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Abstract: Transporter-mediated drug resistance is a major obstacle in anticancer drug delivery and
a key reason for cancer drug therapy failure. Membrane solute carrier (SLC) transporters play a
crucial role in the cellular uptake of drugs. The expression and function of the SLC transporters can
be down-regulated in cancer cells, which limits the uptake of drugs into the tumor cells, resulting
in the inefficiency of the drug therapy. In this review, we summarize the current understanding
of low-SLC-transporter-expression-mediated drug resistance in different types of cancers. Recent
advances in SLC-transporter-targeting strategies include the development of transporter-utilizing
prodrugs and nanocarriers and the modulation of SLC transporter expression in cancer cells. These
strategies will play an important role in the future development of anticancer drug therapies by
enabling the efficient delivery of drugs into cancer cells.
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1. Introduction

Cancers accounts for nearly 10 million deaths worldwide yearly, with lung, liver,
stomach and breast cancers currently being the most common causes of cancer death
worldwide [1]. It has been estimated that the yearly cancer deaths will increase to 16
million by the year 2040, indicating the growing need for the development of anticancer
treatments [2]. Advances in cancer research have increased our knowledge of cancer
biology, led to identification of new molecular targets and facilitated the development of
new anticancer treatments. Among the anticancer treatment approaches, such as surgical
intervention, radiation therapy and laser therapy, drug therapy is a common option for
cancer treatment [3]. In addition, unlike the classic chemotherapy strategy, which affects
both normal cells and cancer cells, there have been significant advances during the previous
decades in the development of targeted therapies, which interfere with the altered key
oncogenes or tumor suppressor genes involved in tumor promotion [4]. These targeted
therapies include, for example, tyrosine kinase inhibitors and drugs targeting KRAS G12C
mutations. However, targeted therapies may not always be effective, as the tumors may
not express the target protein or have the targeted mutation. In addition, targeted therapies
may lose their efficacy during the drug treatment. Therefore, chemotherapy still has a
role in anticancer treatment. The development of drug resistance to chemotherapy and
molecularly targeted therapies results in the non-responsiveness of a large number of
patients to multiple functionally and structurally diverse anticancer drugs, also known
as the “multidrug resistance” (MDR) phenomenon [5]. The MDR phenomenon and the
resulting ineffectiveness of anticancer drug treatment is estimated to cause over 90% of
the cancer-related deaths in patients with metastatic cancer [6]. Therefore, the elucidation
of the drug resistance mechanisms and development of the strategies to overcome this
complex issue is paramount for the development of successful anticancer drug therapies.

There are several mechanisms of anticancer drug resistance, and these mechanisms can
occur in cancer cells sequentially or concurrently [7]. One of the mechanisms underlying
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resistance to anticancer agents is the limited tumor accumulation of the drugs. In this
respect, membrane transporters are responsible for the efflux (mainly the members of the
ATP-binding cassette, or ABC, transporter family) and influx (mainly the members of the
solute carrier, or SLC, transporter family) of drugs across the cellular membrane. Thereby,
transporters regulate drug concentrations at the target site in cancer cells and healthy
tissues, affecting clinical outcomes. To date, most studies have focused on investigating the
mechanisms underlying the ABC transporter-mediated chemoresistance associated with the
up-regulation of several ABC transporters (e.g., ABCB1, ABCG2 and ABCC1) in response to
anticancer drugs [8-10]. In contrast, knowledge of the role of the SLC transporters, which
are key players in drug and nutrient cellular uptake to cancer cells, in anticancer drug
resistance is limited [11]. As a result, the majority of the research on overcoming anticancer
drug resistance due to limited drug accumulation has been focused on the development
of efflux transporter inhibitors. However, a growing knowledge of SLC transporters and
their role in anticancer drug resistance opens new horizons for the utilization of SLCs to
improve anticancer drug delivery, and it has become evident that more efforts should be
made in the development of influx-transporter-targeting drug delivery strategies. Thus,
several strategies have been proposed to combat the drug resistance resulting from the
poor accumulation of drugs in cancer cells. These include the modulation of drug influx
transporters” expression and function in cancer cells as well as the utilization of highly
expressed transporters by targeting them with prodrugs and nanoparticles.

The present review aims to summarize the information about SLC transporter expres-
sion in different cancers compared to healthy tissues and the current research efforts to
identify the role of low SLC drug transporter expression in anticancer drug resistance. In
addition, recent advances in SLC transporter-targeting strategies, including the develop-
ment of transporter-utilizing prodrugs, nanocarriers and the modulation of SLC transporter
expression in cancer cells, are discussed.

2. Anticancer Drug Resistance

Multidrug resistance has been recognized as a major factor limiting the effectiveness
of anticancer therapy [5]. Multidrug resistances are thought to cause treatment failure
in more than 90% of patients with metastatic cancer [12]. After Juliano and Ling (1976)
demonstrated that P-glycoprotein (P-gp) correlated with the degree of drug resistance in
Chinese hamster ovary cells, the phenomenon of tumor resistance to anticancer drugs has
received considerable attention and become a hotspot in cancer research [13]. Multidrug re-
sistance to anticancer drugs has been defined as the cross-resistance or non-responsiveness
of cancer cells to the cytostatic or cytotoxic actions of different drugs with various structural
or functional properties and different molecular targets [5]. There are two main factors
responsible for multidrug resistance [14]. The first is individual specificity in terms of
pharmacokinetic processes such as the absorption, distribution, metabolism and clearance
of the drug, which influence the delivery of drug to tumor site. This factor is defined by
the genetic pattern of the patient. The second factor is tumor-specific and is also called
the pharmacodynamic factor. It is dependent on the tumor’s origin, vasculature and
tissue function.

The use of state-of-the-art -omics and functional techniques has resulted in a consider-
able increase in our understanding of drug resistance and the ability to identify the genes
and signaling pathways involved in the response of tumors to a certain drug treatment. In
addition, the molecular signatures and genotypes that predict the effects of anticancer drugs
are better understood. This information can aid in the identification of novel therapeutic
targets and approaches for overcoming drug resistance. Advances in the understanding of
the molecular biology of cancer have shifted anticancer drug development from cytotoxic
drugs towards agents targeting specific molecular changes in tumors. However, a diverse
range of resistance mechanisms has limited the success of targeted drugs leading to various
patient responses. Interestingly, the cytotoxic and targeted anticancer drugs share similar
mechanisms of drug resistance. Therefore, information about the mechanisms of resistance



Pharmaceutics 2023, 15, 364

3 0f 39

to cytotoxic drugs can be translated to elucidate the mechanisms of resistance to novel
targeted agents.

3. Mechanisms of Anticancer Drug Resistance

There are two types of resistance to anticancer therapeutics: intrinsic and acquired.
Intrinsic resistance to drug therapy occurs in tumors already before starting the treatment
making the therapy ineffective. In contrast, acquired drug resistance can be developed dur-
ing treatment by tumors that were initially sensitive to drug action. Previously, intrinsic and
acquired resistance have been considered separately possessing binary differences. How-
ever, in practice, tumors develop resistances that include combinations of both types [15].
Drug resistance can result from a range of various molecular mechanisms (Figure 1). The
colony of proliferating cancer cells may be located in sanctuary sites such as, for example,
the central nervous system, protected by the blood-brain barrier. Sanctuary sites limit the
delivery of anticancer drugs and the possibility of reaching therapeutic drug concentrations
at the target site [15]. Other mechanisms include drug target mutations arising due to drug
administration, the loss of a cell surface receptor, an increased extent of drug efflux and/or a
decreased extent of drug influx, alterations in drug metabolism, or alterations in membrane
lipids [16]. In addition, due to their highly adaptable nature, tumors can develop various
other molecular responses, such as the up-regulation of the therapeutic target expression
and/or the activation of alternative survival signaling pathways and the inactivation of
downstream death signaling pathways, all of which can lead to drug resistance [14,17,18].
Moreover, epigenetic changes and the impact of the local tumor microenvironment can also
contribute to anticancer drug resistance [19,20]. One of the main obstacles to overcoming
acquired resistance is the ability of tumors not only to develop resistance to the drugs
initially used but also to become cross-resistant to other drugs with different mechanisms
of action. Moreover, due to the high degree of molecular heterogeneity of tumors [21], drug
resistance can be caused by the therapy-induced selection of a resistant minor subpopula-
tion of the cells presented in the original tumor. Importantly, it is necessary to elucidate the
specific type of drug resistance in cancer patients in order to effectively combat it. Therefore,
advances in determining the mechanisms by which cancer cells elude treatment are a key
factor in the development of new strategies to overcome anticancer drug resistance and
have a significant impact on the survival of cancer patients.

Influx/efflux
transporter-
mediated
resistance

Metabolizing
enzyme-

mediated

resistance

Sanctuary
sites

Alteration

Receptor-

of i
mediated
membrane resistance
lipids D ru g

resistance

Quantitative
and

Pathway
reactivation

qualitative
pa:l?:lay modification
of dru;
indifference g

target

Reduced
susceptibility
to apoptosis

Enhanced

DNA repair

Figure 1. The main mechanisms of anticancer drug resistance.
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4. Transporter-Mediated Anticancer Drug Resistance

Transporter-mediated drug resistance plays a crucial role in the process of anticancer
drug accumulation into the cancer cells, affecting the drug concentrations at the target site.
Insufficient anticancer drug delivery into the cancer cells can result from the up-regulation
of efflux transporters and/or the down-regulation of influx transporters expressed at the
membrane of the cancer cells (Figure 2). In addition, altered transporter activity on cell
organelle membranes can affect the intracellular sequestration of drugs, leading to drug
resistance. The altered transporter activity can be a result of changes in protein expression,
localization, post-translational modifications (PTM), or mutations. Furthermore, the pH
of the tumor microenvironment can affect the drug’s affinity to the transporters [22].
One might assume that one of the strategies for overcoming transporter-mediated drug
resistance would be an increase in dosage, which would improve the poor accumulation of
the drug to the cancer cells. However, as drug transporters are expressed also in healthy
tissues, this approach can result in increased drug toxicity (Figure 2). Therefore, alternative
ways to overcome transporter-mediated drug resistance should be found. In this review,
we summarize the information about the potential strategies for overcoming transporter-
mediated drug resistance and critically evaluate their applicability in clinical practice in the
corresponding chapter (Section 6.). Another obstacle in solving the issue of transporter-
mediated drug resistance is the fact that anticancer drugs are often substrates of several
efflux and influx transporters. Moreover, for many anticancer drugs, the transporters
responsible for their influx and efflux across cell membranes have not been identified,
or the findings are inconclusive or contradictory (Table 1). This hinders the process of
revealing the specific mechanisms of drug resistance and, consequently, the development
of strategies aimed at restoring drug efficacy.

cancer cell healthy cell

. . @ anticancer drug
. . . . . > efflux transporter
1 anticancer drug efficacy Tantlcancer drug toxicity
-8 influx transporter

Figure 2. Schematic representation of the consequences of transporter-mediated resistance to anti-
cancer drugs in cancer and normal cells.

The most studied mechanism of transporter-mediated drug resistance is the increased
efflux of drugs from cancer cells via adenosine triphosphate (ATP)-binding cassette (ABC)
transporters. The ABC transporter superfamily consists of 48 human ABC genes [23].
ABC transporters utilize the energy of the hydrolytic reaction of ATP to efflux solutes
from the cell or into the organelles against their concentration gradient [24,25]. The in-
creased expression and function of ABC transporters in cancer cells has been shown to
be associated with the decreased cellular accumulation of anticancer drugs and the MDR
phenotype in cancers [26]. The most extensively characterized ABC transporters involved
in MDR are ABCB1 (P-gp), ABCC1 (multidrug resistance-associated protein 1, MRP1)
and ABCG?2 (breast cancer resistance protein, BCRP). Since the discovery of ABCB1 and
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ABCC1l-mediated MDR, several inhibitors of these and other ABC transporters have been
developed (e.g., valspodar, elacridar, tariquidar and zosuquidar) but have demonstrated
unsatisfactory results in clinical trials. However, the strategy to reverse anticancer drug
resistance via the inhibition of ABC transporters remains a high priority and a focus of
cancer research. Information about the role of ABC transporters in MDR can be found
in recent extensive reviews [8,26,27], while the focus of this article is on the role of SLC
transporters in anticancer drug resistance.

