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Abstract

Cancer is a major global health issue, being the second leading cause of death. Amongst the
characteristics observed in cancer cells that contribute for tumor progression and poor prognosis
are the acquisition of the Multi-Drug Resistance (MDR) phenotype and the induction of metas-
tasis. Although the MDR phenotype is multifactorial, it is commonly associated with the overex-
pression of ABC transporters, mainly ABCB1, ABCC1 or ABCG2, which extrude several substances
across cell membranes including chemotherapeutic agents. Metastasis begins with the activation
of Epithelial-Mesenchymal Transition (EMT), defined by the progressive loss of epithelial charac-
teristics and acquisition of mesenchymal features by tumor cells, leading to increased migration
and invasion. Few cancer cells can detach from the original tumor, travel through blood vessels and
survive in this hostile condition. Those cells will eventually settle in a metastatic niche, giving rise
to a metastatic tumor. This process comprises significant cellular remodeling, including cell cycle
arrest, acquisition of both undifferentiated and MDR phenotypes. This review aims to correlate
those events, emphasizing the role of ABC transporters and their relationship with the activation
of EMT pathways, high-lighting their relevance in the search for more efficient targets for cancer
treatment or chemotherapeutic agents.
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Introduction

Currently, cancer is among top 10 leading causes of death in
the world. According to GLOBOCAN, 9.7 million people died from
cancer worldwide in 2022, corresponding to 16,8% of deaths [1].
The disease was responsible for 30.3% of premature deaths in
those aged 30-69 years in 2022 and is also closely related to a
decrease in life expectancy, since 39.61% of cancer casualties oc-
curred in the age range of 50-69 and 46.93% over 70 years old in
2019 [2].

Cancer can be defined as a genetic disease of multifactorial
origin, in which cells acquire functional capacities that allow their
abnormal proliferation, resistance to apoptosis and invasion of
other tissues, characterizing a malignant neoplastic state with
the formation of a mass tumor (solid malignant tumor), except in
blood cancer [3].

There are more than 200 types of cancer, usually named by
the site of origin and the cell type that formed it, with carcino-
mas being the most common [4]. In 2000, Hanahan and Weinberg
summarized six functional capacities acquired by cells during car-
cinogenesis [5]. With the advancement of research in Oncology,
the authors added eight more capabilities that can be acquired
by cancer cells, demonstrating the high complexity of this disease
[6,7]. Amongst them, tissue invasion and metastasis may occur in
some types of malignant tumors during their tumor progression.
Metastasis is recognized as the development of a secondary tu-
mor distant from the site where the original primary tumor is lo-
cated [8], requiring a series of dynamic processes for a competent
heterogeneous population to leave the primary site, circulate and
resist bloodstream pressure, adapt to a new environment, resist
immune system attack, and colonize to form a secondary tumor
[8,9]. Initially, cells undergo a process of transdifferentiation, in
which they gain migratory and invasive properties by executing
a multistep program known as Epithelial-Mesenchymal Transi-
tion (EMT) [10]. After EMT, cells need to survive in the periphe-
ral or lymphatic circulation, showing resistance to apoptosis and
chemotherapy [7]. With the survival of a competent population,
these cells must follow the reverse path, in which they lose their
migratory capabilities and settle and colonize the new site [11].

Many studies have reported a correlation between invasi-
veness and chemotherapy resistance, being metastatic disease
the primary cause of cancer-related deaths [12-14]. In that
context, ABC transporters are known to play a key role in cellular
detoxification and excretion of noxious molecules and the simply
overexpression of ABC transporters is associated with the deve-
lopment of the Multidrug Resistance (MDR) phenotype in cancer
cells after prolonged exposure to chemotherapy drugs, consisting
in a poor prognosis for disease treatment [14,15]. Considering
the relationship between resistance and metastasis is not yet well
clarified in the scientific literature, this review intends to bring to
light the crucial findings in this field of investigation, contributing
to the search for therapeutic targets that allow a more efficient
chemotherapy in cases of resistant and metastatic cancers.

