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Abstract

Transmembrane 4 L6 family member 5 (TM4SF5) is a tetraspanin that has four transmembrane domains and can be N-
glycosylated and palmitoylated. These posttranslational modifications of TM4SF5 enable homophilic or heterophilic
binding to diverse membrane proteins and receptors, including growth factor receptors, integrins, and tetraspanins. As
a member of the tetraspanin family, TM4SF5 promotes protein-protein complexes for the spatiotemporal regulation of
the expression, stability, binding, and signaling activity of its binding partners. Chronic diseases such as liver diseases
involve bidirectional communication between extracellular and intracellular spaces, resulting in immune-related
metabolic effects during the development of pathological phenotypes. It has recently been shown that, during the
development of fibrosis and cancer, TM4SF5 forms protein-protein complexes with amino acid transporters, which can
lead to the regulation of cystine uptake from the extracellular space to the cytosol and arginine export from the
lysosomal lumen to the cytosol. Furthermore, using proteomic analyses, we found that diverse amino acid transporters
were precipitated with TMA4SF5, although these binding partners need to be confirmed by other approaches and in
functionally relevant studies. This review discusses the scope of the pathological relevance of TM4SF5 and its binding

to certain amino acid transporters.

Introduction

Importing and exporting biological matter in and out of
a cell are fundamental and integral processes for home-
ostasis and survival. In the same context, membrane
transporters are core proteins that govern cell status and
fate, and it is not surprising that ~10% of the genome
encodes transporter and transporter-related genes’.
Solute carrier transporter families (SLCs) are the second
largest family of membrane proteins, consisting of 52
families with almost 400 transporters. SLCs are composed
of various transporters with different modes of transport,
including ion couplers, exchangers, and passive trans-
porters. SLCs are ubiquitously expressed in almost all
human cells, and their intracellular localizations are found
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on the plasma membrane and the mitochondria, lyso-
some, and other intracellular organelles. SLCs transport
small molecules, and inorganic and organic ions>?, such
as sugars (SLC2, 5, 45, 50, and 60)* amino acids (SLC1, 3,
7,17, 32, 36, 38, and 43)°~?, fatty acids (SLC27)"°, calcium
(SLC8, 24, and 64)'**3, zinc (SLC30 and 39)*'°, and
many others. The lists and functions of SLCs are well
summarized on the Bioparadigms webpage (https://www.
bioparadigms.org/slc/intro.htm). The topology and
structure vary among transporters, which are generally
composed of a number of hydrophobic helices connected
with loops. Some SLCs exist as heterodimers (SLC3A2
with SLC7A5-8, 10—11), and others exist as monomers.

Amino acid transporters in disease

SLCs transport molecules fundamental for homeostatic
survival and growth such that mutations and either
enhancing or attenuating malfunctions of SLCs can cause
diseases. Approximately 20% of human SLC mutations are
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related to diseases, according to the Online Mendelian
Inheritance in Man (OMIM) database'®.

Amino acid transporters and inflammatory diseases

Inflammation is a normal response to injury in the
human body. This response requires immune cells to
react to cellular damage, and this reaction includes infil-
tration of and metabolic changes in immune cells and
leads to the modification of cell fate and effector function.
An arginine transporter, SLC7A2, was shown to play a
pivotal role in inflammation-associated colon tumor-
igenesis'’; the Slc7a2~’~ mice serving as colon cancer
models were more susceptible to azoxymethane-dextran
sulfate sodium-induced switching of macrophages to the
M2 phenotype and activation. Levels of SLC15Al, a
peptide transporter, were also increased by pro-
inflammatory cytokines in conjunction with increases in
tumor necrosis factor-a and interferon-y, being involved
in inflammatory bowel disease (IBD)'®. SLC22A genes
were also shown to be high susceptibility genes for IBD
and to be located in a genetic location called IBD
locus 5%.

Amino acid transporters and liver diseases

Because the liver is a central organ of metabolic
homeostasis, malfunction(s) to the mechanism of external
nutrient import into liver cells can lead to serious
pathological diseases. Liver disease is chronic and devel-
ops in an inflammatory environment. Non-alcoholic fatty
liver disease (NAFLD) is characterized by excessive lipid
accumulation in the liver and is often closely related to
obesity. Because excessive glucose can be stored in the
form of lipids, it is logically related glucose transporters in
NAFLD. SLC2A1 (GLUT1), a high-affinity glucose
transporter expressed ubiquitously, has been shown to be
a susceptibility factor of NAFLD?’; several single
nucleotide polymorphisms (SNPs) are also closely related
to NAFLD but not to type 2 diabetes. Trehalose, a SLC2
family inhibitor also known as a sugar inhibitor, has been
shown to dramatically ameliorate NAFLD symptoms in
mouse models by mimicking starvation to induce autop-
hagy”!. Genetically ablating Slc743 in zebrafish, in which
it encodes a cationic amino acid transporter, results in
defects in arginine-dependent nitric oxide synthesis,
which leads to hepatic steatosis®”.

Amino acid transporters and fibrosis

Chronic tissue injury can lead to the accumulation of a
diverse extracellular matrix (ECM) in an inflammatory
environment. Chronic injury of epithelial cells can lead to
transformation to mesenchymal cells and/or activation of
myofibroblasts to promote ECM production and deposi-
tion®®. Although diverse ECMs are deposited in tissue or
organs, most studies on fibrosis have focused on the
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collagen network, which accounts for 30% of all proteins
in the organisms®*, Collagens are generally produced by
activated myofibroblasts®*, Emerging consensus on the
sources of fibrogenic cells provides the rationale and
opportunity for investigating increasingly diverse ECM
proteins in addition to collagens and different cell types,
including epithelial cells, in addition to fibroblasts. We
recently reported that activated myofibroblasts promote
collagen expression, whereas epithelial cells induce lami-
nin expression, in vitro, upon activation of the
TGEP1 signaling pathway and chemical induction of
fibrosis in animal tissues>>°.

