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ABC transporters fulfill diverse physiological functions in different cellular

localizations ranging from the plasma membrane to intracellular membranous

compartments. Several ABC transporters have been spotted in the endolyso-

somal system, which consists of endosomes, autophagosomes, lysosomes, and

lysosome-related organelles. In this review, we present an overview of lysoso-

mal ABC transporters including ABCA2, ABCA3, ABCA5, ABCB6,

ABCB9, and ABCD4, discussing their trafficking routes, putative substrates,

potential physiological functions, and associated diseases. In addition, we

offer a critical evaluation of the literature linking ABC transporters to lyso-

somal drug sequestration, examining pitfalls associated with in vitro models

of drug resistance.
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Once considered merely as a garbage bin for unwanted

molecules, lysosomes are now recognized as complex

and dynamic organelles with a range of crucial physio-

logical functions. Lysosomes are responsible for the

recycling of macromolecules including proteins, carbo-

hydrates, nucleic acids, and lipids that are delivered to

the lysosomal lumen by endocytosis, phagocytosis, and

autophagic pathways [1]. In addition, lysosomes are

involved in metabolic signaling, gene regulation,

immunity, plasma membrane repair, and cell adhesion

and migration [2]. Lysosomes show a large variety in

composition, localization, number, and size, as they

are continuously shaped by fusion and fission events

and extensive interactions with other organelles. In a

broader sense, lysosomes are complemented by lyso-

some-related organelles (LROs), which include mela-

nosomes, lamellar bodies, lytic granules, MHCII

compartments, and platelet-dense granules [3]. LROs

are heterogeneous in structure, function, and origin.

For example, the constituents of melanosomes and

lamellar bodies are mainly derived from the endolyso-

somal compartment, whereas Weibel–Palade bodies

storing chemokines and the von Willebrand factor are

directly formed at the trans-Golgi of endothelial cells

with only a minor contribution from endosomal com-

partments [3]. In view of this variety and dynamics, it

is not surprising that lysosomes are associated not only

with rare lysosomal storage diseases but also with neu-

rodegenerative, metabolic diseases and cancer.

Lysosomes contain many constituents, including res-

ident proteins, proteins in transit, and cargo proteins

destined for degradation. In addition to the hydrolases

that are responsible for the lysosome-mediated degra-

dation and recycling processes, resident proteins

Abbreviations

LMPs, lysosomal membrane proteins; NBD, nucleotide-binding domain; TMD, transmembrane domain; TMH, transmembrane helix.
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include enzyme activators, protective factors, and vari-

ous lysosomal membrane proteins (LMPs) [4,5]. In line

with the complex physiological functions, the lysoso-

mal membrane has roles beyond tightly sealing lyso-

somes from the cytoplasmic environment. The largest

class of LMPs is formed by transporters and channels

that enable the exchange of content between lysosomes

and the cytosol. Most lysosomal transporters belong

to the secondary active transporters, which are ener-

gized by the proton gradient established by the V-type

ATPase. By controlling the flow of ions and metabo-

lites across the membrane, LMPs play a crucial role in

maintaining the unique lysosomal milieu. In addition,

LMPs regulate complex processes occurring through-

out the endocytic and biosynthetic pathways, influenc-

ing diverse cellular functions ranging from

phagocytosis, autophagy, cell death, virus infection to

membrane repair [6].

Considering the relevance of LMPs along the con-

tinuum of the endolysosomal system, remarkably lit-

tle is known about the molecular machinery

responsible for their transport to lysosomes. Sorting

and trafficking of LMPs is a complex process. Con-

ventionally, cytosolic sorting motifs are recognized at

different trafficking steps by adaptor molecules,

which mediate the transport directly from the Golgi

or via the plasma membrane to lysosomes [7]

(Fig. 1). However, there are numerous exceptions

where the proteins do not comprise a sorting motif

and pursue different trafficking routes. Glycosylated

LMPs may follow the constitutive secretory route

from the trans-Golgi network to the plasma mem-

brane and then be re-internalized by endocytosis.

Alternatively, some LMPs are trafficked directly to

the lysosomes via endosomal compartments. Cla-

thrin-dependent sorting is mediated by adaptor pro-

tein (AP) complexes (AP1, AP2, AP3) or Golgi-

localized, gamma-ear containing, ADP-ribosylation

factor binding (GGA) proteins, which bind to tyro-

sine or di-leucine-based sorting motifs located in the

cytosolic segments of LMPs [7]. Determinants of the

clathrin-independent pathways are less well defined,

and it is believed that in the case of multispanning

transmembrane proteins composite targeting signals

may be formed by the synergy of several motifs. The

relative contributions of these pathways depend on

physiological conditions, the cell type, and the

expression levels of the LMP [8].

Fig. 1. Intracellular trafficking of

transmembrane proteins. Transmembrane

proteins synthesized at the ER are

transported by COP II vesicles directly or

via the ER Golgi intermediate

compartment (ERGIC) to the cis-Golgi.