Drug resistance and ABC transporters

Drug resistance is the main obstacle to chemotherapy and is a
phenomenon as old as the field itself. Cancer chemotherapy was
boosted by the success of chemotherapy for infectious diseases;

however, with the description of the toxic effect of a drug on mi-
croorganisms, resistant cells emerged from these cultures at the
same time [16]. Since then, resistance has followed chemothe-
rapy like a faithful shadow and the history of both are intercon-
nected issues.

Articles on cancer chemotherapy and resistance began in 1944
by Heilman and Kendall, where they demonstrated that mice with
lymphosarcoma became refractory to chemotherapy, showing
cross-resistance to treatment with cortisone plus polyphenol
phlorhizin, and cortisone plus another steroid estradiol pro-
pionate [17]. In 1950, Burchenal and colleagues selected a folic
acid-resistant AK4 leukemia cell line after three to four passages
in mice treated with amethopterin, also known as methotrexate
[18]. This resistant strain called AK4R showed cross-resistance
to folic acid analogues [19], but preserved cortisone sensitivity
as the parental strain, though it showed collateral sensitivity to
2,6-diaminopurine [20]. In 1958, Fisher describes the first cultures
of cells derived from the murine leukemias L5178 and P815 with
continuous reproduction in vitro and with acquired resistance to
methotrexate [21].

It is interesting to point out that resistance to chemotherapy
may be of intrinsic/natural origin and/or acquired by prolonged
exposure to chemotherapy. According to Hutchison (1963),
cross-resistance means that a population resistant to a certain
compound (for example, drug 1) is not susceptible to another
compound (drug 2) while the parental population remains
susceptible to both. Collateral susceptibility is defined as an
increased susceptibility of a resistant population relative to the
parent population to another compound (drug 3), see figure 1 for
details [16].

Most metastatic tumors are resistant to chemotherapy and
apoptosis (intrinsic resistance) or respond to chemotherapy ini-
tially, but soon a minute amount of resistant cells are selected
by the treatment. This population is associated with the broad-
spectrum resistance or MDR phenotype, characterized by cross-
resistance to different functionally and structurally unrelated che-
motherapeutics. Many mechanisms have been proposed to ex-
plain the MDR phenotype that may be associated with drug entry,
metabolism and/or efflux [16]. In 1963, Adamson and co-workers
demonstrated that resistant tumors of L1210 leukemia had one
third of the radioactively labeled anti-leukemic agent NSC 32946
than sensitive tumors after 24 h of administration in mice [22].
Sivak et al. (1964) showed increased accumulation of the anti-
leukemic drug NSC 38280 in vivo in strains derived from solid tu-
mors and ascites of leukemia murine P388 and L1210 sensitive
versus resistant, suggesting the existence of distinct mechanisms
of transport, binding or metabolism of this phthalanilide deriva-
tive [23]. Furthermore, disposition studies suggested that NSC-
38280 maintained its molecular integrity in vivo, ruling out the
presence of a derived metabolite [23,24], raising the hypothesis
of a drug efflux mechanism in these cells. Yesair and co-workers
in 1966 found a substantial loss of the cancer chemotherapeutic
agent NSC 60339 in P388 cells when washed with sucrose relative
to saline [25]. Kessel et al (1968) presented the same suspicion
regarding Daunorubicin (DNR) efflux in several leukemic cell lines
cross-resistant to DNR, vinblastine and NSC 38280 and described
a rapid loss of drugs in resistant cells previously loaded, which
could be related to drug response [26]. A few years later, Dano

www.journalononcology.org



(1973) demonstrated in his remarkable work that the efflux of
DNR occurred against its concentration gradient and was energy-
dependent and temperature-sensitive [27].

Analyzes carried out on a Chinese hamster ovary MDR cell line
in 1976, performed by Juliano and Ling, identified a membrane
protein of 170 KDa that conferred resistance against high concen-
trations of colchicine [28]. Due to thought related to alteration in
cell permeability, it was firstly named P-glycoprotein (P for per-
meability), being later also termed MDR1 (multidrug resistance
protein-1) and more recently denominated ABCB1 (ABC transpor-
ter, subfamily B, member 1) [29]. In 1985, Bell et al. detected ove-
rexpression of ABCB1 in patients with ovarian cancer and correla-
ted this result with the development of the MDR phenotype [30].