In addition, certain amino acid transporters have been
shown to be involved in fibrosis. Analysis of allergic air-
way inflammation and bleomycin-induced inflammation
in CAT2 (cationic amino acid transporter 2) deficient
mice has shown that, although inflammation is indepen-
dent of CAT2 expression, bleomycin-induced fibrosis is
dependent on CAT2*. We have recently reported that a
cystine/glutamate antiporter, the xc™ system, is involved
in the regulation of intracellular glutathione levels and
reactive oxygen species (ROS) levels during TM4SF5-
mediated pulmonary fibrosis®® (see the below section for
details).

Amino acid transporters and cancer

Cancer cells have some functions, such as continuous
growth and proliferation, that require large amounts of
energy; therefore, cancer cells undergo metabolic change
that results in rapid energy production. Sufficient energy
production is an important requirement for the survival
and rapid growth of cancer cells. Glucose is a major
energy source for cancer cells, and amino acids, lipids, and
other nutrients are imported from the extracellular
environment by many types of transporters found in the
plasma membrane. The SLC family mainly transports
nutrients with high affinity and specificity, but abnormal
expression or regulation of SLCs can lead to poor prog-
noses of many cancers. The regulation of SLC expression
and activation could therefore be a rate-limiting factor for
tumor progression. The glucose-transporting proteins
(GLUTs) in the SLC family are important in cancer
development because of the Warburg effect. Otto War-
burg described the fate of glucose transported into cancer
cells, indicating that cancer cells tend to undergo glyco-
lysis, even in the presence of oxygen, instead of oxidative
phosphorylation®. Glycolysis is less efficient in terms of
generating ATP (but faster), requiring cancer cells to
make more glucose to sustain a high rate of proliferation.
Cancer cells require not only large amounts of glucose for
energy production but also amino acids, which are the
carbon sources for the synthesis of biomolecules neces-
sary for cancer cell growth and survival. In addition to the
SLC2 family, the SLC7 family of cationic amino acid
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transporters is overexpressed in many cancer types.
SLC7AS5, which is upregulated by hypoxia-inducible factor
2a, and SLC7A11 (a cystine/glutamate exchanger) have
been found to be highly expressed in many cancer
types®>>!. Different types of amino acid transporters are
also upregulated in cancer tissues: SLC1A5 (sodium-
dependent neutral amino acid transporter type 2, which
transports glutamine, asparagine, alanine, serine, and
cysteine)?’z, SLC7A5 [LAT1 (large neutral amino acid
transporter small subunit 1), which transports phenyla-
lanine, tyrosine, leucine, histidine, methionine, and tryp-
tophan]®’, and SLC6A14 (sodium-dependent and
chloride-dependent transporter, which mediates neutral
and cationic amino acid uptake)>*.

TMA4SF5 and amino acid transporters
Tetraspanin TM4SF5

TMA4SF5 is a membrane protein and is a member of the
tetraspanin family, with four transmembrane domains, a
cytosolic N-terminus and C-terminus, and an intracellular
loop. It undergoes N-glycosylation at the N138 and N155
residues and palmitoylation at the cysteine residues near
the cytosolic boundary of the transmembrane domains®.
Similar to other tetraspanins, TM4SF5 has been shown to
interact with diverse membrane proteins and receptors on
membranes, resulting in TM4SF5-enriched micro-
domains (i.e, TsERMs). TMA4SF5 may regulate the
expression, stability, binding, and/or signaling activity of
binding partners in TsERMs in a spatiotemporal manner
(Fig. 1).

TMASE5 is overexpressed in different cancer types,
including liver cancer’. In addition, CCl,-induced liver
fibrosis®” and bleomycin-induced lung fibrosis*® involve
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Fig. 1 Biological roles of TM4SF5-enriched microdomains
(TsERMs) on membranes. Within the TsERMs, TM4SF5 can form
massive protein-protein complexes with amino acid transporters,
growth factor receptors, integrins, and other tetraspanins. TM4SF5 can
thereby affect the expression/stability, trafficking/translocation,
binding, and/or signaling activity of binding partners in a
spatiotemporal manner, leading to changes in cellular functions
during homeostasis or pathological diseases.
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TM4SF5 expression, and the chemically induced fibrotic
phenotypes in animal models are blocked by the specific
TMA4SF5 small inhibitory compound 4'-(p-toluenesulfo-
nylamido)-4-hydroxychalcone (TSAHC)®. The relation-
ship between TM4SF5 and SLCs can be additionally
observed through the results from coexpression analyses
of The Cancer Genome Atlas (TCGA) database.
TMA4SF5 has been shown to form a protein-protein
complex on the cell surface with CD151*’, EGFR, and
integrin o5 to play promigratory roles; with CD44*" and
CD133* in circulatory tumor cells and/or tumor initiat-
ing cells; and with EGFR*® and IGFIR*™ to confer antic-
ancer drug resistance. In addition, we have recently
reported that TM4SF5 can bind to amino acid transpor-
ters such as the cystine/glutamate antiporter xc™ system,
consisting of CD98hc and xCT (SLC7A11)*%, and arginine
transporters on lysosome and plasma membranes,
depending on arginine sufficiency®’, as described below in
more detail. Thus, as a tetraspanin membrane protein,
TM4SF5 can form protein complexes with amino acid
transporters during pathological cell developments.

TMA4SF5 regulates ROS levels in lung epithelial cells

TMA4SF5 binds to the cystine/glutamate transporter, the
xc~ system consisting of CD98hc and xCT (SLC7A11) on
the plasma membrane, especially in an environment with
ROS in lung epithelial cells during lung fibrosis®®.