Table 1. SLC transporters involved in anticancer drug delivery, their expression in normal tissues

and cancers.

Expression in Cancer

Gene Protein Natural Anticancer Drug Tissue Expression Compared to Normal References
Name Name Substrates Substrates . .
Tissues
Li . High expression: hepatocellular
iver, pancreatic . o ived 1 .
Glucose beta-cells, intestinal carcinoma ¢, invasive ductal carcinoma
SLC2A2 GLUT2 i Streptozotocin 4 ¢, invasive colon tubular carcinoma ¢, [28-32]
glucosamine and renal . . ¢
T pancreatic adenocarcinoma €, lung
epithelial cells . C
mesothelioma €,
Brain (endothelial High expression: colorectal cancer ?,
Phenylalanine, Melphalan cells), testis, retina, gliomablastoma b triple-negative
SLC7A5 LAT1 leucine, P L esophagus, testis, breast cancer and HER2-positive [33-43]
acivicin .
tryptophan placenta and breast cancers and MYC driver
bone marrow ER-positive breast cancer od
High expression:
non-small cell lung carcinoma and
squamous cell carcinoma €, MYCN-
SLC19A1 RFC1 Reduge d folates, Methotrexate, Ubiquitous amplified neuroblastoma, colorectal [44-53]
antifolates pemetrexed . d .
carcinoma ¢, urothelial bladder
carcinomas ¢
Low expression: ovarian cancers ¢
High expression: breast cancer,
Bile salts, Imatinib Brain (endothelial glioblastoma ©
SLCO1A2 OATP1A2 organic anions ’ cells), kidney, Low expression: colorectal carcinoma [35,54-59]
. methotrexate . . . . a .
and cations intestine, liver, eye liver metastases @, colorectal carcinoma
d
Cisplatin,
carboplatin, High expression: ovarian 9, colon ¢ and
Oxaliplatin, Ppancreatic® cancers, castration resistant
. . a
SLCO1B1  OATPI1B1 Bile salts, regorafenib, Liver prostate cancer metastases [35,54,55,60-63]
organic anions belzutifan, Low expression: hepatocellular
SN-38, etoposide, carcinoma ?, low in colorectal
tamoxifen, carcinoma liver metastases ?,
sorafenib
Nilotinib,
belzutifan,
docetaxel, SN-38, High expression: breast cancer od
oxaliplatin, colorectal carcinoma 4, castration
. . X . d
SLCO1B3 OATP1B3 Bile salts, organic carboplatin, Liver resistant prostate cancer metastases [35,55,60,63]
anions cisplatin, Low expression: hepatocellular
imatinib, carcinoma?, colorectal carcinoma
gefitinib, liver metastases ?
sorafenib,
belzutifan
High expression: prostate cancer with
high Gleason score ¢ and castration
. . ¢ a
SLCO2B1 OATP2B1 E-3-S, DHEAS EtopQSI{ie, leer, Placenta, resistant prostat‘e cancer metastases [35,63,64]
erlotinib intestine, eye Low expression: hepatocellular
carcinoma ?, low in colorectal
carcinoma liver metastases ?
. . High expression: castration resistant
SLCO4C1 OATP4C1 L-homoarginine Methotrexate Kidney d [35,63]
prostate cancer metastases
Liver, small intestine,
kidney, lung, heart, Low expression: hepatocellular
. . Dasatanib, skeletal muscle, brain carcinoma ?, colorectal carcinoma liver
SLC22A1 OCT1 Organic cations nintendanib (endothelial cells, metastases *, cholangiocellular [60,65-70]

neurons), adipose
tissue, immune cells

carcinoma 4
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Table 1. Cont.

Expression in Cancer

Gene Protein Natural Anticancer Drug . .
Name Name Substrates Substrates Tissue Expression Compalfed to I:Iormal References
Tissues
Kidney, small
intestine, trachea and High expression: clear
. . . . od
SLC22A2 oCT2 Organic cations Cisplatin, bronchi placenta, cell renal carcinoma [65,67,68,70-75]
oxaliplatin thymus, brain Low expression:
(neurons, endothelial hepatocellular carcinoma ¢
cells), inner ear
Heart, skeletal musple, High expression: head and neck
brain (neurons, glial 1 - c
1Is, choroid plexus) squamous cell carcinoma ©,
ce /ll intesti p i ’ colorectal carcinoma ©
SLC22A3 OCT3 Organic cations Oxaliplatin lsma lgldes 1ne, IVer, Low expression: colorectal [55,65,68,69,76-84]
lérllgd’ dl ney, urinary carcinoma liver metastases ?,
adder, mammary hepatocellular carcinoma ¢,
gland, skin holaneiocellul . od
blood vessels cholangiocellular carcinoma
Kidney, intestine,
spleen, heart, skeletal
. . Doxorubicin, muscle, brain,
Ergothioneine, mitoxantrone mammary gland
SLC22A4 OCTN1 zwitterions, roxantrone, y gland, Not found [66,85-90]
. . imatinib, thymus, prostate,
organic cations . : .
cytarabme airways, testis, eye,
foetal liver, sperm,
immune cells
Skeletal muscle,
Zwitterions kidney, prostate, lung,
SLC22A5 OCTN?2 (L-carnitine), Etop951F1e, pancreas, heart, small High expression: ER—Pomtlve breast [66,91-96]
. X imatinib intestine, adrenal cancers ¢, glioma
organic cations .
gland, thyroid
gland, liver
Methotrexat Kid ) " Low expression: kidney renal clear cell
SLC22A6 OAT1 Organic anions cthotrexate, 1dney, pracenta, carcinoma and kidney renal papillary [97-102]
bleomycin choroid plexus . d
cell carcinoma
Irinotecan Low expression: colorectal carcinoma
. ’ . . liver metastases ?, kidney renal clear )
SLC22A7 OAT2 Organic anions docetaxel, ) Liver, kidney, eye cell carcinoma and kidney renal [55,97,102-107]
5-fluorouracil X . d
papillary cell carcinoma
Kid Low expression: kidney renal clear cell
SLC22A8 OAT3 Organic anions Methotrexate aney, carcinoma and kidney renal papillary [97-102]
choroid plexus . d
cell carcinoma
High expression: serous, mucinous
s Kidney, liver, small and endometroid ovarian carcinomas
SLC28A1 CNTI1 Ply rln_lclldme d G itabi intestine, bone ¢, uterine cervix carcinomas © 108-115
nue 5051 €s an emcitabine marrow macrophages Low expression: clear cell ovarian [108-115]
adenosine and the brain carcinomas €, pancreatic ductal
adenocarcinoma ¢
High expression: lung, ovary, uterus
o Heart, skeletal muscle, and prostate cancers d
Puri Gemcitabine,5- . - . . o
urine fuorouridine liver, kidney, intestine, Low expression: hepatocellular
SLC28A2 CNT2 nucleosides and 5-fluoro-2'- . pancreas, placenta, carcinoma, colorectal carcinoma, [110,113,116-121]
uridine d s 1 brain, spleen, rectum, colorectal carcinoma liver metastases ¢,
eoxyuridine : .
colon, immune system kidney, stomach, rectum and small
intestine cancers ¢
?slcclleess::::’ Gemcitabine, High expression: ovarian, endometrial
RN cytarabine, Lo and uterine cervix carcinomas ©
SLC29AL ENT1 Cfle;r?iglirri’ 5-fluorouracil, Ubiquitous Low expression: pancreatic ductal [35,113-115,122-125]
gthiamine ! 6-mercaptopurine adenocarcinoma 9, prostate cancer ¢
Nucleosides, High expression: mantle-cell
o g . d .
SLC29A2 ENT2 crgatlmne, 5 ﬂumjour.acﬂ, Ubiquitous ly(rinphorr'la , hepatoce'llular carcm'oma [35,113,114,122-127]
thiamine, gemcitabine , ovarian, endometrial and uterine
carnitine cervix carcinomas ©
Cisplatin,
SLC31A1 CTR1 Copper (I) carboplatin, Liver, lung High expression: bladder cancer © [128-132]

oxaliplatin




Pharmaceutics 2023, 15, 364

7 of 39

Table 1. Cont.

Gene Protein

Natural Anticancer Drug

Expression in Cancer

Name Name Substrates Substrates Tissue Expression Compalfed to I:Iormal References
Tissues

Small intestine,
choroid plexus, . S d

SLC46A1 PCFT Reduced folates, Pemetrexed kidney, liver, placenta, H‘ghE?Pre?SfO“'bCOIOreCtal cancer %, [51,133-141]
refinal pigment -positive breast cancer

epithelium
SLC47A1  MATE1 TEA, MPP Oxaliplatin Liver, kidney, muscle Low expression: KRAS-driven [142-146]
colorectal carcinoma
SLC47A2 MATE2 TEA, MPP Oxaliplatin Kidney Not found [143,146-148]

* The information includes only reports in which transporter expression was compared between healthy and
cancer tissue and differences were detected, ? protein expression measured by quantitative targeted abso-
lute proteomics, ® protein expression measured by western blot, ¢ semiquantitative immunohistochemistry,
4 mRNA expression.

5. SLC Transporters in Cancer

The SLC transporter superfamily represents another group of transmembrane trans-
porters that play important role in anticancer drug resistance by mediating the influx
and efflux of solutes across the plasma and intracellular membranes [23]. The first SLC
nomenclature system was presented by Matthias A. Hediger and Phyllis McAlpine in the
1990s. Currently, the superfamily consists of over 60 families including more than 400 genes,
with new transporter genes continuously being discovered (http://slc.bioparadigms.org/,
(accessed on 14 November 2022)). The SLC transporters, which include facilitative and sec-
ondary active transporters, are responsible for the passage of essential nutrients and energy
metabolites, e.g., glucose, amino acids, monocarboxylic acid, oligopeptides, nucleosides
and water-soluble vitamins [149]. In addition, SLCs mediate the cellular uptake of drugs
including anticancer agents (Table 1). However, for many anticancer drugs (Table 1), the
knowledge about the transporters responsible for their cellular uptake is limited. These
include cyclin and cyclin-dependent kinase inhibitors, poly adenosine diphosphate-ribose
polymerase inhibitors, Kirsten rat sarcoma virus inhibitors and several tyrosine kinase
inhibitors. In addition, for some of the drugs, such as sorafenib, the available data on
the transporters responsible for their cellular uptake are contradictory [150,151]. As can-
cer cells require a high energy and nutrition content, several nutrient transporters were
shown to be up-regulated in cancer cells [152,153]. In contrast, the drug-transporting SLCs,
which are not necessary for cancer cell proliferation and survival, have been shown to be
down-regulated, leading to a reduced accumulation of drugs in the cancer cells (Table 1).

Reliable methods are necessary for the correct interpretation of the mechanism of drug
resistance and for understanding whether low SLC-transporter-mediated drug delivery
plays a role in it. The accurate knowledge of the resistance mechanism facilitates the correct
selection of a drug using a different transporter for cell uptake, or the selection of a strategy
to increase anticancer drug uptake. In addition, better knowledge of the expression and
function of SLC drug transporters in cancers can aid in the design of anticancer drugs
and the development of delivery strategies in order to avoid the occurrence of intrinsic or
acquired drug resistance due to a low SLC transporter expression. Currently, the estimation
of drug delivery to tumors is difficult due to the lack of quantitative information about
transporter protein expression in different cancer types. When culturing cancer cell lines,
there is a selection of the fastest growing clones, and the cells can undergo genetic and
epigenetic changes [154]. These changes can also affect the SLC transporter expression,
thus hampering the ability of in vitro systems to reproduce the tumor transporter expres-
sion in patients. In addition, it is difficult to reproduce the heterogeneity of tumors and
the tumor microenvironment, which has complex effects on the transporter expression,
in in vitro cancer cell culture systems [154]. Therefore, in vitro drug cell accumulation
experiments may not be good predictors of drug delivery to tumors. The mRNA expres-
sion analysis of tumors, although very useful, may not always correlate with the protein
expression of transporters in the tumors. Therefore, predictions of drug exposure based
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only on mRNA expression may be misleading. Furthermore, confirmation of the drug
transporter localization on the plasma membrane is of great importance. For example,
the cancer-type OATP1B3 transporter has a high expression in colorectal carcinomas, but
its expression is mainly detected in lysosomes, and, thus, cannot facilitate the cell uptake
of its substrates [155,156]. Similarly, knowledge of the PTMs of transporters in cancer
cells is crucial due to their effect on the transporter function [157]. Importantly, there is
a lack of data about the drug transporter expression in different cancer subtypes, and
the effect of the different oncogenes driving the cancers, on drug transporter expression.
This information would allow the development more efficient drug delivery strategies for
targeting therapies against specific subtypes of cancers. In the next chapter, we summarize
the current knowledge of the main drug transporting SLCs and their expression in cancers
versus in normal tissues and review the means of overcoming anticancer drug resistance
due to a low SLC drug transporter expression.