Although ABCB1 was first described in cancer cells, it is also
expressed in normal tissues, typically located on the apical sur-
face of cells. The expression was found in many organs such as
the brain, lung, gastrointestinal tract, testis, placenta, adrenal and
kidneys, where it participates in the bioavailability of molecules
and cell detoxification [31,32]. In humans, two genes belong to
the MDR family: mdrl/abcb1 and mdr2/abcb4, which encode two
homologous proteins, though only the first is related to the MDR
phenotype. The two isoforms share 78% of the sequence identity
and it is suggested that they present similar structures and me-
chanisms of action [33]. The protein has a structure typical of ABC
proteins, expressed as a single polypeptide chain of 1280 amino
acids, containing two homologous regions, each with a trans-
membrane domain and a nucleotide-binding domain, separated
by a flexible linker region. ABCB1 can transport a wide variety of
substrates, which vary in size, structure and function. Most are
weakly amphipathic and relatively hydrophobic, usually contai-
ning aromatic rings and a positively charged nitrogen atom [34].

In 1992, the Multidrug Resistance Protein-1 (MRP-1) or ABCC1
(ABC transporter, subfamily C, member 1), was identified in lung
tumor cell lines H69R resistant to anthracyclines, a class of key
molecules in neoplastic chemotherapy [35]. The ABCC1 protein
was the first of the ABCC subfamily to be identified out of a to-
tal of 13 members, of which nine are involved in the transport of
drugs, called MRP [36]. The ABCC1 have a larger structure than
the others ABCs, due to the presence of an extra domain with five
transmembrane helices (MSDO0), located in the N-terminal portion
of the polypeptide chain of 1531 amino acids and 190 KDa [37].
The ABCC1 protein can mediate cellular efflux of a variety of phy-
siological organic anions, xenobiotics and their metabolites. Many
of these organic anions are conjugated to glutathione (GSH), glu-
curonide or sulfate; however, the protein can carry out transport
without conjugation, or in cotransport with GSH [38]. ABCC1 is
found in all organs and tissues, though its expression is relatively
higher in certain defense tissues such as blood-brain, blood-testis,
lungs, skin, intestine, kidney and placenta, consistent with a role
in cellular detoxification [32,39].

In 1998, the ABCG2 transporter (ABC transporter, subfamily G,
member 2) was identified by three separate research groups. The
Breast Cancer Resistance Protein (BCRP) was obtained through
cloning in a breast cancer lineage resistant to doxorubicin, an an-
tibiotic with antitumor properties similar in structure to DNR [40].
The name ABC Placental Protein (ABCP) was given due to the high
expression of this transporter in the human placenta [41]. And

finally, Mitoxantrone Resistance Protein was named after the dis-
covery of two genes expressed that conferred resistance to the
anticancer drug mitoxantrone in several human cancer cell lines
[42]. ABCG2 is a 655 amino acid, 72 kDa transporter and has a
polypeptide chain of both an NBD and a TMD and is categorized
as a half-size transporter [43]. It is assumed that, in order to carry
out the transport of substances across membranes, it organizes it-
self either as homodimers [44] or homotetramers [45]. This trans-
porter is expressed in the placenta, liver, kidney, intestines and in
the blood-brain barrier, where it performs cellular detoxification
functions, similar to the transporters mentioned above [32,43].
ABCG2 is capable of transporting a wide variety of both positively
and negatively charged molecules, organic anions and sulfated
conjugates [46].

Additionally, ABCG2 is highly expressed in human hematopoie-
tic stem cells, being a marker of the side population phenotype,
whose expression is reduced with the differentiation of these cells
[47]. The role of ABCG2 in these cells is still unclear, but Krish-
namurthy and colleagues demonstrated that ABCG2 binds heme
and that, under hypoxic conditions, cells can upregulate ABCG2
expression via the Hypoxia-Inducible Factor transcription factor-1
(HIF-1), and use ABCG2 to reduce the accumulation of heme and
porphyrins [48].

