS for patients with PIK3CA mutations and PI3K/AKT/mTOR
inhibitors was 1.9 months, while there was no difference in median PFS in patients with
KRAS mutations compared with patients with wild type KRAS [185]. Garrido-Laguna I
and colleagues explored, in early-phase trials, the impact of PI3K/AKT/mTOR inhibitors
on 238 patients with mCRC, with 51% KRAS mutations and 15% PIK3CA mutations.
The treatment with different PI3K/AKT/mTOR inhibitors presented a limited activity
in these patients, because of the MAPK activating mutations [186]. Kyriakopoulos CE
et al. conducted a phrase I trial that evaluated the effect of tivantinib and temsirolimus
in patients with advanced solid tumors including CRC. The doses administered in this
study were overall well tolerated and demonstrated that this combination has an enhanced
anti-tumoral activity [187]. In patients diagnosed with mCRC, everolimus—an oral mTOR
inhibitor—presents efficacy. Ng K and his research team evaluated, in a sequential phase
II study, the effect of everolimus in 100 patients with mCRC, which were refractory to
bevacizumab-, fluoropyrimidine-, oxaliplatin-, and irinotecan. The patients received a high
weekly dose of everolimus, while the daily dose has a lower concentration. Median PFS and
OS were 1.8 and 4.9 months, and 1.8 and 5.9 months, respectively, for the weekly and daily
administrated doses. Among the patients who received a daily dose of everolimus, those
with KRAS mutations had a significantly shorter median OR versus those with wild-type
KRAS mutations. The daily or weekly dose of everolimus was well tolerated but did not
confer a significant efficacy in mCRC [188]. A phase I study included 27 CRC patients
with KRAS mutations who received the pan-HER inhibitor dacomitinib in combination
with MEK1/2 inhibitor PD-0325901. The patients received various drug doses by oral
administration in cycles of 28 days, but the results revealed that the mentioned combination
was not tolerated by most of the patients. These results may be explained by the activation
of PI3K/AKT and MAPK signaling pathways, by the KRAS and PIK3CA mutations [189].
A phase I trial was initiated with the pan-HER inhibitor afatinib plus the MEK inhibitor
selumetinib in 19 CRC patients with KRAS and PIK3CA wild-type mutations. In peripheral
blood mononuclear cells, inhibition of phosphorylated ERK needs a specified concentration
for both selumetinib and afatinib. Although the study reported limited clinical efficacy
for the two drugs, several side effects have been reported after oral administration [190].
Folprecht G et al. conducted a clinical study that included 47 patients with mCRC who
received EKB-569, an EGFR tyrosine kinase inhibitor, in combination with irinotecan, 5-FU,
and leucovorin (FOLFIRI). At the recommended dose of EKB-569 (EKB-569/full dose
FOLFIRI), the complete inhibition of phosphorylated EGFR occurs. Instead, FOLFIRI
alone did not affect EGFR phosphorylation, but may inhibit epidermal proliferation and
MAPK [191]. Tabernero J and his research team evaluated the cetuximab efficacy in tissue
samples collected during a phase I as first-line therapy in 62 patients with mCRC. The
patients received cetuximab monotherapy for 6 weeks, followed by the administration of
cetuximab in combination with 5-FU, leucovorin, and irinotecan until disease progression.
In 35 mCRC patients, cetuximab treatment was correlated with substantial downregulation
of EGFR, MAPK, and STAT3 phosphorylation. The study reported that PFS was longer for
patients with KRAS wild-type compared with KRAS mutant tumors [192].

Currently, 3 clinical trials are in progress. A phase II, comparative trial, AtezoTRIBE,
includes unresectable and previously untreated mCRC patients that have received FOL-
FOXIRI treatment (fluorouracil, leucovorin, oxaliplatin, and irinotecan) plus bevacizumab
up to 8 cycles (the standard treatment) or a combination with atezolizumab (the experimen-
tal treatment), followed by the treatment with 5-FU/leucovorin plus bevacizumab with or
without atezolizumab according to disease progression. Until now, a few patients reported
severe adverse reactions [193]. The second one, conducted by Damato A and his research
team, is a prospective, open-label, multicentric phase II trial, which includes patients with
mCRC and RAS/BRAF mutations who received, in the first line of treatment, nivolumab in

59



Int. J. Mol. Sci. 2021, 221, 260

combination with FOLFOXIRI/bevacizumab every 2 weeks for 8 cycles. After that period,
the patients intravenously received bevacizumab plus nivolumab for another 2 weeks in a
dose that depends on the patient’s weight. The main aim of the study is to enhance the
overall response rate from 66 to 80% [194]. The third, conducted by Meric-Bernstam F
et al., is a phase 2a, multiple basket study, called MyPathway, which included patients with
HER2-amplified mCRC. Initially, the patients intravenously received an increased dose of
pertuzumab, and, every 3 weeks, the dose was reduced by half. For trastuzumab, the load-
ing dose was in an increased concentration, followed by every 3 weeks by a reduced dose
administrated intravenously. Although some patients reported several adverse reactions,
the preliminary results reported that the dual therapy is well tolerated and could represent
a favorable therapy for HER2-amplified mCRC patients [195].

Overall, experimental studies and clinical evidence revealed that polyphenols have an
important role in CRC chemoprevention and exhibit cytotoxic effects on CRC cells [196].

6. Conclusions

Unfortunately, CRC has an increasing incidence among the young population, and
adopting a healthy diet correlated with regular medical analysis may decrease the incidence
of this malignancy. The CRC pathogenesis is very complex and assumes the presence of
many genetic mutations that will be involved in cancer progression. Moreover, CRC
progression is influenced by the presence of inflammatory cells and their inflammatory
mediators, such as cytokines that can activate signaling pathways, leading to tumoral
development. IGF-1R, EGFR, and VEGF can bind to RTKs, which will activate RAS-RAF-
MAPK and PI3K/AKT/mTOR signaling pathways, promoting tumor growth, progression,
cell survival, motility, and invasion.

Therefore, important drugs that have already been used in CRC clinical trials are
EGFR and VEGFR monoclonal antibodies. The anti-EGFR antibodies, cetuximab and
panitumumab, are used in phase III trials especially for mCRC patients with good re-
sults regarding PFS and OR. FDA approved bevacizumab—a VEGFR inhibitor for mCRC
patients that can inhibit angiogenesis, as a key step in cancer therapy. Gene mutations,
including RAS, BRAF, PI3KCA, PTEN, and HER-2 activate MAPK or PI3K/AKT/mTOR
leading to resistance to EGFR or VEGF therapy. Thus, a combination of EGFR/VEGF
with RAS-RAF-MEK-MAPK and PI3K/AKT/mTOR inhibitors have anti-proliferative and
anti-apoptotic properties. Currently, the experimental in vitro studies focus on blocking the
PI3K/AKT/mTOR/NF-kB and MAPK signaling pathways, which are able to inhibit CRC
cells growth, leading to apoptosis. These promising results may enhance the CRC patients’
survival rate. Moreover, PI3K, AKT, or mTOR inhibitors alone are not very efficient in CRC
treatment, because drug resistance appears to be driven by Wnt/β-catenin or by MAPK
signaling pathways’ components.

In this context, we conclude that a promising therapeutic strategy for CRC patients
may be based on genetic mutation detections and targeting either EGFR/VEGFR in associ-
ation with PI3K/AKT/mTOR, Wnt/β-catenin, or MAPK inhibitors. This approach could
provide new perspectives and new hopes for CRC patients.
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106. Sipos, F.; Székely, H.; Kis, I.D.; Tulassay, Z.; Műzes, G. Relation of the IGF/IGF1R system to autophagy in colitis and colorectal
cancer. World J. Gastroenterol. 2017, 14, 8109–8119. [CrossRef]

107. Wang, S.Q.; Yang, X.Y.; Cui, S.X.; Gao, Z.H.; Qu, X.J. Heterozygous knockout insulin-like growth factor-1 receptor (IGF-1R)
regulates mitochondrial functions and prevents colitis and colorectal cancer. Free Radic. Biol. Med. 2019, 134, 87–98. [CrossRef]

108. Shali, H.; Ahmadi, M.; Kafil, H.S.; Dorosti, A.; Yousefi, M. IGF1R and c-met as therapeutic targets for colorectal cancer. Biomed.
Pharmacother. 2016, 82, 528–536. [CrossRef]

109. Jiang, B.; Zhang, X.; Du, L.L.; Wang, Y.; Liu, D.B.; Han, C.Z.; Jing, J.X.; Zhao, X.W.; Xu, X.Q. Possible roles of insulin, IGF-1 and
IGFBPs in initiation and progression of colorectal cancer. World J. Gastroenterol. 2014, 14, 1608–1613. [CrossRef]

110. Sandhu, M.S.; Dunger, D.B.; Giovannucci, E.L. Insulin, insulin-like growth factor-I (IGF-I), IGF binding proteins, their biologic
interactions, and colorectal cancer. J. Natl. Cancer Inst. 2002, 3, 972–980. [CrossRef]

64



Int. J. Mol. Sci. 2021, 221, 260

111. Hu, J.; Liu, X.; Chi, J.; Che, K.; Feng, Y.; Zhao, S.; Wang, Z.; Wang, Y. Expressions of IGF-1, ERK, GLUT4, IRS-1 in metabolic
syndrome complicated with colorectal cancer and their associations with the clinical characteristics of CRC. Cancer Biomark. 2018,
21, 883–891. [CrossRef] [PubMed]

112. Peters, G.; Gongoll, S.; Langner, C.; Mengel, M.; Piso, P.; Klempnauer, J.; Rüschoff, J.; Kreipe, H.; von Wasielewski, R. IGF-1R,
IGF-1 and IGF-2 expression as potential prognostic and predictive markers in colorectal-cancer. Virchows Arch. 2003, 443, 139–145.
[CrossRef] [PubMed]

113. Alagaratnam, S.; Loizidou, M.; Yang, S.Y.; Fuller, B.; Ramesh, B. Increased expression of IGF-1Ec with increasing colonic polyp
dysplasia and colorectal cancer. J. Cancer Res. Clin. Oncol. 2020, 146, 2861–2870. [CrossRef]

114. Pankaj, J.; Kumari, J.R.; Kim, W.; Lee, S.A. Insulin-like Growth Factor-1, IGF-binding Protein-3, C-peptide and colorectal cancer:
A case-control study. Asian Pac. J. Cancer Prev. 2015, 16, 3735–3740. [PubMed]

115. Hu, X.; Zheng, W.; Luo, Y.; Ou, X.; Song, L.; Zhang, S.; He, T.; Guo, Z.; Zhu, J.; Shi, H.; et al. Arca subcrenata polypeptides inhibit
human colorectal cancer HT-29 cells growth via suppression of IGF-1R/Akt/mTOR signaling and ATP production. Nutr. Cancer
2020, 72, 260–272. [CrossRef]

116. Daveri, E.; Adamo, A.M.; Alfine, E.; Zhu, W.; Oteiza, P.I. Hexameric procyanidins inhibit colorectal cancer cell growth through
both redox and non-redox regulation of the epidermal growth factor signaling pathway. Redox Biol. 2021, 38, 101830. [CrossRef]

117. Custodio, A.; Feliu, J. Prognostic and predictive biomarkers for epidermal growth factor receptor-targeted therapy in colorectal
cancer: Beyond KRAS mutations. Crit. Rev. Oncol. Hematol. 2013, 85, 45–81. [CrossRef]

118. Khan, K.; Valeri, N.; Dearman, C.; Rao, S.; Watkins, D.; Starling, N.; Chau, I.; Cunningham, D. Targeting EGFR pathway in
metastatic colorectal cancer- tumour heterogeniety and convergent evolution. Crit. Rev. Oncol. Hematol. 2019, 143, 153–163.
[CrossRef] [PubMed]

119. Miyamoto, Y.; Muguruma, N.; Fujimoto, S.; Okada, Y.; Kida, Y.; Nakamura, F.; Tanaka, K.; Nakagawa, T.; Kitamura, S.; Okamoto,
K.; et al. Epidermal growth factor receptor-targeted molecular imaging of colorectal tumors: Detection and treatment evaluation
of tumors in animal models. Cancer Sci. 2019, 110, 1921–1930. [CrossRef]

120. de Mello, R.A.; Marques, A.M.; Araújo, A. Epidermal growth factor receptor and metastatic colorectal cancer: Insights into target
therapies. World J. Gastroenterol. 2013, 14, 6315–6318. [CrossRef]

121. Grossmann, A.H.; Samowitz, W.S. Epidermal growth factor receptor pathway mutations and colorectal cancer therapy. Arch.
Pathol. Lab. Med. 2011, 135, 1278–1282. [CrossRef] [PubMed]

122. Nappi, A.; Berretta, M.; Romano, C.; Tafuto, S.; Cassata, A.; Casaretti, R.; Silvestro, L.; Divitiis, C.; Alessandrini, L.; Fiorica, F.;
et al. Metastatic colorectal cancer: Role of target therapies and future perspectives. Curr. Cancer Drug Targets 2018, 18, 421–429.
[CrossRef]

123. Yang, W.J.; Shen, X.J.; Ma, X.X.; Tan, Z.G.; Song, Y.; Guo, Y.T.; Yuan, M. Correlation of human epidermal growth factor receptor
protein expression and colorectal cancer. World J. Gastroenterol. 2015, 28, 8687–8696. [CrossRef]

124. Greally, M.; Kelly, C.M.; Cercek, A. HER2: An emerging target in colorectal cancer. Curr. Probl. Cancer 2018, 42, 560–571.
[CrossRef]

125. Lawan, A.I.; Ogunbiyi, J.O. Epidermal growth factor receptor expression of colorectal carcinoma in Nigerian patients. West. Afr. J.
Med. 2020, 37, 100–105.

126. Xu, W.; Jing, H.; Zhang, F.; Xu, W.; Jing, H.; Zhang, F. Epidermal growth factor receptor-targeted therapy in colorectal cancer.
Front. Biosci. 2016, 1, 410–418. [CrossRef]

127. Nemanqani, D.M.; Aftab, K.; Al-Malki, S.H.; Al-Sufyani, W.M. Expression of epidermal growth factor receptor in colorectal
adenocarcinoma and its correlation with clinicopathological factors. J. Coll. Phys. Surg. Pak. 2018, 28, 527–531. [CrossRef]

128. Yun, S.; Kwak, Y.; Nam, S.K.; Seo, A.N.; Oh, H.K.; Kim, D.W.; Kang, S.B.; Lee, H.S. Ligand-independent epidermal growth factor
receptor overexpression correlates with poor prognosis in colorectal cancer. Cancer Res. Treat. 2018, 50, 1351–1361. [CrossRef]

129. Wojtukiewicz, M.Z.; Mysliwiec, M.; Sierko, E.; Sobierska, M.; Kruszewska, J.; Lipska, A.; Radziwon, P.; Tucker, S.C.; Honn, K.V.
Elevated microparticles, thrombin-antithrombin and VEGF Levels in colorectal cancer patients undergoing chemotherapy. Pathol.
Oncol. Res. 2020, 26, 2499–2507. [CrossRef]

130. Wu, Q.B.; Chen, J.; Zhu, J.W.; Yin, X.; You, H.Y.; Lin, Y.R.; Zhu, H.Q. MicroRNA-125 inhibits RKO colorectal cancer cell growth by
targeting VEGF. Int. J. Mol. Med. 2018, 42, 665–673. [CrossRef]

131. Lan, J.; Li, H.; Luo, X.; Hu, J.; Wang, G. BRG1 promotes VEGF-A expression and angiogenesis in human colorectal cancer cells.
Exp. Cell Res. 2017, 15, 236–242. [CrossRef] [PubMed]
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146. Lech, G.; Słotwiński, R.; Słodkowski, M.; Krasnodębski, I.W. Colorectal cancer tumour markers and biomarkers: Recent

therapeutic advances. World J. Gastroenterol. 2016, 7, 1745–1755. [CrossRef]
147. Martinelli, E.; Ciardiello, D.; Martini, G.; Troiani, T.; Cardone, C.; Vitiello, P.P.; Normanno, N.; Rachiglio, A.M.; Maiello, E.; Latiano,

T.; et al. Implementing anti-epidermal growth factor receptor (EGFR) therapy in metastatic colorectal cancer: Challenges and
future perspectives. Ann. Oncol. 2020, 31, 30–40. [CrossRef]

148. Pape, J.; Magdeldin, T.; Stamati, K.; Nyga, A.; Loizidou, M.; Emberton, M.; Cheema, U. Cancer-associated fibroblasts mediate
cancer progression and remodel the tumouroid stroma. Br. J. Cancer 2020, 123, 1178–1190. [CrossRef]

149. Yao, W.; Lin, Z.; Shi, P.; Chen, B.; Wang, G.; Huang, J.; Sui, Y.; Liu, Q.; Li, S.; Lin, X.; et al. Delicaflavone induces ROS-mediated
apoptosis and inhibits PI3K/AKT/mTOR and Ras/MEK/Erk signaling pathways in colorectal cancer cells. Biochem. Pharmacol.
2020, 171, 113680. [CrossRef]

150. Hybel, T.E.; Dietrichs, D.; Sahana, J.; Corydon, T.J.; Nassef, M.Z.; Wehland, M.; Krüger, M.; Magnusson, N.E.; Bauer, J.; Utpatel, K.;
et al. Simulated microgravity influences VEGF, MAPK, and PAM signaling in prostate cancer cells. Int. J. Mol. Sci. 2020, 13, 1263.
[CrossRef]

151. Duan, S.; Huang, W.; Liu, X.; Liu, X.; Chen, N.; Xu, Q.; Hu, Y.; Song, W.; Zhou, J. IMPDH2 promotes colorectal cancer progression
through activation of the PI3K/AKT/mTOR and PI3K/AKT/FOXO1 signaling pathways. J. Exp. Clin. Cancer Res. 2018, 5, 304.
[CrossRef]

152. Wei, R.; Xiao, Y.; Song, Y.; Yuan, H.; Luo, J.; Xu, W. FAT4 regulates the EMT and autophagy in colorectal cancer cells in part via
the PI3K-AKT signaling axis. J. Exp. Clin. Cancer Res. 2019, 4, 112. [CrossRef]

153. Pandurangan, A.K. Potential targets for prevention of colorectal cancer: A focus on PI3K/Akt/mTOR and Wnt pathways. Asian
Pac. J. Cancer Prev. 2013, 14, 2201–2205. [CrossRef]

154. Cheng, H.; Jiang, X.; Zhang, Q.; Ma, J.; Cheng, R.; Yong, H.; Shi, H.; Zhou, X.; Ge, L.; Gao, G. Naringin inhibits colorectal cancer
cell growth by repressing the PI3K/AKT/mTOR signaling pathway. Exp. Ther. Med. 2020, 19, 3798–3804. [CrossRef]

155. Aggarwal, V.; Tuli, H.S.; Varol, A.; Thakral, F.; Yerer, M.B.; Sak, K.; Varol, M.; Jain, A.; Khan, M.A.; Sethi, G. Role of reactive
oxygen species in cancer progression: Molecular mechanisms and recent advancements. Biomolecules 2019, 13, 735. [CrossRef]

156. Winder, T.; Lenz, H.J. Vascular endothelial growth factor and epidermal growth factor signaling pathways as therapeutic targets
for colorectal cancer. Gastroenterology 2010, 138, 2163–2176. [CrossRef]

157. Yarom, N.; Jonker, D.J. The role of the epidermal growth factor receptor in the mechanism and treatment of colorectal cancer.
Discov. Med. 2011, 11, 95–105.

158. Foroughi, S.; Tie, J.; Gibbs, P.; Burgess, A.W. Epidermal growth factor receptor ligands: Targets for optimizing treatment of
metastatic colorectal cancer. Growth Factors 2019, 37, 209–225. [CrossRef]

159. Martini, G.; Troiani, T.; Cardone, C.; Vitiello, P.; Sforza, V.; Ciardiello, D.; Napolitano, S.; Della Corte, C.M.; Morgillo, F.; Raucci, A.;
et al. Present and future of metastatic colorectal cancer treatment: A review of new candidate targets. World J. Gastroenterol. 2017,
14, 4675–4688. [CrossRef]

160. Weinberg, B.A.; Hartley, M.L.; Salem, M.E. Precision medicine in metastatic colorectal cancer: Relevant carcinogenic pathways
and targets-part 1: Biologic therapies targeting the epidermal growth factor receptor and vascular endothelial growth factor.
Oncology 2017, 15, 539–548.

161. Price, T.J.; Tang, M.; Gibbs, P.; Haller, D.G.; Peeters, M.; Arnold, D.; Segelov, E.; Roy, A.; Tebbutt, N.; Pavlakis, N.; et al. Targeted
therapy for metastatic colorectal cancer. Expert Rev. Anticancer Ther. 2018, 18, 991–1006. [CrossRef] [PubMed]

66



Int. J. Mol. Sci. 2021, 221, 260

162. Martini, G.; Ciardiello, D.; Vitiello, P.P.; Napolitano, S.; Cardone, C.; Cuomo, A.; Troiani, T.; Ciardiello, F.; Martinelli, E. Resistance
to anti-epidermal growth factor receptor in metastatic colorectal cancer: What does still need to be addressed? Cancer Treat. Rev.
2020, 86, 102023. [CrossRef] [PubMed]

163. Therkildsen, C.; Bergmann, T.K.; Henrichsen-Schnack, T.; Ladelund, S.; Nilbert, M. The predictive value of KRAS, NRAS, BRAF,
PIK3CA and PTEN for anti-EGFR treatment in metastatic colorectal cancer: A systematic review and meta-analysis. Acta Oncol.
2014, 53, 852–864. [CrossRef] [PubMed]

164. Canavese, M.; Ngo, D.T.; Maddern, G.J.; Hardingham, J.E.; Price, T.J.; Hauben, E. Biology and therapeutic implications of VEGF-A
splice isoforms and single-nucleotide polymorphisms in colorectal cancer. Int. J. Cancer 2017, 5, 2183–2191. [CrossRef] [PubMed]

165. Napolitano, S.; Matrone, N.; Muddassir, A.L.; Martini, G.; Sorokin, A.; De Falco, V.; Giunta, E.F.; Ciardiello, D. Triple blockade of
EGFR, MEK and PD-L1 has antitumor activity in colorectal cancer models with constitutive activation of MAPK signaling and
PD-L1 overexpression. J. Exp. Clin. Cancer Res. 2019, 16, 492. [CrossRef]

166. Itatani, Y.; Yamamoto, T.; Zhong, C.; Molinolo, A.A.; Ruppel, J.; Hegde, P.; Taketo, M.M.; Ferrara, N. Suppressing neutrophil-
dependent angiogenesis abrogates resistance to anti-VEGF antibody in a genetic model of colorectal cancer. Proc. Natl. Acad. Sci.
USA 2020, 1, 21598–21608. [CrossRef]

167. Ferrara, N.; Hillan, K.J.; Gerber, H.P.; Novotny, W. Discovery and development of bevacizumab, an anti-VEGF antibody for
treating cancer. Nat. Rev. Drug Discov. 2004, 3, 391–400. [CrossRef]

168. Marisi, G.; Scarpi, E.; Passardi, A.; Nanni, O.; Ragazzini, A.; Valgiusti, M.; Casadei-Gardini, A.; Neri, L.M.; Frassineti, G.L.;
Amadori, D.; et al. Circulating VEGF and eNOS variations as predictors of outcome in metastatic colorectal cancer patients
receiving bevacizumab. Sci. Rep. 2017, 2, 1293. [CrossRef]

169. Wagner, J.; Kline, C.L.; Zhou, L.; Khazak, V.; El-Deiry, W.S. Anti-tumor effects of ONC201 in combination with VEGF-inhibitors
significantly impacts colorectal cancer growth and survival in vivo through complementary non-overlapping mechanisms. J. Exp.
Clin. Cancer Res. 2018, 22, 11. [CrossRef]

170. Deng, Y.; Li, X. Fruquintinib and its use in the treatment of metastatic colorectal cancer. Future Oncol. 2019, 15, 2571–2576.
[CrossRef]

171. Abdalla, A.N.; Malki, W.H.; Qattan, A.; Shahid, I.; Hossain, M.A.; Ahmed, M. Chemosensitization of HT29 and HT29-5FU cell
lines by a combination of a multi-tyrosine kinase inhibitor and 5FU downregulates ABCC1 and inhibits PIK3CA in light of their
importance in Saudi colorectal cancer. Molecules 2021, 11, 334. [CrossRef]

172. Miyamoto, Y.; Suyama, K.; Baba, H. Recent advances in targeting the EGFR signaling pathway for the treatment of metastatic
colorectal cancer. Int. J. Mol. Sci. 2017, 2, 752. [CrossRef]

173. Pranteda, A.; Piastra, V.; Stramucci, L.; Fratantonio, D.; Bossi, G. The p38 MAPK signaling activation in colorectal cancer upon
therapeutic treatments. Int. J. Mol. Sci. 2020, 16, 2773. [CrossRef]

174. Grossi, V.; Peserico, A.; Tezil, T.; Simone, C. p38alpha MAPK pathway: A key factor in colorectal cancer therapy and chemoresis-
tance. World J. Gastroenterol. 2014, 7, 9744–9758. [CrossRef]

175. Wang, J.; Liang, D.; Zhang, X.P.; He, C.F.; Cao, L.; Zhang, S.Q.; Xiao, X.; Li, S.J.; Cao, Y.X. Novel PI3K/Akt/mTOR signaling
inhibitor, W922, prevents colorectal cancer growth via the regulation of autophagy. Int. J. Oncol. 2021, 58, 70–82. [CrossRef]

176. Wei, H.; Dong, C.; Shen, Z. Kallikrein-related peptidase (KLK10) cessation blunts colorectal cancer cell growth and glucose
metabolism by regulating the PI3K/Akt/mTOR pathway. Neoplasma 2020, 67, 889–897. [CrossRef]

177. Helmy, M.W.; Ghoneim, A.I.; Katary, M.A.; Elmahdy, R.K. The synergistic anti-proliferative effect of the combination of diosmin
and BEZ-235 (dactolisib) on the HCT-116 colorectal cancer cell line occurs through inhibition of the PI3K/Akt/mTOR/NF-kappaB
axis. Mol. Biol. Rep. 2020, 47, 2217–2230. [CrossRef]

178. Li, S.; Wang, X.; Wang, G.; Shi, P.; Lin, S.; Xu, D.; Chen, B.; Liu, A.; Huang, L.; Lin, X.; et al. Ethyl acetate extract of selaginella
doederleinii hieron induces cell autophagic death and apoptosis in colorectal cancer via PI3K-Akt-mTOR and AMPKalpha-
signaling pathways. Front. Pharmacol. 2020, 19, 565090. [CrossRef] [PubMed]

179. Han, Y.H.; Mun, J.G.; Jeon, H.D.; Kee, J.Y.; Hong, S.H. Betulin inhibits lung metastasis by inducing cell cycle arrest, autophagy,
and apoptosis of metastatic colorectal cancer cells. Nutrients 2019, 26, 66. [CrossRef]

180. Li, N.; Zhang, Z.; Jiang, G.; Sun, H.; Yu, D. Nobiletin sensitizes colorectal cancer cells to oxaliplatin by PI3K/Akt/MTOR pathway.
Front. Biosci. 2019, 1, 303–312.

181. Shahi Thakuri, P.; Luker, G.D.; Tavana, H. Cyclical treatment of colorectal tumor spheroids induces resistance to MEK inhibitors.
Transl. Oncol. 2019, 12, 404–416. [CrossRef]

182. Li, J.; Qin, S.; Xu, R.H.; Shen, L.; Xu, J.; Bai, Y.; Yang, L.; Deng, Y.; Chen, Z.D.; Zhong, H.; et al. Effect of fruquintinib vs placebo on
overall survival in patients with previously treated metastatic colorectal cancer: The FRESCO randomized clinical trial. JAMA
2018, 26, 486–2496. [CrossRef]

183. Arqués, O.; Chicote, I.; Puig, I.; Tenbaum, S.P.; Argilés, G.; Dienstmann, R.; Fernández, N.; Caratù, G.; Matito, J.; Silberschmidt, D.;
et al. Tankyrase inhibition blocks Wnt/beta-catenin pathway and reverts resistance to PI3K and AKT inhibitors in the treatment
of colorectal cancer. Clin. Cancer Res. 2016, 1, 644–656. [CrossRef]

184. Wanigasooriya, K.; Tyler, R.; Barros-Silva, J.D.; Sinha, Y.; Ismail, T.; Beggs, A.D. Radiosensitising cancer using phosphatidylinositol-
3-Kinase (PI3K), protein kinase B (AKT) or mammalian target of rapamycin (mTOR) inhibitors. Cancers 2020, 18, 1278. [CrossRef]

67



Int. J. Mol. Sci. 2021, 221, 260

185. Ganesan, P.; Janku, F.; Naing, A.; Hong, D.S.; Tsimberidou, A.M.; Falchook, G.S.; Wheler, J.J.; Piha-Paul, S.A.; Fu, S.; Stepanek,
V.M.; et al. Target-based therapeutic matching in early-phase clinical trials in patients with advanced colorectal cancer and
PIK3CA mutations. Mol. Cancer Ther. 2013, 12, 2857–2863. [CrossRef] [PubMed]

186. Garrido-Laguna, I.; Hong, D.S.; Janku, F.; Nguyen, L.M.; Falchook, G.S.; Fu, S.; Wheler, J.J.; Luthra, R.; Naing, A.; Wang, X.; et al.
KRASness and PIK3CAness in patients with advanced colorectal cancer: Outcome after treatment with early-phase trials with
targeted pathway inhibitors. PLoS ONE 2012, 7, e38033. [CrossRef]

187. Kyriakopoulos, C.E.; Braden, A.M.; Kolesar, J.M.; Eickhoff, J.C.; Bailey, H.H.; Heideman, J.; Liu, G.; Wisinski, K.B. A phase I study
of tivantinib in combination with temsirolimus in patients with advanced solid tumors. Invest. New Drugs 2017, 35, 290–297.
[CrossRef]

188. Ng, K.; Tabernero, J.; Hwang, J.; Bajetta, E.; Sharma, S.; Del Prete, S.A.; Arrowsmith, E.R.; Ryan, D.P.; Sedova, M.; Jin, J.; et al.
Phase II study of everolimus in patients with metastatic colorectal adenocarcinoma previously treated with bevacizumab-,
fluoropyrimidine-, oxaliplatin-, and irinotecan-based regimens. Clin. Cancer Res. 2013, 15, 3987–3995. [CrossRef]

189. Van Geel, R.M.J.M.; Tabernero, J.; Elez, E.; Bendell, J.C.; Spreafico, A.; Schuler, M.; Yoshino, T.; Delord, J.P.; Yamada, Y.; Lolkema,
M.P.; et al. A Phase Ib dose-escalation study of encorafenib and cetuximab with or without alpelisib in metastatic BRAF-mutant
colorectal cancer. Cancer Discov. 2017, 7, 610–619. [CrossRef] [PubMed]

190. Van Brummelen, E.M.J.; Huijberts, S.; van Herpen, C.; Desar, I.; Opdam, F.; van Geel, R.; Marchetti, S.; Steeghs, N.; Monkhorst, K.;
Thijssen, B.; et al. Phase I study of afatinib and selumetinib in patients with KRAS-mutated colorectal, non-small cell lung, and
pancreatic cancer. Oncologist 2021, 26, 290–e545. [CrossRef]

191. Folprecht, G.; Tabernero, J.; Köhne, C.H.; Zacharchuk, C.; Paz-Ares, L.; Rojo, F.; Quinn, S.; Casado, E.; Salazar, R.; Abbas, R.; et al.
Phase I pharmacokinetic/pharmacodynamic study of EKB-569, an irreversible inhibitor of the epidermal growth factor receptor
tyrosine kinase, in combination with irinotecan, 5-fluorouracil, and leucovorin (FOLFIRI) in first-line treatment of patients with
metastatic colorectal cancer. Clin. Cancer Res. 2008, 1, 215–223.

192. Tabernero, J.; Cervantes, A.; Rivera, F.; Martinelli, E.; Rojo, F.; von Heydebreck, A.; Macarulla, T.; Rodriguez-Braun, E.; Eugenia
Vega-Villegas, M.; Senger, S.; et al. Pharmacogenomic and pharmacoproteomic studies of cetuximab in metastatic colorectal
cancer: Biomarker analysis of a phase I dose-escalation study. J. Clin. Oncol. 2010, 1, 1181–1189. [CrossRef]

193. Antoniotti, C.; Borelli, B.; Rossini, D.; Pietrantonio, F.; Morano, F.; Salvatore, L.; Lonardi, S.; Marmorino, F.; Tamberi, S.; Corallo, S.;
et al. AtezoTRIBE: A randomised phase II study of FOLFOXIRI plus bevacizumab alone or in combination with atezolizumab as
initial therapy for patients with unresectable metastatic colorectal cancer. BMC Cancer 2020, 22, 683. [CrossRef] [PubMed]

194. Damato, A.; Iachetta, F.; Antonuzzo, L.; Nasti, G.; Bergamo, F.; Bordonaro, R.; Maiello, E.; Zaniboni, A.; Tonini, G.; Romagnani, A.;
et al. Phase II study on first-line treatment of NIVolumab in combination with folfoxiri/bevacizumab in patients with advanced
colorectal cancer RAS or BRAF mutated—NIVACOR trial (GOIRC-03-2018). BMC Cancer 2020, 31, 822. [CrossRef] [PubMed]

195. Meric-Bernstam, F.; Hurwitz, H.; Raghav, K.P.S.; McWilliams, R.R.; Fakih, M.; Vander Walde, A.; Swanton, C.; Kurzrock, R.;
Burris, H.; Sweeney, C.; et al. Pertuzumab plus trastuzumab for HER2-amplified metastatic colorectal cancer (MyPathway): An
updated report from a multicentre, open-label, phase 2a, multiple basket study. Lancet Oncol. 2019, 20, 518–530. [CrossRef]

196. Mileo, A.M.; Nisticò, P.; Miccadei, S. Polyphenols: Immunomodulatory and Therapeutic Implication in colorectal cancer. Front.
Immunol. 2019, 11, 729. [CrossRef]

68



 International Journal of 

Molecular Sciences

Review

ELTD1—An Emerging Silent Actor in Cancer Drama Play

Ani-Simona Sevastre 1,† , Iuliana M. Buzatu 2,†, Carina Baloi 2,†, Alexandru Oprita 2, Alexandra Dragoi 2,
Ligia G. Tataranu 3, Oana Alexandru 4, Stefania Tudorache 5,* and Anica Dricu 2

Citation: Sevastre, A.-S.; Buzatu,

I.M.; Baloi, C.; Oprita, A.; Dragoi, A.;

Tataranu, L.G.; Alexandru, O.;

Tudorache, S.; Dricu, A. ELTD1—An

Emerging Silent Actor in Cancer

Drama Play. Int. J. Mol. Sci. 2021, 22,

5151. https://doi.org/10.3390/

ijms22105151

Academic Editor: Jose

Carlos Garcia-Borron

Received: 26 March 2021

Accepted: 10 May 2021

Published: 13 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Pharmaceutical Technology, Faculty of Pharmacy, University of Medicine and Pharmacy,
200349 Craiova, Romania; anifetea_umf@yahoo.com

2 Department of Biochemistry, Faculty of Medicine, University of Medicine and Pharmacy,
200349 Craiova, Romania; buzatu_iuliana@yahoo.com (I.M.B.); carina_baloi@yahoo.com (C.B.);
opr.alexandru@gmail.com (A.O.); alexa.dragoi@yahoo.com (A.D.); anica.dricu@live.co.uk (A.D.)

3 Department of Neurosurgery, Bagdasar-Arseni Hospital, 041915 Bucharest, Romania; ttranu@gmail.com
4 Department of Neurology, Faculty of Medicine, University of Medicine and Pharmacy,

200349 Craiova, Romania; oanale@hotmail.com
5 Department of Obstetrics and Gynecology, Faculty of Medicine, University of Medicine and Pharmacy,

200349 Craiova, Romania
* Correspondence: stefania.tudorache@gmail.com
† These authors contributed equally.

Abstract: The epidermal growth factor, latrophilin, and seven transmembrane domain–containing
protein 1 (ELTD1), is a member of the G–protein coupled receptors (GPCRs) superfamily. Although
discovered in 2001, ELTD1 has been investigated only by a few research groups, and important data
about its role in normal and tumor cells is still missing. Even though its functions and structure
are not yet fully understood, recent studies show that ELTD1 has a role in both physiological and
pathological angiogenesis, and it appears to be a very important biomarker and a molecular target in
cancer diseases. Upregulation of ELTD1 in malignant cells has been reported, and correlated with
poor cancer prognosis. This review article aims to compile the existing data and to discuss the current
knowledge on ELTD1 structure and signaling, and its role in physiological and neoplastic conditions.

Keywords: ELTD1; biomarker; angiogenesis; cancer

1. Introduction

With major implications in cancer, the tyrosine kinases receptors (RTKs) are one of the
most analyzed and reviewed research topics [1–7]. New ways of activating and transmitting
the intracellular signal involved in cancer are constantly being discovered. Data indicates
that one route of RTKs activation may be through agonists of G protein–coupled receptors
(GPCRs) [8–10]. This phenomenon is called transactivation, and is considered to be an
important pathway, involved in growth–promoting activity of GPCR ligands [11].

Comprising over 900 members and with more than 2% of the genes encoded by the
human genome, the GPCRs family is by far the largest family of cell–surface signaling
molecules. Of ancient origin, the adhesion GPCRs seem to have had a role in allowing
cells to adhere and intercommunicate during the metazoan multicellularity evolution [12].
The GPCRs are involved in the control of the most important physiological functions, such
as: neurotransmission, immune response, hormone and enzyme release, and contraction
of smooth and cardiac muscles, with at least 15 of their receptors being dysregulated in a
wide range of human chronic diseases, especially in tumors [13,14].

Discovered in developing cardiomyocytes, the epidermal growth factor, latrophilin,
and seven transmembrane domain–containing protein on chromosome 1 (ELTD1), also
known as the adhesion G protein–coupled receptor L4 (ADGRL4), is a member of the GPCR
superfamily [15] and one of the 33 members of the “adhesion family” [16], characterized by
specific large extracellular domains with adhesion items, absent in other GPCR families [17].
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It has been shown that, amongst other functions, ELTD1 regulates brain angiogenesis
and promotes tumor growth and metastasis [18]. Furthermore, its expression in normal
vasculature was found to be regulated by two angiogenic pathways: increased by vascular
endothelial growth factor (VEGF) pathway and repressed by Delta–like ligand 4 (DLL4)
from NOTCH intercellular signaling pathway [18–20]. Since its discovery, ELTD1 was
associated with cardiac and renal function, glioblastoma, and colorectal cancer [18,21–25].

Clinical application of the therapies involving VEGF and NOTCH signaling pathways
proved to be unsuccessful. Despite the broad antitumoral spectrum of VEGF inhibition
and the preclinical optimistic results, implementing these strategies into clinical studies
did not improve overall survival(OS), possibly due to tumor resistance [26]. It can be
hypothesized that in time, tumors subjected to selective antiangiogenic treatments may be
able to activate alternative parallel angiogenic pathways [27]. Therefore, such pathways
represent important topics for current research and ELTD1 is a promising drug target.
Several research groups published data from experiments using polyclonal (pAb) and
monoclonal (mAb) antibody against ELTD1, showing that these novel treatment strategies
may have high potential in glioma preclinical mouse models [28–30]. Furthermore, an
increased level of cytotoxicity in glioblastoma cell lines could be achieved by silencing
ELTD1 via siRNA [31,32]. Yet, little is known about ELTD1 functions and mechanisms of
action. This review aims to summarize the current knowledge regarding ELTD1 and to
highlight its importance as a possible candidate to be a part of an innovative therapeutic
strategy, either alone or in combination with other conventional approaches already in use.

2. Roles

The ELTD1 receptor was discovered by Nechiporuk and colleagues using murine
models, and it was found to be highly expressed in cardiomyocytes, blood vessels, and
bronchi’s smooth muscle cells [15].

Recently, Olaniru and colleagues studied the distribution of adhesion G–protein coupled
receptors in human tissues [33]. The ELTD1 is highly distributed in some tissues, such as:
adipose tissue, brain, liver, skeletal muscle, gastrointestinal tract, and pancreas [34,35] The
distribution in different types of tissues may be observed in Figure 1, generated by accessing
the Biogps portal database [35].

The GPCR superfamily of ELTD1 influences different processes, like: smell, taste,
vision, chemotaxis, hormone secretion, and inflammation [36,37]. The orphan ELTD1 recep-
tor was reported to be involved in angiogenesis [18,22,24,38] and cardiac hypertrophyin
rat [21], sensitivity of anesthetics [39], subcutaneous fat thickness in pig [40], and tick
burden in cattle [41].

ELTD1 involvement in various pathologies was also investigated. Studies revealed
its upregulation in malignancies, such as: renal, colorectal, head, neck, and ovarian
cancers [18].

Wallgard and colleagues suggested that ELTD1 is an important marker of microvascu-
lar endothelium in malignant diseases [38] and Towner et al. found that it is a valuable
tumor marker in cases of glioma [42]. Moreover, Dai and colleagues proved that tumor
progression may be inhibited by miR–139–5p, via targeting ELTD1 [43]. Then, in 2017
Ziegler and colleagues targeted ELTD1 for its antiangiogenic effect in glioma xenograft
models [25]. In the same year, Serban F. and colleagues showed that by silencing of ELTD1,
cell death may occur in glioblastoma cell lines [31].

Several studies positively associated the upregulation of ELTD1 on chromosome 1
in malignant cells with poor cancer prognosis. In 2019, a study reported that ELTD1
facilitates proliferation, migration, and invasion in glioma by activating the signaling axis
JAK/STAT3/HIF–1α. Finally, high levels of ELTD1 were correlated with poor prognosis in
human glioma in another study [44]. This data suggests that ELTD1 may be a potential
target for prevention and treatment of glioma. However, the implication of ELTD1 in cancer
behavior still remains mostly unknown.
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3. Digging into Knowing the ELTD1 Mechanism

First discovered in 2001, ELTD1 expression has been shown in cardiomyocytes, vas-
cular and bronchiolar smooth muscle cells (SMCs) in rat heart and lungs, and it has been
suspected to be involved in cardiomyocyte differentiation and coronary angiogenesis [15].

Later, in 2008, Wallgard et al. found that ELTD1 mRNA was a broad marker for
vascular endothelial cells in mouse [38]. Porto and colleagues proved that ELTD1 gene
DNA variation was associated with tick burden in cattle [41]. In the same year, Lee at al
suggested that ELTD1 gene is one of the eight neuronal genes influencing subcutaneous fat
thickness in humans and pigs [40].

In 2013, another research group led by Towner et al. introduced the idea of “ELTD1 as
novel biomarker for glioma” [42], and their studies were later expanded by others, then Xiao
and colleagues linked the cardiac hypertrophy to the low ELTD1 expression in mice [21].
By microsatellite scanning of the immunogenome in transplantation of hematopoietic stem
cell, Harkensee associated the ELTD1 and MAPK14 with graft–versus–host disease [45].

Simultaneously, by the assiduous work of Masiero et al., the endothelial orphan
receptor ELTD1 was identified as an important regulator of angiogenesis [18]. Based
on this discovery, other studies followed and generated valuable data and interesting
hypothesis [24].

