DISCOVERY

Lysosomal Solute Carrier Transporters
Gain Momentum in Research

B Bissa', AM Beedle” and R Govindarajan'>

Emerging evidence indicates that lysosome function extends
beyond macromolecular degradation. Genetic and functional
defects in components of the lysosomal transport machinery
cause lysosomal storage disorders implicating the lysosomal
solute carrier (SLC) transporters as essential to vital cell
processes. The pathophysiology and therapeutic potential of
lysosomal SLC transporters are highlighted here, focusing on
recent discoveries in autophagic amino acid sensing
(SLC38A9), phagocytic regulation in macrophages (SLC29A3,
SLC15A3/A4), adenosine triphosphate (ATP) exocytosis in
neurotransmission (SLC17A9), and lysosomal transport of
maytansine catabolites into the cytoplasm (SLC46A3).

LYSOSOMAL SLC TRANSPORTERS IN HEALTH

AND DISEASE

Solute carrier (SLC) transporters are increasingly recognized as
essential for ion, molecule, and other solute transport to support
lysosomal function. To date, more than 30 lysosomal SLC trans-
porters have been genetically identified, molecularly character-
ized, and investigated for a role in health and disease. Despite
these advances, there remain lysosomal transport systems for
which the molecular identity is obscure, and, conversely, orphan
lysosomal SLC transporters with functional relevance unresolved.
As the scope of lysosomal SLC transporters is broad, expression,
functional characteristics, and disease associations for known
family members are summarized in Table 1. Instead, we focus on
recent discoveries in the lysosomal SLC transporter field that pro-
vide novel mechanistic insight into autophagy, phagocytosis, and
exocytosis processes (Figure 1).

Distinct amino acid transport systems exist in the lysosomal
membrane to transit cystine, cysteine, cationic amino acids, dicar-
boxylic amino acids, and small and large neutral amino acids, as
elucidated over the last 3 decades. Similarly, the process of
autophagy - lysosomal degradation of defective intracellular
material during cellular stress — was recognized well over 3

decades ago. Yet, the mechanism for precisely relaying cellular
nutrient status to lysosomes to regulate the autophagy process
was unclear. Previous work predicted that the species and quanti-
ty of amino acids inside the lysosomal lumen were somehow
sensed by the lysosome to allow docking of a master regulator of
autophagy (mammalian target of rapamycin complex 1
[mMTORCI1]) to the lysosomal surface to initiate an autophagy
signal. However, this putative lysosomal nutrient sensor for
mTORCI remained unresolved. Three groups have now inde-
pendently discovered SLC38A9 as an arginine sensor at the lyso-
somal membrane, identifying a central role for this transporter in
regulating the steps preceding autophagy.

SLC38A9 is an 11-pass lysosomal transmembrane protein and
a low capacity neutral amino acid transporter that directly inter-
acts with Ragulator—-Ragulator GTPases conveying the nutrient
status of the cell to the mMTORCI1 complex.I The initiation and
formation of double-membraned autophagosomes tightly links
mTORCI1 regulation to this nutrient-sensing mechanism. Thus,
identification of SLC38A9 as an amino acid sensor was a critical
step to understanding lysosomal signaling processes in autophagy.
It is not yet known whether additional amino acid sensors or
analogous sensors for sugars, lipids, or nucleotides exist within or
outside lysosomes, but these discoveries drive the quest to find
new sensors for autophagy initiation and termination. Moreover,
modulation of lysosomal SLC38A9 transporters may offer a new
therapeutic intervention in neurodegenerative and aging disor-
ders in which autophagy is perturbed.