5.1. Drug Transporters
5.1.1. Glucose Transporter 2

The facilitative sugar transporters of the SLC2A family (GLUT) mediate the sodium-
independent passage of glucose across the cell membrane [29]. Among the 14 members
of the GLUT family, only GLUT2, encoded by SLC2A2, is known to play a role in the
delivery of anticancer drugs. However, the number of known drugs transported by GLUT2
is limited to the antineoplastic agent streptozotocin, used for the treatment of neuroen-
docrine tumors [158]. GLUT2 possesses a high affinity for glucosamine and a low-affinity
transporter for glucose, galactose, mannose and fructose. GLUT2 is highly expressed in
hepatocytes, pancreatic beta-cells and intestinal and renal epithelial cells [159-161]. In the
liver, it is responsible for the uptake of glucose by the hepatocytes for glycolysis and glyco-
genesis, as well as the efflux of glucose from the hepatocytes into the circulation during
gluconeogenesis [28]. In enterocytes, GLUT2 is localized on the basolateral membranes
and regulates the glucose efflux from cells into the circulation. In the kidneys, it facilitates
the reabsorption of glucose from the glomerular filtrate, while, in the pancreatic beta-cells,
GLUT2 acts as a glucose sensor controlling the uptake of glucose by beta-cells [28]. GLUT2
is a low-affinity, high-capacity transporter [162]. In hepatocellular carcinoma, the SLC2A2
mRNA and GLUT2 protein expressions were found to be higher than those of other GLUTs
and were associated with poor overall patient survival [30,31]. Moreover, an immunohisto-
chemical analysis performed by Godoy et al. (2006) revealed a high expression of GLUT2 in
invasive ductal carcinoma, invasive colon tubular carcinoma, pancreatic adenocarcinoma
and lung mesothelioma [32].

5.1.2. Large Neutral Amino Acids Transporter Small Subunit 1

Large neutral amino acids transporter small subunit 1 (LAT1, encoded by SLC7A5)
mediates a Na™—and pH-independent exchange of large branched-chain and aromatic
neutral amino acids such as phenylalanine, leucine, isoleucine, tryptophan, histidine and
tyrosine in antiport with histidine, tyrosine and glutamine with a 1:1 stoichiometry [33,34].
The transporter LAT1 is covalently linked (via a disulphide bond) with the heavy chain
subunit (known as CD98 or 4F2hc, SLC3A2), a glycoprotein acting as a molecular chaperone
localizing LAT1 at the plasma membrane [163]. The high mRNA expression of SLC7A5 was
found in human tissues such as the cerebral cortex, retina, esophagus, testis, placenta and
bone marrow [35]. Moreover, a higher expression of LAT1/SLC7AS5 in tumors compared
to normal tissue was confirmed for colorectal cancer in absolute protein level [36,37],
glioblastoma in protein level [38], triple-negative and human epidermal growth factor
receptor 2 (HER2)-positive breast cancers, as well as for MYC driver estrogen receptor
(ER)-positive breast cancer, in the mRNA and protein levels [39]. Several studies revealed
an association between a high expression of LAT1 and a significantly shorter survival in
many types of cancer, indicating that this transporter may serve as a prognostic biomarker
to predict the outcome in different cancer types [40,41]. In addition, the [8F] or [11C]
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labeling of the LAT1 substrate has been used for cancer diagnosis by PET imaging and is
discussed in our recent review [164].

LAT1 has been an attractive target for the cancer delivery of drugs and prodrugs, as
exemplified by the anticancer drugs melphalan and acivicin [42,43,165]. However, the high
expression of the transporter in normal tissues, including the blood-brain barrier, makes
the utilization of this transporter for targeted cancer delivery challenging. For example,
acivicin has failed due to the unacceptable central nervous system toxicity caused by the
high distribution of the compound to the brain.

5.1.3. Reduced Folate Transporter

The reduced folate transporter, also known as reduced folate carrier 1 (RFC1), encoded
by SLC19A1 refers to the SLC19 family of transporters responsible for the uptake of
water-soluble vitamins into cells. RFC1 plays a major role in folate homeostasis. The
transporter is a temperature- and pH-dependent and Na*-independent exchanger of folates
with intracellular inorganic and organic anions [44—46]. In addition, the transporter is
responsible for the uptake of antifolate chemotherapeutic agents, i.e., methotrexate and
pemetrexed [47,48]. SLC19A1 single-nucleotide polymorphisms (SNPs) have shown to
be associated with the altered transport of these anticancer drugs, resulting in altered
therapeutic responses in individual patients [49]. In humans, this transporter is widely
expressed in the body [46]. In addition, a high expression of the transporter was detected
in non-small cell lung carcinoma and squamous cell carcinoma (on the protein level), as
well as in MYCN-amplified neuroblastoma, colorectal carcinoma and urothelial bladder
carcinomas (on the mRNA level) [50-52]. In contrast, low RFC1 protein expression was
found in ovarian cancers [53].

5.1.4. Organic Anion Transporting Polypeptides

The members of the organic anion transporting polypeptide (OATP) transporter
superfamily are encoded by the SLCO genes and mediate a Na*- and ATP-independent
cellular uptake of a wide range of structurally unrelated compounds [54]. In humans, the
superfamily consists of 11 OATPs and is divided into six families (OATP1-6) based on a
40% amino acid sequence identity [166]. The protein structure of the OATPs is predicted to
have 12 transmembrane domains with intracellular amino and carboxy termini. Generally,
OATP substrates are large amphipathic organic anions with molecular weights greater than
300 Da and some cationic and neutral compounds.

OATPs transport a wide range of xenobiotics, including anticancer drugs as well as
endogenous substrates such as prostaglandins, bile acids, thyroid hormones and steroid hor-
mone conjugates [54]. According to the Human Protein Atlas, the mRNA /protein of OATPs
are expressed in multiple tissues throughout the body, including those involved in the ab-
sorption, distribution and elimination of drugs, such as the intestinal (OATP1A2, OATP2A1,
OATPIC1, OATP2B1, OATP3A1, OATP4A1, OATP4C1, OATP5A1), liver (OATP1A2,
OATP1B1, OATP1B3, OATP1C1, OATP2A1, OATP2B1, OATP3A1, OATP4A1, OATP4C1,
OATP5AL1) and kidney (OATP1A2, OATP1C1, OATP2A1, OATP2B1, OATP3A1, OATO4Al,
OATP4C1, OATP5A1) [35]. Therefore, the altered expression and/or function of the OATPs
in these tissues may lead to changes in drug pharmacokinetics resulting in unexpected
bioavailability and/or toxicities.

Among all of the OATPs, OATP1A2, OATP1B1, OATP1B3, OATP2B1 and OATP1C4 have
been shown to play roles in mediating the delivery of anticancer drugs (Table 1) [66,167-173].
In addition to their presence in normal tissues, the expression of these transporters has been
found to be up- or down-regulated in certain cancers (Table 1). Thus, OATP1A2 absolute
protein expression has been found to be lower in liver cancer metastases compared to in
histologically normal tissue [55]. Moreover, OATP1A2/SLCO1A2 and OATP1B3/SLCO1B3
mRNA and protein expression was significantly higher in malignant breast cancer tissue as
compared to the surrounding non-malignant tissue [56,57]. SLCO1A2 mRNA expression
was found in healthy colon tissue, while decreased levels were detected in polyps and in
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colon cancer tissue [58]. OATP1A2 protein expression was found to be significantly higher
in glioblastoma tumor sections as compared to in non-neoplastic brain tissue [59]. Liver-
specific OATP1B1 and OATP1B3 play important roles in the elimination of metabolites
and xenobiotics from the body. However, liver cancers such as hepatocellular carcinoma
and colorectal carcinoma liver metastases have an intrinsically low expression of these
transporters [55,60], as they do not transport substrates, which are necessary for the survival
of this type of cancer cell. This is a challenge in terms of drug delivery into liver tumors, as
many drugs are substrates of OATP1B1 and/or OATP1B3. Therefore, in drug development
for liver cancers, it should be considered that the drugs should be able to utilize other
transporters for the cancer cell uptake. A higher expression of OATP1B1 was detected in
ovarian and colon cancers and in pancreatic cancers (on the protein level) when compared
to the normal corresponding tissues [58,61,62]. OATP1B3/SLCO1B3 protein and mRNA
expression was higher in the colorectal carcinoma as compared to normal tissue, where
it was not detected [155]. Moreover, mRNA expression levels of SLCO1B1, SLCO1B3,
SLCO2B1 and SLCO4C1 were found to be higher in castration-resistant prostate cancer
metastases as compared to in untreated prostate cancer [63]. Furthermore, SLCO2B1 mRNA
expression was significantly higher in advanced prostate cancer with high a Gleason
score [64].

5.1.5. Organic Cation Transporters

The organic cation transporters 1-3 (OCT1-3) encoded by SLC22A1-3, respectively,
are the members of SLC22 superfamily, which mediate the cellular transport of small
(<400 Da) cationic or neutral molecules [65]. The transport via OCTs is facilitative and Na*-
and Cl~ -independent, occurring in both direction across the plasma membrane based
on the electrochemical gradient of the transported substrates [74,93,174,175]. A variety of
anticancer drugs have been identified as OCT transporter substrates, and several of them
are listed in Table 1 [66,71-73,76]. OCT1/SLC22A1 is mainly expressed on the sinusoidal
membrane of hepatocytes, and was detected in the small intestine, renal proximal tubular
cells, the brain (neurons and endothelial cells of the blood-brain barrier), the heart, skeletal
muscle, the lungs, adipose tissue and immune cells [67,68]. In contrast, OCT2/SLC22A2 is
not expressed in the liver, while its expression was detected in the small intestine, placenta,
skin, brain, kidney, trachea and bronchi and in the inner ear [67,68,93]. OCT3/SLC22A3
is widely expressed in human tissues including the kidney, liver, placenta, heart, skeletal,
brain (neurons, glial cells and epithelial cells of the choroid plexus) and lungs [77-81].

In cancers, a low absolute protein expression of OCT1 was reported in hepato-
cellular carcinoma and colorectal carcinoma liver metastases [60]. In addition, a low
OCT1/SLC22A1 protein and mRNA expression was detected in cholangiocellular carci-
noma [69]. The OCT2/SLC22A2 protein and mRNA expression was found to be higher
in clear cell renal carcinoma and lower in hepatocellular carcinoma as compared to non-
cancerous tissues [70,75]. For OCT3, a high protein expression was detected in the head and
neck squamous cell carcinoma and colorectal carcinoma [82,83]. In contrast, a low absolute
protein expression of OCT3 was measured in colorectal carcinoma liver metastases [55]. In
addition, a low OCT3/SLC22A3 expression was found in hepatocellular carcinoma (on
protein level) and in cholangiocellular carcinoma (on the protein and mRNA levels) [69,84].