The xc~ system for ROS modulation

Proper hormetic modulation of intracellular ROS levels
is important for cellular functions and survival. ROS can
be generated by mitochondrial respiration and nitric
oxide synthase or by the action of multimeric NADPH
oxidase complex following external cues such as exposure
to radiation and anticancer drugs®. Intracellular ROS
levels that are too high or low can affect the homeostatic
functions of a cell”’. Cells have antioxidant systems to
attenuate cellular damage caused by ROS, involving
antioxidant enzymes and small molecule antioxidants.
Glutathione (GSH) has a nonprotein thiol that defends
against intracellular ROS and GSH levels in all mamma-
lian tissues. It is present at approximately 1-10 mM and is
especially high in liver tissues (~5-10 mM)**. GSH is
synthesized from precursor amino acids in an ATP-
dependent two-step process catalyzed by two enzymes,
gamma-glutamyl cysteine synthetase (y-GCS) and GSH
synthetase (GS)*’; GCS forms peptide bonds between
glutamate and cysteine, and glycine is then added to the
compound by GS.

Recent studies have revealed that intracellular GSH
levels can be used as important markers for several dis-
eases®”!. Improper regulation of GSH level has thus
been associated with many diseases, including HIV>?,
aging®, uremia®®, pulmonary fibrosis®>, and cancer®®*”.
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Approximately 10-15% of intracellular GSH is located
within mitochondria®®, and mitochondrial malfunctions
can lead to Parkinson’s disease®®, Alzheimer’s disease®,
and type 2 diabetes mellitus®'. The mutation or deletion
of genes involved in GSH synthesis also induces disease,
and the activities of GCS and GS and the levels of GSH
are decreased in Alzheimer’s disease®®. Expression of the
GCS enzyme promotes insulin release to attenuate
hyperglycemia in diabetes mellitus patients®®. Using an
in vitro assay, intracellular GSH is depleted by treating
NS20Y neuronal cell line with L-buthionine-(S,R)-sul-
foximine to induce mitochondrial malfunction and
apoptosis®. In contrast, the GSH level is higher in tumors
in several types of cancers, including breast, ovarian, head
and neck, and lung cancers, and lower in liver and brain
cancers than in peripheral nontumor tissues®*.

In addition to the proper regulation of gene expression
for GSH synthesis, maintaining intracellular precursor
amino acid levels is important for GSH synthesis. Most
importantly, the concentration of intracellular cysteine is
critical for glutathione synthesis, and the cellular cysteine
importer is therefore important for ROS resistance and
cell survival. The xc™ system is a dominant transporter for
intracellular cysteine influx via exchanges of cystine
(cysteine dimer) and glutamate in the plasma mem-
brane®>°®, The xc~ heterodimeric amino acid transporter
is sodium-independent and has a high affinity for cystine
and glutamate, leading to increased intracellular cystine
and decreased glutamate concentrations®”. Cystine is
reduced to cysteine in the cytoplasm and used for the
synthesis of glutathione. The xc~ transporter has two
components: a heavy chain, 4F2 (SLC3A2, CD98hc), and a
light chain, xCT (SLC7A11)%. SLC3A2 binds covalently
with several amino acid transporters to form a hetero-
dimeric transporter complex in the plasma membrane. In
addition, LAT1 (SLC7A5) and LAT2 (SLC7AS8) are well-
known light chain transporters. These large neutral amino
acid transporters import leucine, isoleucine and arginine
by exporting glutamine®. Genomic disruption of xCT in
pancreatic ductal adenocarcinoma cell lines decreases the
import of cystine and cell survival when challenged by
ROS-generating drugs®®. In contrast, overexpression of
xCT increases xc~ system activity and GSH synthesis in
astrocytes’’. Thus, the xCT light chain is important for
cystine uptake and intracellular ROS resistance.

TMA4SF5-mediated regulation of the xc~ system

We have recently reported that TM4SF5 functions as a
novel regulator of the xc™~ system”®. The xCT light chain
of the xc~ system in gastric cancer cells is regulated for
stability in the plasma membrane by the CD44v8-10
variant of CD44, leading to intracellular ROS regulation”".
In addition, in the case of lung epithelial cells in an
inflammatory ROS-producing environment, CD98hc
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(SLC3A2), but not xCT (SLC7A11), is recruited to (and
thereby stabilized at) the plasma membrane by TMA4SF5,
indicating that specific cell types have a unique signaling
context. TM4SF5 specifically induces the CD44v8-10
variant via ZEB2 and epithelial splicing regulatory protein
(ESRP) transcription regulators. Furthermore, the com-
plex formation of TM4SF5 with the xc™ system is dis-
rupted by a point mutation in CD44v8-10 at a residue that
does not exist in the CD44 standard form (CD44s)%.
Thus, TM4SF5-induced CD44v8-10, but not CD44s, can
form a complex with the xc™ system, presumably within
TsERMs, leading to a TM4SF5-mediated increase in
cystine uptake and cellular antioxidant GSH levels for
hormetic ROS modulation during idiopathic pulmonary
lung fibrosis (IPF).

TM4SF5-dependent ROS hormesis in type Il alveolar epithe-
lial cells (AECII) for IPF

In addition to the evidence from in vitro cellular sys-
tems, TM4SF5-mediated ROS regulation has been shown
in an in vivo mouse model. Intratracheal injection of
bleomycin into wild-type C57BL/6 mice induces severe
pulmonary fibrosis to generate an experimental model for
IPF, whereas administration of bleomycin into Tm4sf5-
knockout mice shows reduced progression of fibrotic
phenotypes and increased survival of mice?®.