After reaching the trans-Golgi,

transmembrane proteins destined for

various compartments are recognized via

their trafficking signals by respective APs

and sorted in clathrin-coated or other

vesicles. In the indirect pathway, LMPs

are first targeted to the plasma membrane

and are subsequently endocytosed and

trafficked via early and late lysosomes to

the limiting membrane of lysosomes. In

the direct pathway, the proteins are sorted

to endosomal compartments from where

they reach the lysosomes.

Transmembrane proteins of LROs can

reach their final locations by different

pathways. Protein complexes involved in

sorting of membrane proteins are depicted

next to the corresponding routes.
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ABC transporters in the continuum of
the endolysosomal system

A recent proteomic analysis of native and density-

shifted lysosomes has identified more than 100 resident

LMPs, excluding many other membrane proteins iden-

tified in earlier studies as co-purifying contaminants

[9]. Current proteomic datasets classify ABCA2,

ABCB6, ABCB9 and ABCD4 as lysosomal proteins

[10–12]. Additional lysosomal ABC proteins identified

in specific cell types that were not analyzed by pro-

teomic studies include ABCA3 and ABCA5. Our sur-

vey of the literature revealed several other ABC

transporters annotated as LMPs. However, lysosomal

localization of these ABC transporters is only tran-

sient, representing an association with the intracellular

endocytic pathway leading to recycling or lysosomal

degradation. Subcellular distributions of membrane

proteins are more volatile than usually appreciated.

Sorting is finetuned by post-translational modifications

including glycosylation, phosphorylation, or ubiquity-

lation. The endocytic pathway is a spatio-temporal

continuum of early to late endosome intermediates,

which continuously exchange their content while

undergoing gradual molecular and structural remodel-

ing and functional transformation [1]. Notwithstanding

the above, lysosomal targeting of ABC transporters

should be delineated from endosomal localizations

linked to the ubiquitin-dependent downregulation of

plasma membrane transporters. For example, modula-

tion of plasma membrane levels by endocytosis has

been established for ABCC2, which can be withdrawn

from the apical membrane domain into an intracellular

reservoir as a result of PDZ motif-mediated interac-

tions, [13] or ABCA1, which is constitutively recycled

depending on the presence of its extracellular ligand

ApoA-I [14]. Membrane stability is also crucial for the

function of the cystic fibrosis transmembrane conduc-

tance regulator (CFTR), which is partly regulated by

the balance between the recycling and degradation of

endocytosed plasma membrane proteins. Whereas

CFTR was reported to play an important role in the

acidification of lysosomes by conducting chloride ion

for charge balance [15,16], several groups have later

shown that lysosomal and phagosomal acidification is

independent of CFTR [17,18]. In all fairness, the clas-

sification of lysosomal ABC transporters based on sub-

cellular fractionation, affinity purification, or imaging

studies is problematic. To some extent, knowledge-

based interpretation of the localization data can be

helpful; for example, homologs of known lysosomal

proteins are particularly likely to reside within this

organelle [19]. Unfortunately, in most cases the
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physiological function of lysosomal ABC proteins is

not known. Given their membrane orientation (the

ATP-binding domains are believed to face the cyto-

plasm), an exporter function is predicted, implying the

extrusion of substrates into lysosomes. However, as we

will see later, even this simple assumption is incorrect,

considering the putative reverse transport function of

ABCD4, which promotes the transport of cobalamin

from the lumen of lysosomes into the cytosol. Simi-

larly, remarkably little is known about the molecular

machinery responsible for the trafficking of ABC

transporters to lysosomes. Lysosomal ABC trans-

porters lack known sorting motives and it seems that

they reach the lysosomes through different trafficking

mechanisms. In this review, we offer an inventory of

lysosomal ABC transporters, listing experimental evi-

dence on trafficking, putative substrates, physiological

functions, and the diseases that are associated with

these proteins (Table 1). We distinguish ABC proteins

with established lysosomal targeting and function

(ABCD4, ABCA3, ABCB9) from ABC proteins with

unknown function, whose lysosomal localization is

nevertheless supported by overwhelming experimental

evidence (ABCA2, ABCA5, and ABCB6). Finally, we

offer a critical evaluation of studies linking ABC

transporters to the lysosomal sequestration of drugs,

discussing pitfalls associated with the experimental ver-

ification of lysosomal localization.

Release of cobalamin from the
lysosomes: ABCD4

ABCD4 was named putative peroxisomal membrane

protein 69 because of its sequence similarity to the

other known members of the ABCD subfamily

(ABCD1-3), which are found in peroxisomes [20].

However, ABCD4 was unequivocally localized to the

lysosomes and is not found in peroxisomes [21].

ABCD4 is a homodimeric, ubiquitously expressed half

transporter [22,23]. ABCD4 belongs to the class IV

ABC transporters containing 2 9 6 transmembrane

helices with cytosolic extensions [24]. Recently, the

structure of ABCD4 has been solved by single-particle

cryogenic electron microscopy in the ATP bound state

with a resolution of 3.6 �A [23]. The structure shows a

transmembrane domain (TMD) open to the lysosomal

lumen and nucleotide-binding domains (NBD) forming

head-to-tail dimers with two ATP molecules in the

dimer interface. The TMD forms a cavity, which is

lined by hydrophobic residues at the entrance, and is

Fig. 2. Role of ABCD4 in intracellular

cobalamin shuttling. ABCD4 is guided

from the ER to the lysosomes by LMBD1

through a yet unknown intracellular route,

believed to involve the plasma membrane.