5.1.6. Organic Cation Transporter Novel Type (OCTNs)

Organic Cation Transporters Novel Type (OCTNs) are other members of the SLC22 su-
perfamily of membrane transporters, which are represented in humans by two transporters,
OCTN1 and OCTN2, encoded by SLC22A4 and SLC22A5, respectively [65]. OCTN1 has
11 predicted transmembrane domains, while OCTN2 has 12 predicted transmembrane
domains. OCTN1 can act as an organic cation/proton exchanger, a cation exchanger,
or a Na*-dependent or Na*-independent zwitterion transporter. It mediates the trans-
port of ergothioneine, the antioxidant amino acid and acetylcholine [85,86]. OCTN2 is a
Na*-dependent, pH-sensitive high affinity co-transporter of L-carnitine [91]. In addition,
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OCTN2 can function as a polyspecific Na*-independent organic cation transporter, and
mediates the transport of substrates in both directions across the plasma membrane [91].
Both transporters mediate the cellular uptake of anticancer drugs (Table 1) [66,87,92,176].
OCTN1 and OCTN2 are widely expressed in human tissues. Thus, the expression of
OCTN1/SLC22A4 was detected in the kidney, colon, spleen, prostate, testis, heart, skeletal
muscle, brain, lung, skin, thymus, bone marrow, cornea, blood-retina barrier, fetal liver,
sperm and immune cells [88]. Drenberg et al. (2017) reported that OCTN1/SLC22A4 has
variable expression in AML cells and that a high expression of it is a predictor of OCTN1
substrate treatment response [87]. Other studies on OCTN1 have shown that OCTN1
may be affected by the circadian rhythm, circulating testosterone levels and various cy-
tokines [89,90]. OCTN2 expression was detected on the apical brush-border membrane of
renal proximal renal tubules, the apical of small intestinal enterocytes, and in the heart, liver,
skeletal muscle, etc. (Table 1) [93,94]. Moreover, a high expression of OCTN2/SLC22A5
was detected in ER-positive breast cancer (on mRNA levels) and glioblastoma (on mRNA
and protein levels) [95,96].

5.1.7. Organic Anion Transporters

Organic anion transporters (OATs) are additional polyspecific transporters that are
the members of SLC22 superfamily. The human OATs include OAT1 (SLC22A6), OAT2
(SLC22A7) OAT3 (SLC22A8), OAT4 (SLC22A11), OAT5 (SLC22A10), OAT6 (SLC22A20),
OAT7 (SLC22A9) and OAT10 (SLC22A13) [65]. These transporters have 12 predicted
transmembrane domains composed of about 540-560 amino acids. OATPs are involved
in the transport of a diverse range of low molecular weight substrates such as steroid
hormone conjugates, biogenic amines, various drugs including anticancer agents and
toxins [97]. Among all OATs, OAT1-3 has been shown to play a role in anticancer drug
delivery (Table 1) [98,99,103,177,178]. In humans, OAT1 and OATS3 are kidney-specific trans-
porters and are predominantly expressed in the basolateral membrane of proximal tubule
cells [100,101]. In rats, Oatl expression has been also found in the choroid plexus, skeletal
muscle and placenta, whereas Oat3 was detected only in the choroid plexus [100,179-181].
OAT?2 has a high expression in the liver, where it is thought to be localized to the sinu-
soidal membrane of hepatocytes [104,182]. In addition, it is expressed to lesser extent
lower in the kidney, where it is localized in the basolateral membrane of proximal tubule
cells in humans [105,106]. Moreover, OAT2 expression was also detected in the corneal
epithelium [107]. SLC22A6-8 mRNA expression was found be lower in kidney renal cell
carcinoma and kidney renal papillary cell carcinoma as compared to in normal tissues [102].
In addition, the absolute protein expression of OAT2 was lower in colorectal carcinoma
liver metastases compared to in non-cancerous tissue [55].

5.1.8. Concentrative Nucleoside Transporters

The SLC28 family consist of three concentrative nucleoside transporters (CNT1-3)
encoded by SLC28A1-3, respectively [183]. The CNTs act as symporters which require in-
wardly directed Na*- or proton-dependent coupling. CNT1 is a Na*-dependent symporter
for pyrimidine nucleosides, as well as nucleoside-based anticancer and other drugs with
a stoichiometry of 1:1 (nucleoside: sodium) [108]. CNT2 is another Na*-dependent trans-
porter mediating the passage of purine nucleosides, as well as of uridine and nucleoside-
based anticancer and other drugs with a 1:1 stoichiometry of nucleoside: sodium trans-
port [116,117]. CNT3 functions as a Na*-nucleoside or proton-nucleoside symporter [184].
All three transporters are 72-kDa proteins with a putative structure of 13 transmembrane do-
mains [185]. Among the CNTs, CNT1 and CNT2 have been shown to mediate the transport
of anticancer agents (Table 1) [109]. Both transporters are involved in gemcitabine cellular
uptake [110]. CNT1 expression in pancreatic cancer cell lines correlated with a sensitivity to
gemcitabine therapy [109]. Lang et al. (2001) demonstrated that CNT2 mediates the uptake
of halogenated uridine analogues, such as 5-fluorouridine and 5-fluoro-2’-deoxyuridine, in
hCNT2-transfected CEM-ARAC leukemia cells with resistance to cytarabine [116]. CNT1
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is expressed mainly on the apical side of the epithelial and endothelial cells in different
tissues, which include the liver, kidney, bone marrow macrophages, small intestine and
brain [111-113]. Similarly, CNT2 is expressed in various tissues including the liver, kidney,
spleen, heart, rectum, intestine, brain, placenta, pancreas, skeletal muscle, colon and im-
mune system [113,118-120]. Moreover, an immunohistochemistry analysis revealed a high
expression of CNT1 in serous, mucinous and endometroid ovarian carcinomas, serous and
endometroid endometrial carcinomas and uterine cervix carcinomas [114]. A low protein
expression of the transporter was found in clear cell ovarian carcinomas [114]. In addition, a
low mRNA expression of SLC28A1 was detected in pancreatic ductal adenocarcinoma [115].
A high SLC28A2 mRNA expression was found in lung, ovary, uterus and prostate cancers,
while a low expression was detected in hepatocellular carcinoma, colorectal carcinoma,
colorectal carcinoma liver metastases, as well as in kidney, stomach, rectum and small
intestine cancers [113,121].

5.1.9. Equilibrative Nucleoside Transporters

Equilibrative nucleoside transporters (ENTs) transporters represent the SLC29 super-
family consisting of human ENT1-4 encoded by SLC29A1-4, respectively [183]. ENTs are
considered as Na*-independent facilitative uniporters. However, the activity of the human
ENT3 and ENT4 transporters has been shown to be stimulated at lower pH [186]. ENTs
have 11 transmembrane domains and mediate the transport of nucleosides, nucleobases
and nucleoside-derived therapeutics [122]. In terms of anticancer drug delivery, ENT1 and
ENT2 play a role in the transport of chemotherapeutic agents, i.e., nucleoside analogues
and nucleobases (Table 1) [123-125]. Both transporters are widely distributed throughout
the body [35]. Moreover, the expression of ENT1 and ENT2 was found to be either up-
or down-regulated in certain types of tumors compared to normal tissues. Thus, a high
protein expression of both ENT1 and ENT2 was detected in ovarian, endometrial and
uterine cervix carcinomas as measured by western blot analysis [114]. Moreover, SLC29A2
possessed a high mRNA expression in mantle-cell lymphoma and HCC, while a low mRNA
expression of SLC29A1 was reported in pancreatic ductal adenocarcinoma and prostate
cancer [113,115,126,127]. High ENT1 and ENT2 expression may influence the relative
selectivity of nucleoside chemotherapy for malignant cells. Therefore, measurement of the
expression of transporters may be used as a predictive tool for the evaluation of the effective-
ness of the treatment in individual patients. For instance, a high ENT1 protein expression
was associated with improved overall survival in patients administered gemcitabine in the
ESPAC-3(v2) trial population [187]. Moreover, SLC29A1 mRNA expression significantly
correlated with the gemcitabine resistance and IC50 values of 5-fluorouracil in vitro [188].
Hubeek et al. (2005) revealed a correlation between SLC29A1 mRNA expression and a
sensitivity to cytarabine in childhood acute myeloid leukemia [189].

5.1.10. Copper Transporter 1

Copper transporter 1 (CTR1), encoded by SLC31Al, is a protein consisting of
190 amino acids with three transmembrane domains, an extracellular N-terminal do-
main of approximately 67 and a C-terminal cytosolic tail of an approximately 15 amino
acids [190,191]. CTR1 is the major influx transporter of copper in human cells. The copper
transport via CTR1 is energy-independent, but potassium dependent, and results in trans-
porter conformational changes [192,193]. Although CTR1 is widely expressed in the body,
high levels of this transporter were detected in the liver and kidneys [128]. In addition,
CTR1 protein expression was higher in the bladder tumor sections of patients as compared
to the adjacent normal tissues, and it was found to correlate with the pathological outcome
after platinum-based neoadjuvant chemotherapy in patients with muscle-invasive bladder
cancer [129]. Importantly, CTR1 is a crucial mediator of the uptake of platinum-based anti-
cancer drugs such as cisplatin, carboplatin, oxaliplatin [130-132]. The resistance to cisplatin
due to decreased uptake is considered as a key limitation of cisplatin treatment, while
CTR1 plays an important role in the development of resistance to cisplatin, leading to the
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ineffectiveness of the treatment of cancer [131,132]. Thus, reduced CTR1 expression might
be associated with cisplatin resistance in patients, and the modulation of CTR1 expression
in specific cancer cells can be a therapeutic strategy to overcome the transporter-mediated
cisplatin resistance [194].

5.1.11. Proton-Coupled Folate Transporter

Proton-Coupled Folate Transporter (PCFT), encoded by SLC46A1, is one of three
transporters representing the SLC46A family, which has demonstrated its role in anticancer
drug delivery of antifolates, such as pemetrexed [133,134,195]. At low pH, PCFT possesses
a high affinity for both folic acid and the reduced folates [133]. The transporter is expressed
in many tissues, with high levels at the apical brush-border membrane of the small intestine,
the liver sinusoidal membrane, the apical membrane of the kidney, the choroid plexus, the
placenta and the retinal pigment epithelium [135-140]. Moreover, a high mRNA expression
of SLC46A1 was detected in colorectal carcinoma and ER-positive breast cancer [51,141].

5.1.12. Multidrug and Toxin Extrusion Proteins 1 and 2

Multidrug and toxin extrusion proteins 1 and 2 (MATE1 and MATE2), encoded by
SLC47A1 and SLC47A2, respectively, use the proton gradient for the transport of their
substrates [196]. MATE1 and MATE2 are polyspecific antiporters which directly trans-
port organic cations, such as tetraethylammonium (TEA) and 1-methyl-4-phenylpyridinium
(MPP), into the urine and bile (only MATE2) [142]. MATE2 is an electroneutral,
Na*-independent, pH-dependent proton antiporter which mediates the transport of organic
cations and has two SLC47A2 splice variants with two protein products such as MATE2-K
and MATE2-B [147,148,197]. The knowledge about the function, physiology and clinical
importance of MATE?2 has been mainly based on the information about MATE2-K. Both
MATE1 and MATE2 have been shown to play a role in the uptake of the platinum-based
antineoplastic drug oxaliplatin [143]. Thus, Fujita et al. (2018) demonstrated that oxali-
platin accumulated in Matel-expressing cells, and Matel siRNA-injected rats possessed
more severe neuropathy compared to the control animals [198]. MATEI is predominantly
expressed in the liver and kidneys with localization at the apical membranes of the bile
canaliculi and renal tubules [144,145], while MATE2 expression was exclusively found in
the apical membrane of proximal tubular cells [147,148]. Moreover, a low protein expression
of MATE1 was found in KRAS-driven colorectal carcinoma [146].

6. Strategies to Overcome Low SLC Transporter Expression-Mediated Drug Resistance

To produce the pharmacological effect, anticancer drugs with intracellular target
molecules should accumulate in cancer cells at a sufficient concentration. Importantly, the
transporters predominantly responsible for anticancer drug cell uptake, such as members
of the SLC22 and SLCO families, are often more highly expressed in healthy tissues than
in cancer cells, leading to the unfavorable distribution of the anticancer drugs (Table 1).
Furthermore, the acquired down-regulation of the SLC transporters responsible for the
cellular uptake of anticancer drugs leads to the ineffectiveness of the treatment, and at-
tempts to enhance the limited efficacy of the drugs by increasing their doses may lead
to systemic toxicity. Therefore, several strategies aiming to increase uptake of drugs via
SLC transporters in cancer cells have been proposed and investigated and are discussed in
this chapter.