Interrupted reprogramming and the composition of
alveolar cells can induce many diseases. In adult lungs, the
alveolar epithelium consists of two major cell types, type I
AECs (alveolar epithelial cells) and type II AECs, which
occupy approximately 96 and 4% of the lung epithelium,
respectively’”. Type I AECs constitute thin layers of the
lung epithelium for effective gas exchange, and type II
AECs are cuboidal cells located in the alveolar corners’”.
Instead of providing a gas-exchanging surface, type II
AECs are critical for injury repair and the homeostasis of
alveolar cells by producing surfactants. Type II AECs can
also function as facultative stem cells in the alveolar epi-
thelium, leading to regeneration of type I AECs following
epithelial injury”®. Diverse studies have focused on the
ablation of type II AEC and the clinical outcomes to
demonstrate the critical role of type II AEC in main-
taining lung homeostasis and in new therapies for several
lung diseases. Type II AEC depletion alters lung mor-
phology, pulmonary function, collagen deposition,
(apoptosis-related) protein expression, and tissue repair
and remodeling’*. During IPF development, type I AECs
undergo apoptosis, and type II AECs are hyperplasic and
hypertrophic’>. Many features of type I AECs and type II
AECs are unique to disease development, with functions
that involve cell fate and protein expression. Molecular
analysis of the lung tissues from the bleomycin-treated
C57BL/6 mice revealed that the expression of Tm4sf5 is
lower in primary type I AECs than in type II AECs. In
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primary type II AECs, Tm4sf5 mediates induction of a
CD44v8-10 splicing variant by repressing ZEB2 to elevate
ESRP1 transcription®®, which leads to Tmd4sf5-dependent
ROS resistance by active cystine uptake for intracellular
antioxidant GSH synthesis. As a result, Tm4sf5-knockout
C57BL/6 mice have ameliorated bleomycin-induced lung
fibrosis compared to the fibrosis in Tm4sf5-expressing
wild type mice, in which the architecture of the lung
epithelium is disrupted, leading to the accelerated death
of type I AECs and hyperplasia of type II AECs. TM4SF5
and CD44v80-10 are therefore promising targets for the
treatment of pulmonary fibrosis.

The lysosomal arginine transporter SLC38A9, mTORC1,
and TMA4SF5
mTORC1 and amino acids

Mechanistic target of rapamycin complex 1 (mTORC1)
is a protein complex composed of mTOR, raptor, mam-
malian lethal with SEC13 protein, protein-rich
AKT1 substrate 1, and DEP domain-containing mTOR-
interacting protein. mTORCI is regulated by various
external cues, such as those transduced by insulin, growth
factors, glucose and amino acids, to control protein
synthesis’®. Activated mTORC1 is recruited to the surface
of lysosomal membranes to interact with various
machinery proteins to promote protein translation, lipid
synthesis, and nucleotide synthesis and to inhibit autop-
hagy/lysosome biogenesis’’. Recently, scientists have
focused on identifying the mechanisms by which amino
acids activate mTORC1. The complicated mechanism
through which Rag GTPase switches mTORCI on or off
depends on amino acid sufficiency’®. Based on Rag
GTPase, numerous proteins binding to mTORC1 com-
prise an amino acid activating machinery complex on the
lysosome surface. Importantly, leucine and arginine in the
liver are key amino acids that activate mTORCI, and
extensive studies have focused on identifying the physio-
logical sensors of lysosomal leucine and arginine.

SLC38A9 and mTORC1

Advances in proteomics analysis have enabled scientists
to identify SLC38A9, which is the transporter at the
lysosomal membrane that transports arginine from the
lumen to the cytosol. SLC38A9-mediated arginine trans-
port leads to activation of mTORCI signaling”**°.
Although the function of SLC38A9 has not been clarified,
according to the SLC table at Bioparadigm.org, SLC38A9
belongs to the sodium-coupled neutral amino acid
transporter family; Wyant et al. reported that SLC38A9 is
an arginine sensor that transports several amino acids out
of the lysosomal membrane to activate mTORC1®'. The
identification of SLC38A9 as a factor in the arginine-
sensing machinery has significantly contributed to our
understanding of the mechanism through which arginine
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activates mTORCI1 signaling. In addition, a cytoplasmic
arginine sensor, Castorl, regulates GATOR to turn Rag
GTPase on and off*>. However, SLC38A9 is found to
weakly bind arginine in lysosomes at micromolar levels®';
therefore, another physiological arginine sensor has been
expected to exist.

Arginine transport

Arginine is a crucial component of cell survival because
it is a precursor of many building blocks of cellular pro-
cesses. Arginine functions as an amino acid in protein
synthesis and has multiple metabolic fates that transform
it into nitric oxide, creatine, ornithine, citrulline, poly-
amines, agmatine, and urea®. Arginine is transported
from the extracellular space to the cytoplasm by arginine
transporters in the plasma membrane, such as SLC7A1, 2,
and 3. Because arginine depletion can jeopardize cellular
functions, arginine can be resynthesized in cells using the
urea cycle when imported arginine is lacking®. Many
types of cancer cells, especially those of hepatocellular
carcinoma (HCC), kidney carcinoma, malignant mela-
noma, and prostate carcinoma, are deficient in arginino-
succinate synthase 1 (ASS1), which is a key enzyme that
regenerates arginine®, Therefore, ASS1-deficient HCC
cells primarily rely on external arginine importation or
even lysosomal arginine generated from protein degra-
dation. These characteristics of arginine auxotrophs of
HCC have led to the development of arginine-deprivation
therapy (ADT), which is used to deplete external arginine
through recombinant enzymes, such as arginine
deaminase-PEG and rhArginase-PEG*>. ADT was pro-
mising in the early phases, but the outcomes were not
successful due to re-expression (or activation) of ASS1,
leading to resistance. However, targeting arginine in
cancer is still an attractive approach because it affects only
cancer cells. It is also reasonable to assume that survival
and proliferation of HCC cells can be suppressed by
blocking or inactivating the arginine transporters.

