~ International Journal of

F
Molecular Sciences m\D\Py

Review

Taurine and Cre
Cancer Therapy

atine Transporters as Potential Drug Targets in

Dorota Stary 1> and Marek Bajda 1-*

check for
updates

Citation: Stary, D.; Bajda, M. Taurine
and Creatine Transporters as
Potential Drug Targets in Cancer
Therapy. Int. J. Mol. Sci. 2023, 24,
3788. https://doi.org/10.3390/
ijms24043788

Academic Editor: Adel Nefzi

Received: 9 December 2022
Revised: 7 February 2023
Accepted: 10 February 2023
Published: 14 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Physicochemical Drug Analysis, Faculty of Pharmacy, Jagiellonian University Medical College,
Medyczna 9 St., 30-688 Cracow, Poland

Doctoral School of Medical and Health Sciences, Jagiellonian University Medical College, $w. Lazarza 16 St.,
31-530 Cracow, Poland

Correspondence: marek.bajda@uj.edu.pl

Abstract: Cancer cells are characterized by uncontrolled growth, proliferation, and impaired apopto-
sis. Tumour progression could be related to poor prognosis and due to this fact, researchers have
been working on novel therapeutic strategies and antineoplastic agents. It is known that altered
expression and function of solute carrier proteins from the SLC6 family could be associated with
severe diseases, including cancers. These proteins were noticed to play important physiological roles
through transferring nutrient amino acids, osmolytes, neurotransmitters, and ions, and many of
them are necessary for survival of the cells. Herein, we present the potential role of taurine (SLC6A6)
and creatine (SLC6AS) transporters in cancer development as well as therapeutic potential of their
inhibitors. Experimental data indicate that overexpression of analyzed proteins could be connected
with colon or breast cancers, which are the most common types of cancers. The pool of known
inhibitors of these transporters is limited; however, one ligand of SLC6AS protein is currently tested
in the first phase of clinical trials. Therefore, we also highlight structural aspects useful for ligand
development. In this review, we discuss SLC6A6 and SLC6AS transporters as potential biological
targets for anticancer agents.
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1. Introduction

The International Agency for Research on Cancer in 2020 published that three of the
most common types of cancers were breast, lung, and colon cancers. Among them, lung
and colon cancers were the most frequent causes of death in both males and females. The
third reason of death was liver cancer [1]. Killing neoplasm cells without damaging normal
tissues seems to be a crucial issue in antitumour therapies. The cancer therapeutic strategies
could be divided into a few groups: chemotherapy, radiotherapy, immunotherapy, targeted
therapy, and surgery. Therapies could also be concentrated on the specific cancer proteins
or signalling pathways [2]. In the literature, it was proposed that proteins which transport
some nutrients could be a promising target for cancer therapy [3,4]. It is known that
transporter SLC6A14 (ATB%*), which carries neutral and basic amino acids, is considered
as a potential biological target for the treatment of colon, breast, and pancreas cancers [5-7].
In this work, we focus on the transporters for taurine (TauT, SLC6A6) and creatine (CT-1,
SLC6AS8) as they could play important roles in tumour growth and development [8,9]. It is
known that one inhibitor of CT-1 has been investigated in clinical trials for the treatment of
gastrointestinal cancer [10]. We discuss the potential of SLC6A6 and SLC6AS transporters
as the targets in therapy of cancers and analyze the features important for development of
their new ligands as well.
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2. General Overview of Taurine and Creatine Transporters

Taurine (TauT, SLC6A6) and creatine (CT-1, SLC6AS8) transporters belong to the solute
carrier 6 (SLC6) family, which uses a gradient of sodium ions to actively transport substrates
across the biological membranes. They constitute a part of the SLC superfamily whose
members are expressed in every type of tissue. The SLC6 family involves 20 transporters
(SLC6A1-SLC6A20) which are divided into four branches: GABA (y-aminobutyric acid),
monoamine, neurotransmitter amino acid, and nutrient amino acid transporters (Table 1).
TauT and CT-1, together with GAT-1, GAT-2, GAT-3, and BGT-1, which are responsible
for GABA turnover, are counted into the same group of GABA transporters [11-13]. In
this branch, there is also pseudogene-SLC6A10, which is called CT-2, but its physiological
functions are unclear [14]. SLC6 proteins share a general structure and consist of 12 trans-
membrane helices with N- and C- termini located intracellularly [15,16] (Figure 1, left
panel). As mentioned, their activity is conjugated with the gradient of ion concentration.
The source of energy is electrochemical potential across the biological membrane [17]. In the
transport process, transporters exist in three main states. First, outward-open conformation
could bind ions and substrate from the extracellular environment. Next, molecules are
closed inside the binding site of the transporter with no access from both sides of the mem-
brane. This conformation is called occluded or closed and could be divided into substates:
outward occluded and inward occluded. Finally, the protein is open to the cytoplasm and
releases ions and substrates [18] (Figure 1, right panel).

Table 1. SLC6 family transporters are divided into four groups. The table presents transporter gene
names and main substrates. SLC6A10 is known as a pseudogene [11,13,19,20].

Transporter Group Human Gene Transporter Main Substrates
Name Name
SLC6A1 GAT-1 GABA
SLC6A6 TauT Taurine
SLC6AS8 CT-1 Creatine
GABA SLC6A10 CT-2 -
SLC6A11 GAT-3 GABA
SLC6A12 BGT-1 Betaine, GABA
SLC6A13 GAT-2 GABA
SLC6A2 NET Norepinephrine, dopamine
Monoamines SLC6A3 DAT Dopamine
SLC6A4 SERT Serotonin
SLC6A5 GLYT-2 Glycine
Neurotransmitter SLC6A7 PROT Proline
amino acids SLC6A9 GLYT-1 Glycine
SLC6A14 ATBO* Neutral, cationic amino acids
SLC6A15 BYAT2 Neutral amino acids
SLC6A16 NTT5 Unknown
. . . SLC6A17 NTT4 Neutral amino acids
Nutrient amino acids SLC6A18 BYAT3 Neutral amino acids
SLC6A19 BYAT1 Neutral amino acids

SLC6A20 SIT1 Proline, pipecolate, sarcosine
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Figure 1. The overall structure of the SLC6 family transporters and mechanism of action. Crystal
structure of dopamine transporter in outward-occluded conformation (PDB code: 4XPH). Helices
are represented as cartoons (left panel). Schematic representation of different conformational states
of transporters during transferring substrate (green sphere) and ions (yellow sphere) (right panel).
Proteins revealed outward open state, outward occluded, inward occluded and inward open confor-
mations [18,21].