6.1. Modulation of Transporter Expression

Due to the expression of SLC transporters in normal tissues, the development of
agents aimed to induce the expression of SLC transporters, which are down-regulated in
cancer cells, can result in an increased accumulation of drugs in normal cells as well. For
these reasons, identifying strategies for the tumor-selective modulation of SLC transporter
expression and developing drugs targeted to these mechanisms is of great importance.
Recently, Brouwer et al. (2022) and Zhou and Shu (2022) published extensive reviews on the
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transcriptional regulation of SLC transporters, providing an excellent overview of potential
mechanisms to affect transporter expression in cancer cells [199,200]. Here, we describe
the mechanisms affecting SLC drug transporter expression in cancer cells and the potential
strategies for utilizing this knowledge for increasing drug accumulation to cancer cells
(Figure 3). The described mechanisms also affect the expression of other SLC transporters,
but the focus is on transporters known to take part in anticancer drug uptake.
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Figure 3. Schematic illustration of the molecular mechanisms which can be targeted to increase SLC
drug transporter expression on cell plasma membrane. Nucleus receptor (1), DNA de-methylation
(2) and histone de-acetylation (3) mediated increase in transporter expression. Ubiquitination inhibi-
tion mediated reduction of transporter recycling from the plasma membrane (4). Inhibition of Protein
kinases C (PKCs) mediated internalization of transporters from plasma membrane (5).

6.1.1. Impact of Nuclear Receptors on Transporter Expression

Nuclear receptors are a set of proteins that bind to specific regions of the DNA molecule
that control gene expression by promoting or suppressing transcription, and are thus
considered transcription factors [201]. The transcriptional regulation of the SLC drug
transporter genes can be controlled by multiple nuclear receptors. Therefore, it is important
to know the specific mechanism causing the low drug transporter expression in different
cancer types to apply the correct means to increase the transporter expression. It should
be noted that nuclear receptors also regulate efflux transporter expression [199], and this
may abate the increased drug accumulation to cancer cells caused by the induced SLC
transporter expression by nuclear receptor agonists.

Pregnane X receptor (PXR) is a transcription factor highly expressed in the liver and in-
testine, with several endogenous and exogenous ligands [202]. PXR is known to regulate the
transcription of the SLC22A1, SLCO1B1, SLCO1B3, SLCO2B1 and SLCO1A2 transporters,
which are responsible for the cell uptake of several anticancer drugs (Table 1) [200]. PXR
affects the expression of SLCO1A?2 in breast cancer cells [56]. However, as the transporter
is highly expressed in this type of cancer the pharmacological activation of PXR would not
likely increase drug efficacy (Table 1). PXR agonist rifampicin can increase the OATP1B1
expression and subsequent sorafenib cell accumulation and efficacy in a liver cancer cell
line, HepG2 [203]. As the expression OATP1B1 is low in liver cancers, the PXR-mediated
OATP1B1 expression induction may provide a means to increase the efficacy of OATP1B1



Pharmaceutics 2023, 15, 364

15 of 39

substrate anticancer drugs. However, at the moment, there is no clinical evidence to support
the mentioned in vitro study. In addition, the possible induction of transporter expression
in the liver by PXR agonists and the resulting changes in drug pharmacokinetics should
be considered. Furthermore, as PXR regulates the expression of drug efflux transporters
ABCG2, ABCB1 and ABCC2, the usability of the approach may be limited [199]. The role
of PXR in regulating the SLC22A1 transporter is controversial, as different studies show
either up- or down-regulation of the transporter upon PXR agonist binding [200].

Farnesoid X receptor (FXR) is a nuclear receptor highly expressed in the liver and
intestine [204]. It controls the hepatic bile acid and triglyceride homeostasis by regulating
bile acid synthesis, detoxification and transport. FXR is an interesting nuclear receptor in
terms of anticancer drug disposition, as it regulates the expression of SLCO1B1, SLCO1B3
and SLC22A7 transporters [200]. FXR agonists can reduce tumor growth and metastasis in
mouse models of liver and cervical cancers [205,206]. In addition, FXR agonists can reduce
the cell proliferation and migration of breast, colon and liver cancer cells in vitro [207].
On the contrary, FXR agonists increased the migration and invasion of pancreatic cancer
cells, and FXR inhibition reduced cell proliferation of lung cancer cells in vitro as well as
tumor growth in vivo in mice [207]. Interestingly, FXR agonists can increase OATP1B1
and OATP1B3 mRNA and protein expression as well as activity in human liver cancer
cells [199]. These data suggest that FXR agonists could be combined with OATP1B1
substrate anticancer drugs for the more efficient treatment of liver cancers and possibly
breast and colon cancers. Importantly, FXR agonists have not been shown to increase
the expression of drug efflux transporters, such as BCRP and P-gp, making it a more
interesting approach to inducing anticancer drug accumulation to cancer cells than the use
of PXR agonists. However, as FXR agonists affect the OATP1B1 transporter expression
in healthy liver cells, also, the possible impact on OATP1B1 substrate anticancer drug
pharmacokinetics may limit the usability of the approach.

Hepatocyte nuclear factors (HNFs) are transcription factors that regulate the tran-
scription of a wide range of genes, including the SLC transporters SLCO1B1, SLCO1B3,
SLCO2B1, SLC22A1, SLC22A6 and SLC22A7 [199,200,208]. The HNF-mediated OATP/SLCO
transporter expression regulation can be complex. SLCO1B1 and SLCO1B3 expression is
promoted by HNF1o and HNF4«, whereas SLCO2B1 expression is regulated by HNF4ox.
In addition, SLCO1B3 expression is down-regulated by HNF3{ [199,208,209]. In hepatocel-
lular carcinoma, the elevated expression of HNF3{ represses SLCO1B3 expression [210].
Thus, the inhibition of HNF3 may provide means to increase SLCO1B3 expression and
increase drug therapy efficacy in hepatocellular carcinoma.

Liver X receptor alpha (LXRx) is a nuclear receptor highly expressed in the liver but
also expressed at a lower abundance in the kidneys, intestines, macrophages, lung, spleen
and fat tissue [211]. LXRx regulates the cholesterol, fatty acid and glucose homeostasis [212].
In addition, LXR«x regulates the transcriptional expression of the SLCO1B1, SLC22A6
and SLC22A7 transporters [200]. The LXRx agonists TO-901317 and GW3965 have been
reported to increase the mRNA expression of SLCO1B1 in Huh?7 hepatocellular carcinoma
cells [213]. Moreover, LXRx activation can potentiate sorafenib efficacy in hepatocellular
carcinoma cells and in patient-derived hepatocellular carcinoma tumor-bearing mice [214].
The sorafenib sensitizing effect was attributed to microRNA-378a transcription, and the
potential role of LXR« activation-mediated elevated OATP1B1 expression and sorafenib
cell accumulation was not investigated. However, the results show that the LXR«x activation
approach to increasing SLCO1B1 expression and anticancer drug cell accumulation may
have potential.

Retinoid X receptor (RXR) forms heterodimers with several other nuclear recep-
tors [215] which control the expression of several targets, including the SLC transporters
SLCO1B1, SLCO2B1, SLC22A1 and SLC22A4 [200]. There are three types of RXR dimers:
RXR homodimer, permissive heterodimers (PPAR/RXR, PXR/RXR, FXR/RXR) and non-
permissive heterodimers (RAR/RXR, VDR/RXR and TR/RXR) [215]. RXR homodimer and
permissive heterodimers are activated by RXR agonists, whereas the non-permissive het-
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erodimers are activated only by the agonist of the partner receptor [215]. Austin et al. (2014)
showed that, in CML cells, SLC22A1 expression can be induced by both permissive het-
erodimer PXR/RXR and PPAR/RXR and non-permissive heterodimer RAR/RXR [216].
However, it was not evaluated whether the elevated SLC22A1 transcription led to the
increased intracellular accumulation and efficacy of OCT1/SLC22A1 substrate drugs.

Peroxisome-proliferator-activated receptors (PPARs) are nuclear hormone receptors
including PPAR«x, PPARS and PPARy. PPARs take part in the regulation of cancer cell
proliferation, survival, apoptosis and tumor growth [217]. Ligand binding and activation of
PPARs heterodimerize with RXRs and regulate the expression of SLC22A1, SLC22A2 and
SLC22A5 [200]. In a study by Wang et al. (2012), PPAR-« agonists significantly enhanced
the anti-leukemic effects of imatinib in KCL22 cells and CD34+ primary cells through
up-regulating the SLC22A11 gene expression and increasing the uptake of imatinib by
CML cells [218]. Therefore, PPAR-a agonists could be potentially used in combination with
imatinib and other OCT1/SLC22A1 substrates for combatting CML.

The retinoic acid receptor (RAR) is a nuclear receptor which can be activated by
all-trans retinoic acid and 9-cis retinoic acid [219]. RAR heterodimerizes with RXR and
binds to retinoic acid response elements complexed with a corepressor protein [220]. The
binding of an RAR agonist leads to dissociation from the corepressor protein and the
recruitment of a coactivator protein promoting the transcription of target genes, including
SLCO1B1, SLCO2B1, SLCO1A2 and SLC22A1 [200]. In hepatoma, HepaRG cells and
human hepatocytes, the SLCO1B1, SLCO2B1, SLC22A1 and SLC22A7 expression was
down-regulated by an RAR agonist, all-trans retinoic acid [221]. However, the expression of
SLCO1B3 was differently regulated by the RAR agonist, as the expression in the hepatoma
cells was increased, whereas, in the hepatocytes, the expression was decreased.

The aryl hydrocarbon receptor (AhR) can regulate the transcription of SLCO1Bl1,
SLCO1B3, SLCO2B1, SLC22A6 and SLC22A7 transporter gene expression [200]. The AhR
ligand shikonin has been reported to effectively up-regulate the transcription of Slco trans-
porters through the activation of AhR in primary rat hepatocytes [222]. However, in human
primary hepatocytes, an AhR agonist, 2,3,7,8-tetrachlorodibenzo-p-dioxin, represses the
mRNA expression SLCO2B1 [223]. AhR agonists and antagonists have been investigated as
potential anticancer drugs [224]. It has been shown that AhR agonists can decrease breast
cancer proliferation and migration [225]. However, the use of AhR agonists as anticancer
agents against breast cancer may lead to the down-regulation of SLCOs, and, therefore, the
combination with OATP/SLCO substrate drugs should be investigated thoroughly. On
the other hand, oral squamous cell carcinoma has been reported to be sensitive to AhR
antagonists [226]. The use of AhR antagonists may sensitize these cancer cells to OATP and
OAT substrate anticancer drugs, and the investigation of such a drug combination can be
merited. However, it should be kept in mind that AhR also induces the expression of ABC
export proteins, thus potentially decreasing the intracellular concentration of anticancer
drugs [227,228].

The constitutive androgen receptor (CAR) is a nuclear receptor that regulates the
transcription of genes involved in xenobiotic metabolism [229]. CAR is mainly expressed
in the liver and the intestine [230]. CAR activation with phenobarbital has been reported
to decrease the gene expression of SLC22A1, SLCO2B1 and SLC22A7 in primary human
hepatocytes [231]. Interestingly, CAR agonists can also increase the protein expression
of efflux transporters P-gp, MRP2 and BCRP [231]. Therefore, it would be tempting to
investigate the effects of CAR antagonists on transporter expression in cancer cells with a
low abundancy of SLC22A1 and SLCO2B1.