TMA4SF5 in arginine transport

We recently reported that TM4SF5 can translocate
from the plasma membrane to the lysosomal membranes,
depending on extracellular (lysosome lumen after arginine
is transported) arginine at physiological levels*. Deple-
tion of amino acids or arginine causes increased TM4SF5
localization to the plasma membrane, but repletion of
them leads to greater TMA4SFE5 localizing to the mem-
brane of lysosomes. Although arginine sufficiency leads to
mTOR translocation to lysosomes, TM4SF5 expression
itself can also cause the translocation of mTOR to lyso-
somes. Therefore, a complex with TM4SF5 and the
SLC7A1 arginine transporter in the plasma membrane is
formed as an alternative to the TM4SF5 complex formed
with the lysosomal arginine transporter SLC38A9. Under
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conditions of amino acid deprivation, particularly arginine
deprivation, TM4SF5 binds to SLC7A1 following trans-
location to the plasma membrane, whereas TMA4SF5
translocates to lysosomal membranes upon amino acid or
arginine repletion, leading to complex formation with
SLC38A9 and mTOR there. Furthermore, TM4SF5 can
directly bind free L-arginine via hydrogen bonds with
specific residues within the long extracellular loop of
TM4SF5 ("**WGYHFE'?). SLC38A9 itself has been
shown to be too weak (with Km values at mM levels) to
bind L-arginine® in the lysosomal lumen of HEK293 cells
at 50-250 uM®'. Direct binding of TM4SF5 to L-arginine
with an EC5j of 10.48—37.9 uM suggests that TM4SF5 is a
physiological sensor of lysosomal arginine in liver cancer
cells. The direct binding of arginine to TM4SF5 can be
beneficial for the SLC38A9-dependent efflux of L-argi-
nine, which is locally sequestered via TM4SF5 binding™.
Arginine efflux from the lysosomal lumen to the cytosol
can activate a component of mTORC1, S6K1. Thus, the
TM4SF5-mediated protein complex (i.e., TsERMs on the
lysosomal membrane) together with mTORC1 can acti-
vate S6K1, leading to protein translation and cell pro-
liferation. Moreover, TCGA data show that TM4SF5
alone or with mTOR is significantly related to poor out-
comes for recurrence-free survival, although mTOR itself
is not a significant factor for this poor outcome. The use
of anti-TM4SF5 reagents such as TSAHC can be a
strategy to impair arginine auxotrophs in HCC. Block-
ading amino acid transporters can thus be more beneficial
than deprivation or removal of the amino acids around
liver cancer cells.

Conclusion

The function of TM4SF5, as a member of the tetra-
spanin, has been intensively studied regarding its effects
on liver pathology. Notably, although its physiological
ligand is unknown, TMA4SF5 interacts with diverse
membrane receptors to transduce signaling to regulate
cellular functions. Thus, its association with (an)other
membrane protein(s) on cellular membranes may be
considered as a ligand-binding process because it can lead
to stabilization, trafficking, and activation of binding
partners. Addressing different membrane proteins and
receptors, we have discussed the evidence suggesting that
two different amino acid transporter systems bind to
TMA4SFE5, the cystine/glutamate antiporter (xc~ system
with CD98hc and xCT) on lung epithelial cells and the
arginine transporter (SLC7A1 on the plasma membrane
and SLC38A9 on the lysosomal membrane) of hepato-
cytes. Although more evidence on the roles of TM4SF5 in
amino acid transporters during homeostatic and patho-
logical conditions needs to be obtained, TsERMs,
including transporters, can play important roles in mod-
ulating cellular functions in a spatiotemporal manner.
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Because amino acid transporters are involved in the
homeostatic balancing of extracellular and intracellular
amino acids, their malfunction could easily lead to
metabolic disorders, which may be complicated by
immunological environments. The roles of TM4SF5 and
the physiological significance of TsERMs in influencing
amino acid availability inside and outside of cells should
therefore be further characterized in the context of dif-
ferent immune-related metabolic disorders.

Acknowledgements

This work was supported by the Basic Science Research Program through the
National Research Foundation of Korea (NRF) funded by the Ministry of
Science, ICT and Future Planning (NRF-2018M3A9C8020027 and NRF-
2017R1A2B3005015), and the Tumor Microenvironment GCRC (2011-0030001)
to JW.L.

Author details

'Interdisciplinary Program in Genetic Engineering, Seoul National University,
Seoul 08826, Republic of Korea. “Department of Pharmacy, Research Institute
of Pharmaceutical Sciences, College of Pharmacy, Seoul National University,
Seoul 08826, Republic of Korea

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 30 October 2019 Revised: 18 November 2019 Accepted: 20
November 2019.
Published online: 20 January 2020

References

1. Xie, J, Zhuy, XY, Liu, L. M. & Meng, Z. Q. Solute carrier transporters: potential
targets for digestive system neoplasms. Cancer Manag. Res. 10, 153-166
(2018).

2. Hediger, M. A, Clemencon, B, Burrier, R. E. & Bruford, E. A The ABCs of
membrane transporters in health and disease (SLC series): introduction. Mol.
Asp. Med. 34, 95-107 (2013).

3. Schlessinger, A, Khuri, N, Giacomini, K. M. & Sali, A. Molecular modeling and
ligand docking for solute carrier (SLC) transporters. Curr. Top. Med. Chem. 13,
843-856 (2013).

4. Mueckler, M. & Thorens, B. The SLC2 (GLUT) family of membrane transporters.
Mol. Asp. Med. 34, 121-138 (2013).

5. Kanai, Y. et al. The SLC1 high-affinity glutamate and neutral amino acid
transporter family. Mol. Asp. Med. 34, 108-120 (2013).