The SLC6A6 gene is located on the 3p25.1 chromosome [22], whereas the human
CT-1 transporter is coded by X-linked gene (Xq28) [23]. The sequence comprises 620 and
635 amino acid residues, and protein weight is equal to 69.83 and 70.52 kDa for TauT and
CT-1, respectively [24,25]. The duplicated paralogue of SLC6A8 gene-SLC6A10 (CT-2),
which was noticed on chromosome 16p11.2, is known as a pseudogene and its function
needs further studies. Possibly, it could take part in regulation of SLC6AS8 expression [20].
The main substrate of SLC6A6 protein is taurine, which participates in osmoregulation,
bile acid conjugation, calcium level modulation anti-oxidation processes, and immunomod-
ulation [26-28]. Taurine also plays an important role in the nervous system functioning as
a GABA agonist and NMDA partial agonist through the glycine site [29,30]. For humans,
taurine is a non-essential amino acid which could be synthesized from methionine or
cysteine, or retrieved from dietary sources [31]. The main substrate of SLC6AS8 protein is
creatine, which plays a crucial role in the regulation of the cell’s energy level [32]. Creatine,
similarly to taurine, is synthesized in the human body in the liver and kidney but half of
the creatine organism’s demand originates from a diet [33]. The expression of the taurine
transporter was confirmed in several tissues. The highest level of TauT was observed in
the placenta and skeletal muscle. The intermediate expression intensity was observed in
the heart, brain, lung, kidney, and pancreas, and a low amount of TauT was found in the
liver [34]. Additionally, SLC6A6 transporter was noticed in leukocytes and retinal pigment
epithelium [34,35]. TauT was also confirmed in the epidermis [36]. Similarly, as TauT,
CT-1 was noticed in the skeletal muscle, heart, kidney, brain, colon, and prostate. SLC6A8
was also detected in the pyramidal neurons of the cerebral cortex or Purkinje cells in the
cerebellar cortex [25,37]. It is worth mentioning that expression of SLC6A10 (CT-2) was
noticed in the brain and testis. The exact role of this pseudogene is unclear; however, it is
suggested that it may take part in autism as non-coding RNA [20].
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3. Clinical Significance of SLC6A6 and SLC6AS8 Transporters

Transporters from the SLC6 family could play multiple physiological roles. They take
a part in neurotransmission, cell nutrition, and help in the maintenance of homeostasis.
Impairment of their function can be associated with severe disorders [11]. In the literature,
there were described diseases connected with mutations of TauT, such as Gly399Val and
Ala78Glu which are connected with childhood progressive retinal degeneration and car-
diomyopathy [38,39]. Studies published in 2021 showed that taurine transporter potentially
could be involved in myocardial dysfunction and dilated cardiomyopathy (DCM) [40]. This
analysis was connected with the identification of DCM-associated locus on chromosome
3p25.1 which encoded SLC6A6 gene, expressed among others in the heart [40]. The studies
on animals showed that mice with TauT knockout displayed dilated cardiomyopathy [41].
Lack of the taurine transporter also may increase sensitivity to stress and be responsible
for accelerated aging [41]. In other studies, the administration of taurine in mice with
Duchenne muscular dystrophy was useful in preventing late heart dysfunction [42]. On
the other hand, one of the most severe diseases connected with CT-1 transporter mutation
is X-linked creatine transporter deficiency (CTD) [43], which leads to cerebral creatine
deficiency syndrome (CCDS). Creatine is necessary for brain functioning, and its deficiency
could be associated with intellectual disorders, behavioural changes (ADHD, autism, so-
cial anxiety), language and walking development delay, problems with coordination, and
dystonia. Additionally, patients with CTD suffer from gastrointestinal problems (ulcers,
vomiting, constipation) as well as cardiomyopathy, ophthalmologic problems, and bladder
dysfunction [43,44]. There were noticed about 80 mutations which cause creatine trans-
porter deficiency syndrome [43]. Interestingly, Ala404Pro substitution is connected with
mild CTD, whereas Pro382Leu leads to severe symptoms [43]. In rats” CTD model with
Tyr389Cys mutation, the transporter is completely inactive [45]. Many SLC6AS8 mutations
cause folding defects [43]. In the case of impaired transport of creatine in the brain, the
treatment strategy could be supplying creatine analogues which penetrate the blood-brain
barrier, for example cyclocreatine, which is also CT-1 substrate [46]. Another disease, where
a low level of CT-1 was noticed is inflammatory bowel disease (IBD) [47]. It was studied
that CT-1 takes a part in wound healing and barrier formation in the intestinal epithelial
cells. Patients with IBD have a lower concentration of CT-1 mRNA in the colon tissues, in
comparison with the control, healthy patients. It may suggest that a lower level of CT-1
leads to the weaker barrier function of intestinal cells [47]. As it was described, severe
diseases can be caused by transporters mutation and decreased function. On the other
hand, overexpression and increased activity of SLC6A6 or SLC6AS proteins were described
in several types of cancer [48-51].

3.1. Taurine Transporter Overexpression in Cancer

Overexpression of the taurine transporter was noticed in a few types of cancers such
as gastric and colorectal cancer [48,49]. The connection between taurine transporter and
gastric cancer was evaluated using clinical outcomes and expression datasets, such as Gene
Expression Omnibus, The Cancer Genome Atlas, and Human Protein Atlas [48]. It was
found that expression of TauT was higher in gastric cancer tissue in comparison to the
normal tissues. Based on immunochemistry data, it was also noticed that the intensity
of SLC6A6 staining with anti-SLC6A6 antibodies was mostly stronger in cancer tissue in
comparison to the normal cells [48]. High expression of TauT was found to be connected
with poor prognosis and the factors such as advanced tumour stage, aggressive, especially
invasive cancer. It was suggested that taurine transporter could be a diagnostic marker or
potential biological target for anticancer agents [48].