6.1.2. Impact of Epigenetics on Transporter Expression

Epigenetic events including DNA methylation in cytosine-phosphate-guanine (CpG)
islands in the promoter region of a specific gene and histone modification can lead to the
impaired expression or silencing of SLC transporter genes in cancer cells. For instance,
OCT1 protein expression was significantly down-regulated in hepatocellular carcinoma
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samples compared to the normal adjacent liver tissue and was associated with DNA methy-
lation [70]. In addition, the mRNA expression of SLCO1B3 (OATP1B3) in cancer cells as well
as in normal tissue was shown to be associated with the DNA methylation status around
the transcriptional start site. Thus, in two SLCO1B3-positive cell lines, such as colorectal
carcinoma DLD-1 and bile duct carcinoma TFK-1 cells, CpG dinucleotides around the
transcriptional start site were significantly hypomethylated. In contrast, in two SLCO1B3-
negative cell lines, i.e., hepatocellular carcinoma HepG2 and colorectal adenocarcinoma
cells, Caco-2 cells, and, in the kidney, CpG dinucleotides were hypermethylated [232]. The
treatment with an inhibitor of DNA methyltransferase significantly induced SLCO1B3
mRNA expression in both the HepG2 and Caco-2 cell lines. Later, Imai et al. (2013) further
demonstrated that the mRNA expression of a cancer-type variant of SLCO1B3 in cancer cell
lines is regulated by DNA methylation-dependent gene silencing involving methyl-DNA
binding protein 2 (MBD2) [233]. In this study, the treatment with a DNA methyltransferase
inhibitor and the siRNA knockdown of MBD2 significantly induced the mRNA expression
of methyl-DNA binding proteins in HepG2 and Caco-2 cells. Thus, the development of
agents targeting epigenetic events such as DNA methylation may provide attractive op-
portunities for increasing the expression of the down-regulated SLCs and enhancing the
uptake of anticancer drugs to the cancer cells.

PTMs of the DNA-binding histones is a gene expression regulation mechanism in
cells [234]. The chemical modification of histones is mediated by histone acetylase, deacety-
lase, methyltransferase, and demethylase enzymes [235]. Histone modification regulates
gene expression by affecting the binding between histones and DNA double strands and
altering the conformation of nucleosomes, or by affecting the binding between the transcrip-
tion factors and the promoter of a gene [236]. The expression of various genes are controlled
by histone modification, including SLC drug transporters such as SLCO1B1, SLCO1B3,
SLC22A2 and SLC22A7 [200]. It has been shown that OAT2 expression is regulated by
histone acetylation in hepatocellular carcinoma [237]. Interestingly, the up-regulation of
histone acetylation with suberoylanilide hydroxamic acid increased the OAT2 expression
and enhanced fluorouracil efficacy in liver cancer cells [237]. In addition, Zhu et al. (2019)
found that a histone deacetylase inhibitor, suberoylanilide hydroxamic acid, significantly
induced the gene and protein expression of OCT2 in renal cell carcinoma cells, enhanced
the cellular accumulation of oxaliplatin, and significantly reversed drug resistance [238].
These reports indicate that histone deacetylase inhibitors have promise in overcoming low
SLC transporter expression-mediated drug resistance. However, more research is needed
to confirm the clinical usefulness of this anticancer treatment strategy.

6.1.3. Impact of Post-Translational Modifications on Transporter Expression, Localization
and Function

PTMs modulate protein functional expression through a wide range of molecular
mechanisms including the addition of a functional group (e.g., phosphorylation), a sugar
chain (e.g., glycosylation), lipids (e.g., palmitoylation) or a small protein (e.g., ubiquitina-
tion) on solvent accessible amino acid residues. All these PMTs have been shown to affect
the function of many SLC transporter proteins like OCT2 [208,239-242], OATs and OATPs.
The mechanism of PTM depends on the amino acid sequence, the structural and chemical
features of the protein surface, and the availability of the required protein machinery and
precursors to enable the modification [243,244]. PMTs mainly arise in response to various
cellular stresses or stimuli and may be reversed depending on the type of modification
and the intended fate of the signaling event. Multiple types of PMTs can occur to the
transporter protein at the plasma membrane, which can alter the functional activity, protein
internalization and recycling [157]. Moreover, for membrane transporters, including SLCs,
PTM events are further complicated due to lipid-protein interactions, both of which are
involved in the internalization and recycling of the transporters located at the plasma
membrane [157].
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Alam et al. (2017) determined the ubiquitination of OATP1B1 and OATP1B3, one
of the major mechanisms through which proteins are degraded intracellularly, and the
apparent substrate-dependent inhibitory effect of proteosome inhibitor bortezomib, a drug
used for multiple myeloma treatment, on OATP1B3-mediated transport [245]. In another
study, treatment with proteasome inhibitors bortezomib and carfilzomib increased the
cellular levels of the ubiquitinated OAT1 protein and augmented the functional OAT1
levels at the plasma membrane [246]. Proteasome inhibitor therapy is often administered
for an extended time in combination with other anticancer drugs to suppress the disease’s
progression. It is currently unknown whether the activity of the SLC transporters may be
induced by long-term treatment with proteosome inhibitors in cancer patients. However,
strategies targeting PTMSs to induce the functional expression of the SLC transporters
down-regulated in cancer cells could open new perspectives for overcoming low SLC
transporter-mediated drug resistance.

Protein kinases C (PKCs) regulate both SLC and ABC drug transporter activity, lo-
calization and expression [247]. The activation of PKCs has been shown to decrease the
OATP1B1 and OATP2B1 protein expression in human primary hepatocytes and cause in-
creased internalization from the plasma membrane of transfected HEK293 cells (OATP1B1)
and cancer cells lines (OATP2B1) [247]. In addition, PKCs activation reduces OATP1B3
activity and OATP1B3 and OCT1 protein expression in human primary hepatocytes. Inter-
estingly, PKCs activation has been shown to increase the P-gp expression and activity in
human cancer cells, whereas PKCs activation had no effect on BCRP expression in human
primary hepatocytes [247]. Therefore, PKCs inhibitors show promise as promoters of drug
influx transporter expression in cancers with low OATP1B1, OATP1B3, OATP2B1 and
OCT1 plasma membrane expression. However, more research is required to determine how
effective the PCKs inhibitors are in increasing the plasma membrane expression of these
transporters in different cancers, as majority of the studies so far have been performed in
primary hepatocytes.

6.1.4. Impact of Anticancer Drugs on Transporter Expression and Function

Anticancer drugs can impact the SLC drug transporter expression and function in
the target cells and thus have an impact on the cell accumulation of the drug itself or
other drugs used in combination. The possible impact of drugs on transporters should be
considered when selecting an anticancer drug therapy. In addition, more research should
be conducted in this field to gain a better understanding on the possible pharmacokinetic
interactions of anticancer drugs in different cancers. Recently, tyrosine-protein kinase
LYN was discovered to regulate OATP1B1 activity by tyrosine phosphorylation [248]. In
addition, the study showed that 29 out of 46 FDA approved tyrosine kinase inhibitors
significantly inhibited the LYN kinase and thus prevented OATP1B1 phosphorylation and
reduced the transporter activity. As many tyrosine kinase inhibitors can reduce OATP1B1
activity, caution should be used in combining drug treatments involving tyrosine kinase
inhibitors and substrates of OATP1B1. In addition to OATP1B1, tyrosine kinase inhibitors
have been reported to inhibit CNT and ENT activity [249]. The nucleotide transporter
inhibition by tyrosine kinase inhibitors has been proposed to be the underlying reason for
the failures in tyrosine kinase inhibitors and nucleoside combination therapies [249]. In
another study, it was shown that anthracyclines daunorubicin and idarubicin inhibited the
OCTNI1-mediated uptake of cytarabine in a concentration-dependent manner in various
acute myeloid leukemia cell lines. In addition, it was determined that both daunorubicin
and idarubicin inhibit cytarabine uptake in various acute myeloid leukemia cell lines [250].

6.1.5. Tumor Microenvironment Impact on SLC Drug Transporter Expression and Function

Compared to normal conditions, the tumor microenvironment composed of endothe-
lial cells, fibroblasts, perivascular cells and inflammatory cells is more prone to malignant
cell proliferation, motility and adhesion. While the tumor microenvironment releases extra-
cellular matrix proteins, growth factors and cytokines to support malignant cell growth,
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the tumors themselves produce growth factors and proteases which can modify their local
microenvironment in order to make it more permissive for cell motility and adhesion.
In the tumor microenvironment, the rapidly and continuously proliferating cells within
solid tumors require a high oxygen supply, which can be limited by an undeveloped and
dysfunctional vascular network throughout the tumor [251,252]. A decreased oxygen
availability, defined as hypoxia, is generally associated with pathological conditions such
as cancer, and can be chronic, resulting from limitations in the diffusion of oxygen to cells
distal from the vessel, or acute, caused by a limited perfusion of oxygen delivery to adjacent
cells [252]. Cellular adaptation to hypoxia is mainly mediated by a transcriptional regu-
lator, such as hypoxia-inducible factors (HIFs), which induce a number of specific target
genes [253]. HIFs act as heterodimers, consisting of an o subunit regulated by oxygen,
and an oxygen-independent (3 subunit (called aryl hydrocarbon receptor nuclear translo-
cator) [254]. In hypoxic conditions, the master transcriptional factor, hypoxia-inducible
factor-lalpha (HIF-1«x), is activated in order to regulate either the cell adaption or apoptosis
via impacting the expression of various genes involved in metabolism, erythropoiesis,
angiogenesis, cell proliferation and apoptosis [255-257]. To support glycolytic pathways,
hypoxia induces alterations in the expression of several SLC transporters to ensure nutrient
requirements to be maintained. For example, in hypoxic conditions, glucose transporters
GLUT1 (SLC2A1) and GLUT3 (SLC2A3) are up-regulated to enhance glucose uptake in
support of the hypoxia-induced glycolytic shift [258,259]. In addition, the HIF-1o-mediated
up-regulation of monocarboxylate transporter 4 (MCT4, SLC16A3) has also been observed
in hypoxia to enable the removal of intracellular lactate converted from pyruvate [260]. In
contrast, several SLC transporters mediating drug uptake have been shown to be down-
regulated in hypoxic conditions. For example, the expression of ENT1 and ENT2 was
down-regulated in hypoxia through an HIF-1x-mediated mechanism [261,262]. In addition,
the mRNA expression of OATP3A1 and OCT1 was decreased in BT474 estrogen receptor
positive breast cancer cells exposed to chronic hypoxia compared to normoxia [263].
Moreover, the mRNA expression of SLCO1B3 and SLCO2B1 has been found to be
induced by HIF-1u stabilizers and reduced by HIF-1«x knockdown [264]. HIF-1c stabi-
lization leads to cancer cell acclimatization to hypoxic conditions, increased proliferation,
avoidance of apoptosis and therapy resistance in several cancer types [265]. Due to this,
a strategy where the HIF-1« stabilization-mediated increase of OATP expression is used
to enhance the drug accumulation to cancer cells likely would not lead to a more efficient
therapy response. In contrast with several other cancer cells, it has been reported that,
in pancreatic ductal adenocarcinoma cells HIF-1«, activation can act as a tumor suppres-
sor [266]. However, OATP transporters have a high expression in pancreatic cancer, making
HIF-1« induction an ineffective approach to increase anticancer drug accumulation [267].
In addition to hypoxia, inflammation is considered as a key characteristic of cancer
and is closely associated with all stages of the development and progression of most
cancer types [268-270]. Acute inflammation induces an anti-tumor immune response by
promoting the maturation and function of dendritic cells and the initiation of effector T
cells [271], and leads to cancer cell death. In contrast, the chronic inflammation involved in
immunosuppression provides a favored microenvironment for tumorigenesis, development
and metastasis [272]. Moreover, the inflammatory tumor microenvironment is a crucial
factor for the therapeutic efficacy of conventional chemotherapy and immunotherapy [15].
In inflammation, both acute and chronic, cytokines play a major role in the modulation
of gene expression. The cytokines released to bloodstream can interact with membrane
receptors on epithelial or endothelial cells and induce a complex signaling cascade, resulting
in a transduction of signal to the nucleus. The signal influences nuclear receptors, such
as the PXR or CAR, acting as transcription factors regulating the expression of several
genes including SLC transporters. Several studies showed the effect of cytokines on SLC
expression. For instance, Vee et al. (2008) demonstrated that the mRNA and protein
expression of the sodium-taurocholate co-transporting polypeptide (NTCP) and OATP1B1,
as well as the mRINA expression of SLCO1B3, SLCO2B1, SLC22A11 and SLC22A7, were
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down-regulated after exposure to tumor necrosis factor alfa (TNF- «) and interleukin
6 (IL-6) in primary human hepatocytes. In addition, the activities of NTCP, OATP and
OCT1 transporters were deceased after 48 h of exposure to TNF- « or IL-6 in primary
human hepatocytes [273]. Similarly, treatment with IL-1 lead to the down-regulation of
the mRNA and protein expression as well as the activity of NTCP in HepaRG cells. The
SLCO2B1 (mRNA), OATP1B1 (mRNA and protein) and SLCO1B3 (mRNA) expression
was also reduced in human primary hepatocytes treated with IL-1 for 24 h [274]. An
anti-inflammatory therapeutic approach to the prevention and treatment of cancer has
been widely investigated in preclinical and clinical settings [269]. However, the targeting
of inflammatory pathways to modulate SLC transporter expression in cancer has not been
studied and can be a promising approach to overcoming drug resistance due to a low SLC
transporter expression.