Cobalamin is taken up by the cell in

complex with transcobalamin through

CD320. The trimeric complex is

endocytosed, and the cobalamin/

transcobalamin heterodimer dissociates

from CD320 in early endosomes. CD320

recycles to the plasma membrane

whereas the cobalamin/transcobalamin

complex is shuttled to lysosomes.

Transcobalamin is degraded by lysosomal

proteases, and cobalamin is transported by

the ABCD4/LMBD1 complex into the

cytosol through a reverse transport

mechanism. Methylated and adenosylated

cobalamin is an essential cofactor of the

methionine synthase and methylmalonyl-

CoA mutase, respectively.
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closed at the boundary to the cytosol. Mutations in

ABCD4 are linked to a group of nine inherited defects

of intracellular cobalamin (vitamin B12) metabolism

discovered by somatic complementation assays [21,25].

In the blood, cobalamin is complexed with transcobal-

amin, which is taken up by CD320-mediated endocyto-

sis (Fig. 2). CD320 dissociates in the endosomes and

the cobalamin-transcobalamin complex is translocated

to lysosomes, where cobalamin is liberated from the

complex. Free cobalamin is released into the cytosol

where it is processed to methylcobalamin or adenosyl-

cobalamin, the prosthetic groups of methionine syn-

thase and methylmalonyl-CoA mutase [26]. Defects in

this pathway result in the accumulation of the sub-

strates of methionine synthase and methylmalonyl-

CoA mutase, resulting in methylmalonic aciduria and

hyperhomocysteinemia. Patients within the comple-

mentation groups cblF and cblJ show identical pheno-

types including hypotonia, lethargy, poor feeding,

bone marrow suppression, macrocytic anemia and

heart defects in newborns [21,27]. Fibroblasts from

these patients showed elevated levels of free cobalamin

but virtually no synthesis of methylcobalamin or

adenosylcobalamin. Mutations in LMBRD1 and

ABCD4 cause the cblF and cblJ phenotypes, respec-

tively [21,28]. LMBRD1 encodes a homodimeric lyso-

somal membrane glycoprotein with nine putative

transmembrane helices. Lysosomal cobalamin trans-

port escort protein LMBD1 (LMBD1) interacts with

ABCD4 as demonstrated by co-immunoprecipitation

and by a fluorescence resonance energy transfer-based

live cell assay [29,30]. Based on surface plasmon reso-

nance experiments, the complex is kinetically stable

with an affinity in the nanomolar range [22]. ABCD4

is retained in the ER in the absence of LMBD1, but is

trafficked to the lysosomes if both proteins are coex-

pressed. Moreover, ABCD4 is mislocalized to the

plasma membrane if coexpressed with a mutant form

of LMBD1 containing a modified putative AP-2 bind-

ing motif, which traffics to the plasma membrane. Dis-

ease-causing mutations in ABCD4 significantly weaken

the interaction with LMBD1, resulting in reduced lyso-

somal targeting and a decrease in cobalamin release

from lysosomes [29]. Based on these results it was con-

cluded that LMBD1 functions as an escort protein to

overcome ER retention and to guide the lysosomal tar-

geting of ABCD4 [30] (Fig. 2). Expression of wt

ABCD4 in fibroblasts of patients with cblJ phenotype

normalized enzyme-bound cobalamin levels and drasti-

cally increased the levels of methylcobalamin and

adenosylcobalamin. However, expression of an

ABCD4-variant with a mutated Walker B residue

(D548N) led to reduced synthesis of both cobalamin

cofactors suggesting that ATP hydrolysis is essential

for release of free cobalamin from the lysosomes into

the cytosol [21]. The exact contribution of ABCD4

remains unclear. Since direct transport of cobalamin

by ABCD4 has not been demonstrated, two alternative

scenarios may be hypothesized: ABCD4 may be a reg-

ulatory protein needed for the function of LMBD1

performing cobalamin transport (a similar collabora-

tion exists between ABCC8 and KIR6.2-SUR). Alter-

natively, LMBD1 may be an accessory protein needed

for the lysosomal trafficking of ABCD4, which may be

directly responsible for cobalamin export from the

lysosomes to the cytoplasm. However, this scenario

would imply that the directionality of transport is

reversed, suggesting that in contrast to the majority of

eukaryotic ABC transporters, ABCD4 functions as an

importer. Future work, based on transport studies per-

formed with reconstituted ABCD4 will determine the

validity of this intriguing hypothesis.

Regulation of intracellular lipid
transfer in lysosomes and LROs:
ABCA2, ABCA3, and ABCA5

ABCA subfamily members are involved in lipid meta-

bolism. Expressed predominantly in the plasma mem-

brane, ABCA1 effluxes cholesterol from cells, while

several ABCA family members regulate intracellular

lipid homeostasis in the membranes of intracellular

organelles [31–35]. ABCA proteins are full trans-

porters, consisting of two TMDs and two NBDs and

large hydrophobic loops connecting transmembrane

helices. These large luminal loops are highly glycosy-

lated, presumably to protect against degradation.