In 2015, Carty et al. conducted a meta–analysis of genome–wide association and
identified ELTD1 as one of the genetic risk factors for stroke in the population of African
Americans [46].
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In the same year, Ziegler and colleagues begun the adventure in developing new
therapies based on ELTD1 against mouse glioma models [47] followed by other stud-
ies that independently proved the role of this receptor, as molecular target, in glioma
therapy [20,25].

In 2017, Favara et al. reported that ELTD1 is upregulated in breast cancer endothelium
that in turn induced lipid metabolism downregulation [48] and later, in 2019, the same
group demonstrated that ELTD1 silencing alters the cell metabolic profile in endothelial
cells [32].

A year later, Kan and colleagues proved that the tumor microenvironment is regulating
ELTD1 function in hepatocellular carcinoma [49].

Treatments targeting ELTD1 started to be investigated by several research groups.
Zalles et al., provided some options for glioblastoma treatment using monoclonal antibodies
and scFvantibody fragment, in a G55 xenograft mouse model [29,30]. One of the most
recent research conducted by Niivirta et al. provided data regarding ELTD1, as a predictive
marker for the treatment of renal cancer patients. Their results identified ELTD1 expression
in tumor vessels as a positive predictive marker for sunitinib–treatment in metastatic renal
cell cancer patients [22].

In the same time, the research area regarding this receptor expanded to other patholo-
gies. For example, based on the fact that ELTD1 has been found to be associated to cannabis
use disorder [50], Zhang and colleagues suggested a strong association of this receptor
with schizophrenia [51].

By using cell lines and orthotopic xenograft mouse model, Santiago and colleagues
recently demonstrated that ELTD1 is a potential target in retinoblastoma. They found that,
without affecting normal cell viability, cell migration, and metastasis were reduced by
ELTD1 disruption [52].

The most important studies involving ELTD1 are organized in chronological order in
the Figure 2.
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3.1. Structure and Signaling

ELTD1 (ADGRL4) is a member of the GPCR big family of receptors, which contains
more than 900 members divided into five families: glutamate family, rhodopsin family,
adhesion family, frizzled family, and secretin family [53].

Initially, the “adhesion family” was a part of the secretin family, but later, due to
distinct characteristics, such as unusually elongated N–terminal ectodomain with adhesion–
linked motifs [54], it was created as a distinct family. The orphan ELTD1 receptor and the 1,
2, and 3 latrophilin receptors are the fourmembers of the adhesion family, grouped in the
latrophilin–like subfamily [17].

Topographically, the ELTD1 receptor consists of an intracellular domain (ICD), a
7–trans–membrane domain (7TMD) and an extracellular domain (ECD) composed of
an epidermal growth factor(EGF) domain, an EGF Ca2+ binding domain and a GPCR
autoproteolysis site [15,27]. The adhesion motifs are represented by the EGF domain and
the EGF Ca2+ binding domain. The ICD contains a tyrosine kinase phosphorylation region,
possibly involved in signaling pathway of ELTD1, for which scant data is available. Besides
this, based on the cleavage compartmentation criteria, the ELTD1 receptor consists of an
N–terminal Fragment and a C–terminal Fragment [24,32]. The structure is represented in
Figure 3.

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 6 of 16 
 

 

 
Figure 3. Structure of ELTD1. Abbreviations: VEGF—vascular epithelial growth factor, bFGF—fibroblast growth factor, 
DLL4—delta like ligand 4, Notch–GPS—G–protein coupled protein hormone receptor proteolysis site, EGF—epidermal 
growth factor, GAIN domain—G–protein–coupled receptor (GPCR) autoproteolysis–inducing domain. P—phosphate, 
JAK—Janus kinases, STAT3—signal transducer and activator of transcription protein 3, HIF–1α—Hypoxia–inducible 
factor 1–alpha, point arrow—activation, block arrow—inhibition. 

There are many aspects regarding ELTD1 signaling pathways that have not been 
clarified, although few important steps forwards have been recently made. 

A recent study on cell lines showed that silencing ELTD1 can regulate the endothe-
lial metabolism by suppressing the mitochondrial gene of solute carrier family 25 mem-
ber 1 (SLC25A1) and the ATP citrate lyase gene (ACLY) [32]. Furthermore, silencing the 
ELTD1 induced the expression of the hematopoietic stem cell regulator (KIT) [32]. These 
findings suggest that there is a relationshipbetween ELTD1 and the Notch signaling 
pathway. The Notch signaling pathway was influenced by suppressing Hes Family 
BHLH Transcription Factor 2 (HES2) and Jagged Canonical Notch Ligand 1 (JAG1), and 
by upregulating the Delta Like Canonical Notch Ligand 4 (DLL4) [32]. Additionally, by 
silencing the ELTD1 in endothelial cells, some components involved in metabolism of 
pyrimidine, alanine aspartate, glutamine, cysteine, methionine, taurine, arginine, proline, 
and sugar were found to be upregulated [32]. This study showed non–significant in-
crease in components involved in glycolysis. It is still unclear why ELTD1 silencing leads 
to ACLY upregulation. This data suggests that regulation of ACLY and SLC25A1 ex-
pression by ELTD1 may help to maintain an equilibrium in endothelial metabolism and 
homeostasis as shown in Figure 3. 

More recently, a study conducted by Li et al. showed that JAK/STAT3 signaling 
pathway (Janus kinases/signal transducer and activator of transcription protein 3) is in-
volved in ELTD1 regulation of proliferation, migration, and invasion of glioma cells. By 
performing knockdown of ELTD1 in U–87MG and U–138MG cells, they found that the 
JAK/STAT signaling pathway was inhibited, without effect on other signaling pathways 
[44]. By using a nude mice orthotopic tumor model, they also found that ELTD1 upreg-
ulates the protein expression of HIF–1α (hypoxia–inducible factor 1–alpha), a regulator 
of tumor formation (cell proliferation, colony formation, migration, and invasion). This 

Figure 3. Structure of ELTD1. Abbreviations: VEGF—vascular epithelial growth factor, bFGF—fibroblast growth factor,
DLL4—delta like ligand 4, Notch–GPS—G–protein coupled protein hormone receptor proteolysis site, EGF—epidermal
growth factor, GAIN domain—G–protein–coupled receptor (GPCR) autoproteolysis–inducing domain. P—phosphate,
JAK—Janus kinases, STAT3—signal transducer and activator of transcription protein 3, HIF–1α—Hypoxia–inducible factor
1–alpha, point arrow—activation, block arrow—inhibition.

There are many aspects regarding ELTD1 signaling pathways that have not been
clarified, although few important steps forwards have been recently made.
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A recent study on cell lines showed that silencing ELTD1 can regulate the endothelial
metabolism by suppressing the mitochondrial gene of solute carrier family 25 member 1
(SLC25A1) and the ATP citrate lyase gene (ACLY) [32]. Furthermore, silencing the ELTD1
induced the expression of the hematopoietic stem cell regulator (KIT) [32]. These findings
suggest that there is a relationshipbetween ELTD1 and the Notch signaling pathway. The
Notch signaling pathway was influenced by suppressing Hes Family BHLH Transcription
Factor 2 (HES2) and Jagged Canonical Notch Ligand 1 (JAG1), and by upregulating the
Delta Like Canonical Notch Ligand 4 (DLL4) [32]. Additionally, by silencing the ELTD1
in endothelial cells, some components involved in metabolism of pyrimidine, alanine
aspartate, glutamine, cysteine, methionine, taurine, arginine, proline, and sugar were
found to be upregulated [32]. This study showed non–significant increase in components
involved in glycolysis. It is still unclear why ELTD1 silencing leads to ACLY upregulation.
This data suggests that regulation of ACLY and SLC25A1 expression by ELTD1 may help to
maintain an equilibrium in endothelial metabolism and homeostasis as shown in Figure 3.

More recently, a study conducted by Li et al. showed that JAK/STAT3 signaling path-
way (Janus kinases/signal transducer and activator of transcription protein 3) is involved in
ELTD1 regulation of proliferation, migration, and invasion of glioma cells. By performing
knockdown of ELTD1 in U–87MG and U–138MG cells, they found that the JAK/STAT
signaling pathway was inhibited, without effect on other signaling pathways [44]. By
using a nude mice orthotopic tumor model, they also found that ELTD1 upregulates the
protein expression of HIF–1α (hypoxia–inducible factor 1–alpha), a regulator of tumor for-
mation (cell proliferation, colony formation, migration, and invasion). This data suggests
that by ELTD1 silencing, tumor growth could be inhibited and its effect in vivo could be
suppressed by HIF–1α overexpression [44] (Figure 3).

Moreover, considering that ELTD1 regulation by the VEGF ligand has been estab-
lished [24], VEGFR2 association with ELTD1 in glioma was studied using targeted antibody
inhibition, proving again that ELTD1 has a key role in angiogenesis, both in vitro and
in vivo [18,24].

By treating G55 glioma–bearing mice with either anti–ELTD1 or anti–VEGFR2 anti-
bodies, it was observed that VEGFR2 levels were decreased after anti–ELTD1 antibody
treatment, and vice versa, ELTD1 levels were decreased after anti–VEGFR2 antibody treat-
ment, compared to untreated tumors [20]. ELTD1 and VEGFR2 colocalization was also
demonstrated by immunohistochemistrystudies. The treatment using anti–ELTD1 anti-
body significantly increased animal survival, and decreased tumor volumes, compared to
IgG–treated or untreated tumor bearing mice [20].

3.2. Ligands

Not muchis known about how aGPCRs (in general) and ELTD1 (in particular) are
functioning, because of the lack of data on known ligands, receptor activation or its
signaling pathways.

One study published by Favara and colleagues specifically investigated ELTD1’s
evolution, concluding that its gene appeared cca. 435 million years ago in bony fish and is
a highly conserved early core angiogenic gene, with three evolutionary variants [55].

aGPCR signaling is initiated when a tethered agonist binds to a specific extracellular
portion of the seven transmembrane helices [56]. Based on that, the conservation mapping
of ELTD1 across orthologues was used to hypothesize that its highly conserved external
7TM regions (external loops 2–3, and 4–5) could potentially represent important sites to
bind ligands that will initiate the signal transduction of ELTD1. It has been hypothesized
that, because ELTD1’s exons are probably an ancestral characteristic, the conservation
mapping across vertebrate orthologues could be used to clarify its activation. Further-
more, a functional overlap was detected between ELTD1 and at least one member from
a different family, with ability to stimulate angiogenesis based on integrin [57]. Sincethe
extracellular matrix is known to have a key role in angiogenesis, it was hypothesized that
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the extracellular matrix ligands that bind to other aGPCR family members could also bind
to ELTD1 [58].

ELTD1 was demonstrated to be regulated by two angiogenic ligands: upregulated
by VEGF (vascular endothelial growth factor) and downregulated by DLL4 (Notch lig-
and delta–like ligand 4) [25,27,31,42], a startingpoint for further investigation.Recently,
the Stachelhypothesis has been used to solve the activation mechanism of some orphan
aGPCRs [59–61]. This hypothesis suggests that, except for GPR123, all aGPCRs express a
short 10–20 amino acid tethered agonist called the Stachel peptide, situated C–terminally
to the GPS cleavage site, essential for the activation via striking the seven transmem-
brane receptor loops that initiates signaling [62]. The G–protein–coupled receptor (GPCR)
autoproteolysis–inducing domain (GAIN domain) is important for the activity of the GPS
cleavage site [63].

Despite all the relevant and productive research work described, the mechanism of
ELTD1 activation remains unclarified.

4. ELTD1 an Effective Target in a Wide Range of Diseases

Alterations of ELTD1 have been found in several non malignant diseases, but it is also
considered to be a potential treatment target in different types of cancers.

For example, the involvement of the ELTD1 receptor has been studied in the following
non malignant diseases: multiplesclerosis, schizophrenia, and stroke.

Perturbation in central nervous system (CNS) vasculature is a distinguishing feature
in many diseases. ELTD1 antibody therapy was found to affect molecular pathways in-
volved in multiplesclerosis (MS). Towner and colleagues showed that ELTD1 is highly
detectable in the brain of mice with experimental autoimmune encephalomyelitis (EAE),
as MS model, showing that ELTD1 may represent a promising biomarker for CNS inflam-
mation [64]. In the past, ELTD1 was linked to the cannabis use disorders [50]. Recently, in
2020, based on the symptomatology and psychopharmacology of some CNS disorders, sim-
ilarities between psychiatric disorders were suggested [65] regarding ELTD1 involvement
in schizophrenia development [51].

The identification of some genomic regions, and genes associated with social genetic
effects, could represent the basis to better understand the genetic implication for social
average daily gain (ADG). By using the genome–wide association strategy in pigs, ELTD1
gene was linked with social genetic effects, suggesting that this receptor could be used as a
marker for ADG. Three single nucleotide polymorphisms (SNP) were located upstream the
ELTD1 gene, between 161 and 191 kb. Furthermore, it would be of interest to study the
association between ELTD1, prostaglandin F2α receptor (PTGFR), and interferon–induced
protein 44 (IFI44) genes [66].

A study performed in 2015 focused on African American patients diagnosed with
stroke and genome–wide single nucleotide polymorphism (SNP). The study called COM-
PASS collaboration was the first large–scale GWAS meta–analysis in African Americans
individuals with stroke. The data reported showed that the 15q21.3 locus, related with hy-
pertension and high lipid levels, was associated with total stroke. Amongst other, variants
of the ELTD1 gene showed nominal associations with various degree of stroke in African
Americans individuals [46].

Malignant Diseases

Between the public health issues worldwide, cancer is one of the most relevant [67].
Studies involving antibodies and small molecules that target specific types of cancer are con-
tinuously growing in number, suggesting the importance of this therapeutic approach [68].
These targeted cancer therapies are being studied as single strategies, or in combination
with others [69–71]. Although it could represent a major step forward in personalized
medicine [72], the molecularly targeted therapy has substantial limitations [73], which
are motivating the researchers to develop novel approaches based on emerging technolo-
gies [74,75].
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By analyzing the alterations of ELTD1 genetic sequence in different cancers usingcBio-
Portal for cancer genomic database [76], in Figure 4 it can be observed that ELTD1 alter-
ations have a very low frequency in several malignancies such as glioblastoma, ocular
melanoma, renal cell carcinoma, colorectal cancer, thyroid cancer, and ovarian cancer, which
may suggest that mutation levels are not influencing the tumor evolution, even though high
levels of its expression may indicate the presence of the respective malignancy [18,76,77].
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Hepatocarcinoma: In a recent study, Kann et al. showed that silencing of ELTD1
drastically reduced hepatocellular carcinoma cells invasiveness [49], confirming previous
studies that linked ELTD1 to mechanismsinvolved in the metastatic process [25].

Retinoblastoma: In January 2021, Guihurt Santiago and colleagues reported differ-
ences regarding the expression and functional roles of ELTD1 and G–protein receptor 125
(GPR125/ADRGRA3)—two adhesion–GPCRs in retinoblastoma (Rb) [52]. The investi-
gation demonstrated for the first time, that ELTD1, and not GPR125, was overexpressed
in Rb compared to fetal retinas. By disrupting ELTD1, in vitro cell migration and in vivo
metastasis were reduced without affecting cell viability. This data suggests that ELTD1
may be a potential target for prevention of extraocular Rb and for treatment ofmetastatic
Rb [52].

Renal and colorectal cancer: It is well known that ELTD1 and GPR116 are two mem-
bers of the adhesion G–protein–coupled receptor family expressed in endothelial cells [27].
A study performed by Lu and colleagues focused on their functions using mice lacking
ELTD1 and G–protein receptor 116 (GPR116) [78]. The renal and cardiovascular functions
were not influenced by the loss of either ELTD1 or GPR116, while the loss of both receptors
led to perinatal lethality in half of the mutants, due to cardiovascular malformations (aortic
arch arteries and cardiac outflow tract). In addition, the surviving mice showed hemolysis,
splenomegaly, and renal thrombotic microangiopathy, with a significant mortality. Mean-
while, the loss of ELTD1 and GPR116 in neural crest–derived cells and endothelial cells
did not lead to repetition of any of the phenotypes detected in ELTD1–GPR116 deficient
mice, suggesting that loss of these two receptors materialized in cardiovascular and renal
defects [78].Common treatment strategies in metastatic renal cell cancer (mRCC) consists
in inhibiting the development of new blood vessels by using sunitinib, a tyrosine kinase in-
hibitor of the vascular endothelial growth factor (VEGF) and platelet–derived growth factor
(PDGF) receptors signaling [79]. In 2020, Niinivirta et al. linked the ELTD1 expression level
to the progression free survival (PFS) after sunitinib treatment. The expression of ELTD1
in tumor vessels was a positive predictive marker for the sunitinib treatment in patients
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with renal cancer [22]. A significantly higher PFS after sunitinib treatment was observed
in patients with high ELTD1 expression compared to low ELTD1 expression (8 months
vs. 5.5 months). On the contrary, the expression level of VEGFR2 had no correlation with
sunitinib response. Moreover, this study showed that for sunitinib therapy, ELTD1 may be
considered a predictive and not a prognostic marker [22].

Head and neckcancer: In 2013, Massiero et al. analyzed the genes that could potentially
be involved in angiogenesis, by profiling the in vivo expression and characterized of the
most important candidates using in vitro and in vivo models. By comparing head and
neck tumors with normal tissues, a significant increase was observed in ELTD1 expression
in tumor–associated cultured endothelial cells (ECs) [18]. Furthermore, increased ELTD1
levels in endothelial cells were also correlated with high microvascular density in head
and neck cancers, suggesting its involvement in tumor angiogenesis [18]. Additionally, by
profiling the ELTD1 expression in head and neck squamous cell carcinoma, a significant
inverse correlation between CA9ELTD1 (a hypoxia–inducible gene) and ELTD1 mRNA
levels was observed [80], probably because of a better perfusion in high ELTD1 tumors [18].

Ovarian cancer: In the same study performed by Massiero and colleagues, primary
ovarian human tumor samples were used to study the ELTD1 protein expression. Upreg-
ulation of EC ELTD1 expression was observed in neoplastic ovarian tissue, compared to
normal tissue. Additionally, higher EC ELTD1 was significantly correlated with increased
OS in ovarian tumors [18]. A study performed by Favara et al. showed that ELTD1 was
upregulated in several types of cancer cells, including ovarian vascular smooth muscle cells
and in tumor–associated endothelial cells, both in zebrafish and humans [55]. By silencing
Eltd1 gene in ovarian tumor xenografts in mice, the tumor growth was substantially limited
by inhibiting tumor–vessel angiogenesis. In human ovarian cancer patients, increased
tumor–vessel endothelial ELTD1 expression was linked to improved OS in patients treated
with anticancer therapy. These results show that ELTD1 is a prognostic marker of favorable
outcome inhead, neck, and ovarian cancer patients, may be because increased ELTD1 ex-
pression could correlate with higher microvessel density, allowing an improved anticancer
targeted drug delivery [55].

Glioblastoma:In the beginning of 2013, Towner and colleagues conducted a study
proving that ELTD1 expression is a marker for high grade glioma [42]. Few years later,
Ziegler et al. used ELTD1 as an antiangiogenic target for treating glioma in mouse and
human xenograft glioma models [25]. Furthermore, Serban et al. found that ELTD1
silencing induced cell death in glioblastoma [24,31]. Supporting the above data, Dai S et al.
proved that miR–139–5p inhibited tumor progression by targeting ELTD1 [43]. Recently,
in vitro and in vivo experiments demonstrated that ELTD1 plays a very important role in
proliferation, migration, and invasion of glioma cells, and its overexpression was correlated
with poor overall survival (OS) and disease–free survival (DFS) rates in glioma patients.
The same study offered evidence that the JAK/STAT3/HIF–1α signaling could control this
process [44].

In the last years, ELTD1 was found to be highly expressed in human gliomas, a
very aggressive type of brain cancer, and treatments have been started using anti–ELTD1
polyclonal antibodies in glioma preclinical models, but with promiscuous pAb binding [25].
A further study was performed using monoclonal anti–ELTD1 in G55 xenograft glioma mice
models, with promising results [29]. The treatment using monoclonal anti–ELTD1 antibody
showed high binding specificity, increasing the lifespan, normalizing the vasculature and
reducing the tumor volume, compared with the untreated or polyclonal–treated mice.
Additionally, a very important result was that ELTD1 interacted and interrupted Notch1
signaling pathway [29]. These data support the idea that ELTD1 may represent a drug
target in glioblastoma therapy.

Oligodendroglioma:A network–based strategy was developed to identify novel cancer
gene candidates in the region of the 1p/19q codeletion, responsible for some primary
human brain tumors, such as oligodendrogliomas. Yet, there is scant evidence regarding
the pathology of the above chromosomal mutation. ELTD1, a glioblastoma validated
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oncogene located on 1p, was predicted to have strong pushing impact on signaling and
metabolic pathways involved in oligodendroglioma development [81].

Table 1 summarizes the above information regarding ELTD1 role in malignant diseases.

Table 1. ELDT1 role in cancer.

Type of Cancer Presumed Role Observations

Hepatocarcinoma ELTD1 supports the tumor
invasiveness

By silencing of ELTD1, the hepatocellular carcinoma
cells invasiveness was drastically reduced [49]

Retinoblastoma ELTD1 is overexpressed in Rb

ELTD1, was found to be overexpressed in Rb
compared to fetal retinas. By disrupting ELTD1,

in vitro cell migration and in vivo metastasis were
reduced [52]

Renal and Colorectal Cancer

ELTD1 is involved in renal
thrombotic microangiopathy and may
represent a positive predictive marker

after sunitinib treatment

The mice lacking ELTD1 and G–protein receptor 116
(GPR116) showed hemolysis, splenomegaly and

renal thrombotic microangiopathy, [78].
A significantly higher PFS after sunitinib treatment

was observed in patients with high ELTD1
expression compared to low ELTD1 expression.

ELTD1 may be considered a predictive and not a
prognostic marker [22]

Head and Neck Cancer ELTD1 is involved in angiogenesis

Increased ELTD1 levels in endothelial cells were
correlated with high microvascular density in head

and neck cancers, suggesting its involvement in
tumor angiogenesis [18], and also a significant

inverse correlation between a the CA9ELTD1 and
the ELTD1 mRNA levels was observed [18,80].

Ovarian Cancer ELTD1 is overexpressed in ovarian
cancer

Upregulation of EC ELTD1 expression was observed
in neoplastic ovarian tissue, compared to normal

tissue. [18,55]. ELTD1 may be a putative prognostic
marker with favorable outcome in head, neck and

ovarian cancer patients

Glioblastoma
ELTD1 expression is a marker for
high grade glioma and a suitable

antiangiogenic target

ELTD1 was used as an anti–angiogenic target for
treating glioma in mouse and human xenograft

glioma models [25,42]. Furthermore, by silencing
ELTD1, cellular death was induced in glioblastoma

[24,31]. Supporting the above data, miR–139–5p
inhibited tumor progression by targeting ELTD1 [43].
In vitro and in vivo experiments showed that ELTD1

has an important role in proliferation, migration,
and invasion of glioma cells. There are evidences

that the JAK/STAT3/HIF–1α signaling could control
this process [44].

Oligodendroglioma
ELTD1 has a strong pushing impact

on oligodendroma signaling and
metabolic pathways

ELTD1, a glioblastoma validated oncogene located
on 1p, was predicted to have strong pushing impact

on signaling and metabolic pathways involved in
oligodendroglioma development [81].

The preclinical trials targeting ELTD1 are organized in the Table 2.
At present, the use of ELTD1 as therapeutic target in clinical practice has not been

studied in large. Even if ELTD1 is of clinical and therapeutic interest, it is the most poorly
studied of the GPCR protein families. Relatively littleis known about the receptor intracel-
lular signaling or its activating ligand. Available studies about X–ray crystal structures of
ELTD1/ligand complex or ELTD1/intracellular proteins complexes, to validate the binding
site on the protein–protein interface, does not practically exist in the literature. In particu-
lar, small–molecule inhibitors for ELTD1 have not yet been identified. In a recent study,
published in 2021 by MarjutNiinivirta et al., was reported that high expression of ELTD1 in
the tumor vasculature predicts a favorable response to sunitinib treatment, in patients with
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metastatic renal cell cancer [22]. However, no proposed, ongoing or completed clinical
trials involving ELTD1 are currently reported in the literature.

Table 2. ELTD1 preclinical trials.

Preclinical Trial Observations

ELTD1, an effective antiangiogenic target for gliomas:
preclinical assessment in mouse GL261 and human G55

xenograft glioma models

Data regarding tumor volume and OS showed that by using
antibodies against ELTD1, glioma growth could be inhibited

even more if compared with other therapeutic targets (VEGFR).
Untreated GL261 mouses had significantly higher ELTD1

levels compared
with mouse normal brain. The therapy involving antibody
against ELTD1 had an anti–angiogenic effect observed in

microvessel density, magnetic resonance angiography and
perfusion measurements, with

decreased vascularization compared with controls [25]

ELTD1 as a biomarker for multiple sclerosis: Preclinical
molecular–targeted studies in a mouse experimental

autoimmune encephalomyelitis model

ELTD1 antibody therapy affected the molecular pathways
involved in multiplesclerosis, with a high level of ELTD1

expressionis in the brain of mice experimentally induced with
autoimmune encephalomyelitis [64]

5. Conclusions

There are many unclear aspects regarding ELTD1 structure, associated ligands, and-
mechanisms of action. It is well known currently that ELTD1 is highly expressed in tumor
endothelial cells in many cancers and recent evidence shows that. Being associated with
angiogenesis, it may be a putative predictive biomarker.

All the cited studies support a specific role of ELTD1 in migration and invasion of
cancer cells and shed a new light on a new path to better understand the tumor behavior
with the hope of identifying and developing new therapeutic strategies in cancer therapy.

However, there are still many questions that need an answer, like:

• Are ELTD1 and other angiogenesis genes reciprocally affected?
• What other ligands may bind to ELTD1 receptor, apart from VEGFR and DLL4?
• What other molecules are involved in the signaling pathways of ELTD1?

Theanswers to these questions still need to be provided and new research fields need
to be explored, in order to provide a more complete elucidation of ELTD1 role in malignant
diseases, before its introduction into clinics.
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Abstract: Cancer and viruses have a long history that has evolved over many decades. Much infor-
mation about the interplay between viruses and cell proliferation and metabolism has come from the
history of clinical cases of patients infected with virus-induced cancer. In addition, information from
viruses used to treat some types of cancer is valuable. Now, since the global coronavirus pandemic
erupted almost a year ago, the scientific community has invested countless time and resources to slow
down the infection rate and diminish the number of casualties produced by this highly infectious
pathogen. A large percentage of cancer cases diagnosed are strongly related to dysregulations of
the tyrosine kinase receptor (TKR) family and its downstream signaling pathways. As such, many
therapeutic agents have been developed to strategically target these structures in order to hinder
certain mechanisms pertaining to the phenotypic characteristics of cancer cells such as division,
invasion or metastatic potential. Interestingly, several authors have pointed out that a correlation
between coronaviruses such as the SARS-CoV-1 and -2 or MERS viruses and dysregulations of
signaling pathways activated by TKRs can be established. This information may help to accelerate
the repurposing of clinically developed anti-TKR cancer drugs in COVID-19 management. Because
the need for treatment is critical, drug repurposing may be an advantageous choice in the search for
new and efficient therapeutic compounds. This approach would be advantageous from a financial
point of view as well, given that the resources used for research and development would no longer
be required and can be potentially redirected towards other key projects. This review aims to provide
an overview of how SARS-CoV-2 interacts with different TKRs and their respective downstream
signaling pathway and how several therapeutic agents targeted against these receptors can interfere
with the viral infection. Additionally, this review aims to identify if SARS-CoV-2 can be repurposed
to be a potential viral vector against different cancer types.

Keywords: coronavirus; pandemic; tyrosine kinase; receptor; signaling pathway; EGFR

1. Introduction

Coronaviruses are RNA viruses that affect mammals, having an affinity for the res-
piratory apparatus in humans. Strains of coronavirus, namely severe acute respiratory
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syndrome coronavirus (SARS-CoV) and Middle East respiratory syndrome coronavirus
(MERS-CoV), have previously caused a large number of cases before completely disappear-
ing. SARS-CoV-2’s origin is currently still unknown, but bats are a very likely source, as
SARS-CoV and MERS-CoV, similar coronaviruses, have been associated with bats [1,2].
SARS-CoV-2 and bat-CoV RaTG13 share a 96.2% genome sequence identity, demonstrating
a common ancestry between the two viruses [3]. The incidence of COVID-19, the infectious
disease caused by SARS-CoV-2, is constantly increasing, with almost 62 million confirmed
cases and almost 1.5 million deaths worldwide. SARS-CoV-2’s human-to-human transmis-
sion is mainly sustained through direct contact or through coughing and sneezing droplets
received from an infected individual [4].

SARS-CoV-2 is the newest strain of beta coronaviruses, known to have an incubation
period of 5.2 days [5]. However, cases with longer incubation periods, up to 24 days, have
been reported [6]. This long incubation period, through which the patients present no
symptoms but are contagious, is considered one of the main reasons why SARS-CoV-2 has
spread so fast around the world [5]. After this asymptomatic period, the symptoms that
usually appear are the following: fever, fatigue, cough, headache, difficulty in breathing,
hemoptysis, sputum production, sore throat and diarrhea [7,8].

The pathogenesis of the virus is mainly represented by the attachment of the spike
(S)-glycoprotein located on the surface of the coronavirus to the angiotensin conversion
enzyme 2 (ACE2) receptor from the human cells [9]. The S-glycoprotein is composed
of two subunits, S1 and S2. S1’s main purpose is determining the virus–host range and
cellular tropism with the key function domain, the receptor-binding domain (RBD), while
S2 mediates virus–cell membrane fusion through two tandem domains, heptane repeats
(HR) 1 and 2 [10].

Furthermore, research has been conducted regarding the ability of the SARS-CoV-2 S1
RBD to bind heparin. Heparins are drugs used for their anticoagulant/thrombotic proper-
ties and are known for being safe, stable and highly effective. They also present antiviral
activity, which was never fully explored in a clinical setting. Interestingly, coronaviruses are
also targeted by heparin because of SARS-CoV’s envelope proteins containing positively
charged amino acids that are prone to interact with the negatively charged sulfate groups
of heparin sulfate proteoglycans [11].

The innate immune system is activated, and pattern recognition receptors (PRRs)
are used to recognize the pathogen-associated molecular patterns (PAMP). PRRs con-
sist predominantly of toll-like receptor (TLR), RIG-I-like receptor (RLR) (also previously
demonstrated in MERS-CoV [12]), NOD-like receptor (NLR), C-type lectin-like receptors
(CLmin) [13], cytosolic receptor melanoma differentiation-associated gene 5 (MDA5) and
nucleotidyl transferase cyclic GMP-AMP synthase (cGAS) [14].

The aforementioned complex factors catalyze the activation of the transcription factor
nuclear factor-κB (NF-κB) and interferon regulatory factor 3 (IRF3), leading to the produc-
tion of type I interferons (IFN-α/β) and a series of proinflammatory cytokines [15,16].

Oncolytic virotherapy is a novel therapy consisting of the use of replicating viruses,
through the genetic modification that they produce in cells, as a means of treating cancer.
The viruses’ tropism is restricted in order to infect only certain cell types. Furthermore,
exogenous genes can be added in order to make the virus more aggressive, hence inducing
the host’s immune response against the specifically targeted cancer cells [17,18].

2. Growth Factors, Tyrosine Kinase Receptors and SARS-CoV-2: A Complex Equation

Growth factor receptors (GFRs) possess the important role of binding extracellular
polypeptide growth factors, which determines a cascade of signaling events with the final
purpose of regulating cell growth [19]. GFRs are also relevant for the entry of multiple
viruses, including coronaviruses, which makes them a central topic of discussion regarding
the SARS-CoV-2 pandemic. Drugs inhibiting GFRs that are used for antitumoral purposes
are presented in Figure 1 [20–22].
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2.1. The Epithelial Growth Factor Receptor

The epidermal growth factor receptor (EGFR) is a member of the ErbB family of TKRs
with important functions in epithelial cell physiology [23]. It is well known for presenting
overexpressions and mutations in a multitude of human cancers, hence becoming the target
for multiple cancer therapies [24]. EGFR tyrosine kinase inhibitors (TKIs) have been well
documented in numerous clinical studies and are used in the treatment of several types of
cancer, most notably non-small-cell lung cancer (NSCLC), for almost two decades now [25].

The EGFR can play a role in the internalization of coronaviruses through binding
to the S protein. Transmissible gastroenteritis virus (TGEV) is an alpha-coronavirus that
infects the epithelial cells of the intestine, causing severe, potentially lethal, diarrhea in
piglets. In a study, the mechanism of infection of TGEV was analyzed, concentrating on the
binding with the EGFR. The internalization of the virus was achieved through clathrin- and
caveolin-mediated endocytosis. Afterwards, the virus was bound to the EGFR, promoting
successive clathrin-mediated endocytosis [26].

After the TGEV spike protein binds with EGFR, the phosphoinositide 3 kinase (PI3K)
pathway is activated, inducing the phosphorylation of cofilin and the polymerization of
F-actin via Rac1/Cdc42 GTPases. EGFR activates the MAPK pathway, correlated with
F-actin reorganization, thus proving again the important involvement of the EGFR in the
coronavirus endocytosis [27]. TGEV infection can be also treated with A9, a TKI of the
tyrphostin class. In a preclinical in vitro study, the A9 inhibitory activity of the TGEV was
mediated by the p38 MAPK signaling pathway. A study by Dong et al. proved the potential
of targeting p38 as a means of treating coronaviruses [28].

Researchers explored the possibility of how SARS-CoV infection can influence EGFR
signaling and consequently amplify the effect of the receptor’s activation. The authors
tested the potential of EGFR to provoke fibrosis and how much it varies depending on
the presence of viral infection. To their surprise, the overregulation of EGFR signaling
followed by SARS-CoV infection determined higher levels of inflammation in the lungs
than it would be normally expected alongside interstitial edema [29].

EGFR TKIs are known to have the side effect of promoting interstitial lung disease in
the patients receiving these drugs [30]. An important similarity between this interstitial
lung disease and the characteristics of COVID-19 has been observed, from the clinical
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symptoms (fever, cough, fatigue, sputum production, shortness of breath, myalgia, etc.) to
radiological findings (ground-glass opacities) [31].

Gefitinib, a TKI used for the first-line treatment of EGFR-mutated NSCLC for almost
two decades, is known to aggravate pulmonary fibrosis inflicted by bleomycin [32–34].
Amphiregulin, a ligand of the EGFR, encoded by the AREG gene, is upregulated in many
cancers, determining cell growth, proliferation and migration through major intracellular
signaling pathways triggered by receptor binding. In murine models, silencing amphireg-
ulin by siRNA or using EGFR-specific TKIs attenuated the fibrogenic effects of TGF-beta1,
TGF-beta1 being known for its fibrosis-inducing characteristics [35]. In another study,
it was shown that TGF-alpha-mediated fibrosis can be prevented by treating mice with
gefitinib and erlotinib [36].

The available data are contradictory given that anti-EGFR TKIs can cause pulmonary
fibrosis in humans while preventing pulmonary fibrosis in mice, so there can be several
ways of explaining the difference. One explanation is that EGFR signaling can determine
different downstream results, depending on the species it encounters. Another way of
explaining this discrepancy is that the EGFR downstream signaling kinetics could be
dysregulated and not necessarily dependent on the strength of the signal itself [37].

2.2. The Fibroblast Growth Factor Receptor

Fibroblast growth factor receptors (FGFRs) are TKRs that possess an important role
in cell proliferation, migration and differentiation. The dysregulation of their expression
can lead to the emergence of different tumors [38]. The FGFR family has four members:
FGFR1-4, encoded by different genes but presenting high homology [39]. FGFR TKIs are
becoming an important tool in the inhibition of cancer growth, with multiple clinical trials
assessing the effectiveness of anti-FGFR TKIs [40].

FGFR can also be relevant in viral infections. FGF, bound to heparan sulfate molecules,
interacts with FGFR, creating a trimolecular FGF–HS–FGFR complex, setting off subsequent
FGFR activation [41]. FGFR1 was proven to be an important, indispensable cofactor in
infection with adeno-associated virus 2. Viral invasion was thought to be regulated by
heparan sulfate proteoglycans alone, but it was later understood that both HSPG and
FGFR1 were implicated in the endocytosis of the virus [42]. FGFR was also relevant in
influenza virus infection, being a cofactor necessary for the early stages of the infection [43].

In a study by Hardie et al., several human kinases were screened in order to identify
those that could be linked to dengue fever replication. Of those explored, the study focused
on the role of FGFR4, a member of the FGFR family. The study showed that dengue fever
infection determines an impairment of FGFR phosphorylation. More interestingly, the
inhibition of FGFRs via siRNA provided a decrease in the RNA replication of dengue
virus, while simultaneously increasing its viral particle production, suggesting that the
FGFR might play a regulatory role in the lifecycle of the virus, switching between the early
and late stages [44]. In another study, FGF2 was blocked in a Zika-virus-infected human
astrocyte cell culture to see how it affects viral replication. The study showed that treatment
with the monoclonal antibody BGJ398 determined a decrease in viral replication and cell-to-
cell transmission, mainly through the inhibition of the MAPK pathway, which is strongly
linked to normal FGF/FGFR activity [45]. In another study, the association of Epstein–Barr
virus (EBV) with nonkeratinizing nasopharyngeal cancer (NPC) was explained through
the perspective of FGFR1 signaling in the LMP1 pathway. FGFR1 inhibition managed to
suppress cell multiplication, migration and invasion in the NPC. Aerobic glycolysis and the
epithelial cell transformation demonstrated the association between FGFR/FGF2 signaling
present in the EBV activity and the NPC [46].

Another study that analyzed MERS-CoV-induced apoptosis in kidney and lung tissues
discovered a correlation between FGFR2 inhibition and the degree of cell death induced by
viral infection. By using a specific anti-FGFR TKI, tyrphostin AG1296, the authors observed
a reduction in apoptosis by over 40%. However, an anti-EGFR tyrphostin, AG490, had no
influence over MERS-CoV-induced apoptosis [47].
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2.3. The Platelet-Derived Growth Factor Receptor

Platelet-derived growth factor receptors (PDGFRs) are TKRs with important functions
in the development of connective tissue. The two types of receptors are PDGFRα and
PDGFRβ. PDGF-PDGFR signaling is important in development, but in the adult age,
its function remains relevant only in tissue repair and lesion healing [48]. The most
mainstream PDGFR inhibitors are TKIs, with the vast majority of them being nonspecific,
targeting additional structures involved in cancer development such as KIT and FLT3 [49].

It was shown that influenza virus entered the cell through the PDGFRβ/GM3 sig-
naling pathway, and endocytosis was successfully inhibited with the TKIKi8751, which
specifically targets PDGFRβ phosphorylation. [50]. Furthermore, it was also discovered
that PDGFRα plays an important role in the entry of cytomegalovirus into fibroblasts.
Through a genome-wide CRISPR screen, PDGFR was shown to have the most significant
role in trimer-only human cytomegalovirus (HCMV) infection [51]. Moreover, in a similar
study, the silencing of PDGRα reduced the spread of gH/gL/gO-positive HCMV, demon-
strating PDGRα’s essential role in cell endocytosis [52]. Contrastingly, in another study, it
was shown that PDGFRα was not involved in the HMCV entry of the trimer, its silencing
producing no effect on the virus endocytosis [53].

3. The Link between Antiviral and Anticancer Drugs

Anticancer drugs have consistently shown potential in the treatment of antiviral
infections. During the SARS-CoV-2 pandemic, an important task for researchers has been
to find a correlation between the antiviral and antineoplastic function of drugs in order
to implement them most effectively in the treatment protocols of COVID-19 patients [54].
Even more so, oncological treatment during the SARS-CoV-2 pandemic is more difficult
than ever, as cytotoxic therapies have side effects, such as leukopenia, which makes the
organism highly susceptible to infections [55].

Ibrutinib, a powerful inhibitor of the Bruton tyrosine kinase (BTK), is a drug that
has a possible anti-inflammatory effect best observed in the respiratory apparatus. Its
ability to reduce lung damage, cytokine levels in the lung tissue and mortality have been
documented in animal experiments using the H1N1 influenza virus strain. The animals
that received ibrutinib survived and made a complete recovery [56].

The effect of ibrutinib was also tested in SARS-CoV-2 subjects. A total of 300 patients
suffering from Waldenström’s macroglobulinemia (WM) were included in a study in which
they received BTK inhibitors. Six of these patients were diagnosed with a SARS-CoV-2
infection and received different doses of ibrutinib (five of the patients received 420 mg/day,
while only one patient received 140 mg/day). Patients receiving the higher dose presented
better evolution with easier symptoms and with hospitalization not being necessary. On
the contrary, patients receiving the lower dose showed symptoms with increasing severity,
which caused the necessity of hospitalization [57].

Acalabrutinib, another BTK inhibitor, was also successful in the treatment of several
patients suffering from severe cases of COVID-19. The patients, 11 of whom received
supplemental oxygen and 8 of whom were on mechanical ventilation, were administered
acalabrutinib, with improved oxygenation being observed for the majority of them. This
proved that BTK inhibitors are relevant for targeting excessive host inflammation in COVID-
19 patients [58].

Selinexor, a selective inhibitor of nuclear export (SINE), is a drug approved for treating
relapsed/refractory multiple myeloma [59]. SINEs are known to have the ability to reduce
viral proliferation and thus were used in a clinical trial for patients suffering from COVID-
19. The drug managed to inhibit important host–protein interactions for SARS-CoV-2 [60].

The Role of Tyrosine Kinase Inhibitors in the Treatment of Coronavirus Infections

TKIs are considered a potential treatment for COVID-19, as they are known to target
specific host functions that are required by multiple viruses, including SARS-CoV-2 [61].
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MAPK/ERK and PI3K/AKT/mTOR signaling responses have been shown to be
relevant in MERS-CoV infection through bioinformatics analysis in vivo. Therefore, by
suppressing these pathways, the replication was substantially inhibited in vitro [62].

For SARS-CoV, the potential for use of imatinib, an ABL 2 inhibitor approved for
clinical practice 20 years ago, was attested due to the inhibition of the replication of SARS-
CoV and MERS-CoV prior to RNA production. Thus, a correlation was found between
Abl2 and the productive replication of SARS-CoV and MERS-CoV [63]. Imatinib can
be useful for treating pneumonia associated with SARS-CoV-2 infection, as it has been
proven to be efficient in treating pulmonary diseases [64]. It improved patients with
pulmonary and systemic vascular leak [65], severe refractory asthma [66] and pulmonary
artery hypertension [67]. On the contrary, it did not improve patients with idiopathic
pulmonary fibrosis [68].

For the more recent SARS-CoV-2, imatinib’s viral inhibiting properties have been
tested in vitro and results showed potential for inhibition, acting especially on the spike
protein and blocking the viral entry at the endosomal level [69]. Prostaglandin E2 stimula-
tion and the deceleration of the increase in TNF-α, IL1-β and IL-6 were observed in the
case of administering imatinib, thus reducing inflammation. Imatinib has been proven to
interfere in the NF-κB signaling pathway, suppressing it [70]. This pathway is activated
in SARS-CoV-2-infected patients and is believed to facilitate the activity of the virus [71].
There have been attempts for treatment with imatinib. In a study, imatinib was added to the
treatment protocol at the same time with the interruption of ceftriaxone. Astonishingly, the
fever disappeared, the supplementation with oxygen was ceased and pulmonary stability
was radiologically confirmed [72].