Metastasis and epithelial-mesenchymal transition

It is widely established that the Extracellular Matrix (ECM) is
capable of regulating the development and homeostasis of organs
and tissues, and that sustained alterations in ECM components
can lead to the growth of neoplasms [49]. In solid tumors, some
cells often acquire a more aggressive phenotype, gaining the abi-
lity to invade adjacent tissues and spread to distant organs or
tissues, a phenomenon known as metastasis [50]. In carcinomas
(malignant epithelial tumors), one of the first events associated
with the induction of metastases is the Epithelial-Mesenchymal
Transition (EMT). EMT is a process characterized basically by
the loss of epithelial characteristics, such as tight junctions and
polarized organization, and the gain of characteristics typical of
connective tissue cells, giving the cells a greater degree of migra-
tion and invasiveness. During this process, the cells may show a
capacity for self-renewal, similar to that seen in stem cells [51].

A large number of cellular processes are triggered by EMT, in-
cluding: alteration of the expression pattern of specific surface
proteins, reduction of epithelial cell-cell adhesion receptors E-
cadherin and induction of typical mesenchymal proteins such as
(N-cadherin, Vimentin, and Fibronectin [52-54], also cytoskeleton
rearrangement with a concomitant loss of cell polarity [55], re-
modeling of the extracellular matrix through increased expression
of digestive enzymes [56-58], and changes in the expression of
specific microRNAs (miRNAs) [59-61], which may target transcrip-
tion factors involved in triggering the process, as well as proteins
that play a key role in the transition, such as E-cadherin. All these
aforementioned events occur from the activation of a set of trans-
cription factors specific to the EMT program (EMT-TFs), including
zinc-finger E-box-binding homeobox (Zeb) 1 and 2, Snail, (also
known as SNAI1), Slug (also known as SNAI2) and Twist-related
protein 1 (Twist-1) [62,63].
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In cancer, EMT activation does not promote a complete diffe-
rentiation into a mesenchymal state, instead consisting on a par-
tial/hybrid process crucial for tumor progression that induces a
heterogeneous cellular transdifferentiation, leading to the onset
of several tumor subpopulations, which may differ in their (in)
differentiation status, migration, invasiveness and induction of
metastasis [64,65]. Moreover, there is a remarkable role of the
tumor microenvironment (with different niches) in determining
the extent of EMT in tumor cells, in which subpopulations that
show more mesenchymal characteristics are those usually located
near to the endothelium and inflammatory cells of the immune
system [64].

Among the endogenous agents that induce EMT, TGF-f is one
of the most studied, as this cytokine is actively produced by tu-
mors during their development [66] and has been described as
a potent inducer of this process in various cell types in studies
both in vitro [67-69] and in vivo [70-72]. The cellular pathways
triggered by TGF-B-induced EMT involve the canonical activation,
mediated by Smad proteins, which promotes the activation of the
EMT-TFs Snail, slug, Twist-1 and Zeb [73] and non-canonical acti-
vation, leading to the activation of several other pathways, such
as PI3K/Akt, Rho/ROCK, as well as ERK, p38 and JNK, which act or-
chestrating the regulation of several processes, such as prolifera-
tion, differentiation, reorganization of the cytoskeleton and apop-
tosis [74-77]. In addition, TGF-B action during EMT also occurs by
means of cooperation with other pathways, such as Wnt (through
the activation of B-catenin) [78-80] and Notch pathway via the
formation of a positive regulatory loop, in which activation of the
Notch pathway leads to further activation of SMADs (from cano-
nical TGF-B-mediated EMT), as well as increased production of
TGF-B and its receptors. Moreover, TGF-B -induced EMT induces
a huge cellular metabolic reprogramming, by means of increased
glucose uptake due to enhanced expression of GLUT1 transpor-
ter [81] and also promotes a shift in cell energy metabolism, by
favoring glycolysis through direct activation of hexokinases, phos-
phofructokinases and pyruvate kinases [82].

Noteworthy, it has also been shown that modifications in ECM
components themselves could be related to the induction of EMT.
In this context, it has been reported that the production of an
aberrant fibronectin, containing an O-glycosylation in its variable
chain, was associated with the induction of EMT in both tumor
cells and in epithelial cells with a normal phenotype. Since this
aberrant fibronectin had a similar structure to fibronectin isolated
from embryos or transformed cells, it was named oncofetal fibro-
nectin. Furthermore, the simple addition of oncofetal fibronectin
to carcinoma cell lines was able to induce EMT, a fact that did
not occur when fibronectin lacking such O-glycosylation in the va-
riable chain was added to the same cultures [83-85]. More recent-
ly, it has also been demonstrated that multiresistant MCF-7 lines
express high levels of oncofetal fibronectin and the knockdown
of pp-GalNAc-T6 (enzyme involved in glycoprotein biosynthesis)
partially reversed the MDR phenotype [86].