Lysosomes also serve as the terminal compartment for cellular
endocytic machinery and degradation of endocytosed material.
Besides other functions, phagocytosis is essential for internalizing
pathogens for degradation and for orchestrating immune
responses. The handling of pathogens by dendritic cells for the
engagement of adaptive immune response is intricately tied to
endolysosomal function. Among lysosomal SLC transporters
known to facilitate this process, the endolysosomal peptide trans-

porters, SLC15A3 and SLC15A4, in dendritic cells are reported
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Figure 1 A schematic model of the lysosomal solute carrier (SLC)ome: emerging roles in cellular pathophysiology and pharmacology. A multitude of lyso-
somal SLCs across lysosomal membrane is involved in the lysosomal transport of solutes. Significant advances in understanding the lysosome proteome
has revealed novel roles for lysosomal SLCs, including SLC38A9 as an amino acid sensor (by direct interaction with mTOR complex), SLC17A9 as a medi-
ator of adenosine triphosphate (ATP) exocytosis, SLC15A3/A4 as a participant in toll-like receptor (TLR) signaling, SLC29A3 as a regulator of nucleoside
salvage, and SLC46A3 as a facilitator of antibody-drug conjugate maytansine efflux. mTOR, mammalian target of Rapamycin; RagA, Ragulator A; RagC,

Ragulator C.

to mediate the intracellular sensing of pathogens after toll-like
receptor stimulation.” Both transporters assist in the egress of
bacterially derived components, particularly muramyl dipeptide,
to facilitate the NOD2-mediated immune response. Consistently,
single nucleotide polymorphism of SLC15A4 is found to associ-
ate with autoimmune disease systemic lupus erythematosus. Simi-
larly, SLC11A1 (formerly Nrampl), a divalent metal transporter,
is reported in dynamic host-pathogen interactions essential for
conferring resistance to certain pathogens. Mutations in
SLCI11A1 associate with infectious (e.g., tuberculosis, leprosy)
and inflammatory (e.g., rheumatoid arthritis) diseases.

Recently, the role of an acidic pH-dependent lysosomal nucleo-
side transporter, SLC29A3, has been linked to macrophage
phagocytic function.” SLC29A3 is predicted to salvage lysosomal
nucleobases, nucleosides, and nucleotides, presumably derived
from encapsulated pathogens and host macrophage-derived
nucleic acids. Accumulating evidence reveals that SLC29A3
mutations can cause a spectrum of human genetic disorders due
to abnormal lysosomal nucleoside buildup and increased intraly-
sosomal pH. These diseases include: H syndrome (progressive
scleroderma, hyperpigmentation, hypertrichosis, facial telangiecta-
ses and dermal and subcutaneous fibrosis); pigmented hypertri-
chotic dermatosis and insulin-dependent diabetes syndrome;
familial Rosai-Dorfman disease; familial histiocytosis; and sinus

histiocytosis with massive lymphadenopathy. SLC29A3 spectrum
disorders are allelic, share common mutation(s), and share over-
lapping manifestations that display an intriguing resemblance to
lysosomal storage disorders. Although the basis of these mono-
genic disorders is only beginning to be appreciated, further stud-
ies on the involvement of SLC29A3 in lysosomal and cellular
homeostasis should clarify the role of macrophages and other cell
types in the pathogenesis of SLC29A3 spectrum disorders.

The lysosome participates in membrane trafficking and exocy-
tosis, wherein the lysosome expels its cargo outside the cell. Lyso-
somal exocytosis is also important in plasma membrane repair
and cholesterol homeostasis. Deficiency of lysosomal proteins in
Niemann-Pick type Cl discase or Niemann-Pick type C2
diminish cholesterol efflux from the lysosomal compartment,
leading to abnormal lysosomal cholesterol accumulation. Corre-
spondingly, a recent finding identified SLC17A9 in lysosome-
mediated adenosine triphosphate (ATP) release.* Because ATD is
an important neurotransmitter, lysosomal exocytosis maintains
regulated ATP release from neurons and/or astrocytes. This lyso-
somal ATP release is essential as a perturbation of SLC17A9 sig-
nificantly affected neurotransmission. ATP facilitates synaptic
efficiency and plasticity in neurons, and its dysregulation associ-
ates with central nervous system pathologies, including brain
ischemia, inflammation, and stroke.
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POTENTIAL THERAPEUTIC APPROACHES TARGETING
LYSOSOMAL SLC TRANSPORTERS

The localization of SLC transporters on the lysosomal membrane
represents a potential class of “druggable” targets for treating lyso-
somal disorders. However, success, to date, is limited due to the
initial requirement of endocytosis for drugs to reach the lyso-
some. The absence of an SLC transporter crystal structure also
slows the drug discovery process. Nevertheless, alternative strate-
gies to effectively utilize or target lysosomal SLCs for develop-
ment of improved therapeutics are underway. For instance,
antibody-drug conjugates are emerging as a cancer-specific treat-
ment to avoid off-target toxicities observed with conventional
chemotherapeutic agents.