The high rates of glycolysis and lactic acid secretion due to the altered metabolism in
cancer cells affects the extracellular pH in the tumor microenvironment making it acidic
compared to normal tissues [275]. The low pH of tumor microenvironment can affect the
function of proton-coupled transporters by creating a higher membrane potential across the
cancer cell membrane. It has been reported that the PCFT (SLC46A1)-mediated transport
of methotrexate is higher at pH lower than 7 compared to pH 7.4 [22]. In addition, the
low pH can broaden the substrate specificity of OATP2B1 [276]. For example, OATP1B3
substrate fexofenadine can be transported by OATP2B1 in acidic pH. However, it is not
known whether any anticancer drugs would become OATP2B1 substrates at acidic pH.

6.2. Drug Delivery via Transporters Highly Expressed in Cancer Cells and Exploiting the Cancer
Dependence of Transporters

The metabolic alterations in cancer cells due to oncogene signaling result in changes in
the SLC drug transporter expression, and the changes in the SLC drug transporter expres-
sion may affect drug accumulation to the cancer cells, influencing the therapeutic response.
The SLC drug expression can differ greatly between the cancerous cells and the adjacent
healthy tissue, as can be seen in Table 1. The down-regulation of SLC drug transporters in
cancer cells and the high expression in the cells responsible for the absorption, distribution,
metabolism and elimination of drugs, sets a challenge for efficient drug delivery in the
target cells. The oncogenic regulation of metabolic reprogramming and the Warburg effect
induce the expression of the transporters required to supply energy and nutrients for the
rapid growth of cancer cells [152,153]. Furthermore, the increased metabolic rate of the
cancer cells demands a more efficient transporter-mediated removal of toxic metabolites
and a reduction of oxidative stress [277]. The highly expressed transporters involved in the
altered energy metabolism in cancer cells provide drug delivery opportunities (Table 2).
The majority of the SLC transporters are not considered to be drug transporters, and thus,
for their exploitation for anticancer drug delivery, prodrug and nanoparticle technologies
have been developed (Table 2), which are discussed below.

Table 2. Highly expressed SLC transporters, which have been utilized to improve anticancer drug
delivery to cancer cells.

Gene Protein Natural Tissue High Expression in Utilization in Anticancer

Name Name Substrates Expression Cancer Drug Delivery References
Erythrocytes, Liver, brain, renal, . .
Glucose, ybrain},l pancreatic, lung, dGlu-fon]ugatg d nan(_)partlcles,
galactose, (endothelial cells), breast, esophageal, D-g ucpsamlne—con}ugated 5
SLC2AL GLUTI mannose, blood-tissue endometrial, ovarian, nanoparticles, DHA-conjugated [35,278-283]
glucosamine barrier, several colorectal and nlqlllccﬂél::, }f;liﬁT;rlccoﬁifegtz Ss
fetal tissues cervical cancers g P Jug
Prostate cancer,
scleat  meri SEIR uigss  bmplma el phdogbucodd cnued 5 )

oral cavity cancer
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Table 2. Cont.
Gene Protein Natural Tissue High Expression in Utilization in Anticancer References
Name Name Substrates Expression Cancer Drug Delivery
L-phenylalanine prodrug of
melphalan, threonine-derivative of
Colorectal cancer gemcitabine, aspartate derivative of
b gl lomablstoms,  deverbian poomes of | Dopa
. . triple-negative breast . B phphle
Phenylalanine, cells), testis, neer and lysine-conjugated methotrexate, L- and
SLC7A5 LAT1 leucine, retina, esophagus, cancer a D-Dopa conjugated anisotropic gold [35,164,290-299]
. phag HER2-positive breast pa conjugates pic 80
tryptophan testis, placenta cancers and MYC nanoparn?les, lysme- and aromatic
and bone marrow driver ER-positive amino acid-mustards,
breast cgncer «-methyl-L-tyrosine conjugate of
Astatine-211, tyrosine-conjugated
liposomes, L-tyrosine ester- and
amide-conjugates of chlorambucil
L-alanine, Lung, skeletal Colon. kidnev, liver
L-serine, muscle, large lun, ovar}i,’an ! Glutamine-conjugated (3-cyclodextrin
SLC1A5 ASCT2 L—lthreor}ine, y cilntesﬁne,‘ pancre%rtic, stom,ach incllusilon cor_an?xes ‘of doxgr;lbicin, [35,300-302]
L-gsgtaarr;é?r?é L- R dli 1;10esye, tf:st:fé and cutaneous cancers polyglutamine for siRNA delivery
Lung, trachea,
salivary gland, Lysine-conjugated liposomes, lysine
- mammary gland, . and polyoxyethylene stearate
SLC6A14 ATBO* Nzl:rtgil(’) (;actilg;uc ) s‘tomach, C;:gigﬂ{i??;;iitrlc -conjugated liposomes, [35,303-308]
pituitary gland, aspartate-polyoxyethylene stearate
intestine, uterus, -conjugated liposomes,
prostate, testis
Di-and Prostate cancer,
tripeptides, Small intestine, he atocellular, Prolyl and lysyl floxuridine prodrugs,
SLC15A1 PEPT1 protons, kidney, pancreas, P . y Yy proarugs, [35,309-316]
beta-lactam bile duct, liver carcinoma, pancreatic Gly-Gly-Gly conjugate of doxorubicin
antibiotics ! adenocarcinoma

dGlu-2-deoxy-d-glucose; DHA-dehydroascorbic acid.

6.2.1. Glucose Transporter 1 (GLUT1 Encoded by SLC2A1)

GLUT1 (SLC2A1) has remained the main focus of cancer research, as this transporter
plays a crucial role in the accelerated glucose uptake in cancer cells [278]. GLUT1 is
ubiquitously distributed in normal tissues and overexpressed in many tumors, such as
hepatic, brain, renal, pancreatic, lung, breast, esophageal, endometrial, ovarian, colorectal
and cervical cancers [279]. The mechanisms of GLUT1 expression regulation in cancer are
discussed in recent review [317]. GLUT1 expression is correlated with tumor development,
and with adverse prognostic factors, such as poor differentiation and advanced tumor
stage. For example, a high expression of GLUT1 was shown to be associated with poor
survival in such cancer types as papillary thyroid carcinoma and stage I non-small cell
lung carcinoma [318]. The GLUT1 expression levels have been considered as a marker of
hypoxia, which characterizes more malignant tumors with a poor prognosis [319,320]. Due
to all of these features, GLUT1 targeting has been successfully used for the tumor-specific
delivery of imaging probes for in vivo tumor diagnosis by positron emission tomography
and drug delivery to tumors overexpressing this transporter [321,322].

The high expression of GLUT1 at the blood-brain barrier endothelial cells and in
glioma cells was used for GLUT1-mediated drug delivery using nanoparticles to treat
glioma. In a study by Jiang et al. (2014), 2-deoxy-d-glucose modified poly(ethylene glycol)-
co-poly(trimethylene carbonate) nanoparticles (dGlu-NP), developed to target GLUT1
transporter, demonstrated a higher uptake in rat glioma cells RG-2, which was inhibited
by glucose. In addition, dGlu-NP showed higher accumulation in glioma compared to in
the surrounding normal tissue and demonstrated a greater anti-glioblastoma efficacy of
paclitaxel loaded to dGlu-NP compared to non-targeted nanoparticles or Taxol in ortho-
tope glioma-bearing mice [280]. In another study, the authors developed D-glucosamine-
conjugated paclitaxel-loaded poly(ethylene glycol)-co-poly(trimethylene carbonate) copoly-
mer nanoparticles (DGlu-NP/PTX) to target glucose transporter. DGlu-NP /PTX demon-
strated high anti-glioma efficacy in orthotope glioma-bearing mice compared to non-
conjugated nanoparticles or Taxol [281]. Interestingly, Shao et al. (2014) targeted GLUT1
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using the conjugation of polymeric micelles with dehydroascorbic acid (DHA) which is
reduced to ascorbic acid inside the cells and, thus, enables the unidirectional transport of
micelles to the cells because, when this GLUT1 substrate gets into cells, it is reduced into
ascorbic acid and gets trapped within the cells [282]. The DHA-conjugated micelles loaded
with paclitaxel demonstrated glucose transporter-mediated accumulation in the human-
derived malignant glioma cells U87 cells and increased the survival time of glioma-bearing
mice compared to non-targeted micelles or Taxol [282]. Patra et al. (2016) synthetized
six isomers of glucose-platinum conjugates and revealed that Clx- and C2-substitution
provide the highest GLUT1-mediated accumulation in DU145 prostate cancer cells. Impor-
tantly, the glucose-platinum conjugate substituted in the C2-position, which showed the
greatest GLUT1 specific internalization and the highest cancer targeting ability, demon-
strated anti-tumor efficacy and selective uptake in tumors with no observable toxicity in a
syngeneic breast cancer mouse model overexpressing GLUT1 [283].

These examples demonstrate that utilization of glucose transporters such as GLUT1
can be a promising target for cancer drug delivery. However, the ubiquitous expression of
the transporter in the normal tissues requires a careful evaluation of the biodistribution
and the toxicity of the developed drug delivery systems.

6.2.2. Monocarboxylate Transporters (MCTs)

MCTs are transporters of the SLC16A family consisting of 14 homologues in mam-
mals [284]. The transporter mediates the proton-linked transport of monocarboxylates
such as L-lactate, pyruvate and the ketone bodies across the plasma membrane. Among
the MCTs, MCT1 (SLC16A1) and MCT4 (SLC16A3) have been most extensively studied
in cancer, as these transporters play important role in lactate transport in cancer cells to
support their survival [278,323]. MCT1 has a high affinity for lactate and is considered the
major player in the lactate uptake of malignant cells which use lactate to fuel oxidative
phosphorylation. In contrast, MCT4 possess a lower affinity for lactate than MCT1 and
mainly exports lactate from hypoxic cancer cells [324,325]. MCT1 and MCT4 have been
found to be dramatically up-regulated and associated with a poor prognosis in multiple
malignant tumors, such as prostate cancer, lymphoma, peritoneal carcinomatosis and
oral cavity cancer [285-287,326]. Therefore, the transporters represent attractive targets to
deliver anticancer drugs.

Venishetty et al. (2013) conjugated 3-hydroxybutyric acid, MCT1 substrate and solid
lipid nanoparticles loaded with docetaxel to enhance brain delivery and demonstrated an
MCT1-mediated increased delivery of docetaxel in brain endothelial cells as compared
to Taxotere or non-targeted nanoparticles [288]. Interestingly, the involvement of MCT1
in the uptake of the anticancer drug 3-bromopyruvate in cancer cells has been identi-
fied by a genome-wide genetic screening [289]. The lethal concentration 50 (LC50) of
3-bromopyruvate correlated to the levels of MCT1 expression in acute promyelocytic
leukemia (HL60), acute monocytic leukemia (THP1) and acute erythroid leukemia cell
lines [327]. These studies indicate that MCT1 can be a promising candidate for the targeted
delivery of anticancer drugs.

6.2.3. Amino Acid Transporters

Rapid cancer cell growth is dependent on a homeostatic concentration of cytosolic
amino acids [328], providing an attractive drug target and opportunity for drug delivery.
However, due to substrate specificity, the design of anticancer drugs capable of utilizing
amino acid transporters for cell uptake can be challenging [329]. Therefore, prodrugs and
nanoparticles have been developed as an attempt to mediate drug delivery to cancer cells
via amino acid transporters.