The possible link between JAK inhibitors (JAKi) and SARS-CoV-2 has also been taken
into account. JAKi are drugs that usually have a tendency to interfere with the immune
system, increasing the infectious risk in patients. There have been three anecdotal cases of
patients that tested positive for SARS-CoV-2 who are taking JAKi for alopecia areata. None
of them had significant events but were nonetheless taken off JAKi. Thus, an important
aspect during the pandemic is that doctors are careful what drugs they are prescribing
to their patients, especially if those drugs have a potential influence on the evolution of
COVID-19 [73].

4. SARS-CoV-2 and Viral Tumorigenicity: A Tale of a Two-Edged Sword
4.1. SARS-CoV-2-Induced Carcinogenesis via Tyrosine Kinase Receptors

The carcinogenic potential of viruses is a well-known and documented fact. Of the
219 viral species known to humans, almost 150 types of viruses have carcinogenic potential.
Some, such as HPV, are exceptionally carcinogenic, being responsible for almost 95%
of cervical cancer cases, while others, such as human herpesvirus 8, are linked to rarer
types of cancer such as Kaposi’s sarcoma [74]. While the number of coronaviruses is
quite vast, very little information is available on their carcinogenic potential as of yet. A
preclinical model analysis suggested that SARS-CoV-2 presents a very high affinity for
EGFR, VEGFR and c-MET receptors present on glial cells, which are strongly related to
gliomagenesis [75]. However, can SARS-CoV-2 penetrate the blood–brain barrier (BBB)?
Given the large number of neurological symptoms described by COVID-19 patients, it was
strongly suggested that the virus is capable of easily penetrating the BBB. In a study by
Rhea et al., it was demonstrated that a radioiodinated S protein can freely traverse the BBB
in murine models [76]. Another study has shown that SARS-CoV-2 is capable of infecting
the choroid plexus, strongly disrupting the BBB [77].

Another relation between SARS-CoV-2 and TKR activity in cancer might be estab-
lished between the large number of proinflammatory cytokines and chemokines, which
are largely responsible for acute respiratory distress syndrome and the tumor microen-
vironment, which has a strong impact on carcinogenesis; more explicitly, a link between
the IL-6/JAK/STAT3 pathway and the plethora of proinflammatory molecules found in
patients suffering from COVID-19. For example, Zhang et al. observed that the mortality
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of bladder cancer patients suffering from COVID-19 was 10 times higher than that of other
patients suffering from the virus [78]. This was theorized to be related to the activation of
the IL-6/JAK/STAT3 pathway in the tumor microenvironment of bladder cancer patients,
which further exacerbates the inflammation caused by COVID-19 [79]. Another example of
the link between the tumor microenvironment and COVID-19 is found in ovarian cancer.
Ovarian cancer is known to present increased levels of IL-2, IL-6, IL-12 and Il-13, while high
levels of IL-6 are frequently encountered in COVID-19. The interaction between IL-6 and
sIL-6R has been shown to promote ovarian cancer progression through the ERK, a TK that
triggers increased cell survival, migration and invasion [80]. These mechanisms indicate
that high levels of proinflammatory cytokines during the COVID-19 infection could act as
a trigger for cancer development and progression, mediated by signals initiated through
TKRs or downstream signaling pathways shared with TKRs.

4.2. Oncolytic Virotherapy Potential of the Coronavirus

Oncolytic virotherapy is becoming an attractive option for the treatment of patients
with different forms of cancer. Several clinical studies have researched the use of viral
therapy, providing promising results [81–83]. Coronaviruses have been researched in this
particular subject as potentially capable of exerting an antitumoral effect. The virus has
to be modified with an additional protein, or antibody, in order to direct them against the
EGFR, thus creating a tumor-targeting virus. [84].

The infectious properties of mouse hepatitis coronavirus (MHCV) are obtained through
the binding of its S protein to the murine carcinoembryonic antigen-related cell adhesion
molecule 1 (CEACAM1a). Virus–cell membrane fusion is achieved through the induction
of conformational changes after the binding of the N-terminal part of the cellular receptor
(soR) and the S protein. In order to direct it against the EGFR, a single-chain monoclonal
antibody 425 was bound to the soR, creating a bispecific adapter protein (soR-425). The
soR-425 proved successful in targeting the EGFR in vitro, but the S protein fusion pro-
cess was necessary for the virus entry. This research first demonstrated the potential of
coronaviruses for tumor-targeting purposes [85].

A few years later, a similar experiment was performed and was again successful
in vitro and subsequently continued with an in vivo study. A mouse previously exposed to
a lethal intracranial tumor was treated with an MHCV soR-EGF (adaptor protein soR-EGF
injected into the MHCV’s genome) injection. This significantly prolonged its survival,
stopping the recurrence of the tumor load [86].

5. Discussion

The EGFR and other TKRs seem to have a strong correlation with SARS-CoV-2,
providing diverse insights into the treatment of COVID-19. The direct binding to the EGFR
of TGEV shows that coronaviruses have an affinity for the EGFR, so a potential application
for the future is blocking the endocytosis at this level by downregulating the signaling
pathway that promotes it. TKIs, more specifically A9 (a tyrphostin-class TKI), produced
a satisfactory response in vitro, partially inhibiting the endocytosis of the virus through
the EGFR.

A common aspect between SARS-CoV-2 and the EGFR TKIs is that they promote
interstitial lung disease, having a high similarity of symptoms and radiological showings.
Furthermore, EGFR overexpression facilitates pulmonary fibrosis for a SARS-CoV-infected
patient. Although many studies have offered the perspective that EGFR has antifibrotic
properties, there has also been research demonstrating the opposite. The difference may
come from the different species involved in the testing or from the fact that the signal’s
intensity/time is not relevant for the EGFR’s activity in fibrosis.

Imatinib, a representative of the TKI class, has proven efficient in the inhibition of
replication in SARS- and MERS-CoV, proving the implication of Abl2 in the replication.
Imatinib was recently tested for SARS-CoV-2 and it successfully inhibited the endocytosis
of the virus and also suppressed the NF-κB signaling pathway, which enhanced viral
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activity levels. The importance of JAKi for COVID-19 has been questioned on a theoretical
level, JAKi being known to negatively affect the immune response. The purpose of this
correlation is that during the pandemic, the prescription of drugs that may have an effect
on the immune response of patients should be closely regulated in order to minimize the
rampant advancement of the pandemic.

The EGFR and SARS-CoV-2 correlation is also relevant in the oncology field. The
potential for oncolytic virotherapy is an important one. Coronaviruses can exert an antitu-
moral effect when attached to the cancer cell. The targeting of the cell is achieved through
the modification of the virus. An additional protein or antibody is bound to the virus,
making it prone to connect to the EGFR of the cancer cell.

Experiments have been conducted for coronaviruses (e.g., mouse hepatitis coron-
avirus) and proved successful in vitro and in vivo. The use of bispecific adapter proteins
attached to the virus redirected its course towards the EGFR, and endocytosis occurred
through S protein fusion.

SARS-CoV-2 can certainly be relevant in the oncolytic virotherapy approach, as per
its similarity with the MHCV coronavirus, with tests and research required in order for
SARS-CoV-2 to prove itself as an important candidate for effective tumor targeting and
cancer treatment.

No treatment has proven successful in treating SARS-CoV-2 as of yet. With the race
to implement an international immunization scheme through vaccination being strongly
underway, it might prove wise to try to replicate different treatment strategies that proved
effective for other types of viral agents. Additionally, with oncolytic viral therapy being a
popular option in the last decade, SARS-CoV-2 might prove useful as a therapeutic agent
for the treatment of different cancer forms.
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Abbreviations

TKR Tyrosine kinase receptor
SARS-CoV Severe acute respiratory syndrome coronavirus
MERS-CoV Middle East respiratory syndrome coronavirus
ACE2 Angiotensin conversion enzyme 2
RBD Receptor-binding domain
HR Heptane repeats
PRRs Pattern recognition receptors
PAMP Pathogen-associated molecular patterns
TLR Toll-like receptor
RLR-RIG I-like receptor
NLR-NOD Like receptor
CLmin-C Type lectin-like receptors
MDA5 Cytosolic receptor melanoma differentiation-associated gene 5
cGAS Nucleotidyltransferase cyclic GMP-AMP synthase
NF-κB Transcription factor nuclear factor-κB
IRF3 Interferon regulatory factor 3
IFN Interferon
GFR Growth factor receptors
EGFR Epithelial growth factor receptor
NSCLC Non-small-cell lung cancer
HMCV Human cytomegalovirus
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TKI Tyrosine kinase inhibitors
PI3K Phosphoinositide 3 kinase
TGEV Transmissible gastroenteritis virus
FGFR Fibroblast growth factor receptor
EBV Epstein–Barr virus
NPC Non-keratinizing nasopharyngeal cancer
PDGFR Platelet-derived growth factor receptors
BTK Bruton tyrosine kinase
SINE Selective inhibitor of nuclear export
MHCV Mouse hepatitis coronavirus
CEACAM1a Carcinoembryonic antigen-related cell adhesion molecule 1
JAKi JAK inhibitors
BBB Blood–brain barrier
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Abstract: The aim of our study was to assess the sympathetic nervous system’s involvement in the
evolution of gastric carcinoma in patients by analyzing the mediators of this system (epinephrine and
norepinephrine), as well as by analyzing the histological expression of the norepinephrine transporter
(NET). We conducted an observational study including 91 patients diagnosed with gastric carcinoma
and an additional 200 patients without cancer between November 2017 and October 2018. We set
the primary endpoint as mortality from any cause in the first two years after enrolment in the study.
The patients were monitored by a 24-h Holter electrocardiogram (ECG) to assess sympathetic or
parasympathetic predominance. Blood was also collected from the patients to measure plasma
free metanephrine (Meta) and normetanephrine (N-Meta), and tumor histological samples were
collected for the analysis of NET expression. All of this was performed prior to the application of any
antineoplastic therapy. Each patient was monitored for two years. We found higher heart rates in
patients with gastric carcinoma than those without cancer. Regarding Meta and N-Meta, elevated
levels were recorded in the patients with gastric carcinoma, correlating with the degree of tumor
differentiation and other negative prognostic factors such as tumor invasion, lymph node metastasis,
and distant metastases. Elevated Meta and N-Meta was also associated with a poor survival rate.
All these data suggest that the predominance of the sympathetic nervous system’s activity predicts
increased gastric carcinoma severity.

Keywords: gastric carcinoma; norepinephrine transporter; plasma free metanephrines and
normetanephrines

1. Introduction

Gastric cancer is a malignant disease with a high degree of lethality; according to
Globocan 2018, it ranks fifth in terms of the incidence of malignancies, with 1,033,701 cases
annually (5.7%). It is also the third leading cause of cancer mortality, with an annual death
toll of approximately 782,685 (8.2%) [1]. This condition is much more common among men,
occupying third place for the total number of neoplasms, whereas this condition is ranked
in fifth place regarding incidence for women [1]. The factors leading to this disease have
not been identified exactly, but strong correlations have been found between its occurrence
and diet (i.e., a diet rich in salty and smoked foods), Helicobacter pylori infection, vitamin
deficiency, a low consumption of fruits and vegetables, smoking, a family history of gastric
cancer, stress, and long-term stomach inflammation [2].
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The evolution of gastric cancer is unpredictable, and because of the extensive nature
of the diagnostic methods, as well as diagnosis often occurring in advanced stages of the
disease, the disease only becomes symptomatic in the advanced stages for the vast majority
of patients [3]. The involvement of the autonomic nervous system in the development and
evolution of gastric cancer has not been fully elucidated, but numerous studies have shown
that there is a close relationship. Not only does the autonomic nervous system innervate
the digestive tract but the tumor cells secrete growth factors and exhibit elevated levels of
catecholamines and various receptors [4–6]. The involvement of the vegetative nervous
system was first demonstrated by Batsakis approximately 30 years ago when he described
the presence of nerves located in the vicinity of human epithelial carcinomas, such as
gastric, head and neck, or prostate cancers [7,8]. These nerves have been described as
directly involved in metastatic dissemination through a process called perineural invasion
(PNI) in which neoplastic cancer cells are able to invade and migrate into, around, and
through the nerves, with PNI frequently being associated with poor clinical results [9].

In this study, we wanted to evaluate the involvement of the sympathetic nervous
system in the evolution of patients with gastric carcinoma by analyzing the mediators
of this system (epinephrine and norepinephrine) as well as the histological expression of
the norepinephrine transporter (NET). The norepinephrine transporter is a monoamine
transporter responsible for capturing extracellular norepinephrine (N-Meta), also known as
noradrenaline. The latter has an inhibitory role in the gastrointestinal tract. This is also true
for epinephrine, which mainly enters the gastrointestinal tract through the bloodstream
after being secreted by the adrenal medulla directly into the circulation. It is known that
this transporter is also involved in the uptake of extracellular dopamine; the reuptake of
the two neurotransmitters plays an important role in regulating their concentrations in the
synaptic terminals [10–13].

In order to obtain homogeneous data, we chose to analyze the influence of epinephrine
and norepinephrine only on gastric tumors because of the physiological particularities
of the stomach’s innervation. It is necessary to mention that the stomach is much more
dependent on extrinsic neural inputs, represented by nuclei located in the caudal brainstem,
from which sympathetic and parasympathetic pathways start or are controlled. In contrast
to the stomach, the small and large intestines have a high degree of independent neuronal
control and can function even if they lack extrinsic neural inputs [14].

2. Results
2.1. Assessment of the Heart Rates of the Patients Included in the Study

To assess the predominance of the sympathetic or parasympathetic autonomic nervous
system, we evaluated 91 patients suffering from gastric cancer using a Holter electrocardio-
gram (ECG) for approximately 24 h, both at the time of diagnosis and before starting any
antineoplastic therapy, by calculating the average heart rate (HR) during the day, during the
night, and for 24 h. For the controls, 200 patients without gastric carcinoma who belonged
to the same age group as the gastric carcinoma patients were evaluated using a Holter
ECG. We observed (Figure 1A,B) that during the day, higher heart rates predominated in
the group of patients with gastric carcinoma than in the control group (HR during the day
= 90.76 ± 13.64 beats per minute (bpm) in the group of patients with gastric carcinoma
versus 82.29 ± 7.86 bpm in the control group; p = 0.0012). These differences were main-
tained overnight (HR at night = 65.74 ± 16.44 bpm in the gastric carcinoma patients versus
58.21 ± 5.11 bpm in the control group; p = 0.0015) and for the entire monitoring period of
approximately 24 h (HR for the 24 h period = 78.25 ± 14.01 bpm in the gastric carcinoma
patients versus 68.96 ± 6.80 bpm in the control group; p < 0.0000). Another observation
was that the patients with gastric carcinoma had no significant difference in heart rate
during the day compared to that during the night, as shown in patients without cancer
(Figure 1C,D). All these data suggest an increased predominance of sympathetic nervous
system influences in the patients with gastric carcinoma versus patients without cancer.
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2.2. Relationship between Norepinephrine Transporter Expression and Clinicopathological Features

The expression of the norepinephrine transporter was analyzed in samples from
patients with gastric carcinoma (N = 91) as well as from the 200 patients (controls) who
required gastric resection for benign reasons (Figure 2A–D). Using multispectral microscopy
(Figure 3A–D), we analyzed the expression of the norepinephrine transporter, calculating
the integrated optical density (IOD) only for the target color signal. Depending on the
tumor grading, we observed an increase in IOD from well-differentiated (G1) to moderately
differentiated (G2) and poorly differentiated (G3) tumors (Figure 4A and Supplementary
Table S1). The norepinephrine transporter expression was higher in the patients with
gastric carcinoma in those aged < 60 years (p = 0.0115) and in those with localization of the
tumor in the gastric body or pyloric area (p = 0.0033), with tumor invasion T3–4 (p = 0.0093),
with lymph node metastasis N≥2 (p = 0.0371), and with TNM classification of malignant
tumors (TNM) stages TIII–IV (p = 0.003) (Figure 5a and Supplementary Table S2).
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Figure 3. Assessment of the expression of norepinephrine transporters in normal (A) and tumor gastric tissue (B–D) by
spectral unmixing microscopy: (B) well-differentiated (G1), (C) moderately differentiated (G2), and (D) poorly differentiated
(G3). (1) Images from the optical microscopy; (2) slides immuno-stained for norepinephrine transporters with 3,3′-
diaminobenzidines (DAB) and counterstained with hematoxylin (signals are shown overlapping); (3) images with pure
hematoxylin only (nuclei and cell membranes); (4) images with pure DAB only (only the signal for norepinephrine
transporters). Magnification, 400×. Scale bars represent 20 µm.
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Figure 4. (A) Norepinephrine transporter expression quantified according to the integrated optical density (IOD) in
cancer-free patients and in different tumor differentiation gradings in patients with gastric carcinoma. Plasma levels of
free metanephrine (B) and normetanephrine (C) in cancer-free patients and in different stages of tumor differentiation in
patients with gastric carcinoma. Correlations between metanephrine and norepinephrine transporter (D), normetanephrine
and normetanephrine transporter (E), and normetanephrine and metanephrine (F). Kaplan–Meier curves depending on the
norepinephrine transporter IOD (G), on plasma free metanephrine (H), and on plasma free normetanephrine (I). One-way
ANOVA; * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

2.3. Relationship between Plasma Free Metanephrine (Meta) and Normetanephrine and
Clinicopathological Features

Another analysis performed in our study was measuring the free metanephrine and
normetanephrine in the plasma for all the patients included before starting any therapy.
Both the plasma free metanephrine and plasma free normetanephrine were higher in the
patients with gastric carcinoma than those without. The cancer-free patients had plasma
free metanephrine (Meta) values of 34.05± 13.23 pg/mL and plasma free normetanephrine
(N-Meta) values of 128.3 ± 46.70 pg/mL. In the patients with gastric carcinoma, increased
plasmatic levels of metanephrine and normetanephrine were correlated with tumor grad-
ing, increasing from well-differentiated (Meta = 48.09 ± 16.45 pg/mL and N-Meta = 152.1
± 57.05 pg/mL) to moderately differentiated (Meta = 54.14 ± 19.59 pg/mL and N-Meta =
178.1 ± 65.53 pg/mL) and poorly differentiated (Meta = 59.13 ± 21.88 pg/mL and N-Meta
= 225.4 ± 91.22 pg/mL) tumors (Figure 4B,C). In terms of the clinicopathological features
concerned, we observed that higher free metanephrine could be found in patients with gas-
tric carcinoma according to the histological type, i.e., adenocarcinoma (Ad.c.) as opposed
to mixed carcinoma/signet-ring-cell carcinoma (M.c./S.r.c.c.) (p = 0.0004); the location of
the tumor in the gastric body or pyloric area (p = 0.0047); tumor invasion T3–4 (p = 0.0165);
lymph node metastasis N≥2 (p = 0.0473); and TNM stage TIII–IV (p = 0.0148) (Figure 5B
and Supplementary Table S3). We also observed higher plasma free normetanephrine in
patients with gastric carcinoma with a tumor size ≥5 cm (p = 0.0217), histological type
Ad.c as opposed to M.c./S.r.c.c. (p = 0.0253), a location of the tumor in the gastric body or
pyloric area (p = 0.0132), a tumor invasion T3–4 (p = 0.0177), a lymph node metastasis N≥2
(p = 0.0127), and a TNM stage TIII–IV (p = 0.0275) (Figure 5C and Supplementary Table S4).
It should be noted that patients who had the signet-ring-cell gastric cancer type, despite

101



Int. J. Mol. Sci. 2021, 22, 2042

having a low degree of differentiation (G3), had low plasma levels of free metanephrine
and normetanephrine.
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2.4. Correlation between Norepinephrine Transporter Expression and Plasma Free Metanephrine
and Normetanephrine

We observed a moderate positive correlation between the IOD for norepinephrine
transporter expression and plasma free metanephrine (r = 0.3929; 95% confidence interval
= 0.2034–0.5540; R-squared = 0.1544), and a strong positive correlation between the IOD for
norepinephrine transporter expression and plasma free normetanephrine (r = 0.5151; 95%
confidence interval = 0.3459–0.6519; R-squared = 0.2654). There was also a strong positive
correlation between the plasma free metanephrine and plasma free normetanephrine
(r = 0.5901; 95% confidence interval = 0.4373–0.7098; R-squared = 0.3842). These data are
summarized in Figure 4D–F.

2.5. Univariate Analysis of Prognostic Factors

The 91 patients with gastric carcinoma were divided into a low-NET group (N = 36/91)
and a high-NET group (N = 55/91) based on the median IOD for the norepinephrine
transporter. Depending on cut-off levels for plasma free metanephrine (65 pg/mL) and
normetanephrine (196 pg/mL), the patients with gastric carcinoma were divided into low-
(N = 39/91) and high-Meta groups (N = 52/91) and into low-(N = 33/91) and high-N-Meta
groups (N = 58/91). Univariate analysis with a log-rank test indicated that the high-NET
patients had a significantly poorer survival rate at two years after inclusion in the study
than the low-NET patients (44.23% vs. 63.88%; p = 0.0358; hazard ratio and its reciprocal =
1.956 and 0.5140, respectively; Figure 4G). Lower survival rates were also observed in the
patients with higher metanephrine but without statistical significance (48.07% vs. 58.33%;
p = 0.1487; hazard ratio and its reciprocal = 1.462 and 0.6838, respectively; Figure 4H),
as well as in those with high free normetanephrine with statistical significance (42.30%
vs. 66.67%; p = 0.0104; hazard ratio and its reciprocal = 2.289 and 0.4369, respectively;
Figure 4I).

3. Discussion

In this study, we analyzed the correlations between the clinicopathological aspects
of patients diagnosed with gastric cancer (gastric adenocarcinoma) and the involvement
of the autonomic nervous system in the carcinogenesis process by identifying certain
features of the sympathetic nervous system and the norepinephrine transporter, identified
in neoplastic cells. We attempted to support the claim that the vegetative nervous system
can influence the development and evolution of gastric cancer.

The sympathetic nervous system is part of the vegetative nervous system and respon-
sible for the fight reaction, also known as the sympathetic–adrenal response. It secretes
adrenaline (epinephrine) and noradrenaline (norepinephrine), catecholamines that are
subsequently released into the blood [15]. The action exerted by the sympathetic nervous
system causes a series of reactions in various organs of the body, such as an increased heart
rate, decreased motility in the large intestine, reduced secretions by salivary glands, and
vasoconstriction [16]. Free plasma metanephrine and normetanephrine are metabolites
of catecholamines, the latter being considered a hormone that is released into the blood,
especially during periods of physical or emotional stress, depression, or anxiety, causing
both psychological and endocrine changes [17]. These catecholamines produced from the
precursor tyrosine can, on the one hand, alter the immune response and, on the other hand,
promote several biological signaling pathways involved in tumor initiation, growth, and
metastasis [16–19].

Regarding the involvement of the sympathetic nervous system in the development
and evolution of gastric cancer, the primary pathway is mediated by the action of neuro-
transmitters on β2-adrenergic receptors, activating an intracellular signaling cascade via
adenylyl cyclase [18,19]. Studies have highlighted the impact of the main neurotransmitter
of the sympathetic nervous system, norepinephrine, on vascular endothelial growth factor
(VEGF) and matrix metalloproteinase 2/9 (MMP-2 and MMP-9) [20]. Other studies have
also shown an important role of norepinephrine in epithelial–mesenchymal transition
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(EMT). For example, Shan et al. demonstrated that norepinephrine causes, in gastric
carcinoma, a decrease in E-cadherin expression and an increase in vimentin expression;
both changes increase cell motility and confer the ability of tumor invasion [21]. This
mechanism can occur through the β2-adrenergic receptor (AR)–hypoxia-inducible factor-
1-alpha axis, which is also involved in the promotion of tumor progression by chronic
stress in animal cancer models [22]. EMT can also be initiated in gastric cancer by the
β2-AR–metalloproteinase (MMP)-7 pathway through the activation of AP-1 and signal
transducer and transcriptional activator 3 (STAT3) [23,24].

We found that the highest plasma values of serum metanephrine and normetanephrine
were increased in patients with poorly differentiated gastric adenocarcinoma. They varied
according to the degree of differentiation, and increased values were found among those
with localization in the gastric body or pyloric area and with histopathological aspects of
adenocarcinoma, as well as among patients who had metastases in regional lymph nodes
or distant metastasis. In this regard, a recent study that evaluated the activity of periostin,
which mediates the critical steps in gastric carcinoma, showed that it is expressed in the
stroma of gastric carcinoma but not in normal gastric tissue, and this is strongly correlated
with the expression of alpha-smooth muscle actin (SMA) [25]. Isoprenaline causes an
increase in periostin expression in gastric cancer, with the activation of the previously
mentioned axis, but it can also promote angiogenesis by stimulating VEGF secretion and
the upregulation of VEGFR2 and plexin-A1 [26,27].

Another aspect highlighted by our study is the implications of psychological stress
for the initiation and progression of gastric carcinoma. Psychological stress initiates a
response of the hypothalamic–pituitary–adrenal axis, which raises catecholamine levels;
catecholamines interact with certain biological components of tumor cells through certain
signaling pathways. This can lead to the progression of certain cancers, such as those of
the ovaries, nasopharynx, or pancreas [27,28].

Regarding the influence of catecholamines on therapy for severe gastric cancer, it
has been observed that the stimulation of gastric cancer cells with catecholamines in vitro
increases trastuzumab resistance by not only activating STAT3 and extracellular signal-
regulated kinases (ERKs) but also by upregulating mucin 4 (MUC4) expression [29]. How-
ever, these cellular signaling mechanisms induced by catecholamines may become possible
therapeutic targets. For example, propranolol, a non-selective adrenergic blocker, can
cause cell cycle arrest and induce apoptosis in gastric carcinoma cells by blocking nuclear
factor-kB (NF-kB), MMP2/9, VEGF, and cyclooxygenase-2 (COX-2) [30,31].

It is well known that the sympathetic nervous system influences cardiac activity,
causing an increase in heart rate, as was shown in our patients. Most of the patients with
gastric cancer in our study had increased heart rates directly proportional to the plasma
levels of free metanephrine and normetanephrine. Shi et al. recently reported that the
severity of gastric cancer in diagnosed patients can also be predicted by perturbations in
the nonlinear dynamic patterns of heart rate variability (HRV) [32].

In other primary tumors, the activity of the sympathetic nervous system has been eval-
uated in both preclinical and clinical studies. The plasma norepinephrine and epinephrine
concentrations are significantly higher in patients with oral and oropharyngeal squamous
cell carcinoma (SCC) than in non-cancer patients [33]. In epithelial ovarian cancer, nore-
pinephrine reduces cisplatin’s efficacy and can affect DNA integrity [34]. Epinephrine
increases the phosphorylation of p38 MAPK in breast cancer cells and, thereby, enhances
the malignancy of this type of cancer [35]. A chemical sympathectomy markedly reduces
the incidence of fibrosarcoma and significantly prolongs survival in rats [36]. Regarding
other tumors of the gastrointestinal tract, it has been found that norepinephrine facilitates
tumor growth in pancreatic cancer [37], induces hepatocellular carcinoma invasion and
anoikis resistance through β2-AR-mediated epidermal growth factor receptor transacti-
vation [38], and facilitates cell proliferation in esophageal squamous cell carcinoma [39].
Catecholamines have also been shown to promote metastasis and tumor progression in
prostate and lung cancers and melanoma [40].
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4. Materials and Methods
4.1. Patients

This was an observational study, in which 91 patients diagnosed with gastric carci-
noma with different degrees of tumor differentiation were consecutively included, follow-
ing surgery or upper digestive endoscopy, at the Emergency County Hospital of Craiova,
Romania, between November 2017 and October 2018. For the controls, we delimited a
group of 200 patients without cancer of the same age group and gender as the cancer
patients. We set the primary endpoint as mortality from any cause in the first two years
after enrolling in the study. The design of the study is shown in Figure 6.
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Figure 6. Design of the study.

All of the stages of the study were explained to the patients before commencement,
and participation was possible only after providing written consent, with the patients being
informed about the confidentiality of personal data and the procedures being performed in
accordance with current regulations, without negatively influencing normal diagnostic or
treatment procedures.

This study was approved by the Ethics Committee of the University of Medicine and
Pharmacy of Craiova (No. 71/02.04.2017), respecting the ethical principles underlying the
Declaration of Helsinki and the University Code of Ethics on Good Conduct of Research
and the codes of practice established by the Code of Medical Ethics.

Patients diagnosed with gastric cancer, confirmed by postoperative histopatholog-
ical examination or biopsy, had blood samples taken for the measurement of serum
metanephrine and normetanephrine, after which they underwent Holter ECGs, before
starting chemotherapeutic treatment, to avoid possible post-drug interactions.
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4.2. Assessment of Heart Rate

To assess the predominance of the sympathetic or parasympathetic nervous system,
the patients were also monitored using a Holter ECG TLC5000 (Contec Medical Systems,
Qinhuangdao, Hebei Province, China), together with a former analysis of heart rate vari-
ability in terms of both frequency and the field of time. Ten patch electrodes were applied
to the patients’ chests, through which 12 ECG leads were connected. The important param-
eters in our study were the minimum, average, and maximum heart rate, not only over 24 h
but also during the night and day. The ECG Holter parameters were interpreted according
to the recommendations of the American College of Cardiology/American Heart Associa-
tion (ACC/AHA) ambulatory electrocardiography guide [41]. It should be noted that the
patients were examined by this method after the diagnosis of gastric adenocarcinoma was
confirmed. Another important criterion was a lack of previous medication that could have
influenced the heart rhythm (especially betablockers, calcium channel blockers, current
blockers, or other antiarrhythmics). All the patients in our study performed at least 150
min of moderate-intensity aerobic physical activity per week. There were no differences
between the groups included in the study regarding the degree of physical activity. Since all
the patients underwent gastrectomy and since this intervention involved damage to local
nerve plexuses, we unfortunately did not consider it appropriate to analyze the heart rate
variability postoperatively. Moreover, postoperative stress is another factor that inevitably
changes heart rate variability.

4.3. Histopathological Examination

A histopathological examination was performed following surgery or tumor biopsy
via upper digestive endoscopy. The biological samples were introduced into 10% formic
aldehyde solution, in which a neutral pH was created by adding calcium bicarbonate
to neutralize the formic acid for fixation. After fixation, the biological samples were
washed with water and then paraffin embedded as follows. The samples were completely
dehydrated by passing them through ethyl alcohol of different concentrations. They were
then clarified by removing the alcohol from the tissue, and the samples were passed
through successive paraffin baths, incorporated into paraffin blocks, and solidified. Finally,
the paraffin blocks were sectioned, then the sectioned tissues were glued to slides and
stained with hematoxylin–eosin, after which histopathological diagnoses were established
with certainty.

4.4. Immunohistochemistry

The paraffin-embedded tissues were sectioned into 3 µm serial sections using the
HM350 rotary microtome (Thermo Fisher Scientific, Waltham, MA, USA) equipped with
a section transfer system in a cold-water bath with a Peltier cooling mode. These slides
were then transferred to a water bath heated to 40 ◦C to be stretched and evened out. The
slides were recovered from the bath on blades covered with poly-lysine with a positively
charged amino acid residue to increase the adhesion of the sections on the blades. The
poly-lysine-coated slides were dried in a thermostat at 37 ◦C for 24 h.

The next day, the slides were first deparaffined by passing them through three succes-
sive xylene baths, for 15 min each, and then rehydrated in alcohol solutions with decreasing
concentrations; any final traces of alcohol were removed by washing with distilled water.
For antigenic recovery, the slides were boiled for 21 min in successive cycles of 3 min each,
in a microwave oven, at a power of 600 W, in a solution of sodium citrate at a pH of 6.
This was followed by cooling the slides for 30 min and then washing them with tap water
and distilled water for 15 min. To block endogenous peroxidase activity, the slides were
incubated in 1% hydrogen peroxide and distilled water for 30 min at room temperature,
stored for another 30 min in 3% skimmed-milk powder in phosphate-buffered saline (PBS),
and then incubated with primary antibodies at 4 ◦C for 18 h.

The primary antibodies used in this work were norepinephrine transporter mono-
clonal antibody (CL3063)/NBP2-62704 (dilution 1:20; Novus Biological, Abingdon, UK).
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Finally, the signal was identified via 3,3′-diaminobenzidines (DAB) (Dako, Glostrup,
Denmark). Subsequently, the slides were cover-slipped in DPX (Sigma-Aldrich, St. Louis,
MO, USA) after hematoxylin and eosin staining. All the slides stained for each primary
antibody were processed at the same time to observe the protocol correlation, along with
the control sections, which were stained with either DAB or hematoxylin–eosin in order to
obtain the pure spectrum for those colors. Negative controls were obtained by omitting
primary antibodies.

4.5. Acquisition and Image Processing

For the quantification of the target immunohistochemical signal, and taking into
account the histopathological aspect, light microscopy images were obtained using a Nikon
Eclipse 90i motorized microscope (Apidrag, Bucharest, Romania). This microscope was
equipped with a Nuance FX multispectral camera as well as the Nuance imaging analysis
software (Perkin Elmer, Hopkinton, MA, USA). An optical microscopy image was initially
obtained, followed by a mixed image (the color spectra for hematoxylin and DAB were
separately superimposed on this image). In another step, separate images were obtained
for hematoxylin and DAB (Supplementary Figure S1). The unmixed DAB signal was
quantified by randomly obtaining 10 images captured with a 20× lens. The color signal
was quantitatively analyzed based on the integrated optical density, using the Image-Pro
Plus AMS 7 image analysis software (Media Cybernetics, Bethesda, MD, USA). With the
help of this software, regions of interest were defined where we evaluated the color signals
and calculated the IOD, while the stroma was manually excluded from the obtained images.

4.6. Dosage of Plasma Free Metanephrine and Normetanephrine

Blood samples were taken from fasted patients who had avoided alcohol and caffeine
for 24 h before sampling. They were also informed to avoid certain drugs that may
influence serum metanephrine and normetanephrine, such as acetaminophen, tricyclic
antidepressants, phenoxybenzamine, alpha-agonists, or monoaminoxidase inhibitors. For
patients undergoing treatment with these drugs, their medication was discontinued for at
least five days before sampling.

Venous blood was collected in a pre-cooled ethylenediaminetetraacetic acid (EDTA)
K3 vacutainer, which was then gently shaken, overturned, and placed on ice; it was
transported to the laboratory within 2 h. The samples were processed no later than 2 h
after sampling.

The serum metanephrine and normetanephrine were quantified via the competitive
enzyme-linked immunosorbent assay (ELISA), and the values were determined after a pre-
cipitation stage. Their reference values were the following: metanephrine, <65 pg/mL, and
normetanephrine, <196 pg/mL, with detection limits of 5 and 10 pg/mL, respectively [42].

4.7. Statistical Analysis

The data obtained with the Image-Pro Plus AMS 7 image analysis software were
exported to Microsoft Excel 2010 (Microsoft Corporation, Redmond, WA, USA) and ana-
lyzed using GraphPad Prism 8 (San Diego, CA, USA). All the results are reported as the
means and standard deviations. To compare the means of two groups, we used Student’s
t-test. To compare the means of more than two groups, we used an ANOVA. To examine
the correlations between the different categories of data, we used Pearson’s correlation
test. To analyze whether there was a link between a variable and survival time, we used
the log-rank test. p < 0.05 was considered to indicate a statistically significant difference
between the compared means from the various groups.

5. Conclusions

The predominance of the sympathetic nervous system’s activity in patients with
gastric cancer, through increased heart rates, elevated plasma free metanephrine and
normetanephrine, and increased expression of the norepinephrine transporter in tumor
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cells, is a negative prognostic factor for these patients. These observations may highlight
future therapeutic or prognostic targets.

Supplementary Materials: The supplementary materials can be found at https://www.mdpi.com/
1422-0067/22/4/2042/s1: Figure S1, example of spectral unmixing for the series of slides; Table
S1, norepinephrine transporter expression quantified according to the integrated optical density in
cancer-free patients and in different tumor differentiation gradings in patients with gastric carcinoma;
Table S2, norepinephrine transporter expression quantified depending on clinicopathological features;
Table S3, plasma free metanephrine level (pg/mL) depending on the clinicopathological features;
Table S4, plasma free normetanephrine level (pg/mL) depending on the clinicopathological features.
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Abstract: Nowadays, due to recent advances in molecular biology, the pathogenesis of glioblastoma
is better understood. For the newly diagnosed, the current standard of care is represented by resection
followed by radiotherapy and temozolomide administration, but because median overall survival
remains poor, new diagnosis and treatment strategies are needed. Due to the quick progression,
even with aggressive multimodal treatment, glioblastoma remains almost incurable. It is known that
epidermal growth factor receptor (EGFR) amplification is a characteristic of the classical subtype of
glioma. However, targeted therapies against this type of receptor have not yet shown a clear clinical
benefit. Many factors contribute to resistance, such as ineffective blood–brain barrier penetration,
heterogeneity, mutations, as well as compensatory signaling pathways. A better understanding of
the EGFR signaling network, and its interrelations with other pathways, are essential to clarify the
mechanisms of resistance and create better therapeutic agents.

Keywords: glioma; pathways; EGFR; clinical trials

1. Introduction

With an overall survival of less than 35% in five years [1], malignant primary brain
tumors are the most difficult to treat cancers. Of those, the most common type is represented
by gliomas. Based on the expression patterns’ differences, glioblastomas are divided into
three subtypes as follows: classical, proneural, and mesenchymal [2]. Because glioblastoma
multiforme (GBM), a grade IV glioma [3], is one of the most aggressive primary brain
tumors, recent studies and reviews have focused on deepening our understanding of the
disease [4–9].

At present, GBM’s pathogenesis is better understood due to recent advances in molec-
ular biology. For newly diagnosed glioblastoma, the current standard of care is represented
by resection, followed by radiotherapy and temozolomide (TMZ) administration [10],
but the median overall survival (OS) is not fully improved; therefore, new diagnosis and
treatment strategies are needed [11,12].

Glioblastoma is the most common and the most deleterious glioma [13]. The 2011–
2015 Statistical Report of the Central Brain Tumor Registry of the United States (CBTRUS)
showed that glioblastoma represents 48% of the malignant brain and central nervous
system tumors, with an incidence rate in the United States 1.58 times higher in males
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compared to females [14]. Due to the quick progression, even with aggressive multimodal
treatment, glioblastoma remains almost incurable [15,16].

Nowadays, chemotherapy has a significant role in glioblastoma’s treatment strate-
gies, with numerous research studies aimed to develop more efficient chemotherapeutic
drugs [17]. Understanding the disease’s pathogenesis has a key role in identifying disease
biomarkers and developing new potential chemotherapeutic drugs. We present some of the
most promising signaling pathways involved in pathogenesis, with their specific targeting
components.

GBM is characterized by nuclear atypia, cellular pleomorphism, mitotic activity,
anaplasia, and rapid proliferation alternated with an aggressive invasion of the surrounding
brain tissue. In its microenvironment, glioma cells are faced with many challenges such
as acidity, hypoxia, and low nutrient availability. To maintain rapid growth, they need to
modulate metabolic activity [18,19].

In multicellular organisms, tyrosine phosphorylation is involved in signal transduc-
tion, leading to differentiation, proliferation, migration, and survival [20,21].

Receptor tyrosine kinases (RTKs) are activated by binding their extracellular domain
to corresponding ligands determining their oligomerization. This process activates the in-
tracellular domain, facilitating the recruitment of proteins that start a signaling cascade, in-
tegrating numerous signaling pathways that lead to specific cellular responses [22]. Among
all RTKs, epidermal growth factor receptor (EGFR) is the most amplified in GBM [23].
EGFR amplification is observed in the classical subtype of glioma [2]. EGFR gene amplifica-
tion is detected in 57.4% of primary GBM patients, leading to high levels of EGFR protein,
contributing to tumorigenesis and progression [24].

However, targeted therapies against this type of receptor have not yet shown a clear
clinical benefit. Many factors contribute to resistance, such as ineffective blood–brain
barrier penetration, heterogeneity, mutations, and compensatory signaling pathways. A
better understanding of the EGFR signaling network and its interrelations with other
pathways are essential to improve drug activity, clarify the mechanisms of resistance, and
develop better therapeutic agents.

2. Understanding EGFR Features

The transmembrane receptor of tyrosine kinase epidermal growth factor (EGFR),
also known as HER (human EGFR related) 1 or ErbB1, along with HER2/neu (ErbB-2),
HER3 (ErbB-3), and HER4 (ErbB-4), is a member of the ErbB family and it is located on
chromosome band 7p12 [25].

Like all RTKs, EGFR has an extracellular region, a single transmembrane domain,
an intracellular juxtamembrane domain, a tyrosine kinase, and a C-terminal region. The
ligands of ErbB receptors are divided into two main groups: EGFR activators called EGF
agonists, and neuregulins that bind to ErbB3 and ErbB4 [26,27].

The extracellular region of EGFR has two homologous domains (I and III) that bind
ligands and two cysteine rich domains (II and IV) [28].

The juxtamembrane region tethers inactive EGFRs to the plasma membrane cytosolic
surface, which contributes to EGFR activation [29]. Structural studies highlight the func-
tional importance for certain regions, such as the structure of the first 30 amino acids from
the intracellular juxtamembrane region of EGFR and the C-terminal 190 amino acids [27].

There are more than 40 EGFR ligands that control its signaling. They can be divided
into high-affinity ligands, such as epithelial growth factor (EGF), heparin-binding EGF-like
growth factor (HB-EGF), Transforming growth factor alpha (TGF-α), betacellulin (BTC),
and low-affinity ligands, such as epiregulin (EREG), amphiregulin (AREG), and epigen
(EPGN).

Expression of EGF-family proteins and activation of EGFR are features of cardiac
disease [30,31]. Moreover, molecular alterations of EGFR include overexpression, deletion,
or amplification, in different types of cancer. In GBM, EGFR amplification promotes
invasion, proliferation, and drug resistance to radio- and chemotherapy [32].

112



Int. J. Mol. Sci. 2021, 22, 587

Several trials on EGFR targeted therapy have failed to produce conclusive evidence,
maybe because of the EGFR molecular heterogeneity in GBM, of the low specificity of
the designed drugs, as well as because of low brain penetration [33]. Despite all this, the
detection of EGFR alterations is still used as a prognostic marker for GBM because 24–67%
of GBMs are characterized by a mutated gene, 40% by amplification, and 60% by EGFR
overexpression [34].

In recent years, studies have proved that EGFR has pro-survival kinase-independent
functions in malignant cells. This fact has offered a different perspective of understanding
EGFR implications in cancer, with new ideas of EGFR targeted cancer therapy [35–37].

3. Mechanisms of EGFR Pathway Activation

There are several different mechanisms of EGFR pathway activation, such as in-
creased ligand production or overexpression/defective inactivation/mutation of the re-
ceptor. Many studies focused on the EGFR signaling mechanism in recent years, trying
to conclude how the extracellular EGFR-ligand binding propagates through the single
transmembrane helix (TM) to trigger intracellular kinase activation [38–40].

3.1. EGFR Activation Mechanisms in Normal Physiologic Status

The expression of EGFR in normal cells is about 4 × 104–10 × 104 receptors/cell [41],
whereas, in cancer cells, more than 106 receptors/cell are observed [42]

The EGFR RNA expression is increased by stimulating the EGFR-specific transcription
factor (ETF). The receptor expression is regulated by epidermal growth factor (EGF) itself
and other proteins such as E1A, Sp1, and AP2 [36].