While the participation of ABCA proteins in lipid

metabolism and homeostasis is firmly established, their

physiological substrates are not known for every mem-

ber of the subfamily. Also, a rigorous study of the

trafficking of ABCA proteins targeted to lysosomes or

LROs is lacking. Below we summarize relevant infor-

mation on the lysosomal localization and function of

ABCA2, ABCA3 and ABCA5.

The link between the lysosomal localization and

function of ABCA3 is well understood [36]. Predomi-

nantly expressed in the alveolar type II (AT2) cells of

the lung, ABCA3 is localized to the limiting membrane

of LROs called lamellar bodies [37]. Lamellar bodies

(also known as lamellar granules) are secretory orga-

nelles that fuse with the cell membrane and release

pulmonary surfactant into the extracellular space [38].

ABCA3 follows a complex trafficking pathway

(Fig. 3). Following synthesis, ABCA3 is routed to the

outer membrane of lamellar bodies via early
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endosomes and late endosomes. The ABCA3 sequence

contains the signature motif (xLxxKN or xLxKN) tar-

geting ABCA transporters to the proximal post-Golgi

secretory vesicles, but the determinants of targeting to

the lamellar body are not known [39]. Subsequently,

ABCA3 is trafficked further to the plasma membrane

and back, recycling between the endosomal pool and

the plasma membrane, or directed to the lysosome for

degradation. Through the transport of lipids into the

lamellar bodies, ABCA3 is one of the main regulators of

lung surfactant metabolism. Functional and trafficking

defects in ABCA3 mutants are associated with respira-

tory distress syndrome [40], and deletion of Abca3 in

mice is incompatible with life due to acute respiratory

failure after birth. AT2 cells of Abca3-deficient mice

contain abnormally dense lamellar body-like organelles

with significantly reduced phosphatidylcholine and

phosphatidylglycerol levels. These findings indicate that

ABCA3 contributes to lamellar body biogenesis by

transporting these lipids as substrates [41]. Trafficking

of ABCA3 is influenced by post-translational modifica-

tions including glycosylation and proteolytic cleavage.

Disease-associated mutations result in misfolding,

abnormal intracellular trafficking without targeting to

lysosomes or catalytic inactivation. Modulation of

protein trafficking by chemical chaperones has been sug-

gested as a viable therapeutic approach for disorders

caused by ABC transporter mutations affecting folding,

and ABCA3 certainly is a prime candidate for traffick-

ing rescue [42].

The role of ABCA2 and ABCA5 in the intracellular

lipid homeostasis is less understood. ABCA2 is local-

ized in intracellular vesicles, identified in transfected

cells as LROs only partially overlapping with classical

endolysosomes [43]. Expression of ABCA2 is corre-

lated with genes involved in cholesterol homeostasis

[44], and its function is associated with the intracellu-

lar shuttling of free cholesterol delivered from low-

density lipoproteins (LDL) to the ER. ABCA2 is

highly expressed in the brain and to a lesser extent in

other tissues [45]. Overexpression of ABCA2 can

enhance the levels of amyloid beta precursor protein

and beta amyloid [46], and a polymorphism in exon 14

of ABCA2 was shown to be associated with early and

late onset of Alzheimer’s disease [47,48]. Abca2 knock-

out mice exhibit neurological symptoms and a neural

accumulation of gangliosides and cerebrosides with

reduced sphingomyelin, suggesting an involvement in

sphingolipid metabolism [49]. The physiological func-

tion of the lysosomal ABCA2 is not known. It is

Fig. 3. Role of ABCA3 in lung surfactant

production. ABCA3 is trafficked to late

endosomes (multivesicular bodies) which

fuse to form composite bodies. The

composite bodies mature to lamellar

bodies, which are filled with surfactant

composed of lipids and surfactant

proteins. The role of ABCA3 in the

production of surfactant is to transport

primarily phosphatidylcholine and

phosphatidylglycerol into the lumen of

lamellar bodies. Surfactants are released

by exocytosis. ABCA3 is internalized to

early endosomes and subsequently

degraded in lysosomes or recycled into

late endosomes.
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speculated that ABCA2 flips negatively charged phos-

pholipids to the luminal side of intraluminal vesicles,

which results in a high concentration of negative

charge attracting the acid ceramidase and glucocere-

brosidase catalyzing the degradation of ceramide to

sphingosine [50]. Ceramide promotes the displacement

of cholesterol onto the soluble Niemann–Pick 2

(NPC2) protein, which transfers cholesterol to NPC1

in the limiting membrane of lysosomes. Cholesterol is

distributed from the limiting membrane to other cellu-

lar sites including the ER, where the cholesterol

biosynthesis is regulated (Fig. 4). In contrast, sphin-

gosine, because of its lipidic structure, is less effective

than ceramide in displacing cholesterol on NPC2,

resulting in sequestration of free cholesterol in lyso-

somes [51].