Overexpression of taurine transporter was connected with colorectal cancer (CRC) pro-
gression [49]. As noticed before, this type of cancer is one of the most common neoplasms
in the world [1]. It was detected that overexpression of the SLC6A6 increases survival and
anti-apoptotic effects of CRC cells but does not influence their proliferation [49]. DNA
microarray analysis showed that the SLC6A6 gene was highly expressed in five CRC cell
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lines (SW480, LoVo, DLD1, HT-29, and HCT116). This effect was not observed in healthy
colonocytes [49]. Analysis of qPCR and ISH (in situ hybridization) was performed to
validate the candidate colorectal cancer markers. These studies indicated TauT (SLC6A6
gene) as a novel CRC-specific surface marker [49]. Further, to develop the pathological
role of the transporter in CRC, knockdown (KD) of the SLC6A6 gene in DLD1, HT-29, and
HCT-15 cell lines was performed. As a result, it was observed that taurine uptake was
significantly less effective in comparison to the control cell lines. The growth of tested
KD cells was significantly lower, but the cell cycle showed no clear differences. Authors
suggested that TauT takes a part in the regulation of the survival of CRC cells [49]. It
was tested how SLC6A6 signalling could influence the side population (SP) cells and their
cancer stem cell (CSC)-like properties [49]. It is known that treatment failure of CRC may
be associated with the appearance of chemotherapy-resistant CSC which could present
some anti-apoptotic properties [52]. In SLC6A6-KD cells, SP cells, which are characterized
by higher survival rates than other cells, as well as CSC markers (LGR5, ALDHI) were
diminished in comparison to the control. Additionally, the expression of colorectal cancer
markers was decreased in SLC6A6-KD lines. To evaluate the prosurvival role of the TauT,
Colo320DM cells were transfected with the SLC6A6 gene. The CRC cell line with high
expression (Hi) of the transporter presented increased taurine uptake in comparison to the
control. It was noticed that, in the late log phase, SLC6A6-Hi cells were growing, whereas
control cells did not survive [49]. In numbers, about 90% of CRC Hi cells lived, when about
80% of control cells died. Additionally, in contrast to the transporter KD cells, percentage
of SP cells was higher in the tested Hi lines [49]. TauT has an important role in the survival,
keeping of the CSC population and their properties. These findings suggest that taurine
transporter plays an important role in cancer development and could be a promising target
in novel CRC therapies [49].

TauT showed higher expression in cervical cancer (CC) tissue compared to normal
cervical samples [53]. Reduced miRNA level (miR-3156-3p) was identified in HPV-positive
CC tissue. Downregulation of miRNA was potentially involved in cell growth promo-
tion and lower apoptosis in HPV18-positive Hela cells, HPV16-positive SiHa, and Caski
cells [53]. The bioinformatic studies proposed that the SLC6A6 gene is a possible target for
miR-3156-3p. Western blot analysis showed that CC cells with over- or underexpression
of this miRNA exhibited a negative correlation with SLC6A6 level. Results suggest that
miR-3156-3p regulates the expression of the SLC6A6 at the post-transcriptional level. Addi-
tionally, it was found that SLC6A6 mRNA level was significantly higher in HPV-positive
CC samples, in comparison to the normal cells [53]. Therefore, TauT could play a significant
role in the development of cervical carcinoma. However, its exact role in this process
requires future studies [53].

As noticed above, taurine transporter possibly makes a contribution to colon cancer
development through its prosurvival and anti-apoptotic properties [49]. Overexpression
of SLC6A6 was found also in gastric cancer, which was connected with poor prognosis,
advanced tumour stage, and aggressiveness of cancer [48]. The role of TauT in the devel-
opment and progression of tumours needs further studies, although the application of its
inhibitors seems to be a novel potential therapeutic strategy, especially in colon cancer.
An invention with monoclonal antibodies was also proposed, possibly conjugated with
anticancer agents, which could recognize the extracellular domain of SLC6A6 [54].

3.2. Creatine Transporter Contribution in Cancer

The altered level and activity of creatine transporter can be connected with tumour
development. Analysis of literature data showed that an elevated level of SLC6A8 was
noticed in breast [55], non-small cell lung [50] or hepatocellular cancers [56]. In clinical
trials, inhibition of CT-1 is tested for the treatment of colorectal carcinoma [57]. These
findings indicate that the transporter is a suitable biological target for anticancer agents.

Creatine transporter was found to be overexpressed in the most aggressive subtype of
breast cancer (BC)—triple-negative (TNBC), which is connected with poor prognosis [55].
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TNBC is a neoplasm without the expression of receptors for oestrogens and progesterone
and without amplification of human epidermal growth factor receptor 2 (HER2) [58]. It
was observed that the level of CT-1 was associated with advanced tumour development,
histological grade, and low condition of patients [55]. These effects possibly are caused
by the anti-oxidant activity of the main substrate of CT-1. The fast-growing tumour often
presents hypoxic regions which could be associated with the production of reactive oxygen
species (ROS). A low level of ROS is related to cancer progression: angiogenesis and
metastasis while a high level of ROS leads to cancer cell death [59]. Data analysis showed
that the SLC6AS8 gene was upregulated under hypoxia, which suggests that creatine can
function as an antioxidant molecule in cancer cells [55]. In hypoxic TNBC cells, the activity
of SLC6A8 mediated intracellular accumulation of creatine, which caused survival of cancer
and decreased apoptosis by keeping homeostasis [55]. Creatine possibly takes a part in
the protection of cells under hypoxic conditions by activating the AKT-ERK1/2 signalling
pathway. It leads to upregulation of pro-survival Ki-67, Bcl-2, and downregulation of
proapoptotic Bax protein [55]. Studies showed that the expression of the transporter
under hypoxic conditions was regulated by p65/NF-kB. Tests on TNBC lines with silenced
p65/NF-«B showed reduction of SLC6AS8 expression. It was claimed that upregulation
of SLC6AS leads to higher creatine usage. Studies on cell models with inactive SLC6A8
transporter presented low intracellular creatine concentration [55]. To evaluate the cancer-
promoting features of creatine, the cancer cell lines MDA-MB-231 with functional and
nonfunctional SLC6A8 were orthotopically inoculated into mice. Animals before and
during the procedure were supplemented by creatine solution injected intraperitoneally.
These in vivo studies showed that mice injected with tumour cells with functional SLC6AS8
presented severe disease and a higher amount of intratumour creatine as well as lower
ROS levels [55]. Authors concluded that overexpression of SLC6AS8 induced by hypoxic
condition leads to intratumoral accumulation of creatine and helps in keeping redox
homeostasis. These effects are connected with TNBC cell growing and survival [55].
Described studies showed that inhibition of CT-1 is a promising therapeutic option for the
treatment of TNBC with high levels of SLC6AS [55].