Like all RTKs, EGFR is activated by ligands featuring receptor-specificity. Briefly,
ligand binding leads to a dimeric active conformation of EGFR by homodimerization (com-
plexed with another EGFR) or heterodimerization (complex with another ErbB member).
The tyrosine residues from other RTKs are autophosphorylated after ligand stimulation,
and phenylalanine substitutions significantly impair the kinase signaling and the down-
stream signaling. Differently, EGFR Tyr-845 phosphorylation is not a required mechanism
for ligand-induced EGFR activation, but it may represent the main mechanism for EGFR
transactivation [43,44].

Proteins that express a proto-oncogene tyrosine-protein kinase (Src) homology domain
2 (SH2) region bind to the activated receptor, areactivated, and forward the signal to the
downstream effectors, propagating critical cellular signaling pathways [45]. EGFR can si-
multaneously activate several signal transduction pathways such as phosphatidylinositide
3 kinase (PI3K) and serine–threonine kinase (AKT) and RAS/MAPK pathways [46].

3.1.1. Extracellular Domain Activation

For EGFR, the dimerization is completely receptor-mediated, with no physical interac-
tion between two activating ligands. In normal physiologic status, the receptors are in a
dynamic monomer–dimer equilibrium. In the absence of ligands, the extracellular domain
presents a tethered configuration (intra-molecular links entirely block the dimerization
arm), and the intracellular tyrosine kinase domain (TKD) is inactive. Ligand binding leads
to a conformational change that exposes the buried dimerization arm, and the extracellu-
lar domain dimerizes, inducing conformational changes of the intracellular domain and
enabling kinase activation [45].

A recent study by Chung et al. described physiological EGFR activation as being
due to a ligand-mediated extracellular domain dimerization that stabilizes the N-terminal
transmembrane dimer and disrupts autoinhibition, allowing the C-terminal juxtamem-
brane (JM-B) segment to stabilize the asymmetric kinase domain (KD) dimer, resulting in
activation of EGFR signaling. They also concluded that the stimulus stabilizes the active
KD conformation in pathological states and further the asymmetric KD dimerization. The
inside–out coupling is weaker than the physiological outside–in coupling, suggesting
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that the extracellular (EC) dimer is linked through the N-terminal TM dimer with the
asymmetric oncogenic KD dimer [38].

3.1.2. Intracellular Domains Activation

By ligand-induced dimerization, the cis-autoinhibition is released, and through a
unique allosteric mechanism, the kinase activity of EGFR isactivated. It is well known that
this mechanism consists of physical interaction between the C-terminal tail of the activator
kinase and the other kinase N-terminal tail (receiver kinase) of the dimer pair, inducing
conformational changes of the N-lobe of receiver kinase and trans-phosphorylation C-
terminal tail of the activator [47].

3.1.3. Downstream Signaling of EGFR

EGFR activation and autophosphorylation result in the recruitment of downstream
signaling proteins. Almost all autophosphorylation sites are binding sites for Src Homol-
ogy 2-(SH2) or Phosphotyrosine binding-(PTB) signaling proteins. The SH2- proteins may
be bound directly to the receptor, or indirectly through docking proteins using PTB do-
mains [48]. EGFR can recruit and regulate many signaling pathways such as PI-3 K/AKT,
RAS/MAPK, and JAK2/STAT. Therefore, EGFR functions as a hub involved in regulating
various cellular processes [21,23], as shown in Figure 1.

Figure 1. EGFR signaling pathway (EGFR—epithelial growth factor receptor, EGFRvIII—Epidermal growth factor recep-
tor variant III, Pi3K—Phosphoinositide 3-kinase, RAS—family of genes involving cellular signal transduction, PTEN—
Phosphatase and tensin homolog, NF1—Neurofibromatosis type 1, RAF—serine/threonine-specific protein kinases, MEK—
Mitogen-activated protein kinase, ERK—extracellular signal-regulated kinase, AkT—Protein kinase B, mTOR—mammalian
target of rapamycin, Src—Proto-oncogene tyrosine-protein kinase, cMyc—c proto-oncogene, NFKB—nuclear factor kappa-
light-chain-enhancer of activated B cells, Block arrow—inhibition activity, Point arrow—pathway flow).

114



Int. J. Mol. Sci. 2021, 22, 587

The PI-3K/AKT signaling pathway involves PI3K, an enzyme with SH2-signal trans-
ducer and its downstream effector AKT, regulating apoptosis and cell survival. Once
EGFR is activated and phosphorylated, PI3K is brought to the cell membrane, and it phos-
phorylates phosphatidylinositol 4,5-bisphosphate (PIP2), forming phosphatidylinositol
(3,4,5)-trisphosphate (PIP3). AKT reacts with PIP3, and it is phosphorylated at Threonin308
by phosphoinosite-dependent protein kinase-1 (PDK1) and at Serine 473 by the mammalian
target of rapamycin complex 2 (mTORC2), reaching full activity. The phosphatase and
tensin homolog (PTEN) negatively regulate the PI3K/AKT pathway by dephosphorylating
and delocalizing PIP3 from the cellular membrane, resulting in the relocalization of AKT in
the cytoplasm, where it is unable to be reactivated [49,50].

Class IA is one of the three different classes of PI3Ks featuring subunits with regulatory
activity such as p85. Active EGFR achieves association with regulatory p85 through
dimerization with human HER3, or via the docking protein GRB2-associated binder 1
(GAB1), relieving the inhibitory effect of p85 [51]. GAB1 is a scaffolding protein involved
in recruiting additional signaling proteins such as PI3K, SHP2, and p120RasGap. It is
involved in many EGFR signaling outputs, and is the predominant mechanism linking
EGFR to PI3K/Akt signaling [52,53].

Due to its increasing importance in different human cancers, GAB1 may represent an
emerging potential therapeutic target.

The RAS/MAPK signaling pathway involves the growth-factor-receptor bound-2
(GRB2), which forms a complex with Son of Sevenless (SOS), a guanine-nucleotide ex-
change factor (GEF) and activates the RAS G-protein by exchanging guanosine diphosphate
(GDP) with guanosine triphosphate (GTP) [54]. Consequently, RAS and mitogen-activated
protein kinases (MAPKs) initiate a downstream signaling cascade to phosphorylate the
nuclear protein Jun. Jun creates complexes with different nuclear proteins leading to
the key transcription factor activator protein 1 (AP-1), responsible for translation and
transcription of proteins involved in the growth and division of cells. Activated RAS is
negatively regulated by GTPase activating proteins (GAPs), such as the tumor suppressor
neurofibromin 1 (NF1) [55].

Signal transduction and activator of transcription 3 (STAT3) is tyrosine-phosphorylated
or activated as pSTAT3 due to EGFR-regulation of interleukin-6 (IL-6) expression. This
mechanism leads to a feed-forward in the IL-6/Janus kinase (JAK)/STAT3 loop [21,56–58].

3.2. Oncogenic Status and EGFR Activation

The EGFR is one of the most frequently altered oncogenes in brain cancers. Except for
hematopoietic cells, the majority of cell types express ErbB family members [35].

In glioblastoma cells, the EGFR tyrosine kinase activity may be dysregulated by
multiple oncogenic mechanisms, such as gene mutation, overexpression of EGFR protein,
increased gene copy number, rearrangements of chromosomes, and activation by autocrine
function [59].

3.2.1. Mutations of Cell Signaling Regulators

The EGFR gene is located on chromosome 7p11.2 and consists of 28 exons encoding
a transmembrane protein receptor composed of 464 amino acids. Exons 5–7 and 13–16
encode the ligand binding domain, and exons 18–24 encode the tyrosine kinase domain.
The region encoded by exons 25–28 is the site of autophosphorylation.

Although EGFR is one of the most important drug targets in cancer therapies, its
mutations present an organ–site asymmetry, depending on the cancer’s organ of origin [60].
Although mutations occur in the kinase domain (KD) in other tumors, in gliomas, heteroge-
neous mutations and deletions are focused on the ligand-binding ectodomain (ECD). This
tissue-specific feature leads to type-II tyrosine kinase inhibitors (TKIs) with high sensitivity
for the inactive symmetric KD dimer (sKD), when administered in GBM mutations [61].
However, both intra- and extracellular GBM mutations result in ligand-independent onco-
genic activation.
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Almost 50% of the tumors characterized by EGFR amplification are positive for
the mutant EGFRvIII and EGFR single nucleotide variants (SNVs). Due to this tumor-
specific feature, novel therapeutic agents are currently under development to target the
overexpressed EGFR or EGFRvIII proteins. An in-frame deletion of exons 2–7 characterizes
the EGFRvIII, which results in overexpression of a truncated receptor that lacks some
significant parts of the ECD. This prototypic oncoprotein is unable to bind ligands, and it
is constitutively active. Several studies examined the effect of the EGFRvIII constitutive
activity on the wtEGFR and ErbB2 protein levels. For example, one study evaluated the
effect of Tyrphostin AG1478 on the protein levels and demonstrated that its administration
increased protein levels of wtEGFR and erbB2 in vIIIA1 cells, due to the catalytic activity
of EGFRvIII, while in its absence, the levels were reduced [62]. Furthermore, the unique
peptide sequence of EGFRvIII generated by the fusion of exons 1 and 8 may serve as a
tumor-specific target in immunotherapy [63], although subsequent phase III trial results
are not as promising as initially anticipated [64].

A meta-analysis performed in 2017 by Felsberg et al. proved that EGFRvIII and EGFR
SNVs do not represent prognostic keys in EGFR-amplified glioma patients. However, the
amplification of EGFR is retained in recurrent glioma [63], although improved long-term
survival by EGFRvIII therapy has been reported in glioblastoma patients [65].

Nevertheless, the research on EGFRvIII continues, producing inconclusive results.
For example, Struve et al. just published in early 2020 the results of a study focused
on the effect of EGFRvIII in regulating DNA mismatch repair. They tested if EGFRvIII
influences temozolomide’s sensitivity and demonstrated that, under standard treatment
with temozolomide, EGFRvIII expression leads to prolonged survival only in patients with
tumors with O6-methylguanine-DNA methyltransferase (MGMT) methylated promoter.
Their results showed that EGFRvIII sensitizes a type of GBM to the current standard of
care treatment with temozolomide through the upregulation of DNA mismatch repair
(MMR) [65]. However, patients with tumors that have both EGFRvIII and MGMT methy-
lation are very uncommon, and the conclusion that EGFRvIII status was associated with
increased survival had a p = 0.06. This level would not normally be considered significant,
especially not in this sort of multivariate analysis [66].

3.2.2. Overexpression and Gene Amplification

The EGFR gene is amplified in approximately 40% of glioblastomas. The primary and
secondary GBM differ in genetic profiles and primary GBMs have a higher prevalence
of EGFR gene amplification and overexpression than secondary GBMs [67]. In a study
performed by Watanabe et al., EGFR gene amplification was associated with protein over-
expression in most tumor cells, but 10% of GBM with overexpression of EGFR protein
lacked EGFR gene amplification [68]. However, previous studies have stated that EGFR
overexpression or activation does not necessarily cause a simple amplification of its down-
stream signals, but dose-dependent changes in oncogene-induced downstream signaling
and biological responses have been reported [69].

3.2.3. Rearrangements of Chromosomes

Breakpoint sequence analyses proved different types of chromosomal rearrangements
and mechanisms of DNA repair. Analyses of single nucleotide polymorphisms suggested
that different deletions may appear from amplified non-vIII EGFR precursor [70].

In a study performed in 2018 on glioma tumor samples by Tomoyuki et al., complex
chromosomal rearrangements involving chromosome 7 were observed [70].

A study performed by Lopez-Gines et al. showed that trisomy/polysomy 7 and
monosomy 10 were frequently associated with glioma. The combination of these anomalies
is important in glioblastoma’s tumorigenesis. Moreover, the association seems to be
independent of EGFR gene amplification [71].
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3.2.4. Activation by Autocrine Function

It is well known that wild-type EGFR ligands such as transforming growth factor-
alpha (TGF-alpha) and heparin-binding EGF (HB-EGF) are often increased in glioblastoma
leading to an autocrine loop resulting in the autonomy growth of glioma cells [72]. GBM
expresses an EGFR mutant (EGFRvIII) that signals constitutively, does not bind ligand,
and is considered to have more tumorigenicity than wild-type EGFR. In a U251-MG
glioma cell line, the expression of EGFRvIII may result in specific up-regulation of some
genes (TGF-α, EPHA2, HB-EGF, IL8, FOSL1, MAP4K4, DUSP6, and EMP1) influencing
signaling pathways involved in oncogenesis. TGF-α and HB-EGF (EGFR ligands) induce
the expression of EGFRvIII, suggesting that EGFRvIII has a role in creating an autocrine
loop with wild-type EGFR. By inhibiting HB-EGF activity with neutralizing antibodies,
EGFRvIII-induced cell proliferation may be reduced, suggesting that EGFRvIII-HB-EGF-
wild-type EGFR autocrine loop has a major role in signal transduction in glioblastoma
cells [73]. Furthermore, studies have demonstrated that the expression of the EGFR alone
has a poor transformation effect on cells. Though, coexpression of TGF-α ligand leads to a
significant increase in transformation and therapies based on neutralizing the ligands have
demonstrated the decreased growth of cells that harbor such loops [74,75].

4. Applied Theory—Therapies Targeting EGFR

The distribution of EGFR in cancer cells is the basic pillar of many targeted strategies
pursued to inhibit its signaling pathway [76,77].

EGFR activity may be controlled by binding to the tyrosine kinase domain or binding
to the extracellular component. There are three generations of tyrosine kinase inhibitors
approved for clinical use. The first mechanism targets signal transduction and is charac-
teristic of the tyrosine kinase inhibitors (RTKIs, TKIs), which bind to the tyrosine kinase
domain of EGFR and inhibit its activity. First-generation TKIs, inhibit the receptor by
competitive binding with ATP. Subsequent generations of TKIs were created to overcome
drug resistance. Second-generation TKIs irreversibly inhibit all four ERBB (originally
named because of the homology with the erythroblastoma viral gene product, v-erbB)
receptors, whereas the third-generation TKI are specifically designed to target the T790M
resistance mutation [78]. As first-generation inhibitors, active drugs include: erlotinib,
gefitinib, lapatinib and vandetanib. Afatinib, dacomitinib, and tesevatinib are examples of
second-generation small molecule EGFR inhibitors. Osimertinib is the first third generation
RTKI. The monoclonal antibodies act as receptor blockers by binding to the extracellular
component of the EGFR and block it from binding to its ligands. Cetuximab, necitumumab,
and panitumumab are examples of biological therapy targeting EGFR [21]. An overview of
clinical trials focused on anti-EGFR strategies used in GBM is provided in Table 1.

Table 1. Epidermal growth factor receptor (EGFR)-targeted therapies for adult high-grade gliomas currently in investiga-
tional and/or clinical use.

Therapeutic Agent Mechanism Results Reference

Afatinib (Tovok,
BIBW2992)

Second-generation
EGFR inhibitor

As a single agent, Afatinib proved good safety, but limited
activity on GBM patients. It was promising in combination

with TMZ in a case report.6 months progression-free
survival (PFS) worse than TMZ: Afatinib alone 3% vs.

Afatinib + TMZ 10% vs. TMZ alone 23%
Ongoing clinical trials: NCT02423525

[79]

Cetuximab (Erbitux,
DTXSID70142901)

Antibody targeting the L2
domain of EGFR

Cetuximab was not very effective in GBM clinical trials.
6-month PFS was 33%, and median PFS was 16 weeks

Ongoing clinical trials: NCT02800486
NCT02861898

[80]

Dacomitinib
(Vizimpro, PF299804)

Second-generation
EGFR inhibitor

Dacomitinib proved to be promising in pre-clinical models.
6-months PFS was 10.6% with a median PFS of 2.7 months

Ongoing clinical trials: NCT01112527
NCT01520870

[81]
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Table 1. Cont.

Therapeutic Agent Mechanism Results Reference

Erlotinib (Tarceva,
OSI-774)

First-generation
EGFR inhibitor

Erlotinib showed poor results in GBM clinical trials. The
median PFS: 1.8 months Erlotinib vs. 2.4 months

TMZ/BCNU (bis-chloroethylnitrosourea)
Ongoing clinical trials: NCT01257594

NCT02239952

[82]

Gefitinib (Iressa,
ZD1839)

First-generation
EGFR inhibitor

Gefitinib showed poor results in GBM clinical trials. The
median overall survival time from treatment initiation was

39.4 weeks
[83]

Lapatinib (Tykerb,
GSK 572016)

First-generation
EGFR inhibitor

Lapatinib demonstrated poor results in GBM clinical trials.
The studies lacked objective responses, with early

progression rate of 76%.
Ongoing clinical trials: NCT01591577

NCT02101905

[84]

Nimotuzumab
(OSAG101)

Antibody targeting the L2
domain of EGFR

Nimotuzumab in addition to standard treatment is well
tolerated and has increased survival rates in EGFR positive
expression newly diagnosed GBM patients. The PFS and OS
rates were 49.3% and 83.3% for 1-year and 29.0% and 51.1%

for 2-year.
Ongoing clinical trials: NCT03620032

[85]

Osimertinib
(AZD9291)

Third-generation
EGFR inhibitor

Osimertinib is in phase I/II clinical trial. Compared to other
EGFR-TKIs, AZD9291 demonstrated improved ability to
inhibit GBM cells proliferation.Complete response of left

frontal lobe tumor after 4 weeks of osimertinib.

[86–88]

Panitumumab
(Vectibix, ABX-EGF)

Antibody targeting the L2
domain of EGFR

Panitumumab was not very effective in GBM clinical
trials.Panitumumab-IRDye800CW specificities for tumor

core and margin were slightly higher than those of 5-ALA.
Ongoing clinical trials: NCT03510208

[89]

Rindopepimut
(CDX110) Vaccine

When co-administrated with Bevacizumab, Rindopepimut
significantly prolonged patient survival. 6 months PFS was
28% (rindopepimut), compared with 16% (control)Phase II

trial (NCT00458601) was completed in 2018.

[90]

Vandetanib (Caprelsa,
ZD6474)

Second-generation
EGFR inhibitor

Vandetanib was a moderately tolerated drug, with no
significant activity as a single agent in patients with

recurrent malignant glioma. Median overall survival was
6.3 months.

Ongoing clinical trials:
NCT02239952

[91]

Tesevatinib (KD019) Second-generation
EGFR inhibitor

Tesevatinib is in Phase II study in patients with recurrent
glioblastoma, with no results posted. Ongoing clinical trials:

NCT02844439
[92]

bscEGFRvIIIxCD3 Antibody BisAbs

Fully human bispecific single chain antibody fragments
bi-scFv (EGFRvIII:CD3 bi-scFv) was recently developed
with the aim to redirect CD3-expressing T cells to target

malignant EGFRvIII-expressing glioma.

[93]

mAB806
Antibody targeting the

EGFRvIII-specific
sequence

Structural extracellular mutations lead to a similar
intermediate conformation, that can be synergistically

targeted intra- and extracellularly by mAb806 antibody.
Lapatinib co-treatment sensitized unresponsive wild type

(WT)-EGFR to mAb806.

[94]

125I mAB425
Antibody toxin or
radioactive isotope

conjugated

Single or in combination with TMZ, 125I mAB425 prolonged
patient survival (median survival of 20.4 months, compared

to 14.5 months for 125I mAB425 alone), with minimal
toxicity in normal tissue.

[95]
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Therapeutic Agent Mechanism Results Reference

Chimeric anti-gen
receptor T cell therapy

(CAR-T cells)

Chimeric antigen receptor
therapy (CARs) targeting

EGFRvIII

Chimeric antigen receptor (CAR) T cells are in phase I
clinical trials in high-grade glioma (HGG) patients.

Pre-clinical models proved to be promising.
Ongoing clinical trials: NCT02331693

NCT02844062
NCT02209376
NCT01454596
NCT02664363

[96,97]

Antisense
oligonucleotides,

siRNA, ribozymes,
and miRNA-based

therapy

RNA-based therapies Feasibility of RNA-based therapies must be further
evaluated using pre-clinical models. [98,99]

Other strategies consist of radio-immunotherapy, docking molecule conjugate toxins,
chimeric antigen receptor T cells (CAR-T cells), RNA-based therapies, oncolytic viruses,
exosomes, and nanoparticles [100]. EGFR-targeted nanoparticles may be combined with
focused ultrasound to achieve local drug delivery [101]. Studies have shown that magnetic
nanoparticles’ superparamagnetic properties allow them to be guided by an external mag-
net. However, their therapeutic use is limited in treating in vivo brain pathologies due to
insufficient local ability to cross the blood–brain barrier. So, focused ultrasound combined
with magnetic targeting synergistically delivers drug-loaded magnetic nanoparticles at
the target tissue [102]. Boronated EGFR binding compounds are under investigation in
so-called boron neutron capture therapy (BNCT). To improve the unsatisfactory bioavail-
ability of large molecules or viruses due to low blood–brain barrier permeability, the
convection technique (CED) is also being investigated [103]. Studies have shown that mag-
netic nanoparticles’ superparamagnetic properties allow them to be guided by an external
magnet. However, their therapeutic use is limited in treating in vivo brain pathologies due
to insufficient local ability to cross the blood–brain barrier. So, focused ultrasound com-
bined with magnetic targeting synergistically delivers drug-loaded magnetic nanoparticles
at the target tissue [101,102].

For example, a study using Cetuximab conjugated magnetic iron oxide nanoparticles
showed a significantly enhanced anti-tumor activity compared tocetuximab alone. This
was due to improved cellular targeting and uptake, EGFR internalization, EGFR signaling
alterations, and apoptosis induction in glioma stem-like cells and tumor non-stem cells
that expressed EGFR [104]. In Figure 2, the EGFR-based therapies used in glioblastoma are
mentioned.

4.1. Small Molecule Receptor Tyrosine Kinase Inhibitors

Although several compounds are approved for various diseases, none are approved
for glioblastoma due to numerous negative clinical trials. Trials have not shown efficacy
either alone or in combination for the oldest small molecule kinase inhibitors: gefitinib,
erlotinib, lapatinib, and afatinib [105].

Gefitinib (Iressa, ZD1839) is the first approved EGFR-targeted small-molecule. Initial
results from the clinical studies proved that gefitinib was safe when administered for
lung carcinoma. However, responses were observed only in a subset of patients featuring
chemotherapy–refractory advanced NSCLC (Nonsmall-cell lung carcinoma). The specific
mutations of the EGFR gene explained this. It was suggested that these mutations stabilize
the interaction of ATP and gefitinib with EGFR. Nevertheless, in the Phase II trial for
recurrent GBM, gefitinib did not show improved overall survival [106], neither in the Phase
I/II trial when combined with radiation in newly diagnosed GBM [107].
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Figure 2. EGFR-based therapies in glioblastoma. (BBB—blood brain barrier, mABs—monoclonal
antibodies, CAR-T—Chimeric anti-gen receptor T cell therapy)

Erlotinib (Tarceva, OSI-774) proved to prolong NSCLC patients’ survival rate upon
chemotherapy [108]. These results cannot be achieved in GBM, because EGFR mutations
occur in the extracellular domain in GBM, whereas in lung cancers, they are typically
observed in the kinase domain. Therefore, unlike NSCLC, GBMs are not sensitive to
first-generation EGFR inhibitors [103]. As a single agent, it showed no efficacy in newly
diagnosed GBM [109] and later studies that co-administered temsirolimus or bevacizumab
were also unsuccessful [110,111].

Lapatinib (Tykerb, GSK 572016) had minimal efficacy alone or in combination with
pazopanib in recurrent glioblastoma [112].

Afatinib (Tovok, BIBW2992) had limited efficacy as a single agent in one clinical trial
in recurrent glioblastoma [79].

One of the drawbacks of the small molecule inhibitors is their brain penetrance.
A study performed by Liu et al. showed that erlotinib could be distributed inside an
intracranial U87 xenograft [113]. In another clinical trial, Gefitinib tissue concentration
was two- to three-fold plasma concentrations, which was not the cause of insufficient
efficacy [114].

Tesevatinib is another second-generation RTKI that is currently under evaluation in
patients with recurrent GBM [92]. The first results should be published this year. This trial
investigates the drug activity in EGFRvIII positive and negative GBM, with or without
EGFR amplification.

Dacomitinib (Vizimpro, PF299804) is a second-generation EGFR inhibitor. Despite its
poor global results in a phase II trial in recurrent GBM, Dacomitinib significantly benefited
some patients [115].

A recent study investigating Osimertinib (AZD9291), a third-generation EGFR in-
hibitor, showed that it inhibits with high potency (<100 nM) the constitutive activity of
EGFRvIII tyrosine kinase while also inhibiting its downstream signaling. Furthermore,
Chagoya et al. proved that osimertinib inhibited the in vitro growth of the D317 cell line
and heterotopic and orthotopic xenograft models [89].
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To date, there have been eight completed clinical studies involving glioma and Van-
detanib (Caprelsa, ZD6474), a second-generation EGFR inhibitor. They all investigated
vandetanib’s effect together with other therapies (radiotherapy or therapeutic agents), but
the results were not satisfactory [116].

4.2. Monoclonal Antibodies

Cetuximab (Erbitux, DTXSID70142901) is a monoclonal antibody (mAb) targeting
the L2 domain of EGFR, preventing dimerization and subsequent cross-activation, thus
interrupting downstream signal transduction. It has been approved for the treatment of
colorectal, head, and neck cancers [117]. In the progressive high-grade glioma (HGG)
patient population, the drug was well tolerated but had limited activity and failed to
demonstrate benefit [118]. In new research, the photo-immunoconjugate nanoparticle
(PIC-NP) significantly enhanced the photosensitizers in cancer cells and increased the
light-activated cytotoxicity in U87 cells overexpressing EGFR [119,120].

Nimotuzumab (OSAG101) is another antibody targeting the L2 domain of EGFR. It
was tested in clinical trials for its efficiency in adults with glioblastoma, but the results
were not satisfactory. Currently, there is an ongoing clinical trial investigating the effect of
nimotuzumab co-administered with temozolomide and radiotherapy. Preliminary results
show that nimotuzumab was well tolerated, with an increased survival rate in newly
diagnosed GBM patients [86].

Another antibody targeting the L2 domain of EGFR is Panitumumab (Vectibix, ABX-
EGF). In combination with irinotecan, it was not very effective in solid tumors [121].
Panitumumab -IRDye800 is currently under investigation in Phase II trials as a GBM
diagnostic agent [122].

bscEGFRvIIIxCD3 is a bispecific T-cell engager antibody (BiTEs) that binds to the
CD3 T-cell coreceptor and recruits cytotoxic T cells. It was designed to redirect the T-cells
towards tumors expressing EGFRvIII. Used in vitro and in vivo on mice, bscEGFRvIIIxCD3
showed the potent killing of GBM expressing EGFRvIII [123].

mAB806 is an antibody targeting the EGFRvIII-specific sequence. The antibody
mAb806 is under investigation for glioblastoma treatment, although its mechanism of
action remains unknown [124]. It was shown to potentiate the sensitivity of glioma xeno-
transplants to radiotherapy [125].

4.3. Targeted Isotopes

The isotope 125I mAB425 is a radioactive isotope conjugated with a specific antibody.
Emrich et al. demonstrated that the administration of 125IMAb425 and intensive medical
management led to a significant increase in median survival in patients with high-grade
gliomas [126]. However, the results of subsequent studies failed expectations.

4.4. Immunotherapy
4.4.1. CAR-T Cells Targeting EGFRvIII

A new technology developed in cancer therapy is the engineering of T cells to recog-
nize their target by expressing a chimeric antigen receptor (CAR). Glioblastomas express
the EGFRvIII, with its unique site of antigenicity. Therefore, these chimeric antigen re-
ceptor (CAR)-T cells were engineered to recognize the vIII-receptor mutation through a
humanized single-chain antibody fragment (scFv) fused with some key constituents of
T-cell receptor intra-cytoplasmic signaling domains [127].

This strategy is currently in early clinical trials. Sahin et al. developed a third-
generation chimeric antigen receptor (CAR), specific for EGFRvIII (G3-EGFRvIII), that
expresses CD28 (Cluster of Differentiation 28) and CD134 (Cluster of Differentiation 134).
Their findings suggest that G3-EGFRvIII CAR represents a potential anti-glioblastoma
strategy [128]. A Phase 1 pilot study that investigated the safety and feasibility of CAR-T-
EGFRvIII in treating patients with EGFRvIII+ glioblastoma just terminated in 2019, and
results are expected to be published [129]—currently, 15 trials are still recruiting.
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4.4.2. EGFR as an Immunologic Target—Vaccination

EGFRvIII represents the most common mutation of EGFR. It creates a tumor-specific
antigen detectable in almost 30% of human GBM. Deleting the EGFR exons 2–7 results in
EGFRvIII with a truncated extracellular domain, resulting in a unique, GBM cell-specific,
antibody-reactive antigen. An EGFRvIII-specific peptide conjugated to a keyhole limpet
hemocyanin represents the structure of a vaccine called Rindopepimut (CDX110). The
latest Phase III clinical trial showed that rindopepimut did not increase the survival rate in
newly diagnosed glioblastoma patients [130–132].

4.5. Targeting the Regulation of EGFR Gene Expression

This strategy consists of using antisense oligonucleotides, siRNA, ribozymes, and
miRNA. In glioblastoma, the microRNAs control the post-transcriptional gene expres-
sion of receptor tyrosine kinase (RTK) signaling pathways by blocking or accelerating the
mRNA. Recent work demonstrates that extracellular vesicles (EVs) can carry and transfer
EGFR [133] and that cell communication through EVs enhances glioblastoma’s intratu-
moral heterogeneity [134]. Bronisz et al. showed that miR-1 could interact with a major EV
protein Annexin A2 (ANAXA2) to reduce glioblastoma tumorigenicity [135]. Furthermore,
one recent study of Liao et al. showed that the extracellular EC domain methylation using
protein arginine methyltransferase 1 (PRMT1) increased EGF binding and dimerization,
with enhanced receptor activation counteracting the effect of cetuximab in a mouse model
of colon cancer [136]. The expression of the EGFRvIII is also under investigation. Unfortu-
nately, none of the strategies targeting EGFR gene expression regulation have yet had any
preclinical development.

4.6. Nanoparticles

In order to efficiently deliver the therapeutic agent, novel pharmaceutical formulations
are currently used. It is well known that the bioavailability of drugs may be low because
of the blood-brain barrier (BBB) permeability. Nanoparticles are vesicular carriers able
to increase the bioavailability due to targeted drug release while protecting their content.
EGFR is an ideal molecule for glioblastoma tumor targeting and numerous agents have
been entrapped in a variety of nanoparticles [137].

There is only limited experience in early clinical trials for cetuximab conjugated
liposomes [138]. A Phase II study just terminated in March 2020 investigated the effect of
combining Temozolomide and a nanocomplex called SGT-53 (systemic gene therapy—53)
to treat recurrent glioblastoma [139]. Previous results showed prolonged survival rates in
glioblastoma mouse models [140].

Regardless of strategy, all therapeutic agents face the main problem of delivery across
the blood–brain barrier, often cited as the explanation for EGFR targeting failure in glioblas-
toma [103].

5. Facing a Real Challenge—Drug Resistance

There is evidence that targeted therapy towards mutations responsible for cancer
growth and progression is effective in different tumor types. For GBM, the responses to
EGFR-pathway inhibitors were not as expected, and they are mainly explained by drug
resistance [141]. Two major mechanisms could explain the EGFR therapy resistance.

The first resistance mechanism involves target independence. In this situation, glioma
cells without EGFR protein expression experience no negative impact from EGFR in-
hibitors. For this type of resistance, the loss of extra-chromosomally encoded EGFR is a
frequent mechanism. Target independence may occur after small molecule therapy. The
dynamic EGFRvIII expression regulation by small circular fragments of extra-chromosomal
DNA is involved in the resistance to EGFR inhibition. Some studies demonstrated that
GBM cells treated with erlotinib reversibly suppressed mutant EGFR by producing extra-
chromosomal DNA, making the GBM cells resistant to EGFR inhibition. After withdrawing
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erlotinib, the mutations re-emerged on extra-chromosomal DNA, leading to the upregula-
tion of EGFRvIII with consequent re-sensitization of GBM cells [142].

The second mechanism regards target compensation. In this situation, glioma cells
fight back against EGFR inhibition by activating compensatory pathways independent
of EGFR signaling. Insulin-like growth factor 1 (IGFR1), platelet-derived growth factor β
(PDGFβ), mesenchymal-epidermal transition (cMET), and their downstream targets are
involved in these compensatory pathways [77].

Given these two mechanisms, rational strategies should include multi-target therapies
targeting truncation mutations for the first mechanism and multi-target therapies target-
ing compensatory proteins for the second mechanism. Resistance may be overcome by
dosing/epigenetic therapy, targeting truncation mutations, or through multitarget therapy.

For the first strategy, glioma cells’ re-sensitization may be achieved by using drug
scheduling [143]. Pulsatile intermittent drug therapy with EGFR-inhibitors in high doses
can lead to better inhibition of the target, delay of therapy resistance, and toxicity reduction
compared to continuous dosing [144].

Targeting truncated mutations is a suitable strategy for glioma treatment due to
their high frequency in this pathology. As candidates for co-targeting, the following
deserve discussion: PTEN with PI3K as a molecular target and cyclin-dependent kinase
inhibitor 2 A (CDKN2A) with cyclin-dependent kinase (CDK)4/6 as a molecular target.
Some PI3K inhibitors are currently undergoing clinical trials, such as GDC-0084, PX-
866, pilaralisib, buparlisib, and XL765 [145]. Abemaciclib, palbociclib, and ribocyclib are
examples of FDA (Food and Drug Administration)-approved oral drugs with good BBB
permeability [146,147] that may be investigated for targeting CDK4/6.

In many types of cancer, multitarget therapy is a preferred option. Therapies may be-
come more efficient by combining EGFR inhibitors with other downstream blocking agents.
Several glioma specific epitopes such as IL13RA2 and EphA2 are under investigation for
poly-target therapy with antibody drug conjugates (ADCs) and CAR-T cells [148–151].

In a recent 2020 study, Meng et al. proved that the cross-activation of EGFR and MET
signaling pathways contributes to temozolomide resistance in glioblastoma patients. To
simultaneously diminish both EGFR and MET activation, they developed a nanoinhibitor
with double functionalized brain-target (BIP-MPC-NP) by conjugating cMBP and Inherbin3
modified poli-2-methacryloyloxyethyl phosphorylcholine (MPC)-nanoparticles. The study
shows that DNA damage repair is reduced, and sensitivity is augmented by downregulat-
ing the E2F1 transcription factor in temozolomide resistant glioma in mice. These results
demonstrate that the abovementioned nanoinhibitor is a suitable candidate for overcoming
drug resistance in glioma [152].

Furthermore, patient mutations affecting the trafficking of therapeutic antibodies is
another potential mechanism contributing to therapeutic resistance [153,154].

6. Conclusions

The global understanding of EGFR signaling has dramatically advanced in the last
ten years. However, extensive work is still required in order to understand all signaling
pathways and their implications fully. The application of EGFR-targeted therapy for
glioma treatment has been less successful than expected. Gliomas require a complex
signaling network that dictates the tumor sensitivity of EGFR-targeted therapies. Low
BBB penetration, as well as tumor heterogeneity, secondary mutations, and compensatory
signaling pathways, contribute to resistance. The development of new combinatorial
therapies may improve patient quality of life through personalized, tailored choices of
appropriate therapeutic strategies. An integrated approach is required to offer a complete
view of this critical receptor by combining cellular, biochemical, structural, and genetic
modeling techniques.
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EGFR Inactivation on the Radiation Response in High Grade Glioma. Int. J. Mol. Sci. 2018, 19, 229. [CrossRef]

33. Kwatra, M.M. A Rational Approach to Target the Epidermal Growth Factor Receptor in Glioblastoma. Curr. Cancer Drug Targets
2017, 17, 290–296. [CrossRef] [PubMed]

34. Muñoz-Hidalgo, L.; San-Miguel, T.; Megías, J.; Monleón, D.; Navarro, L.; Roldán, P.; Cerdá-Nicolás, M.; López-Ginés, C. Somatic
copy number alterations are associated with EGFR amplification and shortened survival in patients with primary glioblastoma.
Neoplasia 2020, 22, 10–21. [CrossRef] [PubMed]

35. Thomas, R.; Weihua, Z. Rethink of EGFR in Cancer with Its Kinase Independent Function on Board. Front. Oncol. 2019, 9, 800.
[CrossRef] [PubMed]

36. Sigismund, S.; Avanzato, D.; Lanzetti, L. Emerging functions of the EGFR in cancer. Mol. Oncol. 2018, 12, 3–20. [CrossRef]
[PubMed]

37. Jureczek, J.; Feldmann, A.; Bergmann, R.; Arndt, C.; Berndt, N.; Koristka, S.; Loureiro, L.R.; Mitwasi, N.; Hoffmann, A.; Kegler, A.;
et al. Highly Efficient Targeting of EGFR-Expressing Tumor Cells with UniCAR T Cells via Target Modules Based on Cetuximab®.
Onco Targets Ther. 2020, 13, 5515–5527. [CrossRef]

38. Tsai, C.-J.; Nussinov, R. Emerging Allosteric Mechanism of EGFR Activation in Physiological and Pathological Contexts. Biophys.
J. 2019, 117, 5–13. [CrossRef]

39. Hsu, P.C.; Jablons, D.M.; Yang, C.T.; You, L. Epidermal Growth Factor Receptor (EGFR) Pathway, Yes-Associated Protein (YAP)
and the Regulation of Programmed Death-Ligand 1 (PD-L1) in Non-Small Cell Lung Cancer (NSCLC). Int. J. Mol. Sci. 2019, 20,
3821. [CrossRef]

40. Vitiello, P.P.; Cardone, C.; Martini, G.; Ciardiello, D.; Belli, V.; Matrone, N.; Barra, G.; Napolitano, S.; Della Corte, C.; Tu-
rano, M.; et al. Receptor tyrosine kinase-dependent PI3K activation is an escape mechanism to vertical suppression of the
EGFR/RAS/MAPK pathway in KRAS-mutated human colorectal cancer cell lines. J. Exp. Clin. Cancer Res. 2019, 38, 41. [CrossRef]

41. Carpenter, G.; Cohen, S. Epidermal growth factor. Annu. Rev. Biochem. 1979, 48, 193–216. [CrossRef]
42. Gullick, W.J.; Marsden, J.J.; Whittle, N.; Ward, B.; Bobrow, L.; Waterfield, M.D. Expression of Epidermal Growth Factor Receptors

on Human Cervical, Ovarian, and Vulval Carcinomas. Cancer Res. 1986, 46, 285–292.
43. Parsons, J.T.; Parsons, S.J. Src family protein tyrosine kinases: Cooperating with growth factor and adhesion signaling pathways.

Curr. Opin. Cell Biol. 1997, 9, 187–192. [CrossRef]
44. Biscardi, J.S.; Maa, M.C.; Tice, D.A.; Cox, M.E.; Leu, T.H.; Parsons, S.J. c-Src-mediated phosphorylation of the epidermal growth

factor receptor on Tyr845 and Tyr1101 is associated with modulation of receptor function. J. Biol. Chem. 1999, 274, 8335–8343.
[CrossRef] [PubMed]

125



Int. J. Mol. Sci. 2021, 22, 587

45. Dawson, J.P.; Berger, M.B.; Lin, C.C.; Schlessinger, J.; Lemmon, M.A.; Ferguson, K.M. Epidermal growth factor receptor
dimerization and activation require ligand-induced conformational changes in the dimer interface. Mol. Cell. Biol. 2005, 25,
7734–7742. [CrossRef] [PubMed]

46. Hervieu, A.; Kermorgant, S. The Role of PI3K in Met Driven Cancer: A Recap. Front. Mol. Biosci. 2018, 5, 86. [CrossRef]
47. Lemmon, M.A.; Schlessinger, J. Cell signaling by receptor tyrosine kinases. Cell 2010, 141, 1117–1134. [CrossRef]
48. Brummer, T.; Schmitz-Peiffer, C.; Daly, R.J. Docking proteins. FEBS J. 2010, 277, 4356–4369. [CrossRef]
49. Kharbanda, A.; Walter, D.; Gudiel, A.; Schek, N.; Feldser, D.; Witze, E. Blocking EGFR palmitoylation suppresses PI3K signaling

and mutant KRAS lung tumorigenesis. Sci. Signal. 2020, 13, eaax2364. [CrossRef]
50. Mayer, I.A.; Arteaga, C.L. The PI3K/AKT Pathway as a Target for Cancer Treatment. Annu. Rev. Med. 2016, 67, 11–28. [CrossRef]
51. Mattoon, D.R.; Lamothe, B.; Lax, I.; Schlessinger, J. The docking protein Gab1 is the primary mediator of EGF-stimulated

activation of the PI-3K/Akt cell survival pathway. BMC Biol. 2004, 2, 24. [CrossRef]
52. Mulcahy, E.Q.X.; Colón, R.R.; Abounader, R. HGF/MET Signaling in Malignant Brain Tumors. Int. J. Mol. Sci. 2020, 21, 7546.