Upon binding of antibody-drug conjugates to surface antigens
on cancer cells, they are endocytosed and accumulate in lyso-
somes. The antibody component is catabolized in the lysosome-
generating active drug. However, the active drug now faces the
impending challenge of finding its way out of the lysosome to
reach its target site (nucleus, cytoplasm, cytoskeleton, etc.) for
action. Because oligonucleotide (siRNA, miRNA) therapeutics
and nanoparticle-based therapeutics face the same drug-exit
impediment, lysosomal accumulation and degradation have
become a widespread concern.

Cleavable linker technology, proton-sponge effect, ion pair for-
mation, and hydrophobic modification of vectors or cargos are
some of the techniques being currently used for effective drug
delivery. In some cases, such strategies are harmful, disrupting
(endo) lysosomal membranes. In this regard, lysosomal SLCs
offer great promise to aid safe efflux of therapeutic cargos from
lysosomes. A recent discovery of SLC46A3 facilitating transport
of a noncleavable antibody-drug conjugate catabolite to export
cargo from the lysosome validates the feasibility of this strategy.’
Identification and characterization of orphan SLC46A3 identi-
fied maytansine as a substrate for SLC46A3, further clarifying
the mechanism of noncleavable maytansine-based antibody drug
conjugates, including ado-trastuzumab emtansine. The discovery
of SLC46A3 as a means for antibody-drug conjugates to target
cancer cells suggests future investigation will identify other lyso-
somal SLC transporters with substrates amenable to therapeutic
conjugation for lysosomal exit. In another example, SLC31A2,
the lysosomal copper transporter, regulates sensitivity to cisplatin
treatment. Measurement of copper flux with new intracellular
copper sensors enables testing for copper-dependent sensitivity to
chemotherapeutic agents.

Enhancement of transporter activity is a treatment option for
discases with loss of transporter function. The lysosomal gluta-
mate transporter, SLC1A2 (EAAT2), is involved in glutamate
clearance in astroglial cells, and its protein expression decreases in
neurological disorders, like Alzheimer disease, amyotrophic lateral
sclerosis, and schizophrenia. The antibiotic ceftriaxone increases
transcription of SLC1A2 through modulating nuclear factor-
kappa B signaling and riluzole, an amyotrophic lateral sclerosis
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therapeutic, reportedly increases transport activity of SLC1Al
and SLC1A2, supporting this strategy. Furthermore, SLC12A9 is
a member of the sodium chloride cotransporter family (SLC12)
that regulates ion gradients across renal tubules and maintains
cell volume. Mutations in SLCI12A9 associate with Bartter dis-
ease, characterized by a defect in the thick ascending limb of the
loop of Henle, hypokalemia, and alkalosis. Diuretic drugs, like
bumetanide and furosemide, inhibit multiple SLC12 transport-
ers; thus, directed development of novel diuretics that target spe-
cific SLC12 transporters may offer more effective disease
management.

Finally, various lysosomal storage disorders are caused by an
aberrant accumulation of undigested material within lysosomes.
Classic examples involving lysosomal transporters include
SLC17A5 and MFSD8 in Salla disease and neuronal ceroid lipo-
fuscinosis, respectively. Although there are no curative treatments
yet, enzyme replacement therapy and gene therapy are promising
options. Some treatment options for lysosomal storage disorders,
like Niemen-Pick disease, Gaucher alpha-
mannosidosis using enzyme replacement therapy are already

disease, and
approved or are under active (pre)clinical evaluations.

Overall, targeting and utilization of SLC transporters for better
treatment and management of lysosomal disorders or drug deliv-
ery is becoming a reality and research on lysosomal SLCs is gain-
ing momentum to realize new therapeutic possibilities.
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