ABCA5 is localized to late endosomes and lyso-

somes [52] but it was also found in the Golgi [53] and

recently in the plasma membrane [54] (Fig. 5). The tis-

sue distribution of ABCA5 varies between species,

with predominant expression in the brain, lung and

testis. Interestingly, in mouse, rat and human a smaller

transcript resembling a half transporter was detected,

however at lower expression levels [52,55,53]. ABCA5

knockout mice feature symptoms similar to those of

several lysosomal diseases in heart, including dilated

cardiomyopathy, leading to death at ~ 10 weeks of age

[52]. Macrophages of mice with dysfunctional ABCA5

show reduced cholesterol efflux to high-density

lipoproteins (HDL) and an increased cholesterol efflux

to ApoA-I [56]. In the mouse macrophage cell line

RAW 264.7, expression of ABCA5 was strongly

induced in the presence of cholesterol. In contrast to

ABCA1, which showed a significantly reduced expres-

sion upon exposure to high concentrations of choles-

terol, ABCA5 expression was even more induced

suggesting that ABCA5 assumes a critical function

contributing to cholesterol efflux to HDL in choles-

terol-overloaded macrophages [54]. Mutations in

ABCA5 are associated with excessive hair overgrowth,

accompanied by defects in the autophagy pathway and

increased levels of free cholesterol in intraluminal vesi-

cles of lysosomes of keratinocytes [57]. Moreover,

ABCA5 was implicated in the neuropathology associ-

ated with Alzheimer’s and Parkinson disease [58,59].

Alzheimer’s disease patients show an increased expres-

sion of ABCA5 in hippocampal neurons, and amyloid-

b-peptide levels are significantly reduced by ABCA5.

Similar changes were observed with a-synuclein in neu-

rons of the amygdala, where Parkinson disease

Fig. 4. Presumed function of ABCA2 in

cholesterol homeostasis. Free cholesterol,

delivered by LDL, is taken up by the cell

and delivered to lysosomes where the

proteins are hydrolyzed. High levels of

ceramide promote the transfer of

cholesterol from the membrane of the

intraluminal vesicles to Niemann–Pick

protein 2 (NPC2). NPC2 delivers

cholesterol to NPC1, which transfers

cholesterol to the ER by nonvesicular

transport. In the ER, the concentration of

cholesterol is sensed to regulate cellular

cholesterol homeostasis. Since high

expression of ABCA2 leads to

sequestration of cholesterol into

lysosomes, it is speculated that ABCA2

flips negatively charged phospholipids into

the luminal leaflet of intraluminal vesicles.

The negatively charged surface of the

luminal leaflet attracts acid ceramidase

and glucocerebrosidase, which leads to a

decrease of the intraluminal

concentrations of ceramide and therefore

a reduced efflux of cholesterol out of the

intraluminal vesicles.
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patients showed higher levels of ABCA5. It is assumed

that the overexpression of ABCA5 is a protective

response in these conditions.

Lysosomal peptide transport: ABCB9

ABCB9 forms a homodimeric ABC transporter, shut-

tling peptides into the lumen of lysosomes. Due to a

~ 40% sequence identity with the subunits of the het-

erodimeric transporter associated with antigen process-

ing (TAP, ABCB2/3), ABCB9 is also named TAP-like

(TAPL). TAPL is a highly conserved gene with a

sequence identity of 95% between human and rat or

mouse. Homologs are present in phylogenetically more

distant organisms such as sea lamprey or even

Ceanorhabditis elegans [60,61]. The orthologous HAF-

4 and HAF-9 proteins in C. elegans are localized in

large, nonacidic gut granules belonging to LROs [60].

Interestingly, TAPL distribution shows a similar pat-

tern in sea lamprey and mammalians [61]. Though a

Coordinated Lysosomal Expression And Regulation

element (CLEAR) is found in the promoter region of

abcb9, its expression is not regulated by the major reg-

ulator of lysosome function and biogenesis the tran-

scription factor EB [62]. At a transcriptional level,

ABCB9 was detected in nearly every tissue with high

expression in the central nervous system and testis

[63,64]. Expression of the TAPL protein is high in Ser-

toli cells and the endothelial cells of the blood-brain

barrier [65], and strong expression was detected in

antigen presenting cells including dendritic cells and

macrophages [66].

ABCB9 belongs to group of type IV ABC exporters

[24] and forms a homodimer with a TMD composed

of 2 9 6 transmembrane helices, and two cytosolic

NBD. This dimer of core-transporters is capable of

peptide transport, but is mislocalized to the plasma

membrane [66]. ABCB9 contains an additional N-ter-

minal TMD, TMD0. As determined by solution

NMR, TMD0 is composed of four transmembrane

helices (TMH) and a short luminal helical element

connecting transmembrane helices 1 and 2 [67,68]. The

TMD0 of TAP1 and TAP2 also contain four TMHs,

whereas in other ABC transporters the TMD0 segment

contains five transmembrane helices [69,70]. TMD0 is

targeted to lysosomes, and can guide the core-ABCB9

to lysosomes through noncovalent interactions [66,71].

Additionally, TMD0 functions as an interaction hub

for other membrane proteins. In lysosomes, TMD0

mediates interaction with the lysosomal associated

Fig. 5. Hypothetic role of ABCA5 in

cholesterol efflux in macrophages. The

majority of cholesterol bound to ApoA-1/

HDL is exported by ABCA1 and ABCG1.