6. Fotiadis, D, Kanai, Y. & Palacin, M. The SLC3 and SLC7 families of amino acid
transporters. Mol. Asp. Med. 34, 139-158 (2013).

7. Reimer, R. J. SLC17: a functionally diverse family of organic anion transporters.
Mol. Asp. Med. 34, 350-359 (2013).

8. Schioth, H. B, Roshanbin, S, Hagglund, M. G. & Fredriksson, R. Evolutionary
origin of amino acid transporter families SLC32, SLC36 and SLC38 and phy-
siological, pathological and therapeutic aspects. Mol. Asp. Med. 34, 571-585
(2013).

9. Bodoy, S, Fotiadis, D, Stoeger, C, Kanai, Y. & Palacin, M. The small SLC43 family:
facilitator system | amino acid transporters and the orphan EEG1. Mol. Asp.
Med. 34, 638-645 (2013).

10.  Anderson, C. M. & Stahl, A. SLC27 fatty acid transport proteins. Mol. Asp. Med.
34, 516-528 (2013).

11, Khananshvili, D. The SLC8 gene family of sodium-calcium exchangers (NCX) -
structure, function, and regulation in health and disease. Mol. Asp. Med. 34,
220-235 (2013).



Jung et al. Experimental & Molecular Medicine (2020) 52:7-14

22,

23.

24.

25.

26.

27.

28.

29.

30.

32

33.

34.

35.

36.

37.

38.

Schnetkamp, P. P. The SLC24 gene family of Na(+)/Ca(2)(+)-K(+) exchangers:
from sight and smell to memory consolidation and skin pigmentation. Mol.
Asp. Med. 34, 455-464 (2013).

Demaegd, D. et al. Newly characterized Golgi-localized family of proteins is
involved in calcium and pH homeostasis in yeast and human cells. Proc. Nat!
Acad. Sci. USA 110, 6859-6864 (2013).

Huang, L. & Tepaamorndech, S. The SLC30 family of zinc transporters-a review
of current understanding of their biological and pathophysiological roles. Mol.
Asp. Med. 34, 548-560 (2013).

Jeong, J. & Eide, D. J. The SLC39 family of zinc transporters. Mol. Asp. Med. 34,
612-619 (2013).

Lin, L, Yee, S. W, Kim, R. B. & Giacomini, K. M. SLC transporters as therapeutic
targets: emerging opportunities. Nat. Rev. Drug Discov. 14, 543-560 (2015).
Coburn, L. A et al. Loss of solute carrier family 7 member 2 exacerbates
inflammation-associated colon tumorigenesis. Oncogene 38, 1067-1079
(2019).

Meier, Y. et al. Regional distribution of solute carrier mRNA expression along
the human intestinal tract. Drug Metab. Dispos. 35, 590-594 (2007).

Waller, S. et al. Evidence for association of OCTN genes and IBD5 with
ulcerative colitis. Gut 55, 809-814 (2006).

Vazquez-Chantada, M. et al. Solute carrier family 2 member 1 is involved in the
development of nonalcoholic fatty liver disease. Hepatology 57, 505-514
(2013).

DeBosch, B. J. et al. Trehalose inhibits solute carrier 2A (SLC2A) proteins
to induce autophagy and prevent hepatic steatosis. Sci. Signal. 9, ra21
(2016).

Gu, Q. et al. Genetic ablation of solute carrier family 7a3a leads to hepatic
steatosis in zebrafish during fasting. Hepatology 60, 1929-1941 (2014).
Friedman, S. L, Sheppard, D, Duffield, J. S. & Violette, S. Therapy for fibrotic
diseases: nearing the starting line. Sci. Transl. Med. 5, 167sr161 (2013).
Halper, J. & Kjaer, M. Basic components of connective tissues and extracellular
matrix: elastin, fibrillin, fibulins, fibrinogen, fibronectin, laminin, tenascins and
thrombospondins. Adv. Exp. Med. Biol. 802, 31-47 (2014).

Song, D. G. et al. Glutamyl-prolylRNA synthetase induces fibrotic extracellular
matrix via both transcriptional and translational mechanisms. FASEB J. 33,
4341-4354 (2018).

Song, D. G et al. Glutamyl-Prolyl-tRNA synthetase regulates epithelial
expression of mesenchymal markers and extracellular matrix proteins: impli-
cations for idiopathic pulmonary fibrosis. Front. Pharm. 9, 1337 (2018).

Niese, K. A, Chiaramonte, M. G, Ellies, L. G, Rothenberg, M. E. & Zimmermann,
N. The cationic amino acid transporter 2 is induced in inflammatory lung
models and regulates lung fibrosis. Respir. Res. 11, 87 (2010).

Kim, J. E. et al. TM4SF5-mediated CD44v8-10 splicing variant promotes survival
of type Il alveolar epithelial cells during idiopathic pulmonary fibrosis. Cell
Death Dis. 10, 645 (2019).

Koppenol, W. H., Bounds, P. L. & Dang, C. V. Otto Warburg's contributions
to current concepts of cancer metabolism. Nat. Rev. Cancer 11, 325-337
(2017).

Kaira, K. et al. Itype amino acid transporter 1 and CD98 expression in primary
and metastatic sites of human neoplasms. Cancer Sci. 99, 2380-2386 (2008).
Lewerenz, J. et al. The cystine/glutamate antiporter system xc~ in health and
disease: from molecular mechanisms to novel therapeutic opportunities.
Antioxid. Redox Signal. 18, 522-555 (2013).

Nicklin, P. et al. Bidirectional transport of amino acids regulates mTOR and
autophagy. Cell 136, 521-534 (2009).

Verrey, F. et al. CATs and HATs: the SLC7 family of amino acid transporters.
Pflug. Arch. 447, 532-542 (2004).

Cha, Y. J, Kim, E. S. & Koo, J. S. Amino acid transporters and glutamine
metabolism in breast cancer. Int. J. Mol. Sci. 19, 907 (2018).