Tumor progression: The onset of metastasis and its relation
with chemotherapy resistance

Whilst cancer usually originates from alterations occurring on
a single tissue, it is composed by a cellular population that pre-
sents marked heterogeneity. In this context, only a small popula-

tion is capable of originating metastases, cells thus called Metas-
tasis Initiating Cells (MIC) [9]. MIC show great plasticity, being able
to undergo a transdifferentiation process that culminates in their
departure from the original tumor, survival as circulating tumor
cells and the later homing into a secondary metastatic niche.

The establishment of metastatic cells is a phenomenon cha-
racterized by cell cycle arrest that drives a state of dormancy or
quiescence, which is vital for evading recognition by the immune
system [87]. On the whole, metastatic cells in circulation settle
in the metastatic tissue nearby capillaries, remaining in a quies-
cent state due to mediators such as thrombospondin-1 or TGF-B
[88,89]. This fact explains why often after surgical removal of the
primary tumor, patients do not show clinical signs of the disease
for many months, but further exhibit an aggressive growth of the
tumor in metastatic sites.

However, the molecular events involved in this process still re-
main partially known. An example is the fact that primary tumors
are able to prioritize distant organs and tissues in order to create
a favorable niche for colonization by metastatic cells. Such event
is possible because primary tumors release several factors inclu-
ding hormones, cytokines and chemokines in a soluble form or via
extracellular vesicles that prime those organs and tissues to sup-
port the newly arrived metastatic cells, thus creating a so called
pre-metastatic niche. Such priming induces the chemoattraction
of bone marrow progenitors to the pre-metastatic niche, where
they will act by creating a favorable environment to metastatic
cells, that will increase their survival capacity and also promote
resistance to chemotherapy drugs [90-92]. The onset of chemore-
sistance seems to occur as a result of multiple gene expression
profiles within particular tumor cells, thus originating specific
metastatic subpopulations that may exhibit either one or several
resistance mechanisms simultaneously [93-95].

Aiming to understand possible alterations in gene patterns du-
ring tumor progression, the expression profile of 380 genes re-
lated to the induction of resistance to treatment was evaluated
in patients with acute myeloid leukemia at the diagnosis of the
disease and compared with gene expression patterns at relapse.
Among the genes observed, those showing the greatest increase
were genes encoding Glutathione S transferase family members
(proteins that mediate drug detoxification), bcl-2 (known for its
anti-apoptotic activity) and transporters from the ABC superfa-
mily, such as ABCB1, ABCC3 and ABCG2 [96].

Another example of relevant cancer inducer genes is Ras pro-
tooncogene. How Ras proteins are connected to cancer progres-
sion is long known, as this GTPase is at the core of several cell
signaling pathways related to response to tyrosine kinase recep-
tors, G-protein coupled receptors and integrins. When mutated,
and consequently remaining on its active state even in the ab-
sence of receptor stimulation, cells undergo proliferation, apopto-
sis inhibition, metabolic regulation and increased cellular motility
and invasion [97]. Although it is a consensus that members of the
Ras family of proteins are often mutated in cancer, there is a si-
gnificant disparity in the frequency of mutations when evaluating
different tumor types.

Nonetheless, despite this discrepancy, nearly 20% of all types
of tumors exhibit Ras mutations, corroborating the relevance of
Ras-signaling pathways for disease progression [98]. Moreover,
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Ras mutations may also concur to the onset of drug resistance,
as demonstrated in a multicenter study, in which patients with
metastatic colorectal cancer presenting Ras mutations developed
resistance against cetuximab chemotherapy, resulting in roughly
50% decrease in progression-free survival when compared to pa-
tients with wild-type Ras [99]. Albeit resistance to chemotherapy
is a multifactorial phenotype, there is large evidence that hype-
ractivation of Ras-signaling pathways, such as ERK1/2 or the PI3K/
AKT pathway, may account for the increase of ABC-related resis-
tance, via the induction of ABCB1, ABCC1 and ABCG2 [100-104].