Interesting results were published in 2021. It was shown that therapeutic targeting
of creatine transporter suppresses colon cancer progression and modulates creatine lev-
els [57]. The studies evaluated compound RGX-202 (ompenaclid) which mimics creatine
and competitively inhibits its transport by CT-1. The biological activity of RGX-202 was
checked in wild-type mice and SLC6A8 knockout mice. An animal model with SLC6AS8
knockout showed an undetectable level of d3-creatine in the heart tissue, while in WT
the uptake of substrate was inhibited by RGX-202 in 75%. These findings proved ligand
activity [57]. Following, it was checked how the inhibitor influenced CT-1 in tumour cells.
The compound suppressed tumoral transport of labelled creatine by 50% in pancreatic
tumour-bearing mice. In highly metastatic colorectal cancer cell lines (LS174T Lvm3b)
under hypoxia condition, the inhibitor led to the significant reduction of the amount of
phosphocreatine, which is the source of high-energy phosphate [57]. A low level of intracel-
lular creatine or its phosphate derivative was connected with a reduced ATP level. ATP and
phosphocreatine are necessary for the growth and progression of the tumour under hypoxic
conditions [57]. In Lvm3b cancer cells, RGX-202 leads to the suppression of CRC growth.
In animal models, the administration of the drug caused tumour growth inhibition (TGI).
Lvm3b with KRAS oncogene mutation (G12D), which is a highly aggressive and metastatic
cancer, were implanted subcutaneously into athymic nude mice. Oral treatment with
RGX-202 began after tumours were bigger than 30 mm?3. Inhibitors led to about 50% of TGI
upon obtaining by cancer size above 500 mm?>. Treatment improved survival of mice, from
23 to 48 days. In one among nine animals, cancer presented a complete regression response.
Similar observations were noticed in the case of implanted HT29 cells: regression in case of
large size of cancer (>900 mm?) and prolonged mice lives. Additionally, it was noticed that
drug treatment increased tumour cell apoptosis. In the PDX (patient-derived xenograft)
studies, the compound showed antitumour effects against several CRC subtypes [57].
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In further studies, it was proved that CT-1 inhibition can give synergistic effects with
5-fluorouracil or leflunomide. The combination of RGX-202/5-FU led to a 99% reduction
in cancer cell growth and enhanced mice survival [57]. RGX-202 was pharmaceutically
optimized and under the name RGX-202-01 is currently being investigated in the first
phase of clinical trials alone and in a combination with FOLFIRI with or without beva-
cizumab [57,60]. It was noticed that ligand increased the level of creatine in the serum
and urine in patients with gastrointestinal cancer [57]. Inhibiting CT-1 and decreasing the
intracellular level of creatine lead to the suppression of the cancer cell development. These
findings strongly proved that the SLC6AS transporter is a potential biological target for
colorectal cancer therapy:.

During other studies, the bioinformatic analysis allowed to claim that in non-small
cell lung cancer (NSCLC), the level of SLC6A8 was increased, and it was related to poor
prognosis [50]. In several probes of NSCLC, high impact of the transporter was detected in
comparison to the normal epithelial cells. Moreover, it was noticed that overexpression of
creatine transporter promotes in vitro proliferation, migration, and invasion of NSCLC [50].
Non-small cell lung cancer lines H1299 with knockdown of SLC6AS8 presented inhibited
proliferation, whereas overexpression of SLC6A8 in H520 lines was connected with induced
proliferation. Downregulation or upregulation of SLC6AS8 activity influenced different
cell cycle stages of cancer: G1 and S, respectively [50]. It was detected that H1299 cells
with silenced CT-1 revealed reduced migration and invasion properties. Overexpression
of SLC6AS8 was correlated with high level of the invasion and migration factor—matrix
metalloproteinase-9 (MMP9) [61], whereas lack of SLC6AS8 gene led to downregulation of
MMP?9 protein [50]. Interestingly, promoting a progression could be connected with the
notch signalling pathway as well as E-cadherin [50]. Therefore, blocking SLC6AS activity
in NSCLC cell lines by inhibitors seems to be an interesting field for biological studies.

The data analysis presented an abnormal SLC6A8 expression level in lung adenocarci-
noma (LUAD) [51]. It was suggested that overexpression of CT-1 in LUAD is connected
with poor prognosis. CT-1 possibly could be used as a cancer prognostic biomarker [51].
Creatine transporter may be a potential target in the treatment of hepatocellular cancer [56].
Study on human hepatocellular carcinoma cells (Huh-7 and Hep3B) with knockdown of
the SLC6A8 gene showed that the lack of transporter leads to decrease of proliferation,
induction of apoptosis, blockage of cell migration, and invasion [56]. The effect of CT-1
silencing is important in potential carcinoma therapy [56].

Literature data confirm that taurine and creatine transporter can be considered as
targets in the treatment of several diseases. Diminished activity of TauT and CT-1 is mainly
observed in genetic disorders [40,43,44], whereas overexpression could be associated with
several types of cancers [48-51,55] (Table 2). The most important case to utilize both trans-
porters as targets could be colorectal cancer, especially the one with poor prognosis [1].
Overexpression and over-activity of SLC6A6 transporter leads to survival of cancer cells.
In the case of CT-1, inhibiting the transport of its substrate leads to tumour growth suppres-
sion [49,57]. Modifying activity of SLC6AS by inhibitors may be tested in TNBC cells as
well as NSCLC [50,55]. The exact roles of TauT and its overexpression in the development of
cervical and gastric cancer need further studies (Table 2). Generally, decreasing the activity
of taurine and creatine transporters could be a promising approach in antitumour therapy.
As mentioned, an inhibitor of SLC6A8-RGX-202-01 is tested against gastrointestinal tract
cancer, which proves the utility of such compounds [57]. There are known several groups
of inhibitors, but novel compounds are expected to be developed and tested.
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Table 2. Taurine and creatine transporters are associated with several types of cancer.

=
=

Gene Name Transporter Name Type of Cancer

Gastric cancer
SLC6A6 Taurine transporter Colorectal cancer (CRC)
Cervical cancer (CC)

ol | e

Triple-negative breast cancer (TNBC)
Colorectal cancer (CRC)

SLC6AS8 Creatine transporter Non-small cell lung cancer (NSCLC)
Lung adenocarcinoma (LUAD)
Hepatocellular cancer

Q1 U1 U1
QN —m O N U1 | WO

,_,,_,,_,_,,_,,_,_”_,
e e | —

Q1

4. Inhibitors of Taurine and Creatine Transporters

The first ligands of SLC6A6 and SLC6A8 were proposed in the 20th century [62,63]. In
the beginning, the impact of natural substrates and their analogues was checked [62,64].
Over the years scientists developed and tested ligands with more complex structures
than simple analogues of substrates. Among them, there were compounds with aliphatic
or aromatic rings, acidic groups (carboxy, sulfate, phosphate) and basic amines [65,60].
Ligands showed different biological activity in the micro or millimolar concentration range,
although only one inhibitor of creatine transporter was tested against cancer (RGX-202)
in clinical trials [57]. There is limited information about biological activity on carcinoma
cells or animal models for other ligands, but we hope that this is a promising field to study
and some of the known compounds will be useful in the development of novel, potential
anticancer agents.