Lee, J. W. Transmembrane 4 L six family member 5 (TMA4SF5)-mediated
epithelial-mesenchymal transition in liver diseases. Int. Rev. Cell Mol. Biol. 319,
141-163 (2015).

Lee, S. A et al. Tetraspanin TM4SF5 mediates loss of contact inhibition through
epithelial-mesenchymal transition in human hepatocarcinoma. J. Clin. Invest.
118, 1354-1366 (2008).

Kang, M. et al. Antagonistic regulation of transmembrane 4 L6 family member
5 attenuates fibrotic phenotypes in CCl(4) -treated mice. FEBS J. 279, 625-635
(2012).

Lee, S. A et al. Blockade of four-transmembrane L6 family member 5
(TM4SF5)-mediated tumorigenicity in hepatocytes by a synthetic chalcone
derivative. Hepatology 49, 1316-1325 (2009).

Official journal of the Korean Society for Biochemistry and Molecular Biology

39.

40.

41.

42.

43.

45,

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

13

Kang, M. et al. Correlations between Transmembrane 4 L6 family member 5
(TM4SF5), CD151, and CD63 in liver fibrotic phenotypes and hepatic migration
and invasive capacities. PLoS ONE 9, 102817 (2014).

Kim, H. J. et al. Dynamic and coordinated single-molecular interactions at
TM4SF5-enriched  microdomains guide invasive behaviors in 2- and 3-
dimensional environments. FASEB J. 31, 1461-1481 (2017).

Lee, D. et al. Interaction of tetraspan (in) TM4SF5 with CD44 promotes self-
renewal and circulating capacities of hepatocarcinoma cells. Hepatology 61,
1978-1997 (2015).

Kim, S. et al. CD133-induced TM4SF5 expression promotes sphere growth via
recruitment and blocking of protein tyrosine phosphatase receptor type F
(PTPRF). Cancer Lett. 438, 219-231 (2018).

Lee, M. S, Kim, H. P, Kim, T. Y. & Lee, J. W. Gefitinib resistance of cancer cells
correlated with TM4SF5-mediated epithelial-mesenchymal transition. Biochim.
Biophys. Acta 1823, 514-523 (2012).

Choi, J. et al. Bidirectional signaling between TM4SF5 and IGF1R promotes
resistance to EGFR kinase inhibitors. Lung Cancer 90, 22-31 (2015).

Jung, J. W. et al. Transmembrane 4 L six family member 5 senses arginine for
mTORC1 signaling. Cell Metab. 29, 1306-1319 e1307 (2019).

Liu, G. S, Chan, E. C, Higuchi, M, Dusting, G. J. & Jiang, F. Redox mechanisms in
regulation of adipocyte differentiation: beyond a general stress response. Cells
1, 976-993 (2012).

Kim, J, Kim, J. & Bae, J-S. ROS homeostasis and metabolism: a critical liaison for
cancer therapy. Exp. Mol. Med. 48, e269-e269 (2016).

Wu, G, Fang, Y. Z, Yang, S, Lupton, J. R. & Turner, N. D. Glutathione meta-
bolism and its implications for health. J. Nutr. 134, 489-492 (2004).

Meister, A. & Tate, S. S. Glutathione and related gamma-glutamyl compounds:
biosynthesis and utilization. Annu. Rev. Biochem. 45, 559-604 (1976).
Ballatori, N. et al. Glutathione dysregulation and the etiology and progression
of human diseases. Biol. Chem. 390, 191-214 (2009).

Townsend, D. M, Tew, K. D. & Tapiero, H. The importance of glutathione in
human disease. Biomed. Pharmacother. 57, 145-155 (2003).

Herzenberg, L. A. et al. Glutathione deficiency is associated with impaired
survival in HIV disease. Proc. Nat! Acad. Sci. USA 94, 1967-1972 (1997).
Sekhar, R. V. et al. Deficient synthesis of glutathione underlies oxidative stress
in aging and can be corrected by dietary cysteine and glycine supple-
mentation. Am. J. Clin. Nutr. 94, 847-853 (2011).

Alhamdani, M. S. Impairment of glutathione biosynthetic pathway in uraemia
and dialysis. Nephrol. Dial. Transpl. 20, 124-128 (2005).

Walters, D. M, Cho, H. Y. & Kleeberger, S. R. Oxidative stress and antioxidants in
the pathogenesis of pulmonary fibrosis: a potential role for Nrf2. Antioxid.
Redox Signal. 10, 321-332 (2008).

Traverso, N. et al. Role of glutathione in cancer progression and chemore-
sistance. Oxid. Med. Cell Longev. 2013, 972913 (2013).

Benhar, M, Shytaj, I. L, Stamler, J. S. & Savarino, A. Dual targeting of the
thioredoxin and glutathione systems in cancer and HIV. J. Clin. Invest. 126,
1630-1639 (2016).

Mari, M, Morales, A, Colell, A, Garcia-Ruiz, C. & Fernandez-Checa, J. C. Mito-
chondrial glutathione, a key survival antioxidant. Antioxid. Redox Signal. 11,
2685-2700 (2009).

Merad-Boudia, M, Nicole, A, Santiard-Baron, D, Saille, C. & Ceballos-Picot, .
Mitochondrial impairment as an early event in the process of apoptosis
induced by glutathione depletion in neuronal cells: relevance to Parkinson's
disease. Biochem. Pharm. 56, 645-655 (1998).

Hargreaves, |. P, Sheena, Y, Land, J. M. & Heales, S. J. Glutathione deficiency in
patients with mitochondrial disease: implications for pathogenesis and treat-
ment. J. Inherit. Metab. Dis. 28, 81-88 (2005).