In vitro experiments regarding drug-induced EMT using adria-
mycin demonstrated the upregulation of ABCB1 following EMT
triggering. Cells undergoing EMT, identified by Twist-1 upregula-
tion, also exhibited an increase in ABCB1 expression, though the
later was also linked to a significant induction of cell death [105].
Drug efflux was the first mechanism described nearly 50 years ago
and is the most studied and characterized mechanism by which
cancer cells may acquire the multidrug resistance phenotype. Its
importance may be demonstrated by evaluating the plethora of
chemotherapy drugs which are substrates of one (or more) ABC
transporters, like anthracyclines, alkylating agents, vinca alkaloids
and tyrosine kinase inhibitors, among others.

By utilizing more modern detection techniques, such as RNA-
seq, it has been observed that various types of tumors express
high levels of ABC proteins, which can vary by over a thousand
times between different patients. Particularly, when evaluating
the expression of the ABCB1 transporter, high expression was
noted in 30 different types of tumors, remarkably on pancreatic
tumors, glioblastomas, renal carcinomas, and diffuse large B-cell
lymphomas. As for ABCG2, whose expression has also been des-
cribed in various types of tumors, the highest expression levels
were detected in prostate tumors, thyroid tumors, cholangiocar-
cinoma, glioma, and glioblastoma [106]. Moreover, in a compre-
hensive analysis of ABC transporters in pancreatic cancer, it was
discovered that several ABC proteins, like ABCB4, ABCB11, ABCC1,
ABCC3, ABCC5, ABCC10, and ABCG2 exhibited a notable increase
in mRNA expression within macrodissected tumors, when com-
pared to healthy tissues [107]. Our group also demonstrated that
cisplatin-resistant adenocarcinoma cells exhibit EMT induction,
presenting also enhanced migration when compared to parental
cells, along with increased expression ABCB1, ABCC1, and ABCG2
[108].

Despite this, it is noteworthy that the overwhelming majo-
rity of studies evaluating the relationship between the function
of ABC proteins and tumor progression focused on the role of
chemotherapy drugs. Furthermore, many of the studies did not
evaluate the relationship between a possible modulation of ABC
proteins expression and an increase in the protein transport ca-
pacity or resistance capacity of the tumor itself. Trying to unveil
this matter, our group sought to investigate the action of TGF-§-
induced EMT on the expression and activity of ABCB1 and ABCC1.
Corroborating previous findings, we have observed that TGF-$-
induced EMT promoted a slight rise in ABCB1 expression (with
no change in protein activity), in a small portion of the A549 cell
population that correlated with the induction of EMT. Interes-
tingly, ABCB1 inhibition did not promote any changes in TGF-B-
induced EMT, though persistent ABCB1 inhibition was correlated
with increase of the mesenchymal markers Fibronectin and Snail.

On the other hand, physiological EMT resulted in a significant
upregulation of both ABCC1 expression and activity. Moreover,
ABCC1 inhibition on the course of TGF-B-induced EMT partially
reverted Snail induction [109]. Since ABCC1 activity is involved in
controlling intracellular redox status by extruding reduced or oxi-
dized GSH [110,111], ABCC1 impairment may have hindered the
full progression of EMT in A549 cells.

A question that still remains is how cancer progression and
chemoresistance induction are indeed connected. Numerous
studies provide substantial evidence supporting the idea that in-
duction of metastasis would confer a stem cell-like phenotype to
tumor cells, ultimately giving rise to Cancer Stem Cells (CSCs). In
this regard, the activation of EMT would trigger the expression of
specific genes associated with an undifferentiated stem-like state,
including Oct4 and Notch. This process leads to the onset of a
Side Population (SP) phenotype, characterized by overexpression
of ABC transporters such as ABCB1 and ABCG2, enabling the effi-
cient transport of various toxic substrates, such as xenobiotics and
chemotherapeutic drugs, as summarized in Figure 2 [112-115].