However, ABCA5 seems to be also

involved in cholesterol efflux. In the

mouse macrophage cell line Raw264.7,

ABCA5 is responsible for ApoA-I/HDL

formation at the plasma membrane under

high cholesterol levels. Since ABCA5 is

also found in the endolysosomal system, it

may participate in the assembly of ApoE/

HDL where ApoE is delivered by

endocytosis of VLDL. The trafficking route

of ABCA5 is not known.
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membrane proteins (LAMP) LAMP-1 and LAMP-2B

but not with the splice isoform LAMP-2A [72]. Inter-

action with LAMP-1 stabilizes ABCB9 significantly

against proteolytic degradation, potentially by retain-

ing the transporter in the limiting membrane of lyso-

somes. In the ER, TMD0 interacts with the

transmembrane region of YIP1-interacting factor

homolog B (YIF1B) [73]. The YIF1B is a factor

involved in the anterograde shuttling of the 5-HT1A

serotonin receptor to the cis-Golgi. In the case of

ABCB9, YIF1B is important but not essential for the

release from the ER.

After the discovery of ABCB9 in 1999, its subcellu-

lar localization was subject to controversies. Zhang

et al. showed lysosomal localization of ABCB9 by flu-

orescence microscopy and by subcellular fractionation

in stably transfected SK-OV-3 cells [64]. In contrast, in

transiently transfected HEK-293 and COS-1 cells, a

retention of ABCB9 in the ER was reported [74].

However, lysosomal localization of ABCB9 was con-

firmed in several subsequent studies [66,73].

Intracellular trafficking of ABCB9 was characterized

by the retention using selective hooks (RUSH) assay

[75]. In the RUSH assay, ABCB9 tagged with the

streptavidin binding peptide is artificially retained in

the ER by a hook protein containing streptavidin.

With the addition of biotin, ABCB9 is released from

the ER in a synchronized manner and the intracellular

route can be followed by fluorescence confocal micro-

scopy. The RUSH assay unanimously proved that

ABCB9 is shuttled by the direct route from the Golgi

via early endosomes to lysosomes (Fig. 6). Although

ABCB9 was never observed in the plasma membrane,

the drawback of this elegant method is that a short-

lived intermediate step at the plasma membrane can be

missed. However, plasma membrane expression of

ABCB9 was excluded by applying the endocytosis inhi-

bitor Dyngo4a, which also ruled out indirect lysosomal

targeting [73]. Bioinformatics combined with muta-

tional studies could not identify a sorting motif in the

cytosolic loops of TMD0, the sorting domain of

ABCB9. Sequence alignments of phylogenetically dis-

tant ABCB9 orthologs identified conserved charged

residues in the first three transmembrane helices [73].

A salt bridge between D17 and R57 was found to be

essential for the release of ABCB9 from the ER,

whereas the network of D45, D49 and K100 is manda-

tory for the release from the Golgi. Following substi-

tution of D17 with asparagine, ABCB9 is retained in

the ER and its interaction with the sorting chaperone

Fig. 6. Intracellular trafficking of ABCB9.

The TMD0 of ABCB9 interacts in the ER

with the shuttling factor YIF1B, which

facilitates translocation from the ER to the

Golgi. Subsequently, ABCB9 is trafficked

via early and late endosomes to

lysosomes where it interacts with LAMP-

1/2B in the limiting membrane. Isolated

TMD0, the trafficking domain of TAPL,

follows the same route as full length

ABCB9. In contrast, coreABCB9 is

shuttled to the plasma membrane,

internalized, packed in late endosomes

and is ultimately degraded in lysosomes.
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YIF1B is significantly weakened. Therefore, it can be

speculated that the network of conserved, charged resi-

dues in the transmembrane helices of ABCB9 induces

the correct conformation for the interaction with auxil-

iary proteins essential for lysosomal sorting.