Spanidis, V. et al. Assessment of the redox status in patients with metabolic
syndrome and type 2 diabetes reveals great variations. Exp. Ther. Med. 11,
895-903 (2016).

Liu, H, Wang, H, Shenvi, S, Hagen, T. M. & Liu, R. M. Glutathione metabolism
during aging and in Alzheimer disease. Ann. NY Acad. Sci. 1019, 346-349
(2004).

Okouchi, M, Okayama, N, Alexander, J. S. & Aw, T. Y. NRF2-dependent
glutamate-L-cysteine ligase catalytic subunit expression mediates insulin
protection against hyperglycemia- induced brain endothelial cell apoptosis.
Curr. Neurovasc. Res. 3, 249-261 (2006).

Gamcsik, M. P, Kasibhatla, M. S, Teeter, S. D. & Colvin, O. M. Glutathione levels
in human tumors. Biomarkers 17, 671-691 (2012).

Dall'Asta, V. et al. Pathways of L-glutamic acid transport in cultured human
fibroblasts. J. Biol. Chem. 258, 6371-6379 (1983).



Jung et al. Experimental & Molecular Medicine (2020) 52:7-14

66.

67.

68.

69.

70.

71.

72.

73.

74.

Sato, H, Tamba, M, Kuriyama-Matsumura, K, Okuno, S. & Bannai, S. Molecular
cloning and expression of human xCT, the light chain of amino acid transport
system xc. Antioxid. Redox Signal. 2, 665-671 (2000).

Bassi, M. T. et al. Identification and characterisation of human xCT that co-
expresses, with 4F2 heavy chain, the amino acid transport activity system xc.
Pflug. Arch. 442, 286-296 (2001).

Bridges, R. J, Natale, N. R. & Patel, S. A. System xc(-) cystine/glutamate anti-
porter: an update on molecular pharmacology and roles within the CNS. Br. J.
Pharm. 165, 20-34 (2012).

Daher, B. et al. Genetic ablation of the cystine transporter xCT in PDAC cells
inhibits MTORC1, growth, survival, and tumor formation via nutrient and
oxidative stresses. Cancer Res. 79, 3877-3890 (2019).

Shih, A. Y. et al. Cystine/glutamate exchange modulates glutathione supply for
neuroprotection from oxidative stress and cell proliferation. J. Neurosci. 26,
10514-10523 (2006).

Ishimoto, T. et al. CD44 variant regulates redox status in cancer cells by
stabilizing the xCT subunit of system xc(-) and thereby promotes tumor
growth. Cancer Cell 19, 387-400 (2011).

Guillot, L. et al. Alveolar epithelial cells: master regulators of lung homeostasis.
Int. J. Biochem. Cell Biol. 45, 2568-2573 (2013).

Hogan, B. L. et al. Repair and regeneration of the respiratory system: com-
plexity, plasticity, and mechanisms of lung stem cell function. Cell Stem Cell 15,
123-138 (2014).

Garcia, O. et al. Targeted type 2 alveolar cell depletion. a dynamic functional
model for lung injury repair. Am. J. Respir. Cell Mol. Biol. 54, 319-330 (2016).

Official journal of the Korean Society for Biochemistry and Molecular Biology

75.

76.

77.

78.

79.

80.

81.

82.

83.

14

Zhou, Y. et al. Extracellular matrix in lung development, homeostasis and
disease. Matrix Biol. 73, 77-104 (2018).

Laplante, M. & Sabatini, D. M. mTOR signaling in growth control and disease.
Cell 149, 274-293 (2012).

Mao, Z. & Zhang, W. Role of mTOR in glucose and lipid metabolism. int. J. Mol.
Sci. 19, 2043 (2018).

Sancak, Y. et al. Ragulator-Rag complex targets mTORC1 to the lysosomal
surface and is necessary for its activation by amino acids. Cell 141, 290-303
(2010).

Rebsamen, M. et al. SLC38A9 is a component of the lysosomal amino
acid sensing machinery that controls mTORC1. Nature 519, 477-481
(2015).

Wang, S. et al. Metabolism. Lysosomal amino acid transporter
SLC38A9 signals arginine sufficiency to mTORCI. Science 347, 188-194
(2015).

Wyant, G. A. et al. mTORC1 activator SLC38A9 is required to efflux essential
amino acids from lysosomes and use protein as a nutrient. Cell 171, 642-654
€612 (2017).

Chantranupong, L. et al. The CASTOR proteins are arginine sensors for the
mTORC1 pathway. Cell 165, 153-164 (2016).

Patil, M. D, Bhaumik, J, Babykutty, S, Banerjee, U. C. & Fukumura, D. Arginine
dependence of tumor cells: targeting a chink in cancer's armor. Oncogene 35,
4957-4972 (2016).

Qiu, F, Huang, J. & Sui, M. Targeting arginine metabolism pathway to treat
arginine-dependent cancers. Cancer Lett. 364, 1-7 (2015).



	Amino acid transporters as tetraspanin TM4SF5 binding partners
	Introduction
	Amino acid transporters in disease
	Amino acid transporters and inflammatory diseases
	Amino acid transporters and liver diseases
	Amino acid transporters and fibrosis
	Amino acid transporters and cancer

	TM4SF5 and amino acid transporters
	Tetraspanin TM4SF5
	TM4SF5 regulates ROS levels in lung epithelial cells
	The xc&#x02212; system for ROS modulation
	TM4SF5-mediated regulation of the xc&#x02212; system
	TM4SF5-dependent ROS hormesis in type II alveolar epithelial cells (AECII) for IPF

	The lysosomal arginine transporter SLC38A9, mTORC1, and TM4SF5
	mTORC1 and amino acids
	SLC38A9 and mTORC1
	Arginine transport
	TM4SF5 in arginine transport


	Conclusion
	ACKNOWLEDGMENTS