The determination of the stem cell-like state relies on the dy-
namic EMT-regulatory network. This is exemplified by the coo-
perative actions of transcription factors Slug and Sox9, which are
responsible for establishing the CSC state and influencing the
tumorigenic and metastasis-seeding abilities of human breast
cancer [116]. Additionally, Zeb-1, a master inducer of EMT, has
been identified as a key regulator of stemness status, tumori-
genicity, and cell plasticity in pancreatic cancer [117]. Regarding
TGF-B-induced EMT, both Zeb2 and Twistl were highly induced
during EMT and mutual inhibition of these transcription factors
significantly reduced metastasis in a mice model of colorectal car-
cinoma [118].

SP cells were identified by separation of hematopoietic cells
based on their location in the fluorescence-activated cell sorting
scatter plot, specifically in the Hoechst Blue-low and Hoechst
Red-low quadrant, distinct from the majority of cells [119,120].
However, the so-called SP population is not entirely uniform. De-
tection of SP in different tissues has unveiled a remarkable hete-
rogeneity, typically show casing an undifferentiated nature, albeit
not consistently accompanied by the presence of characteristic
stem cell markers, thus belonging to distinct stages of differentia-
tion [121-123]. Within this context, it is inadequate to solely rely
on the expression of ABC transporters, like ABCG2 (which is highly
expressed in stem cells), to identify stem cells. This was evident
when cells are purified and isolated from the entire bone marrow
population solely based on ABCG2 expression, since ABCG2-po-
sitive population showed a reduced capacity to form colonies, a
common feature of stem cells [124]. Furthermore, functional as
says have shown that ABCG2 knockout mice have normal num-
bers of hematopoietic stem cells in bone marrow, though with the
loss of this membrane transporter they were located outside the
SP region, thus demonstrating that the terms side population and
stem cells should not be employed as synonyms [125]

Further investigations have provided additional support for the
heterogeneity of SP populations and its clinical outcome even in
hematological tumors. In Acute Myeloid Leukemia (AML) blasts
from human patients with mesenchymal stromal cells derived
from bone marrow, it was revealed an elevated activity of ABCB1,
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ABCG2, and ABCC1, leading to the emergence of an SP pheno-
type [126]. Another study demonstrated that increase in expres-
sion and function of those ABC transporters in co-expression was
shown to correlate with increased expression of early progenitor
markers, such as c-kit, and with poor prognosis of patients with
AML, especially due to poor response to chemotherapy [127].
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Figure 1: Drug resistance mediated by ABC proteins. (A) Positive
selection of resistant cells after prolonged treatment with drug
A and further only with drug B. When drug-treated cells exhibit
resistance to drug A and B, with Ic50 for drugs A and B far higher
than parental cell Ic50, then these cells present cross-resistance or
multidrug resistance phenotype. However, if cells present resistance
to drug A but not to drug B, with IC50 for drug B lower than parental
cell 1c50, these cells present collateral sensitivity, which is a reverse
cross-resistance (or decreased resistance) to a chemotherapy drug.
(B) The increase of ABC transporter expression leads to the multidrug
resistance phenotype, in which cells are able to perform the efflux of
several drugs that are characterized by different chemical structures
\\and mechanisms of action, decreasing chemotherapy efficacy. j

Conclusion

Cancer is recognized as a major global public health challenge,
ranking first in the top 10 leading causes of death worldwide
[128]. Concerning cancer treatment, both the development
of metastasis and the emergence of the multidrug resistance
phenotype pose as challenges to cancer chemotherapy, where
overexpression of ABC superfamily members is highlighted as
a negative prognosis for the disease, significantly reducing the
survival rate of cancer patients [12,129-133].

In this particular context, it is crucial to understand the mecha-
nisms associated with these complex events in order to pursue
more effective therapies against cancer. Unfortunately, despite
the robust in vivo correlation between the overexpression of ABC
transporters and a poor prognosis in cancer, along with the des-
cription of a plethora of molecules capable of inhibiting the acti-
vity of these pumps, most therapies based on the combination
of pharmacological ABC inhibitors with chemotherapeutic agents
have not revealed the expected beneficial effect.