4.1. Ligands of Taurine Transporter

Analysis of SLC6A6 ligands, their structure, and biological activity may help in the dis-
covery of new taurine transporter inhibitors. Taurine is 3-amino acid (2-aminoethanosulfonic
acid) which plays a crucial role in nervous system development [29]. TauT takes the major
role in taurine transport, although transporters GAT-2 (SLC6A13) and PAT1 (SLC36A1)
help in the taurine delivery system [66]. Here, we present the most important ligands of
taurine transporter described in the literature. In 2019, it was investigated how GABA and
taurine analogues influence [*H]-taurine uptake using HEK293 cells [66]. Tested ligands
contained acidic moiety, carbon linker, and an amine group. As shown in Figure 2, P4S
(piperidine-4-sulfonic acid), I4AA (imidazole-4-acetatic acid), and MMT (N-methyltaurine)
showed stronger effect on transporter than GABA. It was claimed that the activity of [4AA
and MTT might be connected with their cytotoxic effects [66]. The decreasing inhibition
of taurine transport was observed in the following order: P4S > [4AA > MMT > 2AEP (2-
aminoethylphosphonic acid) > 5AVA (5-aminovaleric acid) > EOS (2-aminoethylhydrogen
sulfate) > homotaurine > BABA (f3-aminobutyric acid) > PYR (3-pyridinesulfonic acid)
(Figure 2). There was no influence on TauT in the case of CAHS (cis 2-aminocyclohexane-
carboxylic acid), isonicotinic acid, metanilic acid, and sulfanilic acid (not shown) [66].

In 2016, it was investigated how GABA-mimetics interacted with TauT (Figure 3) [67].
The [*H]-taurine uptake (Figure 3) was measured and described based on the SKPT lines.
It was found that the reduction of molecule flexibility led to significantly decreased or
lack of inhibitory activity. This effect was observed in case of comparing nipecotic acid
(IC5p = 2.02 mM) and guvacine (IC59 = 4.19 mM) to 3-alanine (ICsy = 0.04 mM) as well as
for isonipecotic acid (uptake inhibition 2%, not significant—n.s.), gabapentin (22%, n.s.),
isoguvacine (58% in 25 mM screening concentration), and gaboxadol (IC5y = 39.91 mM)
while compared to GABA (IC5yp = 1.07 mM). The other non-cyclic derivatives, such as
aminolevulinic acid, received ICs( at the level of 4.94 mM [67].



Int. J. Mol. Sci. 2023, 24, 3788

9 of 20

0]

. OH 0 Q 570
HZN/\/S\\ /\)J\ HQN\/\)J\ OH
o} HoN OH OH HN

Taurine [-alanine GABA
ICs0=2.9 uM ICs0 = 44.5 uM ICs0=1014 uM P4S
ICs0 =582 uM
0] o) @)
/=N O \ _OH \ _OH
HN 7 ~ /\/S\ /\/P\/ /\/\)J\
I4AA, TAA MMT 2AEP 5AVA
ICs0 =785 uM ICs0 = 992 uM ICs0 =1228 uM ICs0 = 1420 uM
@)
O]
H,N O\\S/OH H,N O\\S/OH J\)OJ\ N
2 - 2
~"0 \\O ~ \b HN OH | P OH
EOS Homotaurine BABA N
PYR

ICs0 = 2714 uM ICs0 = 3433 UM ICs0 = 4393 UM

ICs0 =5378 uM

Figure 2. Structures of substrate analogues of taurine transporter. Their biological activity was
determined by [*H]-taurine uptake using HEK293 cells producing TauT-GFP (green fluorescent
protein) and expressed as ICs( values [66].

HN™ S oH HZN/\H/\)J\OH
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Gaboxadol
ICs0=39.91 mM

0]
HN OH

Aminolevulinic acid
1Cs0 =4.94 mM

Guvacine
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Nipecotic acid
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Figure 3. Structure of GABA and (3-alanine analogues tested against TauT. Their biological activity
was determined by [®H]-taurine uptake using SKPT cells and expressed as ICsy values. Compounds
are sorted according to the increasing ICsq values [67].

In 2017, compounds with five-membered rings were tested against TauT [68] (Figure 4).
Their ability to influence taurine uptake was checked with the ARPE-19 cells (sponta-
neously arising retinal epithelial cells). A significant impact on TauT was observed for [4AA
(Figure 2), this effect was comparable to the one of GABA (75% and 76% taurine uptake inhi-
bition, respectively). Low, 28% uptake inhibition was obtained for thiomuscimol (Figure 4),
whereas uptake was not changed significantly in the case of THIP (gaboxadol, Figure 3)
and its analogue-aza-THIP (4,5,6,7-tetrahydropyrazolo [5,4-c]pyridine-3-ol)(inhibition of
14% for both compounds) [68].

57N
Thiomuscimol
28% *
Figure 4. SLC6A6 ligand-thiomuscimol and impact of this GABA analogue on the taurine influx in
APRE-19 cells. * Percent of inhibition of taurine uptake in 2 mM screening concentration [68].

In 2022, taurine uptake was tested by TM4-mouse Sertoli cells, which formed a
blood-testis barrier [69]. Taurine transport was significantly reduced by 3-alanine (95.3%
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uptake inhibition), hypotaurine (86.7%), GABA (76.7%), and GAA (42.7%). No significant
biological activity was observed for probenecid [69]. Figure 5 presents two of the tested
compounds.

N \)OJ\
I HoN. N
S< 2
H,N~ > 0H WNfH OH
Hypotaurine GAA (guanidinoacetic acid)
86.7% 42.7%

Figure 5. Ligands of SLC6A6 transporter. Biological activity of compounds was expressed as
inhibition percentage of [®H]-taurine uptake using TM4 cells in 1 mM screening concentration [69].