Peptide transport by ABCB9 was first shown with

crude membranes of insect cells expressing human

ABCB9 [76]. Subsequently, ABCB9 dependent peptide

transport into isolated lysosomes of stably transduced

Raji cells or proteoliposomes containing reconstituted

ABCB9 was demonstrated [77]. For peptide recognition,

the N-terminal and C-terminal residue is important with

a preference for positively charged and large hydropho-

bic residues. In contrast, negatively charged residues

and residues like asparagine or methionine are disfa-

vored at the termini. The sequence in between both ends

can be highly promiscuous and of varying length, rang-

ing from 6- to 59-mer peptides. Overall, positively

charged peptides are transported more efficiently, sug-

gesting that the negatively charged membrane enriches

the positively charged peptides in spatial proximity to

the transporter [77]. Although shorter and longer pep-

tides are equally well recognized, the longer peptides are

20-fold slower transported due to significant higher acti-

vation energy corresponding to larger conformational

changes. Moreover, ATP and GTP are hydrolyzed with

the identical rate constants but ATP energizes the trans-

port significantly more efficiently [78]. Peptide transport

kinetics are determined most often in bulk, meaning that

transport is averaged over thousands of transporters

independent of their activity. By dual color fluorescence

burst analysis, a method in which fluorescence bursts

arising from single liposomes diffusing through the con-

focal volume of a microscope are quantified, single

transporter kinetics were analyzed [79]. By this method,

we established the transport rate of a 9-mer peptide as 8

peptides per minute, showing that ABCB9 is indeed a

primary active transporter accumulating peptides

against a 1000-fold gradient. Although peptide accumu-

lation was not inhibited by an electrochemical gradient,

luminal peptide concentrations never exceeded 1 mM,

which is far below the theoretical accumulation that

may be achieved from the free energy of ATP hydroly-

sis. Therefore, a trans-inhibition mechanism was postu-

lated in which the luminal peptide inhibits further

translocation similar to the product inhibition of

enzymes [79].

Based on the broad tissue distribution and multiple

GC-boxes in the promoter region for binding of the

ubiquitous transcription factor Sp1 [80,61], ABCB9

seems to fulfill the function of a housekeeping factor

preventing the accumulation of potentially cytotoxic or

stressful peptides in the cytosol. ABCB9 translocates a

similar spectrum of peptides as the transporter associ-

ated with antigen processing (TAP), which is an essen-

tial factor in the major histocompatibility class I

(MHC I) mediated cellular immune response. TAP

transports antigenic peptide into the ER lumen where

they are loaded on MHC I for presentation on the cell

surface to CD8+ cytotoxic T cells. However, overex-

pression of ABCB9 in TAP1 or TAP2 deficient cells

could not restore the MHC I surface presentation of

antigenic peptides [66]. Moreover, ABCB9 was also

not involved in the presentation of TAP-independent

epitopes in tumor cells deficient in TAP [81]. Recently,

a detailed study has characterized the immune system

of ABCB9 knockout mouse in great detail. Lack of

ABCB9 did not affect the number of CD8+ thymo-

cytes, CD4+ or CD8+ splenocytes, dendritic cells, B-

cells, natural killer (NK) or NK-T cells or the expres-

sion of MHC I and MHC II molecules [82]. In further

studies, a contribution of ABCB9 to cross-presenting

exogenous antigens on MHC I or cytosolic antigens

on MHC II could not be demonstrated. However, it

was shown that ABCB9 modulates the maturation of

phagosomes, which has an effect on the degradation

of the antigenic peptides. In C. elegans, the ortholo-

gous heterodimeric proteins HAF-4 and HAF-9 are

localized in large granules in the intestinal cells [60,83].

The granules are neither lipid droplets nor acidic gran-

ules instead, they are LROs associated with the endo-

cytic pathway [84]. In the absence of either functional

HAF-4 or HAF-9, this subset of granules disappears

from the intestinal cells, and the animals show defects

in brood size, growth rate and defecation rate [60].

Taken together, ABCB9 seems to have a function in

the biogenesis of LROs in C. elegans and in the modu-

lation of phagosome maturation.

The enigmatic ABCB6 transporter: a
journey along the endolysosomal
continuum

ABCB6 is widely expressed in many tissues, especially

in the heart, liver, skeletal muscles [85], the red blood

cells [86,87], and the skin [88]. ABCB6 is a homod-

imeric protein containing a unique N-terminal

(TMD0) region with five transmembrane helices,

followed by the ABC-core consisting of a TMD and

a cytoplasmic NBD. ABCB6 was also named P-glyco-

protein related protein (PRP) [89], and MTABC3, as it

was believed to be an ortholog of Atm1p, a yeast

mitochondrial protein localized to the inner mitochon-

drial membrane contributing to the biogenesis of

cytosolic Fe/S proteins thorough mitochondrial export

[85]. Thus, ABCB6 was initially classified as a
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mitochondrial ABC transporter, despite the fact that,

unlike ABCB7, ABCB8 and ABCB10 that reside in

the inner mitochondrial membrane, ABCB6 does not

contain a mitochondrial targeting sequence [90]. To

date, the intracellular localization of ABCB6 is a mat-

ter of debate, with conflicting reports suggesting mito-

chondrial or endolysosomal expression. Current

databases summarizing quantitative mass spectrometric

data of subcellular fractions list ABCB6 as a mito-

chondrial [91] or a lysosomal protein [9]. Below we dis-

cuss some aspects of this controversy, arguing for the

classification of ABCB6 as an endolysosomal protein.

We refer the interested reader to a recent review by

Boswell-Casteel and coworkers for an alternative view

[92].

In 2006, Krishnamurthy and colleagues established

ABCB6 as an outer mitochondrial membrane protein

responsible for the mitochondrial import of porphyrin

metabolites [93]. Synthesis of heme starts and ends in

the mitochondrial matrix, including several enzymatic

steps that take place in the cytosol. Following the for-

mation of d-aminolevulinic acid (ALA), the tetrapyr-

role coproporphyrinogen III molecule (CPIII) enters

the mitochondria, where protoporphyrin IX is formed

by oxidation steps. Confocal microscopy analysis and

fractionation of cells expressing Flag-tagged ABCB6

indicated that ABCB6 is localized to the mitochondria,

and measurements using isolated mitochondria sug-

gested that the ABCB6 ATPase is stimulated by CPIII.