[CrossRef]
53. Kiyatkin, A.; Aksamitiene, E.; Markevich, N.I.; Borisov, N.M.; Hoek, J.B.; Kholodenko, B.N. Scaffolding protein Grb2-associated

binder 1 sustains epidermal growth factor-induced mitogenic and survival signaling by multiple positive feedback loops. J. Biol.
Chem. 2006, 281, 19925–19938. [CrossRef] [PubMed]

54. Pawson, T. Specificity in signal transduction: From phosphotyrosine-SH2 domain interactions to complex cellular systems. Cell
2004, 116, 191–203. [CrossRef]

55. Ward, A.F.; Braun, B.S.; Shannon, K.M. Targeting oncogenic Ras signaling in hematologic malignancies. Blood 2012, 120, 3397–3406.
[CrossRef] [PubMed]

56. Gao, S.P.; Mark, K.G.; Leslie, K.; Pao, W.; Motoi, N.; Gerald, W.L.; Travis, W.D.; Bornmann, W.; Veach, D.; Clarkson, B.; et al.
Mutations in the EGFR kinase domain mediate STAT3 activation via IL-6 production in human lung adenocarcinomas. J. Clin.
Investig. 2007, 117, 3846–3856. [CrossRef] [PubMed]

57. Gao, S.P.; Chang, Q.; Mao, N.; Daly, L.A.; Vogel, R.; Chan, T.; Liu, S.H.; Bournazou, E.; Schori, E.; Zhang, H.; et al. JAK2 inhibition
sensitizes resistant EGFR-mutant lung adenocarcinoma to tyrosine kinase inhibitors. Sci. Signal. 2016, 9, ra33. [CrossRef]

58. Padfield, E.; Ellis, H.P.; Kurian, K.M. Current Therapeutic Advances Targeting EGFR and EGFRvIII in Glioblastoma. Front. Oncol.
2015, 5, 5. [CrossRef]

59. Jorissen, R.N.; Walker, F.; Pouliot, N.; Garrett, T.P.; Ward, C.W.; Burgess, A.W. Epidermal growth factor receptor: Mechanisms of
activation and signalling. Exp. Cell Res. 2003, 284, 31–53. [CrossRef]

60. Huang, P.H.; Xu, A.M.; White, F.M. Oncogenic EGFR signaling networks in Glioma. Sci. Signal. 2009, 2, 1–13. [CrossRef]
61. Furnari, F.B.; Cloughesy, T.F.; Cavenee, W.K.; Mischel, P.S. Heterogeneity of epidermal growth factor receptor signalling networks

in glioblastoma. Nat. Rev. Cancer 2015, 15, 302–310. [CrossRef]
62. Zeineldin, R.; Ning, Y.; Hudson, L.G. The constitutive activity of epidermal growth factor receptor vIII leads to activation and

differential trafficking of wild-type epidermal growth factor receptor and erbB2. J. Histochem. Cytochem. 2010, 58, 529–541.
[CrossRef]

63. Felsberg, J.; Hentschel, B.; Kaulich, K.; Gramatzki, D.; Zacher, A.; Malzkorn, B.; Kamp, M.; Sabel, M.; Simon, M.; Westphal, M.;
et al. Epidermal Growth Factor Receptor Variant III (EGFRvIII) Positivity in EGFR-Amplified Glioblastomas: Prognostic Role and
Comparison between Primary and Recurrent Tumors. Clin. Cancer Res. 2017, 23, 6846–6855. [CrossRef] [PubMed]

64. Platten, M. EGFRvIII vaccine in glioblastoma-InACT-IVe or not ReACTive enough? Neuro Oncol. 2017, 19, 1425–1426. [CrossRef]
[PubMed]

65. Struve, N.; Binder, Z.A.; Stead, L.F.; Brend, T.; Bagley, S.J.; Faulkner, C.; Ott, L.; Müller-Goebel, J.; Weik, A.-S.; Hoffer, K.; et al.
EGFRvIII upregulates DNA mismatch repair resulting in increased temozolomide sensitivity of MGMT promoter methylated
glioblastoma. Oncogene 2020, 39, 3041–3055. [CrossRef] [PubMed]

66. Brito, C.; Azevedo, A.; Esteves, S.; Marques, A.R.; Martins, C.; Costa, I.; Mafra, M.; Bravo Marques, J.M.; Roque, L.; Pojo, M.
Clinical insights gained by refining the 2016 WHO classification of diffuse gliomas with: EGFR amplification, TERT mutations,
PTEN deletion and MGMT methylation. BMC Cancer 2019, 19, 968. [CrossRef] [PubMed]

67. Ohgaki, H.; Kleihues, P. Genetic pathways to primary and secondary glioblastoma. Am. J. Pathol. 2007, 170, 1445–1453. [CrossRef]
[PubMed]

68. Watanabe, K.; Tachibana, O.; Sata, K.; Yonekawa, Y.; Kleihues, P.; Ohgaki, H. Overexpression of the EGF receptor and p53
mutations are mutually exclusive in the evolution of primary and secondary glioblastomas. Brain Pathol. 1996, 6, 217–223.
[CrossRef]

69. Sarkisian, C.J.; Keister, B.A.; Stairs, D.B.; Boxer, R.B.; Moody, S.E.; Chodosh, L.A. Dose-dependent oncogene-induced senescence
in vivo and its evasion during mammary tumorigenesis. Nat. Cell Biol. 2007, 9, 493–505. [CrossRef]

70. Koga, T.; Li, B.; Figueroa, J.M.; Ren, B.; Chen, C.C.; Carter, B.S.; Furnari, F.B. Mapping of genomic EGFRvIII deletions in
glioblastoma: Insight into rearrangement mechanisms and biomarker development. Neuro Oncol. 2018, 20, 1310–1320. [CrossRef]

71. Lopez-Gines, C.; Cerda-Nicolas, M.; Gil-Benso, R.; Pellin, A.; Lopez-Guerrero, J.A.; Callaghan, R.; Benito, R.; Roldan, P.; Piquer, J.;
Llacer, J.; et al. Association of chromosome 7, chromosome 10 and EGFR gene amplification in glioblastoma multiforme. Clin.
Neuropathol. 2005, 24, 209–218.

72. Singh, B.; Carpenter, G.; Coffey, R.J. EGF receptor ligands: Recent advances. F1000Research 2016, 5, 2270. [CrossRef]

126



Int. J. Mol. Sci. 2021, 22, 587

73. Ramnarain, D.B.; Park, S.; Lee, D.Y.; Hatanpaa, K.J.; Scoggin, S.O.; Out, H.; Libermann, T.A.; Raisanen, J.M.; Ashfaq, R.; Wong,
E.T.; et al. Differential gene expression analysis reveals generation of an autocrine loop by a mutant epidermal growth factor
receptor in glioma cells. Cancer Res. 2006, 66, 867–874. [CrossRef] [PubMed]

74. Tang, P.; Steck, P.A.; Yung, W.K. The autocrine loop of TGF-α/EGFR and brain tumors. J. Neurooncol. 1997, 35, 303–314. [CrossRef]
[PubMed]

75. Filmus, J.; Shi, W.; Spencer, T. Role of transforming growth factor α (TGF-α) in the transformation of ras-transfected rat intestinal
epithelial cells. Oncogene 1993, 8, 1017–1022.

76. Arteaga, C.L.; Engelman, J.A. ErbB receptors: From oncogene discovery to basic science to mechanism-based cancer therapeutics.
Cancer Cell. 2014, 25, 282–303. [CrossRef] [PubMed]

77. Yamaoka, T.; Ohba, M.; Ohmori, T. Molecular-Targeted Therapies for Epidermal Growth Factor Receptor and Its Resistance
Mechanisms. Int. J. Mol. Sci. 2017, 18, 2420. [CrossRef]

78. Lau, S.; Chooback, N.; Ho, C.; Melosky, B. Outcome Differences Between First- and Second-generation EGFR Inhibitors in
Advanced EGFR Mutated NSCLC in a Large Population-based Cohort. Clin. Lung Cancer. 2019, 20, e576–e583. [CrossRef]

79. Reardon, D.A.; Nabors, L.B.; Mason, W.P.; Perry, J.R.; Shapiro, W.; Kavan, P.; Mathieu, D.; Phuphanich, S.; Cseh, A.; Fu, Y.; et al.
Phase I/randomized phase II study of afatinib, an irreversible ErbBfamily blocker, with or without protracted temozolomide in
adults with recurrent glioblastoma. Neuro Oncol. 2015, 17, 430–439. [CrossRef]

80. Subbiah, V.; Khawaja, M.R.; Hong, D.S.; Amini, B.; Yungfang, J.; Liu, H.; Johnson, A.; Schrock, A.B.; Ali, S.M.; Sun, J.X.; et al.
First-in-human trial of multikinase VEGF inhibitor regorafenib and anti-EGFR antibody cetuximab in advanced cancer patients.
JCI Insight 2017, 2, e90380. [CrossRef]

81. Sepúlveda-Sánchez, J.M.; Vaz, M.Á.; Balañá, C.; Gil-Gil, M.; Reynés, G.; Gallego, Ó.; Martínez-García, M.; Vicente, E.; Quindós,
M.; Luque, R.; et al. Phase II trial of dacomitinib, a pan-human EGFR tyrosine kinase inhibitor, in recurrent glioblastoma patients
with EGFR amplification. Neuro Oncol. 2017, 19, 1522–1531. [CrossRef]

82. Karpel-Massler, G.; Westhoff, M.A.; Kast, R.E.; Wirtz, C.R.; Halatsch, M.E. Erlotinib in glioblastoma: Lost in translation? Anticancer
Agents Med. Chem. 2011, 11, 748–755. [CrossRef]

83. Rich, J.N.; Reardon, D.A.; Peery, T.; Dowell, J.M.; Quinn, J.A.; Penne, K.L.; Wikstrand, C.J.; Van Duyn, L.B.; Dancey, J.E.; McLendon,
R.E.; et al. Phase II trial of gefitinib in recurrent glioblastoma. J. Clin. Oncol. 2004, 22, 133–142. [CrossRef] [PubMed]

84. Thiessen, B.; Stewart, C.; Tsao, M.; Kamel-Reid, S.; Schaiquevich, P.; Mason, W.; Easaw, J.; Belanger, K.; Forsyth, P.; McIntosh, L.;
et al. A phase I/II trial of GW572016 (lapatinib) in recurrent glioblastoma multiforme: Clinical outcomes, pharmacokinetics and
molecular correlation. Cancer Chemother. Pharmacol. 2010, 65, 353–361. [CrossRef] [PubMed]

85. Du, X.J.; Li, X.M.; Cai, L.B.; Sun, J.C.; Wang, S.Y.; Wang, X.C.; Pang, X.L.; Deng, M.; Chen, F.F.; Wang, Z.Q.; et al. Efficacy and
safety of nimotuzumab in addition to radiotherapy and temozolomide for cerebral glioblastoma: A phase II multicenter clinical
trial. J. Cancer 2019, 10, 3214–3223. [CrossRef] [PubMed]

86. Makhlin, I.; Salinas, R.D.; Zhang, D.; Jacob, F.; Ming, G.L.; Song, H.; Saxena, D.; Dorsey, J.F.; Nasrallah, M.P.; Morrissette, J.J.; et al.
Clinical activity of the EGFR tyrosine kinase inhibitor osimertinib in EGFR-mutant glioblastoma. CNS Oncol. 2019, 8, CNS43.
[CrossRef]

87. Liu, X.; Chen, X.; Shi, L.; Shan, Q.; Cao, Q.; Yue, C.; Li, H.; Li, S.; Wang, J.; Gao, S.; et al. The third-generation EGFR inhibitor
AZD9291 overcomes primary resistance by continuously blocking ERK signaling in glioblastoma. J. Exp. Clin. Cancer Res. 2019,
38, 219. [CrossRef]

88. Chagoya, G.; Kwatra, S.G.; Nanni, C.W.; Roberts, C.M.; Phillips, S.M.; Nullmeyergh, S.; Gilmore, S.P.; Spasojevic, I.; Corcoran,
D.L.; Young, C.C.; et al. Efficacy of osimertinib against EGFRvIII+ glioblastoma. Oncotarget 2020, 11, 2074–2082. [CrossRef]

89. Napier, T.S.; Udayakumar, N.; Jani, A.H.; Hartman, Y.E.; Houson, H.A.; Moore, L.; Amm, H.M.; van den Berg, N.S.; Sorace, A.G.
Warram JM. Comparison of Panitumumab-IRDye800CW and 5-Aminolevulinic Acid to Provide Optical Contrast in a Model of
Glioblastoma Multiforme. Mol. Cancer Ther. 2020, 19, 1922–1929. [CrossRef]

90. Reardon, D.A.; Desjardins, A.; Vredenburgh, J.J.; O’Rourke, D.M.; Tran, D.D.; Fink, K.L.; Nabors, L.B.; Li, G.; Bota, D.A.; Lukas,
R.V.; et al. Rindopepimut with Bevacizumab for Patients with Relapsed EGFRvIII-Expressing Glioblastoma (ReACT): Results of a
Double-Blind Randomized Phase II Trial. Clin. Cancer Res. 2020, 26, 1586–1594. [CrossRef]

91. Kreisl, T.N.; McNeill, K.A.; Sul, J.; Iwamoto, F.M.; Shih, J.; Fine, H.A. A phase I/II trial of vandetanib for patients with recurrent
malignant glioma. Neuro Oncol. 2012, 14, 1519–1526. [CrossRef]

92. Clinical Trials. Available online: https://clinicaltrials.gov/ct2/show/NCT02844439 (accessed on 7 December 2020).
93. Schaller, T.H.; Foster, M.W.; Thompson, J.W.; Spasojevic, I.; Normantaite, D.; Moseley, M.A.; Sanchez-Perez, L.; Sampson,

J.H. Pharmacokinetic Analysis of a Novel Human EGFRvIII:CD3 Bispecific Antibody in Plasma and Whole Blood Using a
High-Resolution Targeted Mass Spectrometry Approach. J. Proteome Res. 2019, 18, 3032–3041. [CrossRef]

94. Orellana, L. Convergence of EGFR glioblastoma mutations: Evolution and allostery rationalizing targeted therapy. Mol. Cell
Oncol. 2019, 6, 5. [CrossRef] [PubMed]

95. Quang, T.S.; Brady, L.W. Radioimmunotherapy as a novel treatment regimen: 125I-labeled monoclonal antibody 425 in the
treatment of high-grade brain gliomas. Int. J. Radiat. Oncol. Biol. Phys. 2004, 58, 972–975. [CrossRef] [PubMed]

96. Jacob, F.; Salinas, R.D.; Zhang, D.Y.; Nguyen, P.T.T.; Schnoll, J.G.; Wong, S.Z.H.; Thokala, R.; Sheikh, S.; Saxena, D.; Prokop, S.;
et al. A Patient-Derived Glioblastoma Organoid Model and Biobank Recapitulates Inter- and Intra-tumoral Heterogeneity. Cell
2020, 180, 188–204. [CrossRef] [PubMed]

127



Int. J. Mol. Sci. 2021, 22, 587

97. Petersen, C.T.; Krenciute, G. Next Generation CAR T Cells for the Immunotherapy of High-Grade Glioma. Front Oncol. 2019, 9,
69. [CrossRef] [PubMed]

98. Ye, C.; Pan, B.; Xu, H.; Zhao, Z.; Shen, J.; Lu, J.; Yu, R.; Liu, H. Co-delivery of GOLPH3 siRNA and gefitinib by cationic lipid-PLGA
nanoparticles improves EGFR-targeted therapy for glioma. J. Mol. Med. 2019, 97, 1575–1588. [CrossRef]

99. Korshunov, A.; Okonechnikov, K.; Sahm, F.; Ryzhova, M.; Stichel, D.; Schrimpf, D.; Ghasemi, D.R.; Pajtler, K.W.; Antonelli, M.;
Donofrio, V.; et al. Transcriptional profiling of medulloblastoma with extensive nodularity (MBEN) reveals two clinically relevant
tumor subsets with VSNL1 as potent prognostic marker. Acta Neuropathol. 2020, 139, 583–596. [CrossRef]

100. Taylor, O.G.; Brzozowski, J.S.; Skelding, K.A. Glioblastoma Multiforme: An Overview of Emerging Therapeutic Targets. Front.
Oncol. 2019, 9, 963. [CrossRef]

101. Lin, Y.J.; Chen, K.T.; Huang, C.Y.; Wei, K.C. Review ArticleNon-Invasive Focused Ultrasound-Based Synergistic Treatment of
Brain Tumors. J. Cancer Res. Pract. 2016, 3, 63–68. [CrossRef]

102. Wei, K.C.; Chu, P.C.; Wang, H.Y.; Huang, C.Y.; Chen, P.Y.; Tsai, H.C.; Lu, Y.J.; Lee, P.Y.; Tseng, I.C.; Feng, L.Y.; et al. Focused
ultrasound-induced blood-brain barrier opening to enhance temozolomide delivery for glioblastoma treatment: A preclinical
study. PLoS ONE 2013, 8, e58995. [CrossRef]

103. Westphal, M.; Maire, C.L.; Lamszus, K. EGFR as a Target for Glioblastoma Treatment: An Unfulfilled Promise. CNS Drugs 2017,
31, 723–735. [CrossRef]

104. Freeman, A.C.; Platt, S.R.; Holmes, S.; Kent, M.; Robinson, K.; Howerth, E.; Eagleson, J.; Bouras, A.; Kaluzova, M.; Hadjipanayis,
C.G. Convection-enhanced delivery of cetuximab conjugated iron-oxide nanoparticles for treatment of spontaneous canine
intracranial gliomas. J. Neurooncol. 2018, 137, 653–663. [CrossRef] [PubMed]

105. Roskoski, R., Jr. Properties of FDA-approved small molecule protein kinase inhibitors. Pharmacol. Res. 2019, 144, 19–50. [CrossRef]
106. Uhm, J.H.; Ballman, K.V.; Wu, W.; Giannini, C.; Krauss, J.C.; Buckner, J.C.; James, C.D.; Scheithauer, B.W.; Behrens, R.J.; Flynn,

P.J.; et al. Phase II evaluation of gefitinib in patients with newly diagnosed Grade 4 astrocytoma: Mayo/North Central Cancer
Treatment Group Study N0074. Int. J. Radiat. Oncol. Biol. Phys. 2011, 80, 347–353. [CrossRef]

107. Chakravarti, A.; Wang, M.; Robins, H.I.; Lautenschlaeger, T.; Curran, W.J.; Brachman, D.G.; Schultz, C.J.; Choucair, A.; Dolled-
Filhart, M.; Christiansen, J.; et al. RTOG 0211: A phase 1/2 study of radiation therapy with concurrent gefitinib for newly
diagnosed glioblastoma patients. Int. J. Radiat. Oncol. Biol. Phys. 2013, 85, 1206–1211. [CrossRef] [PubMed]

108. Shepherd, F.A.; Rodrigues Pereira, J.; Ciuleanu, T.; Tan, E.H.; Hirsh, V.; Thongprasert, S.; Campos, D.; Maoleekoonpiroj, S.; Smylie,
M.; Martins, R.; et al. Erlotinib in previously treated non-small-cell lung cancer. N. Engl. J. Med. 2005, 353, 123–132. [CrossRef]
[PubMed]

109. Peereboom, D.M.; Shepard, D.R.; Ahluwalia, M.S.; Brewer, C.J.; Agarwal, N.; Stevens, G.H.; Suh, J.H.; Toms, S.A.; Vogelbaum,
M.A.; Weil, R.J.; et al. Phase II trial of erlotinib with temozolomide and radiation in patients with newly diagnosed glioblastoma
multiforme. J. Neurooncol. 2010, 98, 93–99. [CrossRef] [PubMed]

110. Wen, P.Y.; Chang, S.M.; Lamborn, K.R.; Kuhn, J.G.; Norden, A.D.; Cloughesy, T.F.; Robins, H.I.; Lieberman, F.S.; Gilbert, M.R.;
Mehta, M.P.; et al. Phase I/II study of erlotinib and temsirolimus for patients with recurrent malignant gliomas: North American
Brain Tumor Consortium trial 04-02. Neuro Oncol. 2014, 16, 567–578. [CrossRef] [PubMed]

111. Raizer, J.J.; Giglio, P.; Hu, J.; Groves, M.; Merrell, R.; Conrad, C.; Phuphanich, S.; Puduvalli, V.K.; Loghin, M.; Paleologos, N.;
et al. A phase II study of bevacizumab and erlotinib after radiation and temozolomide in MGMT unmethylated GBM patients. J.
Neurooncol. 2016, 126, 185–192. [CrossRef]

112. Reardon, D.A.; Groves, M.D.; Wen, P.Y.; Nabors, L.; Mikkelsen, T.; Rosenfeld, S.; Raizer, J.; Barriuso, J.; McLendon, R.E.; Suttle,
A.B.; et al. A phase I/II trial of pazopanib in combination with lapatinib in adult patients with relapsed malignant glioma. Clin.
Cancer Res. 2013, 19, 900–908. [CrossRef]

113. Liu, X.; Ide, J.L.; Norton, I.; Marchionni, M.A.; Ebling, M.C.; Wang, L.Y.; Davis, E.; Sauvageot, C.M.; Kesari, S.; Kellersberger, K.A.;
et al. Molecular imaging of drug transit through the blood-brain barrier with MALDI mass spectrometry imaging. Sci. Rep. 2013,
3, 2859. [CrossRef]

114. Lassman, A.B.; Rossi, M.R.; Raizer, J.J.; Abrey, L.E.; Lieberman, F.S.; Grefe, C.N.; Lamborn, K.; Pao, W.; Shih, A.H.; Kuhn, J.G.; et al.
Holland. Molecular study of malignant gliomas treated with epidermal growth factor receptor inhibitors: Tissue analysis from
North American Brain Tumor Consortium Trials 01–03 and 00–01. Clin. Cancer Res. 2005, 11, 7841–7850. [CrossRef] [PubMed]

115. Sepúlveda, J.M.; Sánchez-Gómez, P.; Vaz Salgado, M.Á.; Gargini, R.; Balañá, C. Dacomitinib: An investigational drug for the
treatment of glioblastoma. Expert Opin. Investig. Drugs 2018, 27, 823–829. [CrossRef]

116. Clinical Trials. Available online: https://clinicaltrials.gov/ct2/results?cond=glioma&term=vandetanib&cntry=&state=&city=
&dist= (accessed on 20 June 2020).

117. Wee, P.; Wang, Z. Epidermal growth factor receptor cell proliferation signaling pathways. Cancers 2017, 9, 52. [CrossRef]
118. Neyns, B.; Sadones, J.; Joosens, E.; Bouttens, F.; Verbeke, L.; Baurain, J.F.; D’Hondt, L.; Strauven, T.; Chaskis, C.; In’t Veld, P.; et al.

Stratified phase II trial of cetuximab in patients with recurrent high-grade glioma. Ann. Oncol. 2009, 20, 1596–1603. [CrossRef]
119. Yang, J.; Shi, Z.; Liu, R.; Wu, Y.; Zhang, X. Combined-therapeutic strategies synergistically potentiate glioblastoma multiforme

treatment via nanotechnology. Theranostics 2020, 10, 3223–3239. [CrossRef]
120. Huang, H.C.; Pigula, M.; Fang, Y.; Hasan, T. Immobilization of Photo-Immunoconjugates on Nanoparticles Leads to Enhanced

Light-Activated Biological Effects. Small 2018, 14, e1800236. [CrossRef]

128



Int. J. Mol. Sci. 2021, 22, 587

121. Heun, J.; Holen, K.; Paul, P. Treatment with panitumumab after a severe infusion reaction to cetuximab in a patient with metastatic
colorectal cancer: A case report. Clin. Colorectal. Cancer 2007, 6, 529–531. [CrossRef]

122. Clinical Trials. Available online: https://clinicaltrials.gov/ct2/show/NCT03510208 (accessed on 5 December 2020).
123. Choi, B.D.; Kuan, C.T.; Cai, M.; Archer, G.E.; Mitchell, D.A.; Gedeon, P.C.; Sanchez-Perez, L.; Pastan, I.; Bigner, D.D.; Sampson,

J.H. Systemic administration of a bispecific antibody targeting EGFRvIII successfully treats intracerebral glioma. Proc. Natl. Acad.
Sci. USA 2013, 110, 270–275. [CrossRef]

124. Orellana, L.; Thorne, A.H.; Lema, R.; Gustavsson, J.; Parisian, A.D.; Hospital, A.; Cordeiro, T.N.; Bernadó, P.; Scott, A.M.;
Brun-Heath, I.; et al. Oncogenic mutations at the EGFR ectodomain structurally converge to remove a steric hindrance on a
kinase-coupled cryptic epitope. Proc. Natl. Acad. Sci. USA 2019, 116, 10009–10018. [CrossRef]

125. Johns, T.G.; McKay, M.J.; Cvrljevic, A.N.; Gan, H.K.; Taylor, C.; Xu, H.; Smyth, F.E.; Scott, A.M. MAb 806 enhances the efficacy of
ionizing radiation in glioma xenografts expressing the de2-7 epidermal growth factor receptor. Int. J. Radiat. Oncol. Biol. Phys.
2010, 78, 572–578. [CrossRef]

126. Emrich, J.G.; Brady, L.W.; Quang, T.S.; Class, R.; Miyamoto, C.; Black, P.; Rodeck, U. Radioiodinated (I-125) monoclonal antibody
425 in the treatment of high grade glioma patients: Ten-year synopsis of a novel treatment. Am. J. Clin. Oncol. 2002, 25, 541–546.
[CrossRef] [PubMed]

127. Johnson, L.A.; Scholler, J.; Ohkuri, T.; Kosaka, A.; Patel, P.R.; McGettigan, S.E.; Nace, A.K.; Dentchev, T.; Thekkat, P.; Loew, A.; et al.
Rational development and characterization of humanized anti-EGFR variant III chimeric antigen receptor T cells for glioblastoma.
Sci. Transl. Med. 2015, 7, 275ra22. [CrossRef] [PubMed]

128. Sahin, A.; Sanchez, C.; Bullain, S.; Waterman, P.; Weissleder, R.; Carter, B.S. Development of third generation anti-EGFRvIII
chimeric T cells and EGFRvIII-expressing artificial antigen presenting cells for adoptive cell therapy for glioma. PLoS ONE 2018,
13, e0199414. [CrossRef] [PubMed]

129. Clinical Trials. Available online: https://clinicaltrials.gov/ct2/show/results/NCT01454596?term=CAR-T&cond=glioma&draw=
3&rank=12 (accessed on 20 September 2020).

130. Binder, D.C.; Ladomersky, E.; Lenzen, A.; Zhai, L.; Lauing, K.L.; Otto-Meyer, S.D.; Lukas, R.V.; Wainwright, D.A. Lessons
learned from rindopepimut treatment in patients with EGFRvIII-expressing glioblastoma. Transl. Cancer Res. 2018, 7 (Suppl. S4),
S510–S513. [CrossRef]

131. Schuster, J.; Lai, R.K.; Recht, L.D.; Reardon, D.A.; Paleologos, N.A.; Groves, M.D.; Mrugala, M.M.; Jensen, R.; Baehring, J.M.;
Sloan, A.; et al. A phase II, multicenter trial of rindopepimut (CDX-110) in newly diagnosed glioblastoma: The ACT III study.
Neuro Oncol. 2015, 17, 854–861. [CrossRef]

132. Weller, M.; Butowski, N.; Tran, D.D.; Recht, L.D.; Lim, M.; Hirte, H.; Ashby, L.; Mechtler, L.; Goldlust, S.A.; Iwamoto, F.;
et al. Rindopepimut with temozolomide for patients with newly diagnosed, EGFRvIII-expressing glioblastoma (ACT IV): A
randomised, double-blind, international phase 3 trial. Lancet Oncol. 2017, 18, 1373–1385. [CrossRef]

133. Read, J.; Ingram, A.; Al Saleh, H.A.; Platko, K.; Gabriel, K.; Kapoor, A.; Pinthus, J.; Majeed, F.; Qureshi, T.; Al-Nedawi, K. Nuclear
transportation of exogenous epidermal growth factor receptor and androgen receptor via extracellular vesicles. Eur. J. Cancer.
2017, 70, 62–74. [CrossRef]

134. Ricklefs, F.; Mineo, M.; Rooj, A.K.; Nakano, I.; Charest, A.; Weissleder, R.; Breakefield, X.O.; Chiocca, E.A.; Godlewski, J.;
Bronisz, A. Extracellular Vesicles from High-Grade Glioma Exchange Diverse Pro-oncogenic Signals That Maintain Intratumoral
Heterogeneity. Cancer Res. 2016, 76, 2876–2881. [CrossRef]

135. Bronisz, A.; Wang, Y.; Nowicki, M.O.; Peruzzi, P.; Ansari, K.; Ogawa, D.; Balaj, L.; De Rienzo, G.; Mineo, M.; Nakano, I.; et al.
Extracellular vesicles modulate the glioblastoma microenvironment via a tumor suppression signaling network directed by miR-1.
Cancer Res. 2014, 74, 738–750. [CrossRef]

136. Liao, H.W.; Hsu, J.M.; Xia, W.; Wang, H.L.; Wang, Y.N.; Chang, W.C.; Arold, S.T.; Chou, C.K.; Tsou, P.H.; Yamaguchi, H.; et al.
PRMT1-mediated methylation of the EGF receptor regulates signaling and cetuximab response. J. Clin. Investig. 2015, 125,
4529–4543. [CrossRef]

137. Karim, R.; Palazzo, C.; Evrard, B.; Piel, G. Nanocarriers for the treatment of glioblastoma multiforme: Current state-of-the-art. J.
Control. Release 2016, 10, 23–37. [CrossRef] [PubMed]

138. Mortensen, J.H.; Jeppesen, M.; Pilgaard, L.; Agger, R.; Duroux, M.; Zachar, V.; Moos, T. Targeted antiepidermal growth factor
receptor (cetuximab) immunoliposomes enhance cellular uptake in vitro and exhibit increased accumulation in an intracranial
model of glioblastoma multiforme. J. Drug Deliv. 2013, 2013, 209205. [CrossRef] [PubMed]

139. Clinical Trials. Available online: https://clinicaltrials.gov/ct2/show/NCT02340156?term=nanoparticles&cond=glioma&draw=
2&rank=7 (accessed on 15 April 2020).

140. Kim, S.S.; Rait, A.; Kim, E.; Pirollo, K.F.; Chang, E.H. A tumor-targeting p53 nanodelivery system limits chemoresistance to
temozolomide prolonging survival in a mouse model of glioblastoma multiforme. Nanomedicine 2015, 11, 301–311. [CrossRef]
[PubMed]

141. Saleem, H.; Kulsoom, A.; Küçükosmanoglu, A.; Houweling, M.; Cornelissen, F.M.G.; Heiland, D.H.; Hegi, M.E.; Kouwenhoven,
M.C.M.; Bailey, D.; Würdinger, T.; et al. The TICking clock of EGFR therapy resistance in glioblastoma: Target Independence or
target Compensation. Drug Resist. Updates 2019, 43, 29–37. [CrossRef]

129



Int. J. Mol. Sci. 2021, 22, 587

142. Nathanson, D.A.; Gini, B.; Mottahedeh, J.; Visnyei, K.; Koga, T.; Gomez, G.; Eskin, A.; Hwang, K.; Wang, J.; Masui, K.; et al.
Targeted therapy resistance mediated by dynamic regulation of extrachromosomal mutant EGFR DNA. Science 2014, 343, 72–76.
[CrossRef]

143. Stein, S.; Zhao, R.; Haeno, H.; Vivanco, I.; Michor, F. Mathematical modeling identifies optimum lapatinib dosing schedules for
the treatment of glioblastoma patients. PLoS Comput Biol. 2018, 14, e1005924. [CrossRef]

144. Yu, H.A.; Ahn, M.J.; Cho, B.C.; Gerber, D.E.; Natale, R.B.; Socinski, M.A.; Giri, N.; Quinn, S.; Sbar, E.; Zhang, H.; et al. Phase 2
study of intermittent pulse dacomitinib in patients with advanced non-small cell lung cancers. Lung Cancer 2017, 112, 195–199.
[CrossRef]

145. Zhao, H.F.; Wang, J.; Shao, W.; Wu, C.P.; Chen, Z.P.; To, S.T.; Li, W.P. Recent advances in the use of PI3K inhibitors for glioblastoma
multiforme: Current preclinical and clinical development. Mol. Cancer 2017, 16, 100. [CrossRef]

146. Schettini, F.; De Santo, I.; Rea, C.G.; De Placido, P.; Formisano, L.; Giuliano, M.; Arpino, G.; De Laurentiis, M.; Puglisi, F.; De
Placido, S.; et al. CDK 4/6 Inhibitors as Single Agent in Advanced Solid Tumors. Front. Oncol. 2018, 8, 608. [CrossRef]

147. Cao, Y.; Li, X.; Kong, S.; Shang, S.; Qi, Y. CDK4/6 inhibition suppresses tumour growth and enhances the effect of temozolomide
in glioma cells. J. Cell. Mol. Med. 2020, 24, 5135–5145. [CrossRef]

148. Sharma, P.; Roberts, C.; Herpai, D.; Fokt, I.D.; Priebe, W.; Debinski, W. Drug Conjugates for Targeting Eph Receptors in
Glioblastoma. Pharmaceuticals 2020, 13, 77. [CrossRef] [PubMed]

149. Lowenstein, P.R.; Castro, M.G. Multiple Expressed Endogenous Glioma Epitopes as Novel Vaccines for Gliomas. Clin. Cancer Res.
2016, 22, 4760–4762. [CrossRef] [PubMed]

150. Valentini, D.; Rao, M.; Meng, Q.; von Landenberg, A.; Bartek, J., Jr.; Sinclair, G.; Paraschoudi, G.; Jäger, E.; Harvey-Peredo, I.;
Dodoo, E.; et al. Identification of neoepitopes recognized by tumor-infiltrating lymphocytes (TILs) from patients with glioma.
Oncotarget 2018, 9, 19469–19480. [CrossRef] [PubMed]

151. Alayo, Q.A.; Ito, H.; Passaro, C.; Zdioruk, M.; Mahmoud, A.B.; Grauwet, K.; Zhang, X.; Lawler, S.E.; Reardon, D.A.; Goins, W.F.;
et al. Glioblastoma infiltration of both tumor- and virus-antigen specific cytotoxic T cells correlates with experimental virotherapy
responses. Sci. Rep. 2020, 10, 5095. [CrossRef] [PubMed]

152. Meng, X.; Zhao, Y.; Han, B.; Zha, C.; Zhang, Y.; Li, Z.; Wu, P.; Qi, T.; Jiang, C.; Liu, Y.; et al. Dual functionalized brain-targeting
nanoinhibitors restrain temozolomide-resistant glioma via attenuating EGFR and MET signaling pathways. Nat. Commun. 2020,
11, 594. [CrossRef]

153. Jones, S.; King, P.J.; Antonescu, C.N.; Sugiyama, M.G.; Bhamra, A.; Surinova, S.; Angelopoulos, N.; Kragh, M.; Pedersen, M.W.;
Hartley, J.A.; et al. Targeting of EGFR by a combination of antibodies mediates unconventional EGFR trafficking and degradation.
Sci. Rep. 2020, 10, 663. [CrossRef]

154. Guo, G.; Narayan, N.R.; Horton, L.; Patel, T.; Habib, A. The Role of EGFR-Met Interactions in the Pathogenesis of Glioblastoma
and Resistance to Treatment. Curr. Cancer Drug Targets 2017, 17, 297–302. [CrossRef]

130



 International Journal of 

Molecular Sciences

Review

PI3K/AKT/mTOR Signaling Pathway in Breast Cancer:
From Molecular Landscape to Clinical Aspects

Daniela Miricescu 1, Alexandra Totan 1 , Iulia-Ioana Stanescu-Spinu 1,*, Silviu Constantin Badoiu 2,*,
Constantin Stefani 3 and Maria Greabu 1

Citation: Miricescu, D.; Totan, A.;

Stanescu-Spinu, I.-I.; Badoiu, S.C.;

Stefani, C.; Greabu, M.

PI3K/AKT/mTOR Signaling

Pathway in Breast Cancer: From

Molecular Landscape to Clinical

Aspects. Int. J. Mol. Sci. 2021, 22, 173.

https://dx.doi.org/10.3390/ijms

22010173

Received: 29 November 2020

Accepted: 23 December 2020

Published: 26 December 2020

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional claims

in published maps and institutional

affiliations.

Copyright: © 2020 by the authors. Li-

censee MDPI, Basel, Switzerland. This

article is an open access article distributed

under the terms and conditions of the

Creative Commons Attribution (CC BY)

license (https://creativecommons.org/

licenses/by/4.0/).

1 Department of Biochemistry, Faculty of Dental Medicine, Carol Davila University of Medicine and Pharmacy,
8 Eroii Sanitari Blvd, 050474 Bucharest, Romania; daniela.miricescu@umfcd.ro (D.M.);
alexandra.totan@umfcd.ro (A.T.); maria.greabu@umfcd.ro (M.G.)

2 Department of Anatomy and Embryology, Faculty of Medicine, Carol Davila University of Medicine
and Pharmacy, 8 Eroii Sanitari Blvd, 050474 Bucharest, Romania

3 Department of Family Medicine and Clinical Base, Dr. Carol Davila Central Military Emergency
University Hospital, 134 Calea Plevnei, 010825 Bucharest, Romania; constantin.stefani@umfcd.ro

* Correspondence: iulia.stanescu@umfcd.ro (I.-I.S.-S.); silviu.badoiu@umfcd.ro (S.C.B.)

Abstract: Breast cancer is a serious health problem worldwide, representing the second cause of
death through malignancies among women in developed countries. Population, endogenous and
exogenous hormones, and physiological, genetic and breast-related factors are involved in breast
cancer pathogenesis. The phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)/mammalian
target of rapamycin (mTOR) is a signaling pathway involved in cell proliferation, survival, invasion,
migration, apoptosis, glucose metabolism and DNA repair. In breast tumors, PIK3CA somatic
mutations have been reported, located in exon 9 and exon 20. Up to 40% of PIK3CA mutations are
estrogen receptor (ER) positive and human epidermal growth factor receptor 2 (HER2) -negative in
primary and metastatic breast cancer. HER2 is overexpressed in 20–30% of breast cancers. HER1,
HER2, HER3 and HER4 are membrane receptor tyrosine kinases involved in HER signaling to which
various ligands can be attached, leading to PI3K/AKT activation. Currently, clinical studies evaluate
inhibitors of the PI3K/AKT/mTOR axis. The main purpose of this review is to present general
aspects of breast cancer, the components of the AKT signaling pathway, the factors that activate
this protein kinase B, PI3K/AKT-breast cancer mutations, PI3K/AKT/mTOR-inhibitors, and the
relationship between everolimus, temsirolimus and endocrine therapy.

Keywords: breast cancer; estrogen receptor-positive; HER2; PI3K/AKT/mTOR pathway; endocrine
resistance

1. Breast Cancer–Incidence and Risk Factors

Breast cancer is a serious medical condition which especially affects women, but also
men, in the Unites States of America (USA) 1% of the total cases of breast malignant
tumors being diagnosed in male patients [1]. Breast cancer is the main type of carcinoma
in women [2,3] and the second most common type of neoplasia in the general population,
in the world [4]. Almost 270,000 women are newly diagnosed with breast cancer every
year in the USA [5–7]. In developed countries, it is the second cause of death through
malignancies in women after lung cancer [5–7]. About 42,000 women died in the USA as a
consequence of breast cancer in 2019 [5–7]. The lifetime risk of dying of breast cancer is
approximately 2.6% [7]. The lifetime risk of developing breast cancer in the United States
of America is 12.4% [8]. The incidence of this pathology varies with race and ethnicity [9].
Breast cancer incidence also presents variations related to the geographic zone, ranging
from 27/100,000 (Central-East Asia and Africa) to 85–94/100,000 (Australia, North America
and Western Europe) [4,10]. The mortality rate varies from six cases per 100,000 people
in East Asia to 20 cases per 100,000 people in Western Africa [4]. Although the incidence
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of breast cancer is higher in developed countries, the mortality is higher in low-income
countries because of late diagnosis, lack of screening and poor access to treatment [11].
Many factors influencing breast cancer have been studied. Age is the most prominent risk
factor for breast cancer, after gender [12]. The incidence rate of breast cancer increases with
age and reaches a peak around the age of 50. Age of menarche and age of menopause can
also influence breast cancer development, given the effects of the ovarian hormones on the
mammary gland from puberty till menopause. Early menarche, time of menopause onset
and oophorectomy can play an important role in breast cancer development as well [12–15].

Regarding gender prevalence, it is common knowledge that breast cancer is much
more frequent in women than men [16]. Because it is so rare in men, breast cancer is
underdiagnosed and, in many cases, the diagnostic is obtained in more advanced stages
than in women. A controversial risk factor for breast cancer is represented by the blood
group; women with blood group A and Rh positive present a higher risk for breast cancer
than women with blood group AB and Rh negative [17]. In addition, studies have shown
that black women have a higher incidence of breast cancer than white women before
the age of 40. After 40 years of age, the situation reverses [18]. Asian, Hispanic and
Indian American women have a lower incidence rate of breast cancer than white and black
American women [19].

Full-term pregnancy is a protective factor against breast cancer [20–22], with nulli-
parous women having an increased risk for breast cancer [23]. On the other hand, during
the first pregnancy, important and permanent changes in the mammary gland cells occur:
the glandular cells have a longer cell cycle and a prolonged G1 phase (Gap 1 phase)—it
is the phase that allows DNA to repair. Consequently, the risk of the appearance of DNA
alterations (that will be transmitted with the proliferation of breast gland cells during
pregnancy) increases with the age of the women at first full term pregnancy [24–26]. Addi-
tionally, more than one birth and more closely spaced births are considered to be protective
factors against breast cancer [24].

Breastfeeding is a protective factor against breast cancer, the longer the breastfeeding,
the greater the protective effect [27,28]. At the same time, the association of two protective
factors (two or more childbirths and lactation for more than 13 months) could reduce the
risk of developing breast cancer by up to 60% [29,30].

In postmenopausal women, the risk of breast cancer increases proportionally with
estrogen levels, with the use of antiestrogens (tamoxifen, raloxifene) proving to be effective
in preventing the development of breast cancer [31,32]. Testosterone can also promote
breast cancer development in postmenopausal women [31], acting by its conversion to
estrogen and by its anabolic effect upon breast cancer cells (apparently for receptor-positive
breast cancers) [31,33].

Although clinical and epidemiological studies have controversial results, prolactin,
insulin-like growth factor (IGF-1) and oral contraceptives used longer than 10 years have
all been incriminated as risk factors for breast cancer [34–40]. Additionally, hormone
replacement therapy can enhance the risk of developing breast cancer and amplify the
rate of mortality. The risk decreases after a minimum of 5 years of discontinuation of the
treatment [41,42]. Moreover, the increased risk of developing breast cancer varies, pending
to the hormones used, while the association of progesterone determines a greater risk
for breast cancer [43–45]. The influence of ovulation stimulating drugs in breast cancer
pathogenesis is still controversial, with studies reporting different results [46,47].

Family history of breast cancer and mutations of the genes codifying the synthesis of
enzymes (matrix metalloproteinases, hormone-metabolizing enzymes), interferon alpha,
estrogen and progesterone receptors or the genes involved in DNA repair represent major
risk factors as well [48–53].

Diabetes mellitus (mainly type II) correlates with an increased risk of breast cancer,
especially when associated with an elevated BMI (Body Mass Index) and with high levels
of IGF-1 [54–56]. The use of metformin increases the survival rate in type II diabetic
patients with breast cancer [57]. An increased BMI correlates with an increased risk of
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breast cancer [58,59], with obesity after menopause representing a proven risk factor for
breast carcinoma [60,61]. Increased intake of meat and saturated fats [62,63] and the
consumption of milk before menopause determine increased risk of breast cancer [64],
while decreased serum levels of vitamin D are associated with a higher risk of breast
cancer [65]. The administration of vitamin D supplements reduces the risk of breast
cancer [66], but alcohol consumption constitutes a risk factor [67,68], as well as active
and/or passive smoking [69,70], although there are studies that show different results [71].

On the other hand, physical activity reduces the risk of breast cancer [72,73]. However,
working overnight leads to exposure to artificial light, increasing the level of estrogen and,
consequently, augmenting the risk of breast cancer [74–76].

Women with higher social and economic status have an increased risk of breast cancer
(older age at the first childbirth, older age at menopause, sedentary life, and unhealthy
diet). However, they have more frequent medical examinations, hence can benefit from
earlier diagnosis [77,78]. Meanwhile, women with lower social and economic status are
later diagnosed and have a poorer prognosis [79].

Non-proliferative breast diseases, such as mild hyperplasia, cysts and apocrine meta-
plasia, do not increase the risk of breast cancer, and neither do breast implants [80,81].
Meanwhile, proliferative breast diseases without atypia (moderate hyperplasia, intraductal
papilloma, sclerosing adenoma) increase the risk of breast cancer up to two-fold. Moreover,
proliferative breast diseases with atypia (ductal hyperplasia with atypia and lobular hyper-
plasia with atypia) enhance the risk of developing this type of carcinoma up to six-fold [80].
Increased mammographic density is the most important risk factor for breast carcinoma
after family history of breast cancer [82], with breast density being an independent risk
factor [83,84]. Breast exposure to radiation by accident, therapeutically or for screening,
can also increase the risk of malignancy [85–87].