Such observation is grounded in numerous studies that have
demonstrated either no positive impact or the induction of toxi-
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Figure 2: Tumor progression dynamics that contributes to the
acquisition of the Multidrug Resistance phenotype. 1) The triggering
of EMT-related pathways promotes the onset of the metastasis
process, initiated by the detachment of some metastatic cells
from the primary tumor (due to increased invasiveness and matrix
remodeling), followed by entry into a nearby blood vessel that
nourishes the tumor (2 — intravasation). 3) The few metastatic cells
that manage to survive in the circulation leave the blood vessel at
distance (extravasation), creating a metastatic niche close to the
capillaries, which is formed by the action of hematopoietic precursors
via secretion of trophic factors such as hormones, cytokines and other
soluble mediators that allow the survival of the metastatic cell. The
image highlighted by the blue arrow shows some signaling pathways
activated in metastatic cells, such as Ras-Erk, EMT-TFs and Pi3K-Akt,
which act in an orchestrated manner promoting cell cycle arrest and
increasing the expression of ABC transporters and also of proteins
related to the establishment of an undifferentiated phenotype
(Notch1 and Oct4), thus promoting pronounced resistance to toxic
stimuli, such as chemotherapy drugs. 4) Finally, the metastatic cell
switches from the quiescent phase to a proliferative stage, giving rise

to the metastatic tumor.
\_ %
city in various tissues [134-136]. Moreover, such association has
resulted in other side effects, including changes in the metabo-
lism of various compounds and the facilitation of drug-drug in-
teractions [137]. Finally, it was observed that certain inhibition
conditions led to a significant increase in the transport activity of
ABC proteins, which completely contradicts the rationale for using
ABC inhibitors as adjuvants to therapy [138]. Although the use of
pharmacological inhibitors has shown great effectiveness in eli-
minating resistant tumors in vitro [139,140], the aforementioned
adverse outcomes in vivo were a result of physiological expres-
sion of ABC proteins in different organs and tissues [15,135].

Therefore, the search for therapies capable of evading the
transport of a broad spectrum of chemotherapeutic substrates,
mediated by ABC transporters, is of utmost importance. Unders-
tanding the complex mechanisms that occur during tumor pro-
gression, initiated by pathways leading to EMT triggering and the
acquisition of an undifferentiated phenotype, is essential. These
processes collectively contribute to the development of a broad-
spectrum resistance phenotype to chemotherapeutics. In that
way, it will be possible to obtain new therapeutic targets for resis-
tant tumors or, alternatively, bring light to the conception of new
approaches that could take advantage of the overexpression of
ABC proteins against the tumor itself; for instance, by improving
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methods for the safe and effective use of collateral sensitivity as a
tumor’s Achilles’ heel.

Abbreviations: ABC: ATP-Binding Cassette; ABCB1: Subfamily B
Member 1; ABCB11: subfamily B Member 11; ABCB4: Subfamily
B, Member 4; ABCC1: Subfamily C Member 1; ABCC10: Subfamily
C Member 10; ABCC3: Subfamily C Member 3; ABCC5: Subfamily
C Member 5; ABCG2: Subfamily G Member 2; AML: Acute Mye-
loid Leukemia; ASC: Adipose-Derived Stromal Cells; BCRP: Breast
Cancer Resistance Protein; CSC: Cancer Stem Cells; DNR: Dauno-
rubicin; ECM: Extracellular Matrix; EMT: Epithelial-Mesenchymal
Transition; EMT-TFs: Epithelial Mesenchymal Transition Transcrip-
tion Factors; GLUT1: Glucose Transporter 1; GSH: Reduced Glu-
tathione; HIF-1: Hypoxia-Inducible Factor Transcription Factor-1;
MDR: Multi-Drug Resistance; MDR1: multidrug Resistance Pro-
tein-1; MIC: Metastasis Initiating Cells; NBD: Nucleotide Binding
Domain; NSC-32946: Methylglyoxal bisguanylhydrazone, di-hy-
drochloride; NSC-38280: 2-chloro-4’, 4»- di (2-imidazolin-2-yl)
terephthalanilide dihydrochloride; SP: Side Population; TGF-f:
Transforming Growth Factor Beta; TMD: Transmembrane Domain;
Twist-1: Twist-Related Protein 1; Zeb: Zinc-finger E-box-binding
homeobox.
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