To summarize, it is worth to discuss the structure of all TauT ligands. Results presented
by different research groups have revealed so far that the best inhibitors for TauT are f3-
alanine and GABA linear analogues, especially the first ones which have two atom linkers
between acidic and basic groups [66]. Active-flexible ligands were 2AEP, 5AVA, and EOS
with ICsg values of 1228 uM, 1420 uM, and 2714 uM, respectively. More branched structure
compounds, such as BABA and aminolevulinic acid, showed inhibitory activity at the level
of 4.3 and 4.9 mM, respectively [66,67] (Figures 2 and 3) Additionally, small compounds
such as hypotaurine and GAA significantly modify taurine transport (86.7 and 42.7%
uptake inhibition in 1mM concentration screening) [69] (Figure 5). Ligand with amine
group in the cyclic ring presented activity as follows: P4S and nipecotic acid: ICsp = 528 uM
and 2.02 mM, respectively (Figures 2 and 3), whereas GABA analogue with cyclic ring-
gabapentin was inactive similarly as cyclic alanine analogue—CAHS [66,67] (not shown).
Compounds with five-membered rings in the core showed different effects. [4AA with
free carboxy group has activity compared to GABA, further thiomuscimol presents 28%
taurine uptake inhibition in 2 mM screening concentration, whereas muscimol was inactive
(Figures 2 and 4). It is worthy to notice that compound I4AA was cytotoxic [66,68]. The
presence of an aromatic ring is not optimal for TauT ligands in the case of isonicotinic
acid, metanilic acid, and sulfanilic acid (not shown). Additionally, PYR, which has a
pyrimidine ring, presents inhibitory activity with ICsy above 5 mM [66] (Figure 2). It was
tested that probenecid with a benzoic acid core does not significantly influence taurine
transport [69]. Two-ring cores, in compounds such as THIP (gaboxadol) or aza-THIP also
were unbeneficial [67,68] (Figure 3). It seems that, for new ligands, a linear structure or
cyclic one with the incorporated basic group would be suitable. The possible way for the
development of new taurine transporter inhibitors is to use a small five-membered ring as
a core. Moreover, a basic group (primary or secondary amine or guanidine) and an acidic
group (carboxyl, sulphate, or phosphate substituent) are necessary. Literature analysis
showed that several ligands were tested against the SLC6A6 transporter. Possibly, some
of them could have antineoplastic properties, but there is no evidence about that in the
literature, and further studies are needed.

4.2. Ligands of the Creatine Transporter

Blocking the CT-1 activity can be used in the treatment of colorectal cancer [57].
Analysis of available inhibitors could help in new drug discovery studies. Here, we present
the most important compounds tested against SLC6AS8 protein.

Over the years, scientists have been interested in how different substances could
modify creatine transport [62]. In 1999, a series of compounds was tested against CT-1,
and it was found that uptake of creatine was inhibited by 3-GPA (3-guanidinopropionic
acid), cyclocreatine, y-guanidinobutyric acid (y-GBA), amiloride, and guanidinoethane
sulfonic acid (GES). Their inhibitory activities (ICs) were as follows: 44.4 uM, 369.8 uM,
697.9 uM, 2458.5 uM, and 2754.1 uM, respectively (Figure 6). Creatine was characterized
by obtained Ky, of 20 uM [70]. In 2016, several compounds were proposed as inhibitors



Int. J. Mol. Sci. 2023, 24, 3788

11 of 20

Creatine
Kn = 02 mM

NH
J\ OH
Yy

GAA
ICs0 =712 uM

of creatine kinase or creatine transporter. It was tested how they inhibited creatine trans-
port in heart tissue. The most effective were compounds 219 and 258, which blocked
substrate transport in about 80% and 72% [71] (Figure 7). In 2018, ATPCA (2-amino-1,4,5,6-
tetrahydropyrimidine-5-carboxylic acid), which is known BGT-1 substrate and inhibitor, as
well as 3-guanidinopropionic acid were investigated toward the influence on the SLC6A8
activity [72]. Studies showed inhibitory potency with ICs, values of 66 and 8.8 uM, respec-
tively. The observed activity is an effect of the presence of carboxy and guanidino groups
separated by two or three atoms, which is characteristic for reported SLC6AS ligands [72]
(Figures 6 and 7). The most important inhibitor of SLC6AS is RGX-202 (3-GPA or 3-GPA),
due to its biological activity (Figure 6). RGX-202 was described as an oral small-molecule
CT-1 inhibitor which is potent both in vitro and in vivo [57]. It showed multiple biological
activities: it caused the reduction of phosphocreatine and ATP intracellular levels, induced
tumour apoptosis, and in combination with 5-fluorouracil/leflunomide led to significant tu-
mour regression [57]. Ligand RGX-202 was pharmaceutically optimized and as RGX-202-01
is tested against colorectal cancer in clinical trials [10].

HN OH OH
H,N N/\)J\OH )Q)k HN \/,N/ﬁ(
H H,N~ N o)
Beta-GPA, RGX-202, 3GPA ATPCA Cyclocreatine
ICs0 =8.8 uM ICs0 = 66 uM ICs0 =369 uM
O NH O
NH 0]
)J\ N Cl \ _OH
OH H->N N = S
ﬁ : Hk/[\ T oy
H
H,N” N H,N" N7 NH,
1 Amiloride GES
ICs0 = 675 UM ICs0 = 2458 puM ICs0 = 2754 uM

Figure 6. Creatine analogues tested against SLC6AS transporter. Biological activity of compounds is
expressed as ICsq values [70,72,73].

i)\ )NJ\H o] NH O CF3; NH
HO N NH, H05 C /<NH2 HO N NH,
219 258 261
79.0% 71.8% 24.7%

Figure 7. Creatine analogues tested against CT-1. Biological activity of compounds is expressed as
inhibition percentage of creatine-d; uptake [71].

Based on described CT-1 ligands, we found that compound 3-GPA is the most ef-
fective inhibitor of this transporter (ICsy = 44 uM [70], or 9 uM [72]). ATPCA, which is
a tetrahydropyrimidine derivative, showed less favorable IC5y = 66 uM [72] (Figure 6).
Interestingly, ATPCA is more active than its analogue 1, which has amidine group in the
place of ATPCA guanidine group [72] (Figure 6). In comparison with creatine, these ligands
contain one additional carbon atom between the basic and carboxy group, which is impor-
tant for ligands of CT-1. The same relationship was also observed for 3-GPA and GAA
(IC50 =712 uM) (Figure 6) [72,73]. Similar results were noticed for compounds 219 and 258.
It was found that the analogues of 3-GPA with trifluoromethyl (261) (Figure 7), amine, or
ethyl, substituents did not significantly inhibit creatine transport [71]. Amiloride and GES
obtained ICs5y above 2 mM (Figure 6). Describing their structure, amiloride has a pyrazine
ring with amine substituents in the core with adjusted carbonylguanidine group, whereas
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GES contains a sulfate group isolated from a guanidine group by a two-atom linker [70]. It
is interesting how this change influences the ligands’ activity because GES has the basic
group isolated from acidic by a two-atom linker, as like the most active compound (3-GPA,
but revealed low biological activity, in the same range as more branched and devoid of
acidic group amiloride [70,72] (Figure 6). Improvement of inhibitor structure and activity
seems to be an interesting challenge for medicinal chemists.