2. Molecular Types of Breast Cancer

Using gene expression profiling, breast cancer molecular types were described [88].
In order to define the types of breast cancer, the expression of three tumor markers was studied:

1. ER-estrogen receptor status.
2. PR-progesterone receptor status.

Note that HR-represents the joint assessment of ER and PR status.

3. HER2-human epidermal growth factor receptor 2 status.

This is how the main molecular subtypes of breast cancer were defined:

1. HR+/HER2– corresponding to Luminal A subtype.
2. HR+/HER2+ corresponding to Luminal B subtype.
3. HR−/HER2+ corresponding to HER2 enriched subtype.
4. HR−/HER2– corresponding to triple negative subtype.

The most frequent is HR+/HER−, accounting for about 70% of breast cancers [89].
The prognosis is different for each molecular type. Luminal A breast cancer is hormone-
receptor-positive (estrogen-receptor and/or progesterone-receptor-positive), HER2 neg-
ative, and has low levels of the protein Ki-67, which helps control how fast cancer cells
grow. Luminal A cancers are low-grade, tend to grow slowly and have the best progno-
sis: 80–85% 5-year survival [90]. Luminal B breast cancer is hormone-receptor-positive
(estrogen-receptor and/or progesterone-receptor-positive), and either HER2 positive or
HER2 negative with high levels of Ki-67. The expression status of proliferation linked
genes is one of the most important factors of the difference between luminal A and luminal
B breast cancers. Luminal B cancers generally grow slightly faster than luminal A cancers
and their prognosis is worse [90].

HER2-enriched breast cancer is hormone-receptor negative (estrogen-receptor and
progesterone-receptor negative) and HER2 positive. HER2-enriched cancers tend to grow
faster than luminal cancers and can have a worse prognosis: approximately 50–60% 5-
year survival. They are often successfully treated with targeted therapies aimed at the
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HER2 protein [90]. Triple-negative/basal-like breast cancer is hormone-receptor negative
(estrogen-receptor and progesterone-receptor negative) and HER2 negative, being more
common in women with BRCA1 gene mutations. There is not a perfect match between
basal-like breast cancer and triple-negative breast cancer [91]. Recently, seven different
subtypes have been described for the triple-negative breast cancer based on analysis of
gene expression profiles: basal-like 1 (BL1), basal-like 2 (BL2), immunomodulatory (IM),
mesenchymal-like (M), mesenchymal stem–like (MSL), luminal androgen receptor (LAR),
and unstable (UNS) [92]. The basal-like and HER2+ subtypes are more aggressive, having
a higher proportion of major gene expression signatures [91]. Normal-like breast cancer
is similar to luminal A disease: hormone-receptor-positive (estrogen-receptor and/or
progesterone-receptor-positive), HER2 negative, and has low levels of the protein Ki-67,
which helps control how fast cancer cells grow. Still, while normal-like breast cancer has
a good prognosis, its outlook is slightly worse compared to luminal A cancer. Ki-67 is
a nuclear antigen present in some phases of the cell cycle (mid G1, S, G2, and the entire
M) that was found to be overexpressed in women with a shorter metastases-free survival
period [91,93].

3. PI3K/AKT/mTOR Signaling Pathway

Cells intercommunicate in a process called extracellular signaling. They produce
specific molecules that bind to specific receptors of other cells and activate intracellular
signaling pathways. This is how cells respond to changes and adapt [94].

The PI3K/AKT/mTOR complex is a signaling pathway with a major role in essen-
tial cellular activities, such as: cell metabolism, cell growth, cell proliferation, apoptosis,
and angiogenesis [94]. A ligand (for instance insulin or an insulin-like growth factor)
binds to a cell-membrane receptor (such as receptors for tyrosine kinases or G-protein-
coupled-receptors-GPCR). The specific receptor, activated by the extracellular ligand,
activates PI3K (phosphatidylinositol (3,4,5)-trisphosphate kinase). The activated PI3K
catalyzes phosphorylation of PIP2 at the 3 position of the inositol ring to generate PIP3,
which recruits two protein kinases to the plasma membrane via their pleckstrin homol-
ogy interaction domains (PH domains): AKT (also called protein kinase B, or PKB) and
PDK1 (phosphoinositide-dependent protein kinase 1). Once recruited to the cell membrane,
the AKT is phosphorylated by mTORC2 (mTOR complex 2) on Ser473, changing the con-
formation of the AKT and allowing its phosphorylation on Thr308 by PDK1. The activated
AKT phosphorylates target proteins from the cell membrane, then loses its connection with
the cell membrane and phosphorylates other target proteins in the cytosol and cell nucleus.
The phosphorylation of target proteins results in the stimulation of cell survival, growth,
and proliferation [94].

3.1. PI3K/AKT/mTOR Signaling Pathway Members
3.1.1. PI3K-Phosphatidylinositol 3-Kinase-(Phosphoinositide 3-Kinase)

PI3K is a plasma-membrane-bound enzyme activated by RTKs (receptor tyrosine
kinases) and by GPCRs (G protein-coupled receptors). GPCRs are the largest class of
cellular surface receptors, with a generic structure; each GPCR is a transmembrane sin-
gle polypeptide chain that uses G proteins to transmit the signal into the cytosol [94–97].
RTKs are a large family of plasma membrane receptors, too, with intrinsic protein kinase
activity [95–97]. PI3Ks phosphorylate the 3’ position of the inositol head group of phos-
phatidylinositol (PIP2 and PIP3) lipids. PIP3 is the effector of multiple downstream targets
of the phosphoinositide 3 kinase (PI3K) pathway [95–97]. There are many phosphatidyli-
nositol 3-kinases-PI3Ks, divided into three groups or classes: PI3Ks class I, PI3Ks class II
and PI3Ks class III [98].

PI3Ks class I is subdivided into PI3Ks class IA, PI3Ks class IB and PI3Ks class IC.
IA-PI3Ks are heterodimers, consisting of a regulatory unit (p85α, p85β, p85γ) that acti-
vates the catalytic unit (p110α, p110β, p110δ, p110γ [98]). The IA-PI3Ks are activated
directly by cell surface receptors: G protein-coupled receptors, RTKs and the small G
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protein RAS. Small GTPases form a superfamily within the larger class of regulatory GTP
hydrolases, while RAS proteins are small GTPases that regulate cell growth, proliferation
and differentiation [94–97]. IA-PI3Ks are present in many types of tissues and are acti-
vated by G protein- coupled receptors [98,99]. IB-PI3Ks are heterodimers containing the
p101 regulatory subunit, which activates the p110γ catalytic subunit [99–101].

Class II PI3Ks has three isoforms: PI3KC2α and PI3KC2β are expressed in most of
the tissues and organs, while PI3KC2γ is expressed only in the liver [102]. They regulate
intracellular membrane dynamics and membrane traffic [102,103]. Class III PI3Ks has
only one member identified: VPS34, which is connected to regulation of phagocytosis,
pinocytosis, endosomal sorting and autophagy [104].

3.1.2. AKT

The serine/threonine protein kinase AKT is the principal downstream molecule
of the PI3K signaling pathway. There are three subtypes (isoforms) of AKT [105,106]:
AKT1 (expressed in the majority of tissues), AKT2 (expressed mainly in tissues with high
sensitivity to insulin: liver, pancreas, muscles), and AKT3 (expressed in the brain and
testicles). AKT is activated by PIP2-driven and PIP3-driven recruitment to the plasma
membrane. Here, the phosphorylation of Thr308 and of Ser473 determines the activation
of AKT [107,108].

Activated AKT mediates the regulation of the cell cycle, growth, proliferation, and en-
ergy metabolism [109]. AKT has over 100 substrates [105], including: transcription factors,
inhibitors of cell cycle progression, protein kinases, GTPase-activation proteins, and apop-
tosis inducers [110,111].

Glycogen synthase kinase-3 (GSK-3), one of the main AKT protein substrates, is a
protein kinase that phosphorylates and inhibits the glycogen synthase. GSK-3 lies down-
stream of multiple cellular signaling pathways, such as: the phosphatidylinositol-3–kinase-
dependent pathway that is stimulated by insulin and growth factors, and the Wnt signaling
pathway that is required for embryonic development [112]. GSK-3 is primarily regulated
by inhibition [113]. There are two isoforms, GSK-3α and GSK-3β, generated from dis-
tinct genes, but with great structural homology (almost 97%) and similar roles, being
encountered in many tissues [112,113] and especially in the brain. AKT phosphorylates
GSK-3 and inactivates it; consequently, there is an increase in the cellular uptake of glucose
and glycogen synthesis. This determines a decrease of blood sugar levels [114].

The inhibition of GSK-3 triggered by growth factors, through AKT activation, has anti-
apoptotic effects [113]. GSK-3 has a broad range of substrates (more than 100) including sig-
naling proteins, structural proteins, and transcription factors involved in metabolism [115].

3.1.3. mTOR

TOR is a large protein-kinase inactivated by a bacterial toxin called Rapamycin—hence
the name Target of Rapamycin. It was identified in yeasts, but it also exists in mammalian
cells, being named mTOR (mammalian Target of Rapamycin) [94,116]. In cells, it exists as
two distinct multiprotein complexes: mTORC1 and mTORC2. mTORC1 contains mTOR,
protein Raptor and mLST8 (the acronym for mammalian Lethal with SEC13 protein 8).
mLST8 interacts directly with mTOR and enhances its kinase activity, with this protein
being found in human colon and prostate cancer cells [117]. mTORC1 is sensitive to
Rapamycin and promotes cell growth and survival by stimulating nutrient uptake and
metabolism [94,116]. It also stimulates cell growth by promoting ribosome production
and protein synthesis and by inhibiting protein degradation [94,116]. mTORC1 may be
activated through different pathways, but mainly through the PI3P/AKT pathway, which is
activated by extracellular growth factors and nutrients. Activated AKT phosphorylates the
Tuberous Sclerosis protein 2 (TSC2), which becomes inactive. Thus, TSC2 cannot keep Rheb
(a Ras-related GTPase) in its inactive form. Consequently, Rheb-GDP (inactive) becomes
Rheb-GTP (active), contributing to the activation of mTORC1 [94,116,118]. Other targets
of the mTORC1 are: S6K (a protein kinase that phosphorylates the ribosomal protein S6)
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and 4E-BP (an inhibitor of the translation initiation factor eIF4E); the consequences are
increased production of ribosomes and increased protein synthesis [118].

mTORC2 consists of mTOR, protein Rictor, Sin1 and mLST1 and is not sensitive to
Rapamycin. mTORC2 promotes AKT activation by directly phosphorylating its hydropho-
bic motif (Ser473). This permits further phosphorylation of AKT, at Thr308, by PDK1 and
so AKT becomes fully active [94,116]. Sin1 contains a phospholipid-binding pleckstrin
homology (PH) domain that facilitates the association of mTORC2 with membranes [119].
Phosphorylation of Sin1 at Thr86 and Thr398 (by S6K or AKT) dissociates Sin1 from
mTORC2, thus resulting mTORC2 inhibition [120]. Acting on S6K, mTORC1 directly regu-
lates mTORC2 [120]. mTORC2 is mainly involved in the reconstruction of the cytoskeleton
(through the Rho family GTPases) and cell survival [94].

3.1.4. FoxO1

Forkhead box other 1 is a member of the Forkhead transcription factor family. The fam-
ily is divided into 17 subfamilies named FoxA to FoxQ [121]. There is a common feature of
the Forkhead family, namely a conserved DNA-binding domain called Fox [122].

FoxO1 is important for the glucose and lipids’ metabolism. It enhances the synthe-
sis of enzymes involved in gluconeogenesis, has a suppressive effect on the synthesis
of enzymes of glycolysis, inhibits the pentose phosphate pathway, and diminishes the
triacylglycerol synthesis. Insulin activates the RTKs and initiates the PI3P/AKT pathway.
The activated AKT phosphorylates the FoxO1 existing in the cytosol. The phosphorylated
FoxO1 is tagged by the attachment of ubiquitin and is then degraded by proteasomes.
The unphosphorylated FoxO1 remains active, passes from the cytosol into the nucleus,
binds to a response element, and triggers the transcription of its associated genes, such as
PEP-carboxykinase, glucose 6-phosphatase, etc. FoxO family members have an important
role in oxidative stress resistance, cell proliferation, apoptosis, and differentiation [123,124].

3.1.5. PTEN

PTEN (phosphatase and tensin homolog) is a PIP3 specific phosphatase that dephos-
phorylates the PIP3 molecules, resulting in PIP2 molecules (Figure 1). PIP2 is not a binding
dock for AKT, so AKT cannot be recruited to the cell membrane. As a consequence,
AKT cannot be phosphorylated by mTORC2 on Ser473; therefore, the conformation of
the AKT does not change anymore and the phosphorylation on Thr308 by PDK1 is not
permitted. The result is that AKT cannot be activated and the PI3K/AKT/mTOR signaling
pathway is suppressed [125,126]. That is why PTEN acts as a tumor suppressor, by inhibit-
ing cell proliferation [125,126]. In many malignant tumors, the PTEN gene has suffered
mutations, resulting in abnormal PTEN, which cannot exert its inhibitory effect on the
PIP3/AKT/mTOR pathway [127]. The plasmatic levels of PIP3 rise and the activity of AKT
is continuously stimulated [128]. By modulating the PIP3/AKT/mTOR pathway, PTEN is
linked to glucose homeostasis [129].
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Figure 1. The PI3K/AKT/mTOR signaling pathway. PI3K is activated by the binding of ligands (insulin, growth factors,
hormones) to RTKs, but also to GPCR (chemokines). Once activated, this protein kinase will catalyze the phosphorylation of
PIP2 to PIP3. AKT is recruited to the plasma membrane where it undergoes two phosphorylation processes, one catalyzed
by PDK1 at the level of threonine residue and the second reaction being catalyzed by mTORC2. Once activated by
phosphorylation, AKT will phosphorylate other substances such as the mTOR complex, which will be associated in the
end with protein synthesis and cell growth. Other phosphorylated substrates, such as GSK-3 and Fox01, will be inhibited,
associated with cell proliferation and survival. PTEN is the major negative regulator of this signaling pathway involved in
PIP3 dephosphorylation.

4. PI3K/AKT/mTOR Mutations in Breast Cancer

The PI3K pathway undergoes many changes in breast cancer caused by mutations or
amplifications of genes which encode the catalytic subunits p110α (PIK3CA) and p110 β

(PIK3CB), but also the regulatory subunit PI3K, p85α (PIK3R1) [130]. In human neoplasms,
PIK3CA is the frequently mutated gene that encodes the p110α catalytic subunit of the
PI3K pathway, and was found amplified in head and neck, cervical, gastric, lung and
breast cancers. In prostate, breast, endometrium and colon cancers, the highest incidence
of PIK3CA mutations has been detected [131].

Approximately 30–40% of patients with breast cancer present PIK3CA mutations,
which will induce hyperactivation of the α isoform (p110α) of PI3K. Recently, the FDA
(Food and Drug Administration) approved testing of breast cancer patients with PIK3CA
mutations using breast tumor tissue and/or circulating tumor DNA, isolated from plasma
specimens. The results reported 11 PIK3CA hotspots mutations, located mainly in exons
9 and 20. Gene PIK3CA mutations have been detected using a PCR test, with the results
revealing the following exon mutations—exon 9: E542K, E545A, E545D, E545G, E545K,
Q546E, and Q546R; and exon 20: H1047L, H1047R, and H1047Y [132]. PI3Kα is activated

137



Int. J. Mol. Sci. 2021, 22, 173

both by binding insulin or growth factors to RTKs and by oncogenic mutations [133].
In breast cancer, the PI3K/AKT pathway is activated through PIK3CA or AKT1 mutations
and PTEN loss [134].

In 2004, Samuels Y and co-workers reported somatic mutations of PIK3CA coding
p110α in various solid malignancies for the first time [135]. Samuels Y et al., observed
that the majority of PIK3CA somatic mutations are located at the level of exon 9 (E542K
or E545K) and exon 20 (H1047R or H1047L). In the helical domain of p110α, there are
exon 9 mutations that are considered to enable p110α to escape the inhibitory effect of
p85 via the Src-homology 2 (SH2) domain. Near the activation loop of the kinase domain,
mutations of exon 20 are located. The study reported 10% frequency of PIK3CA somatic
mutations in breast cancer, but later studies reported ∼30%. [136]. Karakas B et al., also
reported that the catalytic subunit of the PI3K gene called PIK3CA or p110α is frequently
mutated in breast cancer [137].

In the coding sequence, PIK3CA mutations are concentrated in three hotspots, with
two located in the helical domain of p110α and the last situated in the catalytic domain.
The hotspot mutations represent the single nucleotide substitutions that will determine
amino acid substitutions, E542 K, E545 K and H1047R. Unfortunately, these hotspot muta-
tions induce a gain-of-function and prompt transformation and tumorigenicity. The results
from 6338 tumors revealed that 2261 patients presented PIK3CA mutations (35.7%) [138].

A total of 73% of all PIK3CA mutations are: H1047R (35%), E545K (17%), E542K (11%),
N345K (6%), and H1047L (4%). In patients with triple negative breast cancer, PIK3CA
mutation rates were decreased (16%) compared to HR+/HER2 (42%) and HER2+ (31%)
breast cancer subtypes. Moreover, in patients with advanced HR+/HER2−breast cancer,
28% of PIK3CA mutations were identified in circulating tumor DNA [132].

Tumor sequencing studies have reported that these somatic mutations of PI3CA,
concentrated in certain hotspots, will lead to tumor progression by gaining a function for
PI3CA [139]. Moreover, PIK3CA mutations in human breast cancers, at E545K in exon 9 and
H1047R in exon 20, have been reported even by studies using cell lines such as MCF10A
immortalized breast epithelial cells. PIK3CA was the most frequent mutation observed,
associated with an increased kinase activity of the PI3K pathway. Mutant PIK3CA promotes
cell growth and invasion of human cancer cells [136].

Bachman KE and co-workers reported an incidence of 25% PIKCA mutation in hu-
man breast cancer. The study did not reveal any correlation between PIK3CA and the
presence or absence of ER/PR labelling, or even with Her-2/neu. PI3CA mutations affect
the PI3K/AKT/mTOR signaling pathway independent of ER/PR and Her-2/neu. Ana-
lyzing the fifty-three samples, the study reported three mutations in exon 9, 8 uncovered
mutations in exon 20, and novel somatic mutations were detected—two in exon 1 and
one in exon 2 [140]. Stemke-Hale K and colleagues analyzed 547 breast tumor samples
and 41 cell lines using mass spectrometry sequencing and reverse-phase protein arrays to
detect mutations in PI3KCA, AKT and PTEN. The study revealed that the most common
PIK3CA mutations were found in hormone receptor-positive forms (34.5%) followed by
HER2- positive cases with an incidence of 22.7%, compared with basal-like tumors (8.3%).
Moreover, in hormone receptor-positive cancers, mutations on AKT1 represented 1.4% and
PTEN 2.3%, respectively [141]. Using cell cultures, the study reported that AKT1 muta-
tions were absent, while PIK3CA and PTEN mutations appeared in 39% and 20% of the
cases, respectively. In tumors and cell lines, PIK3CA mutations compared with the loss of
PTEN and AKT1 mutations were associated with less activation of AKT. The most frequent
modifications on the PI3K/AKT/mTOR signaling pathway were PTEN loss and PIK3CA
mutation [141].

Li SY. et al., analyzed 250 primary human breast tumors and detected that 35% of
PIK3CA mutations were located in C2 helical and kinase domains. The PIK3CA mutations
were associated with larger tumors and significantly worse survival rate, especially in posi-
tive estrogen receptor status or non-amplified ERBB2 [142]. Moreover, PIK3CA mutations
may sometimes harbor PTEN loss or HER2 overexpression in breast tumors [130].
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p110α, the catalytic subunit of the phosphoinositide 3-kinase alpha (PI3Kα) complex,
which is necessary for normal growth and proliferation, [133] is essential for signaling
and the growth of tumors driven by PIK3CA mutations or RTKs [130]. It has been shown
that p110β mediates tumorigenesis in PTEN-deficient cells [139]. Breast cancers show
poor disease outcome if they are associated with increased levels of AKT phosphoryla-
tion/activation and PTEN loss. Moreover, the loss of PTEN activity and activation of the
PI3K signaling pathway are associated with resistance to endocrine therapy [134]. En-
dometrial, prostate, breast, thyroid and kidney tumors present somatic PTEN alterations,
leading to uncontrolled PI3K activation [143]. PTEN, the most important regulator of the
PI3K/AKT/mTOR signaling pathway, is involved in cell growth and survival, cellular
migration and genomic stability. In 1997, it was discovered that PTEN acts as a key tumor
suppressor gene for various tumor types, being involved in cell cycle progression, cell
growth and survival. Moreover, PTEN is implicated in DNA repair and genome stabil-
ity. In response to DNA damage, PTEN is phosphorylated (Tyr) and binds to chromatin,
promoting DNA repair [144].

The somatic mutations (missense and nonsense mutations, monoallelic or biallelic
deletion on the PTEN gene), epigenetic alterations (methylation promotor), PTEN protein
degradation and the post-translational modification of PTEN protein will conduce to PTEN
inactivation. In breast tumors, the loss of heterozygosity at the PTEN locus was detected
in 40–50% cases. The loss of PTEN function due to PTEN mutations is found in 5–10% of
breast cancers [144].

In luminal breast cancers, the PI3K pathway is one of the most altered pathways,
correlated with PIK3CA mutations, loss of PTEN, or downstream protein phosphoryla-
tion [145]. Zardavas D et al., reported the results obtained from 10,319 patients included
in 19 studies where PIK3CA mutations were present in 32% of patients. PIK3CA mu-
tations were associated with ER positivity, and were increased with age, lower grade,
and smaller size. In breast cancer subtypes-ER-negative/HER2-negative, HER2-positive,
and ER-positive/HER2-negative, the prevalence of PIK3CA mutations was 18%, 22%,
and 37%, respectively [146]. Ling D et al., conducted a study in which tumors from
507 breast cancer patients were collected from the West China Hospital between 2008 and
2013. The study’s results revealed 3.% AKT1 mutations with ER+/PR+/HER2. The inci-
dence of the PIK3CA mutations was reported at 46.5%. These mutations were associated
with ER+/PR+/HER2- status, and it was observed that 35 patients carried two or three
variants of the PIK3CA gene [147]. PIK3CA mutations, associated with many distinct
cancers, include hotspot single–amino acid substitutions in the helical (E542K and E545K)
or kinase (H1047R) domains. In multiple cancer types, including breast cancer, PIK3CA is
considered oncogenic, mutations of the alpha catalytic subunit of PI3K having an incidence
of 40% in ER+/HER2− primary and metastatic tumors. Therefore, PIK3CA is a target for
cancer therapy [134]. Anderson EJ et al., reported 36% PIK3CA mutation in HR+/HER2-
metastatic breast cancer [148].

Mutations also occur in RTKs such as HER2 (ERBB2) and fibroblast growth fac-
tor receptor (FGFR)1, in AKT1, AKT2, PDK1, and loss of PTEN and INPP4B (inositol
polyphosphate-4-phosphatase type II). The activation of PI3K occurs through the bind-
ing of growth factors to RTKs and GPCR. Moreover, PIK3CA mutations appear in breast
tumors associated with PTEN loss or HER overexpression [130].

Lehmann BD and co-workers detected highly clonal PIK3CA mutations in the triple
negative breast cancer subtype that present a luminal phenotype and express androgen
receptors (40%) versus triple negative breast cancer without androgen receptors (4%) [149].
A total of 15–20% of breast cancer cases present an overexpression of human epidermal
growth factor receptor-2 (HER2), associated with an aggressive clinical behavior [150].
Luminal A tumors are associated with PIK3CA mutations in 45% of the cases, while
AKT1 and PTEN mutations both appear in 4% of the patients. At the same time, PIK3CA
genes are mutated in 29% of the cases with subtype luminal B, in 39% of HER2-enriched
breast cancers and only in 7% of basal-like tumors [151].
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HER Receptors and Breast Cancers

EGFR (epidermal growth factor receptor, also known as ERBB1/HER1), ERBB2 (HER2),
ERBB3 (HER3), and ERBB4 (HER4) represent the ERBB family of RTKs, which are cyto-
plasmic membrane-anchored proteins. All four receptors display similarities in structure
and sequence, contain an extracellular ligand-binding domain, a transmembrane domain,
and an intracellular tyrosine kinase domain [152].

Cell growth, survival, and differentiation are regulated by HER receptors via vari-
ous signaling pathways and even participate in cellular proliferation and differentiation.
The HER2 gene encodes a 185-kDa transmembrane protein, being located on the long arm
of chromosome 17 [153]. When HER2 is overexpressed or amplified, it stimulates tumor
growth, invasiveness, and survival via the activation of several signaling cascades, such as
PI3K/AKT pathways. HER2 phosphorylation may lead to PI3K/AKT/mTOR pathway
activation [154].

The formation of HER2-EGFR dimers, HER2 homodimers and even HER2-HER3 dimers
will promote tumor development by increasing tumor cell metabolic functions, cell sur-
vival, proliferation and invasiveness [155]. In breast cancer, overactivation of HER re-
ceptors is caused by several factors such as gene amplification, truncation of the extra-
cellular domain, mutations in the kinase domain, and co-expression of HER receptor
ligands [156]. HER2 overexpression is associated with poor clinical outcome and disease
progression [152].

In primary invasive breast cancer, approximately 18–20% of cases present an amplifi-
cation or overexpression of the HER2 oncogene [154]. HER 2 (c-erbB-2) is a cell membrane
surface-bound RTK, while HER2/neu, its extracellular domain, is normally implicated
in the signal transduction pathways that will conduce to cell growth and differentiation.
In approximately 15–20% of breast cancer cases, HER2-overexpression was observed [157].
HER2 overexpression and PIK3CA mutations have been observed in both invasive breast
cancers and ductal carcinoma in situ. In intraepithelial neoplastic lesions, PIK3CA muta-
tions have a decreased frequency, so these mutations can enhance PI3K pathway activation
by HER 2 (ERBB2) [130].

EGFR, HER3, and HER4 are amplified and overexpressed in more than 20% of breast
cancers. Moreover, HER2 is the oncogenic driver of these pathologies, involved in the
genesis and progression of these tumors [158]. EGFR and HER4 can activate PI3K after their
binding to RTKs, especially by transphosphorylation of HER3, which can act as a critical
partner for HER2 in the genesis and progression of the tumor [158]. After phosphorylation
of tyrosine residues within the cytoplasmic domain, dimerization of the receptor takes
place and various signaling pathways are activated, which are further involved in cellular
proliferation, transcription, motility, and inhibition of apoptosis [154].

Yang Z et al., conducted a study that included 142 patients with metastatic breast can-
cer, detecting alterations in estrogen receptor (ER), progesterone receptor (PR), and HER2 sta-
tus as follows: 20.70%, 37.78%, and 11.48%, respectively [159].

5. Mechanisms of Endocrine Resistance in Breast Cancer

Breast cancer, the most common form of cancer in women, has a very high mortality
rate, causing the death of a woman every 13 minutes. One of the most important factors
involved in breast cancer development and progression is represented by the expression of
proteins for hormone receptors, with estrogen positive breast cancers representing seventy
percent of the total cases. Therefore, endocrine therapy plays a crucial role in breast cancer
therapy [160–165].

HER2+ breast cancers account for 15% to 20% of all cases and are treated primarily with
drugs that target HER2 (trastuzumab, pertuzumab). In addition, half of these cases are also
ER positive; therefore, these women are perfect candidates for endocrine therapy, despite
the shorter and lower response rate compared to HER2 negative breast cancers [166].

However, de novo and acquired resistance appear in all cases of metastatic breast can-
cer and in approximately 25% of ER positive breast cancer patients, limiting the efficiency
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of the treatment used to target the estrogen receptor [162,166]. Although the exact mecha-
nisms that lead to endocrine resistance have not been identified, there are several theories
revealing cell cycle changes and alterations of the ER pathway as causes for endocrine resis-
tance [166]. Moreover, studies have shown that growth factor receptor signaling pathways
are involved in the development of this aggressive pathology. In addition, PI3K mutations
or loss of heterozygosity, methylation of PTEN, and AKT activation promote hormonal
therapy resistance, thus the new treatment protocols are based on the use of medicines
targeting not only the estrogen receptor but also these signaling pathways [162,167].

Previous studies have shown that ligand-independent estrogen receptor activity
caused by mutations in the encoding gene for ER (ESR1) can lead to endocrine resistance
through an increased number of mutant clones [166].

Estrogen positive breast cancers are currently treated with three types of agents: selec-
tive estrogen receptor modulators (tamoxifen), estrogen synthesis inhibitors (aromatase
inhibitors) and selective estrogen receptor down-regulators (fulvestrant) [167].

The main goal of endocrine targeted therapy is to remove the endogenous activating
ligands of the estrogen receptors. Tamoxifen and other antiestrogens (such as fulves-
trant) fulfil their role through competitive inhibition, while aromatase inhibitors (letrozole,
anastrozole) block estrogen synthesis [166,168].

Tamoxifen was the first therapeutic agent targeting cancer on a molecular level, show-
ing great results in women with breast cancer, especially in estrogen receptor-positive
premenopausal women. Although tamoxifen has proven to be a very efficient drug in
preventing recurrence, the estrogen receptor-positive subtype remains the most aggressive
type of breast cancer [160]. Tamoxifen is an antiestrogen that performs as a partial agonist
and has been the standard of care for premenopausal women for many decades. However,
aromatase inhibitors have been proven to increase the survival rate for postmenopausal
women and have replaced tamoxifen as the main therapy [166].

Previous studies indicate that estrogen receptor breast cancers have a low recurrence
rate, but the risk increases over 3 to 5 years after the initial treatment. This late recur-
rence, called dormancy, is often associated with ER positive breast cancers and could be
determined by the therapeutic agents used to treat the disease [166].

HER2 has been incriminated in many important pathways involved in tamoxifen
resistance, with an increased expression of HER2 being associated with resistance to
hormonal therapy [169]. In this case, tamoxifen can perform both as an agonist or an
antagonist, depending on the recruitment of coactivators or repressors of the estrogen
receptor α transcription complex. In the presence of HER2, the augmented expression of
AIB1 (amplified in breast cancer 1 protein), a regulator of the estrogen receptor α, leads to
tamoxifen resistance [170].

Moreover, growth factor receptors such as IGF1R (insulin-like growth factor recep-
tor 1) and EGFR (epidermal growth factor receptor) can cause a lack of response to tamox-
ifen by activating the MAPK (mitogen-activated protein kinase) and the PI3K signaling
pathway [170,171].

The cross-talk between these receptors and ER is very complex. MAPK leads to
estrogen-independent phosphorylation, with AKT playing an essential role for ERα [171].
Activation of the PI3K signaling pathway and AKT phosphorylation promotes estrogen-
independent growth in tumor cells and resistance to anti-estrogens. The overexpression
of HER2, FGFR1 or loss of INPP4B (inositol polyphosphate-4-phosphatase type II) was
also observed in tamoxifen-resistant cells. PI3KCA (the alpha catalytic subunit of PI3K) is
more often affected in estrogen positive breast cancers, while ER negative breast cancers
are characterized by PTEN loss [161].

Additionally, it has been demonstrated that tamoxifen dysregulated metabolism
(caused by cytochrome P450 proteins’ polymorphism), cellular accumulation of the drug,
hypermethylation of CpG islands and expression of P-glycoprotein, and the activity
of the histone deacetylase promote tamoxifen resistance as well. Mechanisms of aro-
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matase inhibitor resistance implicate the PI3K pathway, MAPK, HER2 and the estrogen
receptor [170].

Recent studies have shown that microRNA can promote unresponsiveness to en-
docrine therapy, hence new therapies could be developed to target these small RNA
molecules [170]. Hoppe R et al., have discovered that miR-126 and miR-10a are overex-
pressed in estrogen receptor-positive breast cancers. Moreover, they found a correlation
between this overexpression and the amount of time without recurrences. However,
mi-R221 and miR-222 are associated with tamoxifen resistance through the decrease in
estrogen receptor protein expression in tumor cells [172]. Moreover, miR-451, a microRNA
that acts on PI3K/AKT and controls P-glycoprotein, presents a decreased expression in
MCF-7 tamoxifen-resistant and doxorubicin-resistant cells [173].

Moreover, epithelial to mesenchymal transition is coded by genes that are active
during embryogenesis tissue formation and wound healing, but also during carcinoma
progression. Transcription factors (FOXC2, ZEB1/TCF8, E12/E47 and many others) de-
termine abnormal survival via PDGFR (platelet derived growth factor), FGFR (fibroblast
growth factor receptor) and EGFR, but also through PI3K, AKT and mTOR [174].

In order to improve breast cancer prognosis, new therapeutic strategies have to
use combinations of drugs targeting ER and HER2, but also the downstream signaling
pathways [167].

The combination of tamoxifen with PI3K inhibitors augments the effects of the antie-
strogens, thus reflecting the influence of the PI3K/AKT pathway in acquired endocrine
resistance [161]. In addition, studies have shown that the association of PI3K/mTOR in-
hibitors (BEZ235) improved the outcome of the treatment, showing better results than when
the drugs were administered individually [175]. Moreover, Cavazzoni A et al., found that
the addition of everolimus, an mTORC1 inhibitor, improved the effects of letrozole [176].
On the other hand, PI3K inhibitors are in the initial phase of development [177].

6. mTOR Inhibitors: Everolimus and Temsirolimus

The PAM (phosphoinositide 3 kinase (PI3K)/AKT/mammalian target of rapamycin
(mTOR)) pathway is often altered in cancers, being involved in more than 70% of breast
cancer cases. Studies show that PIK3CA2 is the most commonly mutated oncogene in ER
positive breast cancers (in 35% of the clinical cases) and is frequently involved in HER
positive forms of breast cancer. In addition, several studies reflect a correlation between the
activation of the PAM pathway and resistance to endocrine therapy. Therefore, an increased
number of clinical trials have focused on inhibitors of this key signaling pathway that
is involved in essential cellular processes, such as proliferation and metabolism, being
imperative for cellular survival. Although the studies have shown great perspectives for a
series of PI3K and AKT inhibitors, the adverse effects of these compounds have led to the
limitation of clinical trials to only one mTOR inhibitor: everolimus [178].

Everolimus is an oral rapalog (rapamycin analog) approved by the FDA as an an-
titumor agent in ER positive/HER negative breast cancer [178,179]. RAD-001 (40-O-(2-
hydroxyethyl)–rapamycin), better known as everolimus, exerts its effects on mTOR by
binding cyclophilin FKBP-12 associated with raptor and mLST8, thus acting as an inhibitor
for downstream signaling [179,180].

mTOR is downstream of PI3K/AKT and consists of 2 complexes (mTORC1 and
mTORC2) that function differently despite their similar structure. mTORC1 promotes
mRNA translocation, protein synthesis and lipid synthesis, thus stimulating cell growth,
while mTORC2 is involved in AKT phosphorylation and cellular organization. Rapalogs,
just as rapamycin, target mTORC1 and can produce the phosphorylation of the activation
function domain 1 of the estrogen receptor via substrate ribosomal S6K1 (S6 kinase-1),
hence leading to the activation of the ligand-independent receptor [179].

In addition, mTORC1 helps mRNA translation by producing the dissociation of 4E-
BP1 from eIF4E through phosphorylation and causing the formation of a pre-initiation
translation complex by associating eIF4E with eIF4G (a scaffolding protein) and initiation
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factors. Thus, in stress conditions, mTORC1 represents a restriction point in the cells and is
a key target for cancer therapy [178].

Interestingly, AKT can be hyperphosphorylated by rapalogs. mTORC1 inhibition and
inadequate inhibition produce activation of AKT and cause cell proliferation [178,179].
The pharmaceutical properties of everolimus are superior to rapamycin. This hydroxyethyl
ether derivative of rapamycin does not inhibit mTOR at pharmacologically achievable drug
concentrations [179]. Rapalogs’ influence on mTORC2 is very controversial. While some
specialists consider that everolimus can exert its effects on both mTOR complexes, most
authors consider that this agent can only act on mTORC1 (Figure 2) [181].
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activated by ER, but also by EGFR, HER 2, IGFR1R, and FGFR1 at RTKs level. Once activated, protein kinase B or AKT
inhibits TSC 1

2 by phosphorylation, further leading to the inhibition of Rheb and activation of mTORC1. This activation
is associated with anti-apoptotic effects, increased gene expression, cell proliferation and angiogenesis. Everolimus and
temsirolimus are two analogues of rapamycin that inhibit the activity of mTOR, especially mTORC1, but also mTORC2.

Bachelot et al., analyzing the effects of tamoxifen and of tamoxifen combined with
everolimus, showed that the clinical benefit rate and time to progression were significantly
improved by the rapalog [182].

Balsega J. et al., evaluated 724 patients in the BOLERO (Breast Cancer Trial of Oral
Everolimus)-2 study, assessing the effects of everolimus and exemestane (an aromatase
inhibitor) in postmenopausal women with advanced stages of hormone positive receptor
breast cancer. Their results showed that everolimus improved the progression free survival
rate. However, the combination of the two therapeutic agents also showed adverse effects,
such as anaemia, pneumonitis or dyspnea, causing the withdrawal of everolimus [180].

The BOLERO-3 study evaluated the effect of everolimus in HER2 positive, trastuzumab-
resistant breast cancer. This randomized study Phase III trial included 569 women with
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advanced breast cancer and resistance to HER-targeted drugs. The results showed that the
addition of everolimus to a combination of trastuzumab and vinorelbine (a chemotherapy
medication) significantly improved the progression free survival of the patients [183]. Addi-
tionally, everolimus showed great promise in association with trastuzumab and paclitaxel
in HER2-positive advanced breast cancers [184].

The MANTA trial (phase 2 randomized clinical trial) is a study that included 333 women
with ER positive breast cancer, priorly treated with aromatase inhibitors. The participants
were divided into 4 categories depending on the treatment they received: group 1 com-
prised of 67 women that received fulvestrant, the second group was represented by 103 pa-
tients that received fulvestrant and vistusertib (a dual mTORC1 and mTORC2 inhibitor)
every day, the third group comprised of 98 patients that intermittently received the combi-
nation of fulvestrant and vistusertib, while the fourth group was formed by 65 patients
that received fulvestrant and everolimus. This study was conducted in 9 countries and
it demonstrated that everolimus in combination with fulvestrant significantly improved
progression free survival, thus also reflecting the superior therapeutic effect of rapalogs
over mTOR dual inhibitors [181].

Moreover, studies have shown that everolimus enhances letrozole effects, blocking
the breast cell cycle and stimulating apoptosis [185]. On the other hand, another study that
included 120 women with hormone receptor-positive metastatic breast cancer treated with
endocrine therapy and more chemotherapy agents revealed that no significant benefits
were obtained by adding everolimus to the therapeutic strategy [186].

Temsirolimus (CCI-779), another rapamycin analog, is converted into rapamycin
in vivo [133]. Yu et al., highlighted the sensitivity of inhibitor CCI-779 to MCF-7 cells,
determined by the amplification of a kinase (p70S6) downstream of AKT regulated by
mTOR [187]. The HORIZON trial, a randomized study, showed that temsirolimus in
combination with letrozole did not improve the progression free survival of patients with
metastatic hormone receptor-positive breast cancer compared to letrozole alone [188].
Similar results were observed by Fleming et al., who studied the effects of temsirolimus
in women with advanced breast cancer and found no significant improvement in the
progression free survival rate [189] (Table 1). However, a study conducted by Sadler
showed that when used in combination with ERA−923, an ER antagonist, temsirolimus
displays promising results in ER positive breast cancers [190].

Dual mTOR inhibitors manifest antitumoral activity through the inhibition of mTORC1
and mTORC2, thus representing a promising strategy for breast cancer treatment. However,
while the first generation of inhibitors acting on mTORC1 has been approved in clinical
trials, dual inhibitors are still tested on cell cultures and animal models.

Vistusertib (AZD2014) is a dual inhibitor of both mTORC1 and mTORC2 that, com-
pared with everolimus, has demonstrated more complete growth inhibition and cell death
both in vitro and in vivo, based on a greater inhibitory function against mTORC1 and addi-
tional inhibition of mTORC2, especially in ER-positive breast cancer models. In preclinical
models, vistusertib induces rapid tumor regression [181]. Bhattacharyya GS et al., con-
ducted a Phase I/II trial that included 400 patients divided into two groups, diagnosed with
hormone receptor-positive and HER2-negative breast cancer, who received tamoxifen and
sirolimus 2 mg daily. The results of the study revealed that this combination of sirolimus
and tamoxifen was effective and well tolerated by breast cancer patients [191]. In 2015,
Seiler M and co-workers published the results of the phase IIb trial that consisted of patients
with human epidermal growth factor receptor 2–positive (HER2+) trastuzumab-refractory
metastatic breast cancer, who received a daily dose of ridaforolimus and trastuzumab.
The study observed that the combination ridaforolimus–trastuzumab was well tolerated.
Moreover, in trastuzumab-resistant HER2 positive metastatic breast cancer patients, this
combination has antitumor activity [192].
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Table 1. The main mTOR inhibitors, used in various clinical trials in patients with different breast cancer types.

mTOR Inhibitors Type of Breast Cancer Type of Study References

Everolimus + exemestane hormone-receptor-positive
advanced breast cancer Phase 3, randomized trial [180]

Everolimus + fulvestrant estrogen receptor-positive
breast cancer Phase 2 Manta trial [181]

Everolimus + tamoxifen metastatic breast cancer Phase II Randomized trial [182]

Everolimus + plustrastuzumab + vinorelbine HER2-positive breast cancer Phase 3 trial (Bolero-3) [183]

Everolimus + trastuzumab + paclitaxel HER2-positive advanced
breast cancer Phase 2 multicenter study [184]

Everolimus metastatic breast cancer Retrospective study [186]

Temsirolimus + letrozole hormone receptor-positive
metastatic breast cancer Phase III randomized trial [188]

Temsirolimus metastatic breast cancer Phase II trial [189]

Sirolimus + Tamoxifen
hormone receptor-positive

and HER2-negative
breast cancer

Phase I/II trial [191]

Ridaforolimus + trastuzumab

Human epidermal growth
factor receptor 2–positive

(HER2+) trastuzumab-
refractory metastatic

breast cancer

Phase IIb trail [192]

Furthermore, the second-generation mTOR inhibitors are able to inhibit the kinase
activity of both mTORC1 and mTORC2, having a more potent anticancer activity compared
to rapalogs. In vivo and in vitro experiments revealed that AZD8055 is an mTOR kinase
inhibitor with antitumor activity. Moreover, AZD8055 can treat breast cancer resistance
to endocrine therapy agents, such as tamoxifen and fulvestrant. Shi JJ et al., detected in
breast cancer cells that AZD8055 may overcome tamoxifen resistance [193]. Jordan NJ et al.,
used in vitro breast cancer cells (MCF7-X) that were treated with everolimus (RAD001)
or AZD8055 alone or combined with anti-hormone fulvestrant. RAD001 presented a
poor growth inhibitory effect on cells, rapidly inhibiting mTORC1 but not mTORC2.
In contrast, AZD8055 rapidly inhibited both mTORC1 and mTORC2, and displayed a
powerful inhibitory effect on cells’ growth [194]. So far, another dual mTOR inhibitor,
MLN0128 is used only in vitro on cell models against everolimus-resistant breast cancer,
and it inhibits the AKT phosphorylation. MLN0128 may suppress the proliferation of
this kind of cell [195]. Bostner J and co-workers detected that raptor protein expression
in the nucleus was increased in ER/PgR-positive and HER2-negative tumors with low
grade, further associated with the luminal A subtype. Moreover, raptor seems to stimulate
the growth of the luminal A subtype and may be a possible target along with endocrine
treatment [196]. Zhu L et al., treated human breast cancer cell lines (MCF-7 and ZR-75–1)
with tamoxifen or rapamycin, to observe if ER positive breast cancer cell growth is inhibited.
It was observed that rapamycin enhanced the effects of endocrine therapy with tamoxifen.
In vivo treatment of cells with rapamycin plus tamoxifen significantly inhibited tumor
growth [197]. mTOR is involved in PI3K/AKT signaling pathways, being associated with
cell survival, proliferation, metabolism, and angiogenesis, and being abnormally activated
in breast cancer. mTOR inhibitors have been developed to enhance the antitumor activity
through complete mTORC1 inhibition and mTORC2, which promotes AKT activation
by phosphorylation.