In addition to the drugs currently in clinical use, there are numerous published
prodrugs and nanoparticles that aim at utilizing LAT1 for anticancer drug delivery. Re-
cently, we covered information about the development of LAT1-utilizing compounds and
nanoparticles targeting cancer cells in cancers [164,291]. In addition to the reports dis-
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cussed in Puris et al. (2020 and 2022), several new attempts to target LAT1 for cancer
delivery have been developed. Kaneda-Nakashima et al. (2021) conjugated radionucleotide
Astatine-211 [21 At] with a-methyl-L-tyrosine (AMT) as a LAT1-carrier to cancer cells [330].
The compound demonstrated LAT1-mediated accumulation in human pancreatic cancer
(PANC-1) cells [330]. However, although the compound showed high accumulation in the
tumor in the tumor-bearing mice at 1 h after I.V. injection, the distribution to the kidneys
and pancreas was equally high [330]. Similar results were shown for a LAT1-selective
a-radionuclide-labelled amino acid analogue, 2—[211At]astato—cx—methyl—L-phenylalanine
(2-[*"' AtJAAMP) [292]. Wang et al. (2020) targeted LAT1 and ATB%* (SLC6A14) by us-
ing tyrosine conjugated to liposomes with PEG containing pH-sensitive aromatic imine
bonds [293]. These dual-targeted liposomes showed higher accumulation after 12 and 14 h
of incubation in human breast cancer MCF-7, BxPC-3 and NIH/3T3 cells compared to non-
targeted liposomes [293]. The dual-targeted liposomes loaded with irinotecan showed the
highest tumor accumulation and anti-tumor efficacy in tumor-bearing BxPC-3 Balb/c-nu
mice compared to non-targeted liposomes and non-sensitive liposomes [293]. However, the
drug was highly distributed to other organs such as the liver and spleen after the adminis-
tration of the dual-targeted liposome in vivo. Moreover, the distribution and efficacy of the
developed liposomes was not compared to irinotecan itself. In another study, L-tyrosine
ester- and amide-conjugates of chlorambucil were synthetized and demonstrated binding
to LAT1 in the human breast cancer MCF-7 cell line, while the distribution in vivo of these
derivatives has not been evaluated [294].

Alanine, Serine, Cysteine Transporter 2 (ASCT2), encoded by SLC1A5, mediates a
Na*-dependent exchange of glutamine, which is known to drive the growth and prolifera-
tion of tumor cells, in the antiport of serine, threonine or asparagine, with a questionable
role for cysteine as a substrate [331]. Cancer cells display metabolic reprogramming and a
high demand for increased consumption of amino acids, particularly for glutamine [332].
ASCT?2 is up-regulated in a variety of cancer types, including colon, kidney, liver, lung,
ovarian, pancreatic, stomach and cutaneous cancers [300]. Due to its function as glutamine
transporter, ASCT2 has been proposed as a pharmacological target for specifically inhibiting
the growth and development of cancer cells [278,333,334].

Glutamine was conjugated to 3-cyclodextrin (GLN-CD), which was used to prepare
doxorubicin inclusion complexes (DOX@GLN-CD) for the treatment of triple-negative
breast cancer [301]. The developed DOX@GLN-CD complexes showed an ASCT2-mediated
accumulation in TNBC cells, such as MDA-MB-231 and BT549, and induced a G2/M block-
ade and apoptosis, while the accumulation of the complex in nontumorigenic MCF10A
cells with a low expression of ASCT2 was not considerable. In MDA-MB-231 tumor-
bearing mice, DOX@GLN-CD accumulated exclusively in tumors and suppressed tumor
growth with minimized toxic effects compared to the same dose of doxorubicin itself. This
study demonstrated that targeting ASCT2 can provide potential tools for drug delivery
to cancer cells overexpressing this transporter. In another study, Wang et al. (2018) devel-
oped polyglutamine (PGS), a glutamine macromolecular analogue, for siRNA delivery
to cancer cells. The SLC1A5-mediated delivery of the PGS/siRNA complex was shown
in cisplatin-resistant human lung adenocarcinoma A549/DDP cells significantly overex-
pressing SLC1A5 [302]. In a lung orthotopic tumor mouse model, the complex PGS/siRNA
predominantly accumulated in the lungs, which possess high expression of SLC1A5, and
decreased the tumor growth.

Amino acid transporter B** (ATB"*), encoded by SLC6A14, transports one molecule
of neutral (index “0”) or basic (index “+”) amino acids in a symport with 2 Na* and
1 C1 [303]. The expression of SLC6A14 is significantly increased in several types of human
cancers, in particular in solid tumors, with the highest up-regulation in colorectal, pancreatic
and cervical cancer [304,305,335]. Several attempts to develop amino acid conjugates for
enhanced drug delivery via ATB"* to tumors have been made. For example, liposomes
functionalized with lysine and polyoxyethylene stearate conjugate (LPS) to target ATBY*
were developed [306]. These liposomes loaded with docetaxel delivered the drug to the
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tumor site in mice bearing a murine hepatoma tumor (Hj;) with consequent greater anti-
tumor efficacy and less systemic toxicity. Later, Luo et al. (2017) developed liposomes
functionalized with aspartate-polyoxyethylene stearate conjugate (APS) for targeted ATB%*-
mediated delivery of docetaxel to ATB**-overexpressing human lung cells, A549 cells [316].
Compared with conventional liposomes, APS-liposomes demonstrated an increased ATB%*-
mediated intracellular accumulation of docetaxel in human lung cancer A549 cells [307].
Kou et al. (2020) developed lysine-conjugated liposomes and demonstrated their binding
to ATB%* in MCF7 cells [308]. The lysine-conjugated liposomes increased the uptake
and cytotoxicity of gemcitabine in MCF7 cells in an ATB%*-dependent manner. These
reports demonstrate that ATB®* could be exploited for targeted drug delivery for enhanced
cancer therapy.

6.2.4. Proton-Coupled Peptide Transporter 1

Proton-coupled peptide transporter 1 (PEPT1), encoded by SLC15A1, is a di- and
tripeptide uptake transporter transporting its substrates with low affinity and high ca-
pacity [309]. PEPT1 is mainly expressed on the apical microvilli of enterocytes in the
small intestine. However, it has been shown that the transporter is highly expressed in
patient-derived prostate cancer cells and in hepatocellular carcinoma [310,311]. Interest-
ingly, Schniers et al. (2021) showed in patient-derived cells and a xenograft mouse model
of pancreatic adenocarcinoma that PEPT1 is overexpressed and essential for tumor growth,
making it a potential drug target [311]. In addition, the high PEPT1 expression and the
cancer’s dependency on the transporter makes it an interesting target for anticancer drug
delivery. None of the currently available anticancer drugs are substrates of PEPT1, but
several prodrugs and anticancer-drug-loaded nanoparticles targeting PEPT1 for enhanced
oral bioavailability or cancer cell uptake have been published [312-316].

In a study by Landowsky et al. (2005), a series of amino acid ester prodrugs of
floxuridine were synthesized and investigated for their ability to utilize PEPT1 for cell
uptake and enhance the parent drug efficacy [315]. The results showed an increased
cell uptake and antiproliferative efficacy for prolyl and lysyl floxuridine prodrugs in
MDCK/PEPT1 cells compared with MDCK control cells. A PEPT1 targeted prodrug has
been developed to increase the cell accumulation of doxorubicin and its efficacy in liver
cancer cells [316]. Doxorubicin was conjugated with the PEPT1 substrate Gly-Gly-Gly,
followed by the investigation of the anti-tumor effect of Doxorubicin-tripeptide conjugate
in liver cancer cells and xenografts. The anti-tumor effects of the doxorubicin-tripeptide
conjugate showed a more effective anticancer treatment in vitro and in vivo with lower
toxicity in vivo compared to doxorubicin itself. However, the role of PEPT1 in the elevated
cell uptake and efficacy was not determined unequivocally.

7. Conclusions and Future Perspectives

SLC transporters play a major role in the cell accumulation of anticancer drugs and
thus in the efficacy of the drug treatment. A low expression of drug influx transporters in
cancer cells leads to therapy resistance, as the drug concentrations in the target cells are
decreased, and increasing the dose is not possible due to drug accumulation to healthy
tissues leading to unbearable adverse effects. On the other hand, knowledge of the influx
SLC transporters expressed in cancer cells presents a means of delivering anticancer drugs
efficiently to their targets. However, as indicated in our review, there is a great need to
collect more quantitative expression data on transporter expression in different cancers, as
there are currently only handful of reports available, namely on hepatocellular carcinoma,
colorectal carcinoma and the liver metastasis of colorectal cancer. Moreover, more research
has to be undertaken to elucidate the possible differences in transporter expression between
cancer subtypes, as cancers driven by oncogene or tumor suppressor gene mutations may
have significant differences in their drug transporter expression. This would allow us to
better understand how transporter expression is controlled in different cancer subtypes and
would present potential clues about how to selectively regulate drug transporter expression
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for enhanced anticancer drug delivery. Knowledge of SLC transporters mediating drug
influx and quantitative transporter protein expression data in cancer cells would provide
an opportunity for the estimation of drug delivery efficacy to the target cells by the means
of physiologically based pharmacokinetic modeling. This in turn would help tremendously
in the selection and development of efficient anticancer drug therapies. Moreover, quantita-
tive information on transporter expression in cancers could be used in the rational design of
novel drug delivery strategies such as the modulation of drug transporter expression or the
utilization of highly expressed nutrient transporters using transporter-targeted prodrugs
and nanoparticles. Importantly, for many anticancer drugs, the SLC transporters responsi-
ble for the cell uptake are unknown. Therefore, extensive work has to be performed in the
field of transporter research to gain more knowledge of the SLC transporters delivering
anticancer drugs to cancer cells, in order to fully take advantage of the information about
transporter expression. In addition to investigating transporter expression, an analysis
of the dependency of different cancers on specific transporters is also of great interest, as
it would allow the targeting of drugs to transporters that cancer cannot down-regulate,
thus avoiding low drug influx-mediated drug resistance. For example, there are reports
available revealing the dependency of certain cancers on glucose or amino acid transporters.
However, research is needed in order to reveal more potential targetable transporters in
different cancers.

As presented in this review, several strategies for increasing the cancer cell delivery of
anticancer drugs have been investigated. However, none of the reviewed drug delivery
strategies are currently in clinical use and there is a lot of work yet to be performed to
reveal the potential of these strategies. Firstly, a more accurate analysis is needed to
determine whether poor drug efficacy is indeed caused by low transporter expression and
the resulting low drug influx before the drug delivery strategies are applied. In the majority
of the published prodrug and nanoparticle delivery strategies, it was not clear whether
the poor influx of the selected anticancer drug against the investigated cancer was the
efficacy-limiting mechanism. In addition, the majority of the studies were performed in
cancer cell lines, whose relevance in terms of transporter expression compared to clinical
cancers is questionable or unknown. Secondly, for the majority of the published prodrugs
and nanoparticles, no thorough pharmacokinetic analysis and in vivo tumor accumulation
study of the anticancer drug was reported. The lack of these experiments hinders the
evaluation of whether the anticancer drug delivery to the target site was significantly
improved compared to the anticancer drug dosing.

From the different strategies for influencing drug influx transporter expression in
cancer cells, the use of FXR agonists, CAR antagonists and PKCs inhibitors show promise
and should be investigated more thoroughly. According to current research, by affecting
these targets, it is possible to increase the drug influx transporter expression in cancer cells
without simultaneously increasing the efflux transporter expression. In addition, PKCs
inhibitors have been shown, in vitro, to affect transporter expression selectively in cancer
cells over hepatocytes. However, more studies should be made in order to determine the
potential beneficial effects on anticancer drug accumulation into tumors and the consequent
drug efficacy. Importantly, the effect of FXR, CAR and PKCs ligands on anticancer drug
pharmacokinetics and accumulation to healthy tissues should be investigated thoroughly.

In summary, despite the recent advances in the investigation of SLC transporters, there
are still significant gaps in our understanding of their role in anticancer drug delivery and
poor drug efficacy caused by low drug influx transporter expression. However, the innova-
tive strategies proposed for enhanced transporter-mediated anticancer drug delivery, when
thoroughly investigated, show promise for overcoming transporter-mediated anticancer
drug resistance and facilitating the development of effective anticancer drug treatments.
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