5. Experimental Data in the Development of Novel Ligands

The first ligands of taurine and creatine transporters were discovered by classical
methods in the 20th century [62,63,66,72]. Novel drugs could be proposed based on the
knowledge of the structure of the biological target [74]. The exact 3D structures of TauT and
CT-1 are unknown, and information about them would be helpful for the design of potential
selective inhibitors and the prediction of their binding modes [24,25,75]. The overall
structure of SLC6 family members could be described based on the records deposited in
UniProt and Protein Data Bank (PDB) [76,77]. In the UniProt database, there was added
information about amino acid sequences of all transporters from the SLC6 family from
different organisms, including TauT and CT-1. Similarities between protein sequences were
analyzed in the past by Beauming et al. and other groups [16,78-83]. In PDB there were
deposited spatial structures of selected transporters, such as Aquifex aeolicus LeuT [16,84-99],
Drosphila DAT [21,100-102], human SERT [15,103-106], GlyT-1 [107], GAT-1 [108], and
BYAT1[109]. Knowledge about structures of family members such as LeuT or DAT and their
sequences allows for homology modelling of taurine and creatine transporters. Therefore,
some possible models of CT-1 [80] or TauT [38,39] were proposed. Additionally, models of
SLC6A6 and SLC6AS8 were obtained by AlphaFold—the artificial intelligence approach [75].
Based on all this information, it is possible to describe potential spatial structures and
important residues for transport by TauT and CT-1. These data could be helpful in novel,
selective ligands development.

5.1. The Overall Structure of SLC6 Family Transporters

The overall structure of SLC6 family proteins, including SLC6A6 and SLC6AS, could
be described as follows: they consist of 12 transmembrane helices with N- and C-termini
located intracellularly [18] (Figure 1, left panel). Domains 1-10 create the core of the
transporters. TM1-5 and TM6-10 were related by a pseudo-two-fold axis. The x-carbons of
130 residues from helices 1-5 could be overlaid to the atoms from helices 6-10 by rotation
of 176.5° [16]. The extracellular surface of proteins is created by loops EL2, EL4, and EL6
which connect pairs of domains 3—4, 7-8, 11-12, respectively. Loop EL4 contains helical
fragments and a creates V-shaped structure. Toward cytoplasm IL1 and IL5, which link
helices 2 and 3, 10 and 11, respectively, are directed [15,16]. The transporter activity is
conjugated with the ion gradient [17]. TauT and CT-1 for activity require two Na* ions and
one Cl~ ion per each substrate molecule [14,66]. During the uptake, the transporter adopts
three main conformations: outward—open, occluded, and inward-open (Figure 1, right
panel). The first place where substrates and inhibitors bind is the extracellular vestibule,
called the S2 site [18]. This place is created mainly by unconserved residues. Below the S2
site, there is the extracellular gate and deeper orthosteric binding site (51). Access to the S1
site from the cytoplasm is regulated by intracellular gate [18].

In detail, first, outward—open conformation is observed: the protein opens to the
extracellular environment and can bind ions and substrates [18]. The residues which form
pairs of the extracellular gate are distant from one another. In the TauT and CT-1 trans-
porters, the extracellular gate is created by pairs: Arg77-Asp474 (TM1-TM10, upper part
of gate) and Tyr148-Phe315 (TM3-TMS§, the lower part of the gate) residues (numeration
for SLC6AS8) [24,25,75]. The binding sites for sodium (TM2, TM6-TM?7) and chloride ions
(TM1, TM6-TMS) are highly conserved among transporters [18]; we observed that only
Ala69 from CT-1 is replaced by Phe58 in TauT. The S1 site is located between TM1 (Phe68,
Gly71, Leu72, Gly73), TM3 (Cys144), TM6 (Ala318, Leu321), and TMS8 (Gly421) (Figure §,
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left and middle panel). Residues Phe68, Cys144, and Gly421 from the S1 site of creatine
transporter, which are changed to Gly57, Leul34, Glu406 in case of TauT [24,25,75,78] (not
shown), may have an important contribution for ligand binding. When substrates and
ions are inside the transporter, residues from the extracellular gate draw together and the
transporter is blocked. This conformation is called occluded or closed and could be divided
into outward-occluded and inward-occluded states [18] (Figure 1, right panel). There is no
information about exact taurine binding, although homology modelling studies allowed to
propose binding mode of creatine. In the case of CT-1, the main substrate possibly interacts
with the transporter as follows: guanidine moiety is near Tyr148, Phe315, and creates a
salt bridge with deprotonated Cys144 residue. The carboxy group of creatine interacts
with the main chains of Gly71 and Gly73, a hydroxy moiety of Tyr148 and sodium ion [80].
Analogical orientation in space and interactions are observed in the crystal structure of
LeuT in a complex with leucine: the carboxy group interacts with a sodium ion, the main
chains of Leu25, Gly26, and Tyr108, whereas the amine group is near Ala22, Phe253, Thr254.
The aliphatic chain of leucine interacts with a hydrophobic pocket of LeuT, composed of
Val104, Tyr108, Phe253, Phe259, and 11e359 [16] (Figure 8, right panel). In the last step,
when substrates move through the transporter, interactions between residues from the
intracellular gate break and substrates are released into the intracellular space [18].
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Figure 8. Spatial structure of transporters from SLC6 family in occluded conformation. Structure
of creatine transporter was proposed by AlphaFold and analyzed in PyMOL: overall structure
of CT-1 with selected residues (left panel), CT-1 binding site (middle panel). Binding mode of
leucine within LeuT, PDB code: 2A65 (right panel). Residues coloured: blue—S2 site, yellow—
extracellular gate, green—SI1 site, navy blue—sodium ions binding site, pink—intracellular gate.
Purple—leucine [18,75].

It was proposed that for ligand selectivity of CT-1 transporter, two features are respon-
sible: the presence of m—helix in TM10 and deprotonation of Cys144 [80]. It was noticed that
the lack of 7-helix in TM10 in SERT could determine ligand selectivity. Cys144 in the TM3
could stabilize the binding of guanidine moiety, whereas the carboxy group of creatine
interacts with Gly73 and sodium ion. Between Cys144 and Na+ exists a dipole moment
which leads to the proper orientation of ligands in the binding site [80]. As noticed above,
residues from S1 site—Phe68, Cys144, Gly421—are replaced by Gly57, Leu134, Glu406 in
TauT. Moreover, Ala69 residue in the S2 site from CT-1 is changed to Phe58 in the TauT.
Substitution by small, aliphatic, or neutral residues to the amino acids with aromatic rings
or acidic properties leads to differences in the binding site volume and polarity, which may
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be responsible for ligand selectivity. The importance of the selected residues was evaluated
by mutagenesis studies [82,110,111].