Corroborated, these results exhibit the key role played by mTOR inhibitors, espe-
cially by everolimus, in the treatment of ER positive/HER2 positive breast cancers with
endocrine resistance.
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7. Conclusions

Unfortunately, breast cancer has a high risk of mortality among women, with seventy
percent of estrogen positive cases; therefore, endocrine therapy is crucial for this kind of
neoplasia. Many factors are involved in breast cancer pathologies—some of them are risk
factors, others are considered to be protective factors or can be without any influence on
breast cancer.

The PI3K/AKT/mTOR signaling pathway is activated by enzyme-linked receptors
and is of paramount importance in cell differentiation, proliferation, energetic and glucose
metabolism, apoptosis, cellular response to oxidative stress, and angiogenesis. In breast
cancer, the PI3K pathway presents mutations of genes which encode the catalytic and the
regulatory subunits. The most frequent mutations are located in exon 9 and 20, identified
from tumor tissue and/or circulating DNA in all breast cancer subtypes. Breast cancer
mutations also appear in RTKs receptors such as HER 2, and phosphorylation of this
receptor leads to PI3K/AKT/mTOR activation.

PI3K mutations, PTEN methylation and AKT activation will result in hormonal ther-
apy resistance. Everolimus is a rapamycin analog approved by the FDA which inhibits
the mTOR complex, involved in mRNA translocation, protein and lipid synthesis, pro-
moting cell growth and cellular organization. Regarding another rapamycin analog, tem-
sirolimus, the clinical studies conducted so far have reported promising results in ER
positive breast cancers.

In conclusion, the investigation of mutations that occur in the PI3K/AKT/mTOR
signaling pathway, but also of its inhibitors, may be a real benefit for patients diagnosed
with breast cancer. By inhibiting cell growth and proliferation, these drugs could play
an essential role in malignant cells’ death. Therefore, future studies should focus on
reducing the side effects of dual inhibitors in order to optimize the efficiency of these drugs.
Moreover, new combinations of the inhibitors of these crucial pathways involved in the
development of breast carcinoma could provide a new perspective for the management of
breast cancers, especially for the cases with resistance to endocrine therapy. Furthermore,
genetic profiling of the patients could lead to a better case selection in which PAM inhibitors
would prove to be the key therapeutic agents, particularly for patients with poor prognosis.
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Abstract: MET-amplified gastric cancer cells are extremely sensitive to MET inhibition in vitro,
whereas clinical efficacy of MET inhibitors is disappointing. The compensatory activation of other
oncogenic growth factor receptors may serve as an underlying mechanism of resistance. In this
study, we analyzed the role of HER receptors, in particular HER3 and its ligand heregulin, in this
respect. This also included the chromatin-organizer protein SATB1, as an established regulator of
HER expression in other tumor entities. In a panel of MET-amplified gastric carcinoma cell lines,
cell growth under anchorage-dependent and independent conditions was studied upon inhibitor
treatment or siRNA-mediated knockdown. Expression analyses were performed using RT-qPCR,
FACS, and immunoblots. Signal transduction was monitored via antibody arrays and immunoblots.
As expected, MET inhibition led to a growth arrest and inhibition of MAPK signaling. Strikingly,
however, this was accompanied by a rapid and profound upregulation of the oncogenic receptor
HER3. This finding was determined as functionally relevant, since HER3 activation by HRG led
to partial MET inhibitor resistance, and MAPK/Akt signaling was even found enhanced upon
HRG+MET inhibitor treatment compared to HRG alone. SATB1 was identified as mediator of HER3
upregulation. Concomitantly, SATB1 knockdown prevented upregulation of HER3, thus abrogating
the HRG-promoted rescue from MET inhibition. Taken together, our results introduce the combined
HER3/MET inhibition as strategy to overcome resistance towards MET inhibitors.

Keywords: gastric cancer; HER3; heregulin; MET; SATB1

1. Introduction

Gastric cancer is one of the most common cancer types [1,2]. Worldwide, it represents
the second or third most common cause of cancer-related deaths [3,4], and the lifetime risk
of developing gastric cancer is about one case per 100 persons. Until now, complete surgical
resection of the tumor is a prerequisite for curative treatment [5,6]. However, gastric
cancer is often advanced and inoperable at the time point of diagnosis, and conventional
cytoreductive chemotherapy is of rather limited efficacy. Thus, there is a desperate need
for novel systemic treatment approaches to improve prognosis, especially in metastatic
gastric cancer [7]. Recently, targeted therapies against oncogenic receptor tyrosine kinases
(RTKs), e.g., FGFR, HER1, HER2, HER3, or MET, have been tested in patients with gastric
cancer [8]. Despite promising findings in cell culture, the clinical efficacy of these novel
therapeutics has been rather limited in most cases, with the partial exception of HER2
inhibition, showing a statistically significant albeit small survival advantage in a subset of
patients with HER2 overexpression [9].
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Discrepancies between preclinical data and the clinical reality are particularly striking
in the case of the inhibition of the HGF/MET axis in gastric cancer cells harboring a
MET amplification, which occurs in 3–7% of gastric tumors [10,11]. In these cells, marked
anti-proliferative effects are observed in vitro after inhibition of MET; however, until now
clinical trials with HGF or MET inhibitors have not produced any breakthrough [12].
The difficulties of translating positive preclinical data into favorable clinical outcomes can
be attributed in part to the problem of identifying the correct subgroup of patients suitable
for a specific molecularly defined targeted therapy. While it appears reasonable to pre-select
patients with tumors showing high expression levels of the respective target molecule, it
should be noted that the overexpression of a given oncogene does not necessarily translate
into high sensitivity of tumor cells towards its inhibition. This indicates that expression
levels may be a poor predictor of therapy response, with the potential redundancy of
oncogenic signaling pathways in tumors being one explanation for this discrepancy. Indeed,
upon inhibition of a distinct critical pathway, for example a specific RTK, the activation of
other signaling molecules can compensate for its reduced function [13,14].

It has been proposed that members of the HER family of RTKs, especially HER2
or HER3, could compensate for a reduced MET function, thus contributing to tumor
resistance against MET inhibitors. In fact, stimulation of MET-amplified gastric cancer
cells with the HER agonist heregulin (HRG) could ameliorate the cytotoxic effects of MET
inhibitors [15–17]. From these findings, the questions arise (1) whether the HRG rescue
effect is relevant for all MET-amplified gastric cancer cells, (2) if alterations in HER receptor
expression and/or signaling are observed upon MET inhibition, (3) whether HRG elicits
its positive effects via HER1/HER3 or HER2/HER3-promoted survival signaling in this
context, and (4) which other molecules are involved in MET resistance. The chromatin
organizer protein SATB1 has been shown to be upregulated in many solid tumors and, as
proto-oncogene, to affect the expression of many tumor-relevant gene products including
HER receptors [18–20]. Thus, we hypothesized that SATB1 could also be involved in
HER-dependent resistance mechanisms upon MET inhibition in gastric cancer cells.

In this study, we address the functional relevance of HER receptors, and in particular
of HER3, in MET-amplified gastric cancer cell lines. This also includes the role of SATB1 in
this process. We show a rapid and substantial increase in HER3 expression upon inhibiting
MET, which is mediated by SATB1 and leads to an even enhanced heregulin (HRG)/HER3
signaling. This establishes the role of HRG/HER3 signaling in mediating resistance of
gastric cancer cells towards MET inhibition. Thus, our findings provide an avenue towards
increasing the efficacy of MET-directed therapeutic interventions.

2. Results
2.1. MET-Amplified Gastric Cancer Cells Are Highly Sensitive to MET Inhibition or
siRNA-Mediated MET Knockdown

To investigate the role of HER receptors in resistance of gastric cancer cells against
MET inhibitors, we used a panel of five gastric cancer cell lines, three of which (MKN45,
Hs746T, and SNU5) were described as MET-amplified and sensitive to MET inhibition, and
two (MKN7 and MKN74) are not MET-amplified. Expression analyses on the mRNA level
confirmed the exceptionally high MET expression in the three MET-amplified cell lines
(Figure 1A). MET-amplified cells showed high sensitivity towards MET inhibition via the
specific inhibitor PF04217903 (0.2 µM) (Figure 1B, Supplementary Materials Figure S1A,B)
or siRNA-mediated downregulation of MET (Figure 1C). In contrast, no anti-proliferative
effects were observed in cell lines MKN74 or MKN7 without MET amplification, even for
MET inhibitor concentrations of up to 2 µM or following siRNA-mediated MET knockdown
(Supplementary Materials Figure S2A–D).
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PF04217903 (B) or siRNA-mediated MET knockdown (C), profound inhibition was observed. Level of significance: *, p < 
0.05; **, p < 0.01, and ***, p < 0.001. 
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Figure 1. (A) Expression levels of MET and HER receptor mRNA in different gastric carcinoma cell lines. mRNA expression
was determined using quantitative RT-PCR using RPLP0 as housekeeping gene. (B,C) Effects of MET inhibition via
small molecule inhibitor or siRNA on tumor cell proliferation in MET-amplified MKN45 cells. Using WST-1 reagent
cell proliferation was monitored on day 0 (prior to treatment) and day 3, 5, and 7. Upon treatment with 0.2 µM MET
inhibitor PF04217903 (B) or siRNA-mediated MET knockdown (C), profound inhibition was observed. Level of significance:
*, p < 0.05; **, p < 0.01, and ***, p < 0.001.

2.2. Downregulation or Inhibition of MET Leads to Upregulation of HER3

It has been described previously in non-gastric cancer cell lines that resistance of HER
receptor overexpressing cells towards inhibition or knockdown can be attributed to the
adaptive activation of other HER family members ([13,14] for review). Thus, we next asked
the question whether the targeting of MET, despite its profound cell-inhibitory effects,
may lead to similar alterations. Of note, a very strong > 6-fold upregulation of HER3 was
detected in MKN45 cells on the mRNA (Figure 2A,B) and protein level (Figure 2C). Western
blot data were also confirmed by flow cytometry (Supplementary Materials Figure S3).
Since this method is very quantitative and also allows for specifically monitoring cell
surface levels, we sticked to flow cytometry for measuring HER3 protein in subsequent
experiments. This HER3 upregulation was independent of whether MET inhibition was
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achieved by siRNA-mediated knockdown or using the inhibitor PF04217903. The same
increase in HER3 levels was observed in SNU5 cells on mRNA (Figure 2D) and protein
level (Figure 2E). In contrast, in Hs746T cells a less pronounced ~1.5 increase in HER3 was
observed, but in this cell line, it was accompanied by a concomitant induction of HER1 and
HER2 in the same range (Figure 2F).
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Hs746T cells. (A) After treatment of MKN45 cells, with MET inhibitor PF04217903 (0.2 µM for 48 h) a pronounced upreg-
ulation of HER3 was traceable on mRNA level. (B) Transfection of MKN45 cells with specific siRNA against MET for 48 h 
yielded similar HER3 upregulation results. (C) Accordingly, 48 h treatment of MKN45 cells with 0.2 µM of PF04217903 
also led to upregulation of HER3 on protein level, whereas differential effects occurred for HER1 and HER2. (D) In SNU5 
cells, treatment with 0.2 µM PF04217903 also showed marked HER3 upregulation on mRNA level. (E) Moreover, a shift 
in expression of HER3 protein level was observed after 0.2 µM PF04217903 treatment (48 h). (F) Contrastingly, no HER3 
upregulation was traceable in Hs746T cells under these conditions. Level of significance: **, p < 0.01, and ***, p < 0.001. 
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in Hs746T cells. (A) After treatment of MKN45 cells, with MET inhibitor PF04217903 (0.2 µM for 48 h) a pronounced
upregulation of HER3 was traceable on mRNA level. (B) Transfection of MKN45 cells with specific siRNA against MET for
48 h yielded similar HER3 upregulation results. (C) Accordingly, 48 h treatment of MKN45 cells with 0.2 µM of PF04217903
also led to upregulation of HER3 on protein level, whereas differential effects occurred for HER1 and HER2. (D) In SNU5
cells, treatment with 0.2 µM PF04217903 also showed marked HER3 upregulation on mRNA level. (E) Moreover, a shift
in expression of HER3 protein level was observed after 0.2 µM PF04217903 treatment (48 h). (F) Contrastingly, no HER3
upregulation was traceable in Hs746T cells under these conditions. Level of significance: **, p < 0.01, and ***, p < 0.001.
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Additionally, various responses were noted with regard to HER1 and HER2 levels: in
MKN45 cells, HER1 mRNA was slightly reduced upon MET inhibitor treatment (Figure 2A),
but not after RNAi-mediated knockdown of MET (Figure 2B). Of note, these HER1 effects upon
MET inhibitor treatment were also discernible on protein level (Figure 2C). In contrast, in
SNU5 cells no major effects were found (Figure 2D), and in Hs746T cells, even a minor HER1
induction occurred (Figure 2F). Regarding HER2 expression, a strong mRNA induction
was discernible in MKN45 cells (Figure 2A), which was, however, not seen on protein levels
(Figure 2C) and may be, therefore, of minor relevance. For the other cell lines, only weak
effects on HER2 were found (Figure 2D,F). Additionally, the determination of mRNA levels
also revealed that treatment of cells with the MET inhibitor led to a marked reduction in
MET after 48 h, indicating an inhibitory effect of PF04217903 on the transcription of its
target (Figure 2A,D,F). Taken together, this identifies HER3 as a candidate oncogene for
mediating resistance towards MET inhibition.

2.3. Anti-Proliferative Effects of MET Inhibition Are Partially Abolished by Treatment with HER3
Activator Heregulin

The interplay between MET inhibition and alterations in HER receptor expression
levels suggested the possibility that the very profound anti-proliferative effects of the MET
inhibitor may be counteracted by HER3 activation in the presence HER receptor ligands.
Indeed, addition of heregulin (HRG) in the physiological concentration of 20 ng/mL to the
culture media led to a partial rescue of MET inhibitor-mediated (0.2 µM of PF04217903)
arrest in proliferation in MKN45 cells. This was even true in the constant presence of the
inhibitor and thus under conditions of sustained MET inhibition (Figure 3A). In the absence
of HRG, earlier removal of the inhibitor after 48 h did not lead to reduced inhibition of
cell proliferation over time but resulted in a further enhanced HRG-mediated rescue effect
(Figure 3A). Thus, albeit HRG could not fully compensate for the MET inhibitor effects,
a major recovery of cell proliferation was observed. Likewise, in colony formation assays
MET inhibitor (0.2 µM of PF04217903 for 48 h) severely impaired MKN45 colony formation,
an effect that was reversed by HRG treatment (Supplementary Materials Figure S4). This
protective effect was also seen in a spheroid growth assay, where the MET inhibitor alone
almost completely abrogated spheroid growth, whereas in the presence of HRG, the
three-dimensional growth was partially retained with spheroid sizes reaching ~30% of
the control cells (Figure 3B). In SNU5 cells, comparable results were obtained (data not
shown). In contrast, in Hs476T cells lacking the very profound HER3 induction upon MET
inhibition (see Figure 2D), HRG treatment could not antagonize the growth inhibition of
the MET inhibitor in WST-1 assays (Figure 3C) or spheroid outgrowth assays (Figure 3D).
This identifies HER3 upregulation, in combination with the presence of its ligand HRG,
as a mediator of resistance towards MET inhibition.

When analyzing the percentages of viable and dead cells in a live/dead cell assay,
a substantial > 4-fold increase in apoptotic cells upon exposure to the MET inhibitor was
observed. Again, however, this was markedly reduced in the combined treatment scenario
with MET inhibitor plus HRG, indicating the pro-survival effects of HER3/HRG signaling
under MET inhibition (Figure 3E).

The functional relevance of HER3 was further explored by siRNA-mediated parallel
HER3 knockdown. In negative control transfected cells and in the absence of MET inhibitor,
no further stimulation of cell proliferation was obtained upon addition of HRG or the
HER1 ligand EGF (Figure 3F, left). In contrast, the proliferation arrest exerted by the MET
inhibitor could again be rescued by >50% upon addition of HRG, while treatment with
the HER1 ligand EGF was without effect (Figure 3F, left). This identifies HER3 rather
than HER1 as relevant in this context. Upon siRNA-mediated transient HER3 knockdown,
a marked reduction in cell proliferation was seen (Figure 3G; note the y-axis scale different
to Figure 3F). This was further augmented by parallel treatment with the MET inhibitor.
Notably, the HER3 knockdown abolished the recovery of cell proliferation upon addition
of HRG (Figure 3F, right), indicating that the HRG-mediated rescue described above is
indeed dependent on HER3.
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HRG in Hs746T cells as shown (C) in WST-1 assay or (D) spheroid outgrow formation; of note, these cells did not show 
compensatory HER3 upregulation upon MET inhibition, as has been shown in the previous Figure 2F. (E) Addition of 
HRG (20 ng/mL) also reduced the number of apoptotic cells in SNU5 cells treated with 0.2 µM PF04217903. HER3 displays 
the crucial factor mediating resistance against MET inhibition, as (F) the HER1 ligand EGF (50 ng/mL) could not reverse 
the antiproliferative effects of PF04217903 in contrast to HRG treatment, and (G) HER3 knockdown abrogated the HRG-
induced rescue effects. 
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rescued by treatment with 20 ng/mL of heregulin (HRG); (cont.): continuous inhibitor (0.2 µM PF04217903) exposure,
(48 h): removal of MET inhibitor after 48 h. (B) HRG (20 ng/mL) also partially reversed antiproliferative effects of MET
inhibition in MKN45 cells on spheroid formation. In contrast, the severe effects upon MET inhibition could not be reversed
by HRG in Hs746T cells as shown (C) in WST-1 assay or (D) spheroid outgrow formation; of note, these cells did not show
compensatory HER3 upregulation upon MET inhibition, as has been shown in the previous Figure 2F. (E) Addition of HRG
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crucial factor mediating resistance against MET inhibition, as (F) the HER1 ligand EGF (50 ng/mL) could not reverse the
antiproliferative effects of PF04217903 in contrast to HRG treatment, and (G) HER3 knockdown abrogated the HRG-induced
rescue effects.

2.4. Cellular Effects Are Mediated by Alterations in MAPK Signaling

To further characterize the pathways involved in the cellular effects of MET inhibition
and HRG stimulation/rescue, phospho-antibody arrays were performed for analyzing
changes in MAPK activities (Figure 4A,B, Figure S5). Upon addition of the MET inhibitor
to MKN45 cells, reduced phosphorylation of Akt (especially Akt2) and of ERK1/2 was
observed (Figure 4A). In contrast, HRG stimulation of the cells led to further enhancement
of Akt signaling, with little effects on ERK1/2 phosphorylation. Notably, the inhibitory
effects of the MET inhibitor on phosphorylation/activation were, except for Akt3, reversed
upon HRG addition (Figure 4A, lower panel). The heat map analysis confirmed Akt and
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ERK to be most profoundly affected. In fact, the quantitation of the signals revealed an
even increase in Akt signaling upon combined MET inhibitor + HRG treatment and very
profound ~3–4-fold higher ERK1/2 phosphorylation (Figure 4C). This further increase
in Akt and ERK1/2 signaling to values above those obtained by HRG stimulation alone
without MET inhibitor was also confirmed in independent Western blot experiments
(Figure 4D, right panel). The profoundly increased p-ERK1/2 and p-Akt levels in MET
+ HRG treated cells over HRG single treatment can be explained by the upregulation of
HER3 (and perhaps HER2) described above.

Figure 4. (A) Phospho-antibody arrays to elucidate downstream signal transduction effects of MET inhibition, heregulin
stimulation, and the combination of both as compared to untreated (upper panel). 1, Akt1; 2, Akt2; 3, Akt3; 4, pan Akt; 5,
ERK1; 6, ERK2. For the definition of all spots, see Supplementary Materials Figure S5. Cells were serum-starved for 18 h
and subsequently treated with vehicle DMSO or inhibitor/HRG for 24 h. Interestingly, MET inhibition followed by HER3
stimulation via HRG showed the strongest phosphorylation levels. (B) Quantification of signal intensities from antibody arrays.
The heat map depicts alterations upon treatment as indicated towards lower (blue) or higher signals (red). (C) Bar diagram
showing the intensities of signaling molecules with most profound alterations. (D) Confirmation of alterations in ERK1/2 and
Akt phosphorylation by Western blotting. Again, cells were serum-starved for 18 h and treated as indicated for 24 h.

161



Int. J. Mol. Sci. 2021, 22, 82

2.5. Upregulation of HER3 upon MET Inhibition Is Dependent on PKC and SATB1

We further analyzed the underlying molecular mechanism of this counter-upregulation.
We did not find any evidence that the blockade of MAPK or AKT signaling induced by
MET inhibition was involved in HER3 regulation, since the inhibition of MAPK by the
MAPKK inhibitor PD98059 (10 µM for 48 h) or the blocking of AKT signaling via PI3K
inhibition with LY294002 (10 µM for 48 h) did not reproduce the effects of MET inhibition
on HER3 levels (Supplementary Materials Figure S6).

Since PKC is a known MET target, we next tested its role by pretreating MKN45 or
SNU5 cells with the PKC inhibitor BIM II (10 µM) for 24 h, prior to the addition of the
MET inhibitor PF 04217903 (0.2 µM for 48 h). Under these conditions the upregulation of
HER3 was abrogated in MKN45 (Figure 5A, left) and markedly inhibited in SNU5 cells
(Figure 5A, right). For HER1 and HER2, only minor effects were discernible. Vice versa,
the PKC activator PMA (1 µM, for 48 h) led to a marked upregulation of HER3 in both
MKN45 and SNU5 cells (Figure 5B). Of note, we also observed a strong upregulation of the
transcriptional HER regulator SATB1 in SNU5, but not in MKN45 cells (Figure 5A). SATB1
has been shown in breast carcinoma to affect the expression of HER receptors [18–20] and
was found upregulated in gastric cancer [21]. Thus, we next assessed its role in HER3
upregulation. To this end, we employed a specific siRNA, which was described previously
to efficiently reduce SATB1 expression [19].

Treatment of MKN45 cells with MET inhibitor again led to ~ 50% decreased HER1
mRNA levels, independent of prior transient transfection with SATB1 siRNA or a non-
specific negative control siRNA (Figure 5C, left). Slight effects of SATB1 knockdown on
basal (i.e., in the absence of MET inhibitor) expression of HER1 and HER3 were observed.
In contrast, the marked upregulation of HER3 under MET inhibitor treatment was almost
fully abolished upon SATB1 knockdown (Figure 5C, left). The strong dependence of
the HER3 counter-upregulation on SATB1 expression thus indicates that it is mediated
through SATB1. Similarly, in SNU5 cells, knockdown of SATB1 abrogated the strong
HER3 induction upon MET inhibition (Figure 5C, right). Of note, in this cell line, MET
inhibition per se again led to a marked upregulation of SATB1 reproducing the data shown
in Figure 5A, right, and underlining the potential interplay between MET signaling, SATB1
function, and HER3 expression. Note that in both cell lines MET inhibition again reduced
the expression of MET receptor itself (Figure 5C), indicating a yet unknown putative
transcriptional inhibitory mechanism on MET activity. This MET downregulation after
MET inhibition was not affected by SATB1 knockdown.

The SATB1-dependent regulation of HER3 expression upon MET inhibition was also
found on the protein level. While the MET inhibitor led to a pronounced increase in
HER3 expression in control transfected cells (Figure 5D, upper panel), this effect was
markedly reduced upon SATB1 knockdown (Figure 5D, lower panel). Addressing the
possible consequences of SATB1 affecting HER3 expression, we analyzed cell viabilities.
The RNAi-mediated reduction in SATB1 expression did not lead to major alterations
of viable cell numbers in untreated or HRG-stimulated cells, or in cells treated with
MET inhibitor (Figure 5E). Notably, however, the HRG-mediated partial restoration of
cell proliferation under MET inhibition was almost completely abolished upon SATB1
knockdown (Figure 5F, right bars), demonstrating the dependence of this effect on SATB1-
mediated HER3 upregulation.
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48 h with the PKC activator PMA (1 µM) before analyzing HER3 mRNA expression. (C) MKN45 cells (left) and SNU5 cells 
(right) were pretreated with SATB1 siRNA for 48 h prior to MET inhibition with 0.2 µM PF04217903 to induce compensa-
tory upregulation effects, as shown previously. siSATB1 significantly reduced the magnitude of observed HER3 mRNA 
upregulation. (D) SNU5 cells also showed diminished HER3 upregulation on the protein level after SATB1 knockdown 
(48 h after transfection) in comparison with control siRNA. (E,F) While siSATB1 showed no antiproliferative effect itself 
on MKN45 cells, the HRG-associated rescue effect was reduced upon SATB1 knockdown as compared to siCtrl. Level of 
significance: *, p < 0.05; **, p < 0.01, and ***, p < 0.001. 
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afterwards, cells were treated with MET inhibitor PF04217903 (0.2 µM for 48 h). (B) MKN45 and SNU5 cells were treated
for 48 h with the PKC activator PMA (1 µM) before analyzing HER3 mRNA expression. (C) MKN45 cells (left) and
SNU5 cells (right) were pretreated with SATB1 siRNA for 48 h prior to MET inhibition with 0.2 µM PF04217903 to induce
compensatory upregulation effects, as shown previously. siSATB1 significantly reduced the magnitude of observed
HER3 mRNA upregulation. (D) SNU5 cells also showed diminished HER3 upregulation on the protein level after SATB1
knockdown (48 h after transfection) in comparison with control siRNA. (E,F) While siSATB1 showed no antiproliferative
effect itself on MKN45 cells, the HRG-associated rescue effect was reduced upon SATB1 knockdown as compared to siCtrl.
Level of significance: *, p < 0.05; **, p < 0.01, and ***, p < 0.001.

163



Int. J. Mol. Sci. 2021, 22, 82

3. Discussion

In the present study, we demonstrate that treatment of MET-amplified gastric cancer
cells with a MET inhibitor leads to a SATB1-mediated upregulation of HER3. In the absence
of HER3 ligands in cell culture, which are not endogenously produced by the tumor
cells, this adaptive and rapid induction of HER3 did not confer resistance towards MET
inhibition. In contrast, in the presence of the HER3 ligand heregulin, a scenario, which
resembles more closely the in vivo situation in tumors (see below), a partial rescue of the
cancer cells from the detrimental effects of MET inhibition was observed.

It has been shown previously that MET inhibition in monocultured gastric cancer cells
with MET amplification exerts dramatic anti-proliferative effects, in parallel with abrogation
of ERK and Akt phosphorylation. This can be overcome in part by HER activation [15,16,22].
Heregulin can activate HER3-promoted signaling pathways via HER1/HER3 or HER2/HER3
heterodimers [23]; however, it has not been elucidated so far which of these heterodimers
mediate these pro-survival effects in MET addicted gastric cancer cells. We demonstrate that
inhibition of HER2 or HER3 via siRNA-mediated knockdown or a small molecule inhibitor
abrogated the rescue effect of heregulin, giving proof of the relevance of intact HER2/HER3
signaling. In contrast, we found the treatment of the cells with the HER1 ligand EGF
ineffective in mediating any resistance against MET inhibition. This effect cannot be
explained by an insufficient dosing of EGF, since EGF treatment led to a comparable
reactivation of ERK phosphorylation as did HRG (Supplementary Materials Figure S7).

The fact that Akt phosphorylation after MET inhibition is more efficiently restored
by HRG treatment of gastric cancer cells than by EGF treatment is in line with previous
findings [15] and indicates that PI3K-Akt signaling is of particular importance for survival
signaling in gastric cancer cells. Somewhat contrasting previous findings that demonstrated
the ability of EGF (in a concentration comparable to our study) to confer resistance against
MET inhibition as well [15,16] may be attributable to the fact that different MET inhibitors
were used. Of note, the inhibitor PHA 665752 used previously at a concentration of 250 nM
would also inhibit Ron and at least partially Flk-1 (IC50: 200 nM), whereas PF 04217903
employed here offers greater selectivity towards MET [24].

Remarkably, MET inhibition led to a substantial upregulation of HER3, the critical
signaling molecule responsible for heregulin-promoted survival. Of note, HER3 has been
characterized as a significant factor for tumor progression in gastric cancer and is often
upregulated in this tumor entity (see [25] for review). On the transcriptional level, HER3
expression in gastric cancer is critically regulated by the transcription factor EHF and
overexpression of EHF leads to increased HER3 levels [26]. With respect to the adaptive
response upon MET inhibition observed here, it is noteworthy that PI3K-AKT inhibition,
which is a consequence of MET inhibition in MET-amplified gastric cancer cells, can
induce HER3 upregulation in other tumor entities via a FOXO-dependent mechanism [27].
However, PI3K-AKT signaling does not seem to play a crucial role in the present context,
since PI3K inhibition in gastric cancer cells had no impact on basal HER3 expression or on
HER3 induction after MET inhibitor treatment (Supplementary Materials Figure S6).

On the mechanistic level, we identify SATB1 as a mediator of this HER3 upregulation.
Concomitantly, SATB1 knockdown abrogated the HRG-promoted rescue of gastric cancer
cells after MET inhibition. SATB1 acts as a chromatin organizer, and dependent on the
cellular context and on post-translational modifications, SATB1 has been shown to act
as a repressor or activator of gene expression [28,29]. SATB1 affects the expression of a
large number of oncogenic signaling molecules, and consequently, its function has been
studied in several tumor entities [30,31]. While in gastric cancer the role of SATB1 for the
regulation of oncogene expression is still elusive, a meta-analysis has revealed that SATB1
expression itself represents a potential marker for unfavorable prognosis, emphasizing
its putative relevance in this tumor type [21]. In line with this, SATB1 has been found to
increase viability, invasiveness, and chemoresistance of gastric cancer cells and to promote
tumor growth in vivo [32,33].
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In other tumor entities, a critical role of SATB1 in regulating the expression of receptors
of the HER family has been described. More specifically, SATB1 has been shown to be
involved in the upregulation of EGFR (HER1), HER2, HER3, and HER4 in breast cancer
cells [18]. In contrast, in colorectal cancer cells, SATB1 induced HER3 expression but
exerted only mild effects on HER2 and no effect on HER1 expression [19]. In glioma cells,
SATB1 was found to even act as a repressor of HER2, since SATB1 knockdown led to an
induction of HER2 expression [20]. Collectively, these results support the notion that the
role of SATB1 in regulating the expression of different HER receptors strongly depends on
the cellular and/or tumor context. Notably, in the gastric cancer cells investigated here,
SATB1 knockdown had no impact on the basal expression of any HER receptor; however,
the upregulation of HER3 upon MET inhibition was prevented. This further emphasizes
the dependence of SATB1 effects on the cellular context.

As mentioned above, in the absence of HER3 ligand MET inhibition was found to
decrease ERK and Akt phosphorylation and to completely abrogate cellular proliferation
despite of the elevated HER3 expression. This indicates that HER3 overexpression, even
after the pronounced increase in HER3 levels upon treatment with MET inhibitors or siRNA,
is insufficient to compensate for the blocking of MET-dependent pathways in tumor cells
that do not endogenously express heregulin. Thus, 2D cell culture insufficiently reflects
the in vivo situation where heregulin expressing and secreting stroma cells are present
within the gastric tumor. Notably, heregulin stimulation of MKN45 cells pretreated with
MET inhibitor yielded even a higher activation of ERK and Akt signaling than heregulin
stimulation of cells with intact MET signaling. Taken together, the induction of HER3
after MET inhibition represents a critical factor in HRG-promoted resistance against MET
inhibitors. This can severely impair the effect of MET inhibition, even in tumors with an
amplification of MET, and may well explain—at least in part—the poor clinical outcomes of
MET inhibitor treatment. The further elucidation of the mechanisms involved in regulation
of HER3 expression in gastric cancer could provide the basis for novel strategies improving
the efficacy of RTK-targeted therapies. It is noteworthy in this context that heregulin
secretion by fibroblasts is a critical homeostatic signal to maintain the integrity of the
gastric epithelial lining [34] and that inflammatory processes in the stomach lead to an
upregulation of heregulin production of gastric fibroblasts [35]. Concomitantly, we could
detect significant heregulin mRNA expression in cancer-associated gastric fibroblasts
(Figure S4). This highlights the potential involvement of stromal cells in tumor resistance,
as shown here through the expression of heregulin. Many studies on the tumor biology of
oncogenic growth factor receptors focus on their expression, basal activity, and downstream
signaling in tumor cells. Our findings underline the importance of extending the analyses
towards the possible impact of the respective receptor ligands, to better understand and
predict the effects of targeted therapeutics in the actual in vivo context.

4. Material and Methods
4.1. Materials

Cell culture media, phosphate buffered saline, and fetal bovine serum were obtained
from Invitrogen (Gibco, Karlsruhe, Germany). Antibodies against Akt, phospho-Akt,
p44/42 MAPK, phospho-p44/42 MAPK, actin, and anti-mouse IgG Alexa Fluor® 647
(#4410S) were purchased from Cell Signaling (Danvers, MA, USA). Anti-HER3 purified
antibody (clone 1B4C3) was purchased from BioLegend®. Secondary antibodies were
from Sigma–Aldrich (Steinheim, Germany). Protran Nitrocellulose Transfer membranes
were purchased from Whatman (Dassel, Germany). The enhanced chemiluminescence
systems (Super Signal West Femto Maximum Sensitivity Substrate and SuperSignal West
Pico Chemiluminescent Substrate) were from Thermo-Scientific (Bonn, Germany). The
WST-1 kit was from Roche Applied Science (Mannheim, Germany). The PCK inhibitor
bisindolylmaleimide II (BIM II), the MET inhibitor PF04217903, and the HER1 inhibitor
AG1478 were from Tocris (Wiesbaden, Germany). The HER2 inhibitor CP724714 was pur-
chased from Selleckchem (Munich, Germany). Heregulin and 12-O-Tetradecanoylphorbol
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13-acetate (PKC activator, PMA) were obtained from Sigma–Aldrich (Steinheim, Germany).
The human phospho-MAPK Array Kit was from R&D (Minneapolis, MN, USA). All other
chemicals used were purchased from Carl Roth (Karlsruhe, Germany) unless indicated
otherwise.

4.2. Methods
4.2.1. Cell Culture

Human gastric cancer cell lines MKN7, MKN74, MKN45, SNU5, and Hs746T were
obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cell
line authentication was monitored regularly by genotyping (Genolytic, Leipzig, Germany).
MKN cells were cultured in RPMI 1640 medium (Thermo-Fisher, Waltham, MA, USA)
supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS). SNU5 cells were
cultured in Iscove’s Modified Dulbecco’s Medium plus 20% (v/v) FBS. The cell line Hs746T
was cultivated in Dulbecco’s Modified Eagle’s Medium (4 mM L-glutamine, 4500 mg/L
glucose, 1 mM sodium pyruvate, and 1500 mg/L sodium bicarbonate) supplemented with
10% (v/v) FBS. All media were used without antibiotics and cells were incubated at 37 ◦C
in a humidified atmosphere containing 5% CO2 and passaged every 2–3 days.

4.2.2. Cell Transfection and Treatment

siRNAs (see Table S1 for sequences) were purchased from Eurofins MWG Operon
(Ebersberg, Germany). In all knockdown experiments, irrelevant siRNAs targeting lu-
ciferase (pGL3) were used as negative control. Prior to transfection, cells were seeded
in appropriate cell culture plates and maintained overnight under standard conditions.
An amount of 10 nM siRNA (50 nm for SNU5, respectively) were transfected using IN-
TERFERin (Polyplus, Illkirch, France), at 1 µL INTERFERin™/pmol siRNA according
to the manufacturer’s protocol. For inhibitor and heregulin treatment, the following
concentrations were used: 0.2 µM MET inhibitor unless otherwise state and 20 ng/mL
heregulin.

4.2.3. WST-1 Assay

Cell viability was quantified by measuring the metabolically activated formazan dye
from the water-soluble tetrazolium salt WST-1 according to the manufacturer’s protocol.
Briefly, cells were seeded into 96-well microplates (Sarstedt, Nümbrecht, Germany) at
1000 cells/well and incubated overnight, prior to siRNA transfection or incubation with
inhibitors. At the time points indicated, 10 µl WST solution was added to each well, and
after incubation at 37 ◦C for 60 min, absorbance at 450 nm was measured in a PolarSTAR
plate reader from BMG (Offenburg, Germany).

4.2.4. Colony Forming Assay

Five× 105 cells growing in normal growth medium in 25 cm2 cell culture flasks were
treated with the respective agent for 48 h. Afterwards, cells were trypsinized and counted
using a hemocytometer. One thousand cells per condition were re-seeded into a 6-well
plate and incubated in normal growth medium (without any further treatment) for 7 days.
Thereafter, the medium was aspirated. The colonies were gently washed with PBS, and
then stained by use of 0.5% (w/v) methylene blue in a 1:1 mixture (v/v) of ethanol and
water. The colonies were incubated for 15 min with the staining solution, then gently
washed with deionized H2O and dried at room temperature. Colonies of more than 50 cells
were included in the evaluation.

4.2.5. RNA Isolation and RT-qPCR

Total RNA from cells was isolated using the guanidinium thiocyanate–phenol– chlo-
roform extraction procedure (TRI Reagent, Sigma-Aldrich, Taufkirchen, Germany). The
first-strand synthesis was carried out using the RevertAid H Minus First Strand cDNA
Synthesis Kit from Fermentas (St Leon-Roth, Germany). Products were amplified using
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specific, intron-spanning primer pairs, with β-actin or RPLP0 serving as loading controls
(for primer sequences, see Table S2). Real-time PCR was performed using the Absolute
QPCR SYBR Green Mix from Thermo Fisher Scientific (Schwerte, Germany). To this end,
10 pmol of each primer pair and 4 µl from the 1:100 prediluted first-strand synthesis were
added to the reaction mixture, and the PCR was carried out in a light cycler apparatus
(LightCycler 2.0 System, Roche Applied Science) using the following conditions: 15 min of
initial activation at 95 ◦C, followed by 55 cycles of 10 s at 95 ◦C, 10 s at 55 ◦C, and 10 s at
72 ◦C each. Fluorescence intensities were recorded after the extension step at 72 ◦C in each
cycle. Crossing points were determined by the software, and the relative gene expression
was quantified using the formula: %clearpage

2(crossing point of β-actin − crossing point of gene of interest) × 100 = relative expression of X vs. housekeeper (percentage of reference gene expression).

4.2.6. Immunoblot

For Western blot analysis, cells were seeded in their respective medium at 2 ×
105 cells/well into six-well plates. Cells were serum-starved for 18 h, then stimulated
as described in the respective figure legends, washed with ice-cold phosphate-buffered
saline, and lysed in 250 µl of lysis buffer containing 5 mM EDTA und 1% (v/v) NP-40 in
PBS. Upon determination of protein concentration using DC™ Protein Assay (Bio-Rad
Laboratories, Munich, Germany) lysates containing 25 µg of protein were dissolved in
loading buffer (125 mM Tris (pH 6.8), 20% glycerol, 4% SDS, 2% β-mercaptoethanol, and
10 µg/mL bromophenol blue). Twenty microliters of lysate/lane was resolved on 9%
SDS-polyacrylamid gels and electroblotted onto nitrocellulose membranes using transfer
buffer (191 mM glycine, 25 mM Tris, 10% SDS, and 20% methanol). Blots were incubated for
1 h in Rotiblock to saturate non-specific binding sites, washed in Tris-buffered saline with
Tween® 20 (TBST), and incubated in a 1:500 dilution of the phospho-specific anti-p44/42
MAPK or anti-Akt mouse monoclonal antibody in 5% milk powder (w/v) in TBST. An
anti-p44/42 MAPK rabbit monoclonal antibody specific for total (phosphorylated and
unphosphorylated) MAPK or Akt served for loading controls. Subsequently, blots were in-
cubated with peroxidase-conjugated secondary antibodies (1:5000). Signals were revealed
using enhanced chemiluminescence (Super Signal West Femto Maximum Sensitivity Sub-
strate Kit and SuperSignal West Pico Chemiluminescent Substrate), and visualization was
carried out using the Chemismart detection system from Peqlab Biotechnologie (Erlangen,
Germany).

For monitoring the expression of a larger set of MAP kinases, the commercially
available Human Phospho-MAPK Array Kit (Proteome Profiler™ Array, R&D, Minneapolis,
MN, USA) was employed. Lysates were analyzed in the antibody array according to
the manufacturer’s protocol and visualized by chemiluminescence as described above.
Signal intensities were quantitated using ImageJ and are shown as heat map (heat mapper
software; http://www.heatmapper.ca/) and as a bar diagram.

4.2.7. Flow Cytometry

Cells were harvested and washed 2 times with phosphate buffered saline (PBS).
Consequently, cells were resuspended in 100 µL staining buffer (0.5% BSA, 0.1% NaN3
in PBS) with 0,125 µg HER3-antibody per sample and incubated at 4 ◦C overnight. Cells
were washed 2 times in staining buffer and incubated with anti-mouse Alexa Fluor® 647
antibody for 1 h at room temperature in the dark before FACS analysis was carried out on
a Attune® Acoustic Focusing Cytometer using Attune® Cytometric Software.

4.2.8. Spheroid Outgrow and Spheroid Formation

Tumor spheroids were generated by seeding 1000 cells into agarose-coated 96-well
plates. Cells were incubated under normal conditions for 96 h and subsequently analyzed
(3D growth) or were transferred into normal 12 well microtiter plates for determination of
spheroid outgrowth. For this purpose, transferred spheroids were incubated for further

167



Int. J. Mol. Sci. 2021, 22, 82

6 days in normal growth medium. Thereafter, the cells were fixated and stained using
0.5 mg/mL methylene blue in 50% (v/v) water/ethanol to visualize colony spread and
formation of distant colonies.

4.2.9. Statistics

All assays were performed independently at least three times unless indicated other-
wise, and either one representative experiment or means +/− S.E.M. of multiple exper-
iments are shown. Densitometric analysis of MAPK array was performed using ImageJ
software (NIH, Bethesda, MD, USA). Statistical significance of differences in all assays was
assessed by ANOVA with Shapiro–Wilk test using SigmaPlot 13, with *, <0.05; **, <0.01,
and ***, <0.001.

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-006
7/22/1/82/s1; Figure S1: MET inhibition by treatment of cells with 0.2 µM PF04217903 produced
marked antiproliferative effects in MET-amplified (A) SNU5 and (B) Hs746T cells, Figure S2: Absence
of inhibitory effects of 2 µM MET inhibitor PF04217903 in (A) MKN74 and (C) MKN7 cells. Similarly,
no visible effects occurred upon siRNA-mediated MET knockdown in (B) MKN74 and (D) MKN7
cells, Figure S3: Upregulation of HER3 protein levels 48 h after treatment of MKN45 cells with 0.2 µM
PF04217903, as determined by flow cytometry, Figure S4: Colony formation assay with MKN45
cells pretreated for 48 h with vehicle (DMSO), 0.2 µM PF04217903, 20 ng/mL HRG, or PF04217903
plus HRG. After the treatment phase cells 1000 cells of each preparation were seeded (without any
further treatment) and colony growth was monitored. Number of colonies is presented (vehicle
treated cells = 100%)., Figure S5: Definition of all spots on the phospho-antibody array shown in
Figure 4. On the array, dots are always provided in duplicates, Figure S6: SNU5 cells and MKN45
cells were pretreated with PI3K inhibitor LY294002 (10 µM) or MEK inhibitor PD98059 (10 µM) for
24 h, prior to treatment with MET inhibitor PF04217903 (0.2 µM for 48 h) and analysis of HER3 mRNA
expression via RT-qPCR. HER3 expression was normalized to reference gene expression (RPLP0) and
is given as percentage of HER3 expression in vehicle treated cells, Figure S7: Western blot analyses
of AKT and ERK1/2 activation (phosphorylation). MKN45 (MET amplified) or MKN74 (no MET
amplification) cells were serum-starved for 18 h and then treated with MET inhibitor PF04217903
(2 µM for 24 h) plus 50 ng/mL EGF, where indicated. Phospho-AKT and Phospho-ERK1/2 are
shown as compared to tubulin as loading control. Note that in MKN45 cells EGF stimulation led
to reactivation of ERK1/2 phosphorylation in the presence of MET inhibitor as compared to MET
inhibitor alone, whereas AKT phosphorylation is only mildly restored. In MKN74 cells, treatment
with MET inhibitor did not affect AKT or ERK1/2 phosphorylation upon EGF stimulation, Figure S8:
Expression of heregulin-B in cancer-associated fibroblasts as determined by RT-qPCR. In contrast,
all investigated gastric cancer cell lines were found negative, Table S1: siRNA sequences used in
the present study for RNAi experiments, Table S2: Primer sequences used in the present study for
quantitative PCR analyses.
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Abstract: The duration of denture use, oral hygiene, smoking and male sex were identified as risk
factors for oral mucosal lesions. As it is well known, all the oral mucosal lesions associated with risk
factors have an important degree of malignity. Chronic mechanical irritation can be another cause
of oral cancer and it is produced by the constant action of a deleterious agent from the oral cavity.
Autophagy represents a complex evolutionary conserved catabolic process in which cells self-digest
intracellular organelles in order to regulate their normal turnover and remove the damaged ones with
compromised function to further maintain homeostasis. Autophagy is modulated by mTOR kinase
and indirectly by PI3K/AKT survival pathway. Due to its dual capacity to either induce cell death or
promote cell survival, important evidence pointed that autophagy has a two-faced role in response to
chemotherapy in cancer. In conclusion, understanding how to overcome cytoprotective autophagy
and how to take advantage of autophagic cell death is critical in order to enhance the cancer cells
sensitivity to particular therapeutic agents.

Keywords: oral cancer; autophagy; PI3K/AKT/mTOR signaling pathway

1. Introduction

Oral mucosal lesions usually occur due to systemic diseases, nutritional disorders, medication
side effects or wearing ill-fitting dentures in the elderly [1]. The most common oral mucosal lesions
in the aging population can be caused by both poor oral hygiene and continuous use of dentures
throughout the day and night [2]. Apart from the duration of denture use, smoking and male sex were
also identified as risk factors for oral mucosal lesions, with fissured tongue and lingual varicosity being
the most common forms [3,4].

As it is well known, all the oral mucosal lesions associated with risk factors have an important
degree of malignity. The oral cavity is one of the most appropriate locations for the development of
oncological diseases, especially in patients who are >40 years old. Malignant lesions were determined
in only men in the study by Dundar and Ilhan Kal and in only women in a study by Cebeci et al. [5].
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Autophagy represents a complex evolutionary conserved catabolic process in which cells self-digest
intracellular organelles in order to regulate their normal turnover and remove the damaged ones with
compromised function, to further maintain homeostasis [6–9].

Currently, the role of autophagy in cancer is still controversial. On the one hand, constitutive
autophagy can be regarded as a cellular housekeeper that eliminates damaged organelles and protect
cells against carcinogenesis, and moreover it has been shown that excess or persistent autophagy
promotes cell death by inducing apoptosis or mediating “autophagic cell death”. However, on the
other hand, it can also act as a pro-survival signal in response to stress (like nutrient deprivation,
hypoxia and the presence of chemotherapy or some other targeted therapies) that could induce
resistance to anticancer therapies in advanced cancer [7–9].

Autophagy can control many cellular molecular pathways involved in tumor promotion and
suppression, immune response intensity. A lot of studies have focused on its involvement in these
processes as a modulator of pathogenesis and, consequently, as a potential therapeutic target.

In this paper, we review recent progress and provocation in our understanding of how to overcome
cytoprotective autophagy and how to take advantage of autophagic cell death in order to enhance
cancer cells’ sensitivity to particular therapeutic agents.

2. Oral Cancer

Head and neck region cancers are one of the most common types of cancers, oral cancer being the
sixth most common malignancy in the world, and is characterized by a very low five-year survival rate,
about 50% due to late stage diagnosis, high degree of invasiveness and development of therapeutic
resistance [10–13]. Almost all of the oral cancers (90%) are squamous cell carcinomas with various
levels of cell differentiation and lymph nodes metastasis [10,13–16]. The other 10% of oral cancers
originate from connective tissue, minor salivary glands, lymphoid tissue or melanocytes malignant
processes [11,17].

According to the latest reports of the International Agency for Research on Cancer (IARC) for oral
cancer (ICD-10 code C00-08: Lip, Oral Cavity), the annual incidence is higher over 300.000 diagnosed
cases, and the annual mortality is about 145,000 death [18]. The regions characterized by a high
incidence of oral cancer are found in South and Southeast Asia (Sri Lanka, India, Pakistan and Taiwan),
areas of the West (France) and Eastern Europe (Hungary, Slovakia and Slovenia), Latin America
and the Caribbean (Brazil, Uruguay and Puerto Rico) and Pacific regions (Papua New Guinea and
Melanesia) [10,18].

Oral cancers can be located anywhere in the oral region that extends anatomically from the lip
vermilion to the soft and hard palate junction and the circumvallate papillae of the tongue [18].

Oral cancer can be caused by genetic factors, epigenetic modifications (such as histones
modifications; nucleosome integrity, DNA methylation and expression of non-coding RNAs (ncRNAs),
tobacco and alcohol consumption, chronic infections such as human papilloma virus (HPV) or syphilis
infections, dental factors, occupational risks [13,19].

Tobacco consumption is the main risk factor in oral cancer development and is responsible for
other types of cancer also, such as lung, pharynx, larynx, esophagus, urinary bladder, renal, pelvis,
and pancreas cancers [20,21]. The use of tobacco increases the risk of developing oral cancer by three
times compared to non-smokers [22]. The main carcinogenetic factors found in tobacco smoke are
nitrosamines, benzopyrenes and aromatic amines that undergo various enzymatic and non-enzymatic
transformations resulting in molecules that are covalent bound to various regions of DNA resulting in
DNA adducts and various mutations [22]. Tobacco consumption also generates a high oxidative stress
via the high concentration of free radicals contained, both oxygen and nitrogen species, that deplete
enzymatic and non-enzymatic cellular antioxidants resulting in cell damage leading to cancer [23].

Alcohol consumption can act as a local or systemic risk factor in oral cancer development.
Systemic effects of alcohol consumption are related to the accumulation of acetaldehyde, the main
metabolite of ethanol, that causes genetic alterations through disruption of DNA synthesis and repair
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mechanisms [19,24]. Acetaldehyde can also be produced by oral bacteria [1]. Locally, alcohol can
increase the permeability of the oral mucosa for other carcinogenetic factors such as those found in
tobacco and thus, working synergistically with tobacco carcinogens [16]. Alcohol can also induce
epithelial atrophy, further increasing oral mucosa permeability, it’s effects being directly linked with
the intensity and duration of the chronic consumption [25].

In the oral cavity the human papilloma virus can be found near undifferentiated basal keratinocytes
and mainly in the tonsillary crypts and the base of the tongue [16,26]. The two types of HPV involved
in oral cancer development are HPV 16 and HPV 18 and they act by blocking or altering the expression
of essential nuclear proteins such as 53, P21 and P16, thus inducing the transformation of normal cells
into malignant cells [27].

Chronic mechanical irritation can be another cause of oral cancer and it is produced by the constant
action of a deleterious agent from the oral cavity. The deleterious agents can be sharp and broken
tooth, defective restorations, ill-fitting dentures with sharp or retentive edges or just constant biting of
the oral mucosa that can sustain a chronic state of inflammation that induces epigenetic transformation
of oral cells [28,29].

Oral cancer can evolve from a series of premalignant lesions, the most frequent being leukoplakia,
submucosal fibrosis and erythroplakia [17]. Other less frequent premalignant lesions are oral lichen
planus, actinic cheilitis, xeroderma pigmentosum and Fanconi’s anemia [30]. Leukoplakia is the
most frequent of the premalignant lesions, affecting any part of oral cavity. It has several clinical
forms such as homogeneous and non-homogeneous lesions and verrucous leukoplakia, the rate of
malignant transformation depending on the localization of the lesion, the size and the duration and is
around 1% [17,30]. Erythroplakia has a lower incidence compared to leukoplakia, but a higher rate of
malignancy, between 14–50% due to high levels of dysplasia that accompany these lesions [30].

All regions of the oral cavity can develop malignant processes, but the most frequently affected
sites are the tongue and the floor of the mouth, followed by the lip or the alveolar process, and are closely
related to risk factors prevalence and lifestyle conditions usually following the “field cancerization
concept” [31,32]. Tongue cancers usually develop in elderly patients, chronic exposure to alcohol and
tobacco being the most frequent causes, this type of cancer being more aggressive with high relapsing
and high invasiveness [33]. Cancers are caused mainly by environmental factors such as solar radiation,
followed by smoking and viral infectious factors, and are overwhelmingly located at the lower lip
(90%). Early detection and treatment ensure a very high five years survival rate (almost 80%) with few
functional and aesthetical complications [34].

3. Autophagy

Autophagy is a survival-promoting pathway that captures, degrades, and recycles intracellular
proteins and organelles in lysosomes. Autophagy preserves organelle function, prevents the toxic
buildup of cellular waste products, and provides substrates to sustain metabolism in starvation.
Although in some context autophagy suppresses tumorigenesis, in most contexts autophagy facilitates
tumorigenesis. Cancers can upregulate autophagy to survive microenvironmental stress and to increase
growth and aggressiveness. Mechanisms by which autophagy promotes cancer include suppressing
induction of the P53 tumor suppressor protein and maintaining metabolic function of mitochondria.
Efforts to inhibit autophagy to improve cancer therapy have thereby attracted great interest.

There are 3 primary forms of autophagy: macroautophagy, microautophagy and
chaperone-mediated autophagy (CMA). The main differences between them concern their patterns
of delivery and physiological functions [35]. Macroautophagy (referred to here after as autophagy)
involves the formation of multiple membrane structures starting from the phagophore to
autophagosome and, finally, to the autolysosome [35]. Autophagosome’s formation and consumption
go through 4 steps: (1) induction and cargo packaging, (2) elongation of the phagophore,
(3) autophagosome formation and completion, and (4) lysosomal fusion and breakdown [35].
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The complex molecular process of autophagy is primarily dependent on the ATG (autophagy-related)
family proteins [36].

Briefly, the molecular events sequence in autophagy is as follows:

(1) signals such as starvation activate the ULK complex, which will bind to the PtdIns3K complex
following AMPK activation or mTOR suppression [35];

(2) following induction, the ULK complex, PtdIns3K complex and the ATG9 complex orchestrated
action will trigger the phagophore assembly at the phagophore assembly site [35];

(3) ATG12 and LC3 conjugation systems are key players in regulating the phagophore elongation to
the autophagosome. mTOR, the major autophagy inhibitory factor, suppresses autophagy as
response to abundant nutrients conditions. This suppressive action is mediated by class I PI3K
and AKT signaling [35];

(4) SQSTM1/p62 (sequestosome 1) receptor protein will consequently interact with both LC3 and
ubiquitin chains [35];

(5) Further, the autophagosome will fuse with a lysosome, resulting the autolysosome formation.
Inside autolysosome, the autophagosome constituents will be hydrolytically degraded.
The trapped SQSTM1 will be degraded in the autolysosome, which highlight SQSTM1′s role as
an autophagy flux marker [35].

3.1. Autophagy—An Important AKT/mTOR Pathway Target

AKT or protein kinase B was discovered in 1987 by Stephan Staal as the v-AKT- transforming
gene component of the AKT-8 provirus. Eight years later, Richard Roth and his co-workers discovered
that this kinase is activated by insulin [37,38]. AKT/PKB are serine/threonine kinases belonging to
the kinase superfamily together with cAMP-dependent protein kinases (c-AMP), protein kinase A
(PKA), protein kinase G (PKG) and protein kinase C (PKC), presenting structural homology within the
catalytic domain and similar mechanisms of action [39].

AKT/mTOR signaling pathway is activated by growth factors and cytokines binding to the insulin
receptor, which will lead to the activation of phosphatidylinositol 3-kinase (PI3K) and phosphorylation
of phosphatidylinositol 3,4 bisphosphate (PIP2) to phosphatidylinositol 3,4,5 trisphosphate (PIP3)
(Figure 1) PIP3 is an important secondary messenger that will determine the localization of AKT in the
plasma membrane and is further phosphorylated by phosphoinositide dependent protein kinase-1 at
the threonine 308. AKT maximum activation is achieved by the second phosphorylation that takes
place at the Serine 473 by mTORC2 (mammalian target of rapamycin complex-2) (Figure 1) [39,40].

mTOR is a serine/threonine multicomponent kinase complex consisting of mTOR complex1
(mTOR1) and mTOR complex 2 (mTOR2). After activation, AKT phosphorylates TSC 1 (tuberous
sclerosis complex 1) and TSC 2 (tuberous sclerosis complex 2) and inhibits them leading to mTOR1
activation. mTOR1 further phosphorylates 40S ribosomal protein kinase S6 (S6K) and eukaryotic
initiating factor 4E binding protein (4EP1) and stimulates protein synthesis, metabolism and cell
growth. Subsequently, activated AKT phosphorylates a series of proteins that are involved in glucose
metabolism, cell proliferation and survival, but in the apoptosis process as well (Figure 1) [40].

PTEN is a negative regulator of AKT signaling pathway, being involved in the dephosphorylation
of PIP3 to PIP2. Overactivation of AKT due to PTEN loss mediates the tumorigenesis process by tumor
growth, survival and proliferation [41,42]. Cytokines, angiogenic and growth factors bind to the insulin
receptor and activate AKT pathway. Unfortunately, overactivation of AKT signaling pathways is
correlated with poor outcome for breast, prostate, endometrial, pancreatic, brain, gastric and melanoma
cancers [36]. Moreover, this signaling pathway has been found to be, also, overactivated in oral cancer
(Figure 1) [41–46].

Roy NK et al. also identified AKT isoforms specific to oral cancer, immunohistochemical analyzes
reporting overexpression for AKT1 and AKT 2, but not for AKT3. In the case of head and neck cancers,
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genetic changes of AKT 1 and 2 are associated with a low survival rate. AKT1 and 2 isoforms are
expressed in different regions of the oral cavity such as the tongue, cheek, and gingiva [47–49].

Figure 1. The relationship between the PI3K/AKT/mTOR signaling pathway and autophagy:
RTK (receptor tyrosine kinase); PI3K (phosphatidylinositol 3-kinase); PTEN (phosphate and tensin
homology); AKT (serine/threonine kinase); TSC (tuberous sclerosis complex); mTOR (mammalian
target of rapamycin); AMPK (AMP-activated protein kinase); ULK (unc-51 like autophagy activating
kinase 1

2 ); ATG (autophagy-related protein 13); ATG 101 (autophagy-related protein 101).

3.2. Autophagy—Important Actor on Oral Cancers Scene

Not surprisingly, the most molecular mechanisms involved in the autophagy regulation are deeply
involved within signaling pathways with important roles in cancer control. Autophagy should be
regarded as a molecular double-faced Janus God [50–52]. Thus, the tumor suppressors that negatively
regulate mTOR (PTEN, AMPK, LKB1, and TSC1/2) will initiate autophagy machinery while, on contrary,
oncogenes that activate mTOR (class I PI3K, Ras, and AKT), will inhibit autophagy. The role played by
autophagy on the cancer scene depends on the genetic context, microenvironment, tumor type and
stage of development [53].

Recent studies have illustrated in oral squamous cell carcinoma (OSCC) tissues or cell lines
the existence of aberrant specific ATG protein expression profiles, such asATG9A, ATG5, ATG16L1,
LC3 and BECN [53–56]. Experimental results have highlighted interesting correlations between
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various autophagy genes/proteins expression and OSCC prognosis, opening a challenging way to
new biomarkers [51,54,57–61]. ATG9A is a transmembrane protein that regulates membrane delivery
during autophagy pathway’s initial steps [62]. ATG9A overexpression has been showed to have a
significant negative correlation with overall survival in OSCC patients. Consequently, ATG9A presence
in the tumor cells cytoplasm should be regarded as a new candidate biomarker for the OSCC recurrence
and survival [54,61].

ATG16L1 is also an essential actor in autophagosome formation. Experimental results highlighted
its correlation with the unfavorable prognosis of patients with OSCCs. Elevated levels of ATG16L1
expression were detected in keratinizing-type OSCCs and 27 of 90 OSCC tissues [59,62]. Nomura et al.
have suggested that ATG16L1 abundant stromal expression was associated with lympho-vascular
invasive tumor cells development and positive lymph node status [60].

ATG5 is covalently bound to ATG12. Along with ATG16L1, ATG5 is mainly involved in the
phagophore elongation [62]. Dual expression of ATG5 and BECN1 should be regarded as a bad
prognostic indicator for OSCC diagnosed patients [55,63].

SQSTM1 is a receptor protein mainly involved in the coordination of selective autophagy and
ubiquitination [64]. Liu et al. research revealed that the increased LC3-II expression enhanced SQSTM1
cytoplasmic level. Liu et al. also have shown that excessive SQSTM1 was associated with aggressive
clinicopathological features and bad prognosis [59,65]. Moreover, it seemed that excessive SQSTM1
could contribute to glutathione induction, triggering resistance to cytotoxic radiation [66].

BECN1 represents an essential modulator of phagophore nucleation and, also, an important player
in tumor suppression molecular mechanism [67]. Specific allelic deletions of BECN1 gene have been
found in most human breast, ovarian and prostate cancers [68]. BECN1 and LC3 are two critical players
in autophagy induction. Wang Y et al. results revealed reduced levels of BECN1 and LC3 in tongue
squamous cell carcinoma tissues and squamous cell carcinoma lines [50,69]. Kapoor et al. also observed
low expression of BECN1 mRNA and reduced BECN1 protein levels in other OSCC tissues [56,70].
Wang’s group have also shown that reduced BECN1 results in decreased ATG4, ATG5 and LC3-II
levels, as well as intensified proliferation, migration and invasion of tongue SCC cells [50,69]. On the
contrary, overexpression of BECN1 exerts converse effects [50,69,71]. Autophagy can be considered an
important actor in both the pathogenesis and treatment response in oral cancer. Jiang et al. revealed that
autophagy could have a significant impact on tumorigenesis and tumor progression in primary salivary
gland adenoid cystic carcinoma (ACC) [72]. Liang et al. experimental results revealed a significant
correlation between BECN1 and unfavorable prognosis in ACC [73].

3.2.1. Oncogenes and Tumor Suppressors that Control the Autophagy Pathway

It is very important to notice that many autophagy-inducing proteins are either tumor suppressor
proteins or oncoproteins (Table 1) [74]. More specifically, it has been highlighted that tumor suppressors
that negatively regulate mTOR, (PTEN, AMPK, LKB1, and TSC1/2) initiate autophagy while mTOR
activators (such as AKT, class I PI3K, Ras, inhibit autophagy, suggesting that autophagy may have a
crucial role in tumor evolution [74].

(1) mTOR protein kinase represents the major negative regulator of autophagy [74]. This kinase
is involved in many signaling pathways controlling cell growth, mainly downstream of growth
factor receptors with tyrosine kinase activity. Constitutive activation of these receptors, activating
mutations of Ras, PI3K, AKT and the inactivating mutations of negative regulators, such as PTEN,
are all frequently met during cancer development, suggesting that inhibition of autophagy likely
contributes to the onset of tumor progression [74]. Martins et al. immunohistochemical investigation in
oral epithelial dysplasia revealed a greater expression of AKT and mTOR activated forms, compared to
OSCC and non-dysplastic oral tissues [75]. Moreover, mTOR immunohistochemical analysis in both
HPV (-) and HPV-associated HNSCC lesions have highlighted its important role as a molecular target
in oral cancer [76]. Harsha et al. study revealed a higher expression of AKT and mTOR in human
ameloblastoma tissues compared to normal oral mucosa [76]. Matsuo et al. hypothesized that the
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downstream protein of AKT/mTOR pathway, GSK3, represents one of the first steps in cervical lymph
node metastasis in the OSCC context [77]. Harsha et al. have outlined AKT/mTOR signaling pathway’s
role in the initiation, development and progression of oral verrucous carcinoma [76]. Ferreira et al.
have studied the level of expression of several regulatory proteins in OSCC cells. Their study revealed
high levels of AKT and mTOR active forms in OSCC tissues from alveolar ridge, gingiva and hard
palate and, leading to the conclusion that AKT/mTOR pathway’s activation should be associated with
OSCC development [78].

All these studies outlined the AKT/mTOR pathway significance in the molecular landscape of
oral cancer initiation and progression. The upregulation or overexpression of this pathway trigger
tumor growth and cause poor prognosis, especially by the way they influence autophagy [79]. It has
been pointed out that the neutrophil gelatinase-associated lipocalin (NGAL) knockdown induced
mTOR activation and, consequently, suppressed autophagy, thereby sustaining oral cancer progression.
This study has also revealed the involvement of the AKT/mTOR pathway in NGAL-mediated control
of autophagy in oral cancer cells [80].

Table 1. List of oncogene products and tumor suppressors that control the autophagy pathway.

Oncogene Product or Tumor Suppressor Effect on Autophagy Pathway Reference

(1) mTOR Negative regulator [74–80]

(2) PTEN Inducer [46,81]

(3) Beclin-1 Inducer [74]

(4) DAPK Inducer [82]

(5) BCL-2; BCL-XL Negative regulator [74]

(6) c-FLIP Negative regulator [83,84]

(7) P53 Negative regulator/Inducer [85–88]

(2) PTEN (phosphatase and tensin homolog deleted on chromosome 10) is regarded as the “new
guardian of the genome”. On the one hand, PTEN plays a significant role in the molecular landscape
of cell survival and proliferation. On the other hand, it is deeply involved in the differentiation
and apoptosis pathways. PTEN ranks in second place regarding mutations frequency in cancer,
after P53 [81].

Several studies have examined the relationship between PTEN and autophagy in many different
model systems. For instance, De Amicis et al. reported that in breast cancer cells, progesterone
triggered, via its receptor - PR-B, PTEN activation. Moreover, activated PTEN has been shown
to induce the downregulation of the PI3K/AKT pathway, consequently stimulating autophagy,
which, in turn, led to reduced cell survival [81]. De Amicis et al. have also demonstrated that
5-methoxypsoralen treatment of breast cancer cell lines has induced autophagy by positively regulating
Beclin-1, PI3K-III, UVRAG expression and by LC3-I to LC3-II conversion [81]. In conclusion, De Amicis
et al. study highlighted PTEN’s concrete involvement in the autophagy induction [81].

Downregulation of PTEN has been also reported in the oral cancer context, possibly being caused
by epigenetic modifications, mostly hypermethylation. Kurasawa et al. represent one of the research
groups that support this molecular mechanism regarding PTEN regulation in OSCC context [46].

The precise molecular mechanisms behind PTEN involvement in the oral cancer molecular
landscape are still incompletely elucidated. However, it is very likely that autophagy represents one of
PTEN’s main targets to regulate, in oral cancer as well.

(3) Beclin-1, one of the most important autophagy regulators, functions as a tumor suppressor in
mammalian cells. Beclin-1 is included in the class III PI3K complex that promotes autophagy. It is very
important to notice that the monoallelic mutations of Beclin-1 gene have been frequently reported in
prostate, ovarian, and breast cancers in humans. These experimental observations outlined the Beclin-1
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role as a haplo-insufficient tumor suppressor involved in the molecular mechanisms of several human
cancers [74].

(4) The death-associated protein kinase, DAPK, a kinase that phosphorylates Beclin-1, disrupting
the Beclin-1/BCL-2 complex. It has been revealed that DAPK gene, an autophagy inducer, is frequently
silenced by methylation in different types of human cancers [82].

(5) BCL-2 and BCL-XL, important players in the inhibition of apoptosis, have also been shown to
be involved in oncogenesis, as autophagy negative regulators. Although BCL-2 and BCL-XL are not
directly involved in mTOR signaling, they can interact with the Beclin-1 BH3 domain and sequester
Beclin-1 as an inactive complex in the ER [74].

(6) Recently has been brought to light an important autophagy negative regulator—the protein
c-FLIP (cellular FLICE-like inhibitory protein) [83]. c-FLIP is, also, an apoptosis-inhibitor of the
extrinsic apoptotic pathway by suppressing death receptor-induced caspase 8 activation [83]. Lee et al.
study on T lymphocytes revealed that c-FLIP has an important role in both, autophagy and apoptosis
regulation. c-FLIP’s mission is to prevent Atg3 binding to LC3, consequently, negatively regulating the
autophagosome assembly. [84].

(7) A special role is assigned to the P53 protein. Considered a true genome guardian, P53 plays a
crucial role in the DNA repair mechanism, cell cycle control, cellular differentiation and apoptosis [85].
Sasahira et al. highlighted that P53 somatic mutations have been detected in 10% of oral dysplasia
and in 60–80% of OSCC [85]. Furthermore, the GenomeWide Association Study revealed the usual
presence of mutated P53 in the cases of human papillomavirus-negative OSCC [85]. It also has been
pointed that the overall survival of P53-mutant OSCC patients was much worse, compared with that
of OSCC patients with the wild-type P53 [85].

Oikawa et al. study, using a next-generation sequencing in OSCC tissues, revealed that
P53, CDKN2A, PIK3CA mutations combined with PIK3CA and AKT1 copy number amplification,
triggered distant metastasis and, consequently, a significantly poorer prognosis in the studied group [86].

Recent experimental evidence rigorously sustain that P53 should be regarded either as an inhibitor
or an activator of autophagy, depending on its subcellular localization and its downstream signal
pathway. This finding gains particular significance as P53 deficiency or mutant variants of P53 that
accumulate in the cytoplasm of tumor cells enable activation of autophagy [87].

P53 has the ability to co-regulate autophagy and apoptosis. P53 controls autophagy-related
pathways, AMPK/mTOR and Bmf/Beclin-1, and, also, modulates the expression of apoptosis-related
genes, Bcl-2 and Apaf1 [88]. Autophagy and apoptosis are strange partners influencing each other.
Autophagy and apoptosis cross-talk represents a crucial molecular event to the cell fate. However,
their molecular relationship is quite complicated by their contradictory roles under some circumstances.

3.2.2. Autophagy Regarded as a Tumor Suppressor

The first important experimental data sustaining the possible tumor suppressor role of autophagy
were obtained in studies targeting Beclin-1. Beclin-1 gene monoallelic loss on chromosome 17q21,
has been reported in 40–75% of human ovary, breast and prostate tumors, suggesting that autophagy
may play the role of a tumor suppressor [89]. Furthermore, Beclin-1+/− mice have shown a high
incidence of spontaneous tumors, especially lymphoma and hepatocellular carcinoma. Consequently,
the experimental evidence presented suggests that beclin-1 functions as a haplo-insufficient tumor
suppressor gene. Wei et al. have shown that the EGFR-dependent Beclin-1 phosphorylation on
several tyrosine residues, decreased the activity of the Beclin-1/PI3KC3 complex and, consequently,
inhibited autophagy in non-small-cell lung carcinoma cells. This effect was reduced in the presence of
an EGFR kinase inhibitor. [67,90].

Concerning oral cancer, interesting experimental evidence sustained that activated autophagy
was able to induce oral cancer cells survival decline [91–93]. In this context, survivin, a usually
expressed protein in head and neck squamous cell carcinoma (HNSCC) patients, should be mentioned.
This protein has been associated with poor survival and chemotherapy resistance in HNSC. Zhang et al.
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study revealed that survivin overexpression was negatively correlated with the autophagic marker
LC3, in human HNSCC cells [91].

Han et al. results suggested that sulfasalazine promoted autophagic cell death via Akt and ERK
pathways, having chemotherapeutic potential for the oral cancer treatment [93].

Taken together, the evidence presented above contribute in supporting the hypothesis that
autophagy should be regarded as a one of the main actors in tumor suppression, at least in the early
stages of oral cancer. However, these evidences also highlight the dual nature of autophagy during
tumor development and progression.

The possible molecular strategies that sustain the tumor suppressor role of autophagy:

Autophagic Cell Death

Autophagy represents primarily a mechanism that insures cell survival under stress conditions.
However, there is evidence indicating that, under specific conditions, an increase of the autophagic
flux may induce cell death, explaining the possible tumor suppressor effects of this Janus God like
molecular pathway (Table 2) [94]. Pattingre et al. have shown that the expression of a mutant Beclin-1,
unable to interact with BCL-2, induced autophagy to a greater extent compared to the wild-type
Beclin-1, triggering cell death (Table 2) [95]. Zhao et al. highlighted that the transcription factor FoxO1
have induced autophagy in a manner independent of its transcriptional activity, triggering autophagic
cell death in tumor cells. These results suggest that the cytosolic FoxO1 promoted autophagy acted as
a tumor suppressor mechanism (Table 2) [45].

Table 2. Summary of analyzed publications highlighting the tumor suppressor role of autophagy.

Publication Title
Proposed Molecular Mechanism for

Sustaining the Tumor Suppressor
Role of Autophagy

Reference

Autophagic cell death: the story of
a misnomer Autophagic cell death [94]

Bcl-2 antiapoptotic proteins inhibit Beclin
1-dependent autophagy Autophagic cell death [95]

Anti-neoplastic activity of the cytosolic
FoxO1 results from autophagic cell death Autophagic cell death [45]

Autophagy mediates the mitotic
senescence transition Autophagic senescence [96]

The dynamic nature of autophagy in cancer Autophagic senescence [97]

Cancer-related inflammation Inflammation downregulation [98]

Autophagy promotes tumor cell survival
and restricts necrosis, inflammation,

and tumorigenesis
Inflammation downregulation [99]

The double-edged sword of autophagy
modulation in cancer Inflammation downregulation [74]

The Roles of Autophagy in Cancer. Inflammation downregulation [100]

Autophagy in immunity and inflammation Inflammation downregulation [101]

The Atg5–Atg12 conjugate associates with
innate antiviral immune responses. Inflammation downregulation [102]

Loss of the autophagy protein Atg16L1
enhances endotoxin-induced

IL-1β production
Inflammation downregulation [103]
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Table 2. Cont.

Publication Title
Proposed Molecular Mechanism for

Sustaining the Tumor Suppressor
Role of Autophagy

Reference

Autophagy in mammalian development
and differentiation Inflammation downregulation [7]

Autophagy in health and disease: A
comprehensive review. Inflammation downregulation [104]

Virus-plus-susceptibility gene interaction
determines Crohn’s disease gene Atg16L1

phenotypes in intestine
Inflammation downregulation [105]

Reactive species: a cell damaging rout
assisting to chemical carcinogens

Oxidative stress and genome
instability [106]

Mitochondrial gateways to cancer Oxidative stress and genome
instability [107]

Autophagy suppresses tumor progression
by limiting chromosomal instability

Oxidative stress and genome
instability [108]

Oncosuppressive functions of autophagy Oxidative stress and genome
instability [109]

PINK1/Parkin-mediated mitophagy is
dependent on VDAC1 and p62/SQSTM1

Oxidative stress and genome
instability [110]

A noncanonical mechanism of Nrf2
activation by autophagy deficiency: direct

interaction between Keap1 and p62

Oxidative stress and genome
instability [111]

Autophagic Senescence

A controversial strategy that may sustain the autophagy’s tumor suppressor activity, is its role
played in the senescence molecular cascade. Young et al. (Table 2) [96] showed that in fibroblasts
autophagy is activated during senescence that has been induced by the oncogene Ras. In this context,
autophagy inhibition delayed but did not block the deployment of the oncogene-mediated senescence.
These data are important because senescence should be regarded as a major intrinsic barrier against
cell malignant transformation, although this barrier protection may be only temporary (Table 2) [97].

Inflammation

The tumor microenvironment is characterized by complex molecular interactions between different
cell types coexisting within tumor. The crosstalk between these cells control and regulates tumor
progression. In this context, it is important to note that both inflammatory cells and cytokines
are main actors because a proinflammatory environment can induce malignant cells survival
and proliferation, stimulates angiogenesis, metastasis, and control the response to chemotherapy
(Table 2) [98]. Degenhardt et al. have shown that autophagy inhibition in apoptosis-deficient tumor
cells promoted local inflammatory reactions and tumor growth (Table 2) [99]. These results led to
the hypothesis that autophagy may act as a tumor suppressor by reducing the intensity level of local
inflammatory reactions. The anti-inflammatory effect of autophagy has been suggested to be sustained
by the removal of cell and corpses (Table 2) [74,100]. Moreover, a complex connection between the
immune response and the autophagy has been highlighted, outlining autophagy’s role as a subtle but
efficient tumor suppressor (Table 2) [101]. For instance, the LC3-conjugation system (LC3, ATG4A–D,
ATG7, ATG3), important for isolation membrane elongation and/or complete closure, inhibits type
I IFN production [102] and pro-inflammatory cytokine production(Table 2) [103], maintains T cells
number [7,104] and is involved in the intestinal immune epithelial cell function (Table 2) [105].
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Oxidative Stress and Genomic Instability

One of the most challenging and subtle strategy of autophagy as a tumor suppression is via the
regulation of cellular redox homeostasis, by controlling reactive oxygen species (ROS) production.
Increased ROS production can induce mutagenesis, upregulating the oncogenes activation and,
consequently, initiate carcinogenesis (Table 2) [106]. Mitochondria is regarded as the main source
of intracellular ROS. Mitochondrial ROS production increases as these organelles become damaged
or age (Table 2) [107]. In this context, autophagy intervenes by selectively degrading the damaged
mitochondria, a molecular mechanism known as mitophagy. Consequently, autophagy inhibition
will trigger genotoxic effects, genomic instability and oncogenes activation of oncogenes by increased
ROS production (Table 2) [108], molecular events reported in autophagy-defective cells [108]. Thus,
potentially damaged mitochondria selective removal (mitophagy) reduces excessive ROS production
and thereby limits tumor-promoting effects dependent on the production of such species (Table 2) [109].

Moreover, autophagy also responsible for the protein aggregates degradation. Disruptions in
the autophagic pathway have been correlated with the accumulation of the autophagy substrate
P62 and protein aggregates. These molecular events are considered to induce increased ROS
production, ER oxidative stress, and, consequently, activation of the DNA damage response [108].
The selective autophagy substrate, P62, that accumulates when autophagy intensity is reduced, contains:
an UBA domain—or binding to polyubiquitinated proteins; a PB1 domain—responsible for protein
oligomerization and an LIR domain (LC3-interacting region)—for association with LC3. Due to its
structural characteristics, P62 insures selective degradation of both polyubiquitinated proteins and
organelles, such as mitochondria (Table 2) [109,110]. Interestingly, Lau et al. reported increased P62
levels in human tumors. Moreover, P62 accumulation induce NRF-2-dependent antioxidant defense
upregulation, which, in turn, may contribute to tumor progression (Table 2) [111].

3.2.3. Autophagy Regarded as a Tumor Growth Promoter

The tumor growth promotor face of autophagy is based on the tumoral cells need to adapt to
ischemia in a hypoxic and nutrient deprived environment. According to these, autophagy becomes
activated in the hypoxic regions of tumors. Degenhardt et al. have reported that autophagy inhibition by
monoallelic deletion of beclin-1 (Bcn1 +/−) induced cell death, specifically in those regions. These findings
outlined the autophagy’s role as tumor cells’ survival promotor, under conditions of metabolic stress
(Table 3) [99]. Furthermore, the tumor cells high proliferation rates impose higher biosynthetic,
and consequently, bioenergetic needs, compared to non-malignant cells. These elevated requirements
can be sustained by inducing autophagy, as a mechanism that will insure both ATP and metabolic
intermediates production (Table 3) [100].

Table 3. Summary of analyzed publications highlighting the tumor growth promoter role of autophagy.

Publication Title Proposed Molecular Mechanism Reference

Autophagy promotes tumor cell survival and
restricts necrosis, inflammation,

and tumorigenesis
Beclin-1 dependent regulation [99]

The double-edged sword of autophagy
modulation in cancer. Stress tolerance increase [74]

The Roles of Autophagy in Cancer. Inflammation downregulation [100]

Targeting GRP75 improves HSP90 inhibitor
efficacy by enhancing P53-mediated

apoptosis in hepatocellular carcinoma
Ras activation [88]

Autophagy suppresses tumor progression by
limiting chromosomal instability Ras activation [108]

Autophagy opposes P53-mediated tumor
barrier to facilitate tumorigenesis in a model
of PALB2-associated hereditary breast cancer

P53 suppression [112]
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Guo et al. highlighted that in the case of activated Ras oncogene tumor cells, survival is insured
by high levels of basal autophagy. These tumor cells become vitally dependent on the autophagy
pathway (Table 3) [88]. These findings led to the conclusion that autophagy is able to promote tumor
cell survival by increasing the stress tolerance and providing a pathway that insures necessary nutrients
in order to support the enhanced energetic requirements of these cells [100].

In the context of activated Ras- driven cancers, Mathew et al. presented autophagy as a mechanism
that ensures an adequate mitochondrial metabolism by supplying mitochondrial intermediates,
obtained by macromolecules degradation, in both starvation and basal conditions (Table 3) [108].
In conclusion, it can be said that particularly, activated Ras-dependent tumorigenesis seemed to
be actually “addicted to autophagy” in order to obtain energetic and metabolic support for rapid
tumor growth.

Huo et al. have shown that autophagy partial inhibition by monoallelic loss of Beclin-1
(Bcn1 +/−) also stimulated apoptosis and significantly slowed down tumor growth via P53 activation.
Consequently, the authors proposed that autophagy is able to promote tumor growth by P53 suppression
when DNA has been damaged (Table 3) [112]. These findings outlined the idea that autophagy can
display its face as a tumor progression promoter, also, in a manner independent of activated Ras [112].

Analyzing all that has been presented above, it can be outlined that autophagy should be regarded
as a double—faced molecular Janus god. On the one hand, at early stages of tumor development,
autophagy is able to act as a tumor suppressor by increasing the damaged proteins and organelles
(mostly mitochondria) degradation (Figure 2). In this role, autophagy acts as an efficient regulatory
system that controls ROS production, insuring genomic stability. Moreover, autophagy is able to prevent
necrotic cell death in apoptosis-defective cells, decreasing in this way the local inflammatory reactions’
intensity and, consequently, reducing tumor development. Additionally, sometimes, autophagy may
direct the cellular molecular events towards autophagic cell death. On the other hand, especially,
at later stages of tumor evolution, under metabolic stress conditions, activated autophagy provides
tumor cells nutrients for energy production and metabolic intermediates for biosynthetic pathways,
in order to sustain tumoral cells survival and tumor growth. In this context, autophagy, also acts as a
promotor of the resistance to cancer therapy (Figure 2).

Figure 2. The dual character of autophagy in oral cancer.

- at early stages of tumor development, autophagy plays the role of a tumor suppressor by ensuring
damaged proteins and organelles degradation. In this context, autophagy should be regarded as
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controlling system, able to decreases ROS production and, consequently, maintaining genomic
stability. Autophagy also can prevent necrotic cell death in apoptosis-defective cells, ensuring in
this way the decrease of local inflammation and tumor growth. In some situations autophagy can
lead to apoptotic cell death.

- at later stages of tumor evolution, activated autophagy plays the role of cancer cell survival and
tumor growth promoter, by suppling metabolic stressed tumor cells with nutrients, in order
to sustain energy generation in mitochondria and biosynthetic pathways. Unfortunately,
autophagy represents one of the main actors in developing the resistance to cancer therapy.
Adapted from [100].

3.2.4. Autophagy Related Chemoresistance in Oral Cancer

Due to its dual capacity to either induce cell death or promote cell survival, important evidence
pointed that autophagy has a two-faced role in response to chemotherapy in cancer.
Important experimental evidence has sustained autophagy’s potential as a therapeutic target for
oral cancer [113–115].

On the one hand, autophagy inhibition can enhance the cisplatin sensitivity in OSCC,
hypopharyngeal carcinoma and salivary adenoid cystic carcinoma [114,116–118].

On the other hand, DNA-damaging agents (cisplatin, methotrexate and 5-fluorouracil) are able to
induce autophagy with a cytoprotective effect [119,120]. Beclin-1, Atg12-Atg5 and LC3-II enhanced
expression together with the autophagosome formation were observed in the methotrexate-resistant
SCC-9 cell line compared with the sensitive SCC-9 cell line [121]. Similar results were reported in
a laryngeal cancer study, in which exposure to cisplatin induced autophagosomes aggregation in
the cytoplasm and enhanced Beclin-1 and LC3II expression [122]. Consequently, the induction of
autophagy has attenuated the cisplatin treatment cytotoxicity expression [122]. All these results,
taken together, outline the conclusion that, at a certain time, autophagy enhancement may play a key
role in the chemoresistance mechanism in head and neck cancers.

Autophagy inhibition should be regarded as a potential target in order to reverse chemoresistance
in cancer treatment. However, it must not be forgotten that autophagic cell death could also be induced
in oral cancer cells in order to induce tumor cell death. Therapeutic molecules like sulfasalazine
thymoquinone and tetrandrine were also shown to have anticancer effects by inducing autophagic cell
death. These results highlight the idea that autophagic cell death induction should also be regarded as
an alternative approach to destroy tumor cells [76,93,123–127].

In conclusion, understanding how to overcome cytoprotective autophagy and how to take
advantage of autophagic cell death is critical in order to enhance the cancer cells’ sensitivity to
particular therapeutic agents.

4. Conclusions

The important progress made in the molecular landscape of autophagy opened new insights into
the pathogenesis of oral cancer.

More and more experimental data emphasizes the duality of autophagy, a tumor suppressor,
especially at early stages of tumor development and a tumor promoter, at later stages of tumor
evolution. However the exact reason and moment of autophagy’s role change, are still unknown.

Also, further studies are imposed in order to better understand the complex molecular interactions
between autophagy, immune response, immune response and apoptosis, in the oral cancer context.
It can be anticipated that future, more detailed incursions into the autophagy landscape may lead to
novel targets’ identification, so necessary for elaborating new and efficient therapeutic strategies.
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