5.2. Mutagenesis Studies on Taurine and Creatine Transporter

To discuss the role of specified residues of taurine and creatine transports, mutagenesis
studies were performed [82,110,111]. Results of such experiments help in the explanation
of the role of selected amino acids in the substrate selectivity and transport [82]. Addi-
tionally, biological studies and knowledge about the transporter structures may support
the explanation of the roles of mutations in genetic diseases [40,43,44]. It is known that
some mutations could lead to the higher or lower activity of proteins [112]. Therefore,
we presented information about residue changes in TauT and CT-1 and their impact on
substrate transfer.

Taurine transporter is described as an “honorary” GABA-transporter; it has a much
lower affinity for GABA than GATs [82,113]. To determine the mechanism for substrate
recognition mutagenesis, studies were performed. Residues such as Gly57, Phe58, Leu306,
and Glu406 could take a part in the substrate transport and recognition [82]. Alignment
analysis showed that these residues are conserved in TauT from human and other mam-
malian species. The above-mentioned four residues were different between BGT-1 and
TauT. First, the mutagenesis analysis showed that substitution: G57E, F58I, L306Q, and
E406C caused no detected changes in amounts of protein expression at the membrane
of oocytes [82]. It was found that these four mutations lead to a decrease in [*H]taurine
reuptake. TauT with G57E mutation presents a significant reduction in [*H]taurine and
[*HJGABA uptake (reduction of 99.98% and 91.8%) in comparison to the WT transporter
activity [82]. E406C mutation led to a significant increase of [PH]|GABA uptake (3.7-fold)
in comparison to the WT. This analysis suggests that Gly57 is a crucial amino acid for
substrate interaction and transport. On the other hand, Glu406 would be responsible for the
substrate specificity of the transporter [82]. Increased affinity for GABA in E406C mutants
would be connected with the fact that transporters for GABA (BGT-1, GAT-2, and GAT-3)
have cysteine in place of glutamic acid [82]. Analogically, the F58] mutant caused a higher
affinity of GABA. It was suggested that Phe-to-Ile mutation reduced the bulkiness of the
Phe aromatic ring, and in this way increased access of GABA to the transporter binding
site [82]. The side chain of Phe58 probably could decrease the volume in the ligand binding
site. Leu306 regulates substrate recognition because the L306Q mutant decreased taurine
affinity and increased GABA, respectively [82]. Mutation A78E caused the decreased ac-
tivity of the transporter about 95% in comparison to the WT, which was connected with
retinal degeneration [39]. Molecular modelling analysis showed that this change potentially
caused the rigidifying TauT structure by a salt bridge between Arg284 and Glu78 [39].

As in the case of TauT, the structure of creatine transporter was analyzed. The attention
was paid to Cys144 (TM3), which seems to be crucial for CT-1 ligands selectivity. In GABA
transporters, this residue is substituted by leucine [80]. To check which residues are
responsible for the ligand selectivity of CT-1, mutagenesis studies were performed [110].
The uptake of GABA and creatine was tested in CT-1 with some residues from S1 replaced
by the corresponding ones from GAT-1: Phe68 by Tyr (TM1), Cys144 by Leu (TM3), Ala318
by Gly (TM6), and Gly421 by Thr (TMS8) [110]. It was noticed that a combination of two or
three substitutions could change ligand selectivity from taurine-selective to GABA-selective
properties. The lowest creatine uptake among single mutants showed Cys-to-Leu mutant.
This substitution in combination with F68Y and A318G led to ~10-fold higher GABA
transport than in the case of wild type [110].

In other studies, C1445/A /L mutations also showed the importance of this residue,
because substitution leads to the lower uptake of ['4C]creatine [111]. C144L was suggested
to lose transporter activity in the case of creatine (15% activity of WT). In presence of GABA,
the uptake of creatine by cells was reduced of 62.8% for the C144L mutant in comparison
to the wild type of CT-1. It was checked that MTSEA (2-aminoethylmethanosulfonate)
inhibits the activity of CT-1 at the level of 95%, which proved that cysteine is present in
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the CT-1 water accessible site. It was also claimed that the C144S mutant was resistant to
MTSEA and revealed about 70% of the activity of WT [111]. Creatine in the presence of
sodium and chloride ions prevent CT-1 inactivation by MTSEA, which could suggest that
protection is connected with the transport of substrate [111].

These results showed how important experimental crystallographic and mutagenesis
studies are in protein analysis. Changes in amino acid sequence help explain which
residues are the most important for ligand recognition or transport [82,110,111]. Based on
the information from 3D models and mutagenesis studies, it seems that for TauT activity,
residues such as Gly57, Phe58, Leul34, and Glu406 are important, whereas in CT-1 the
significant residues seem to be Phe68, Cys144, Gly421. This information will be helpful in
the development of novel, selective ligands for both transporters [75,82,110,111]. The role
of some mutations in genetic disorders needs further studies.

6. Conclusions

Taurine (SLC6A6) and creatine (SLC6AS) transporters belong to the GABA transporter
group, from the SLC6 family. They are responsible for the transport of nutrients and
osmolytes [17]. Analysis of literature data demonstrates that inhibition of these transporters
could be a potential strategy for cancer treatment (Table 2). The overexpression of taurine
transporter was noticed in gastric, colorectal, or cervical cancers [48,49,53]. In CRC, TauT
promoted survival and prevented apoptosis of cancer cells [49]. The effect of silencing the
transporter with some inhibitors should be evaluated. The exact role of SLC6A6 transporter
in gastric and cervical cancer requires further studies. A high level of CT-1 was detected in
triple-negative breast cancer, hepatocellular, or non-small cell lung cancers [50,55,56]. In
TNBC, overexpression of creatine transporter under hypoxic conditions and accumulation
of creatine led to cell growth and survival [55]. On the other hand, blocking of SLC6A8
delayed cancer progression, and one inhibitor of this transporter (RGX-202) is tested in the
treatment of advanced colorectal cancer in the first phase of clinical trials [57]. However,
the pool of known inhibitors of taurine or creatine transporters is limited. Compounds
which bind to the TauT or CT-1 transporters mimic the substrates—taurine or creatine,
respectively [62,66,67,71]. The structure of new TauT ligands could be linear or cyclic, in
the latter case with an amine group incorporated into the ring. Possibly, large fragments
are not beneficial in the structure of taurine transporter ligands. Similarly, in the case of the
creatine transporter, the basic and acidic groups as well as the suitable conformation of the
ligand is needed. The exact 3D structures of the discussed transporter are unknown, but
the availability of models and mutagenesis studies could be helpful in the development
of new ligands [39,75,80]. To propose novel active compounds, in silico methods could be
applied. At this moment, finding potent inhibitors of SLC6A6 and SLC6AS8, which may be
tested in cancer cell lines, seems to be a challenge for scientists. Concluding, inhibition of
taurine or creatine transporters could be a promising strategy in anticancer therapy, and
therefore it is worth further detailed investigations.
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