Based on these results the authors concluded that

ABCB6 is located to the outer mitochondrial mem-

brane, and its function is required for mitochondrial

porphyrin uptake [93,94]. Since the first report, several

studies from the same laboratory have been published

in support of this model (reviewed in [92]). For exam-

ple, the biological impact of ABCB6 was expanded to

include protection against oxidative stress by means of

increasing the availability of heme needed for the func-

tion of catalase [95].

Independent studies confirmed an (indirect) link

between ABCB6 and multidrug resistance (MDR),

based on the correlation of ABCB6 expression and

in vitro resistance against chemotherapeutics such as

camptothecin, cisplatin [96], paclitaxel/FEC [5-fluo-

rouracil (5-FU), epirubicin, and cyclophosphamide]

[97], paclitaxel [98] or 5-FU [99]. At the same time,

ABCB6 was spotted in other organelles, and mounting

evidence from several independent laboratories indi-

cated that the suggested mitochondrial localization

may be incorrect. In addition to an intracellular local-

ization interpreted to correspond to the mitochondria,

Paterson and coworkers identified ABCB6 in the

plasma membrane [100]. Based on subcellular

fractionation and immunofluorescence analyses of

native and fluorescently tagged proteins, ABCB6 was

localized to the Golgi system [101], the endolysosomal

continuum [102] including the plasma membrane

[86,87] and intracellular vesicles [102–106,88]. Quanti-

tative mass spectrometric analysis coupled with subcel-

lular fractionation identified ABCB6 as a lysosomal

protein. The ‘balanced sheet’ analysis used in that

study clearly shows that ABCB6 resides in lysosomes,

which often contaminates preparations of ‘purified’

mitochondria [9]. In 2012, ABCB6 was identified as

the molecular basis of a rare blood group antigen

called Langereis (Lan), establishing ABCB6 as an ery-

throcytic protein (red blood cells are devoid of mito-

chondria) [86]. At present it is not clear how these

contradictory reports may be reconciled. Subcellular

expression can be influenced by experimental condi-

tions such as the metabolic state of the cells, or arti-

facts linked to tagging, overexpression or

fractionation. Our own laboratory has failed to detect

ABCB6 in the mitochondria, regardless of the cellular

or experimental models. As opposed to ABCB7/8/10,

which showed the expected mitochondrial expression

pattern, endogenous or cDNA-derived ABCB6 was

consistently localized in extramitochondrial compart-

ments by confocal or electron microscopy, and could

be no longer found in pure mitochondrial fractions

devoid of lysosomal contamination

[107,105,108,87,109].

The overwhelming data in support of the endolyso-

somal localization called for a paradigm shift to

remove ABCB6 from the list of mitochondrial proteins

[105,90]. However, it may be argued that localization

studies are relevant only in the context of complemen-

tary functional evidence, linking expression and func-

tion of a protein to a specific subcellular compartment.

Although initial findings by Krishnamurthy et al. [93]

suggested that loss of one Abcb6 allele in embryonic

stem cells impairs porphyrin synthesis, knockout mice

were phenotypically normal, exhibiting elevated sensi-

tivity to phenylhydrazine-induced stress [110]. While

ABCB6 was shown to be a genetic modifier of por-

phyria [111], loss of ABCB6 is dispensable for erythro-

poiesis in humans [86], questioning the requirement of

ABCB6 in the mitochondrial import of porphyrins. At

the same time, the presumed endolysosomal function

of ABCB6 remains unknown. Unfortunately, the phe-

notypes associated with ABCB6 mutations do not pro-

vide an easy clue. Whereas deletion of ABCB6 in Lan-

negative individuals or mice does not result in an overt

phenotype, ABCB6 mutations cause various pathologi-

cal conditions encompassing a wide range of symp-

toms such as coloboma [112], pseudohyperkalemia
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[113], and dyschromatosis universalis hereditaria

(DUH) [88]. Ocular coloboma is a developmental

defect leading to the incomplete closure of the optic

fissure, pseudohyperkalemia is characterized by

increased serum potassium levels in whole blood stored

at or below room temperature, whereas DUH is a pig-

mentary disorder characterized by hyperpigmented and

hypopigmented macules distributed randomly over the

body. Electron microscopy of DUH samples revealed

an abnormal pattern of mature melanosomes and

immature melanosomes in the basal layer of hypo- and

hyperpigmented skin [114]. As LROs, melanosomes

are derived from the endolysosomal continuum, and

the association of ABCB6 with a pigmentary defect

suggested a functional link between ABCB6 and mela-

nin synthesis. Indeed, using confocal microscopy and

ultrastructural analysis, we were able to demonstrate

that ABCB6 localizes to the membrane of early mela-

nosomes and lysosomes of the human melanocytic cell

line MNT-1 (Fig. 7). It is important to emphasize that

ABCB6 was detected in the limiting membrane of lyso-

somes, as opposed to cargo proteins destined for lyso-

somal degradation that are sorted into ILVs and

remain in the endosomal lumen. Further, depletion of

ABCB6 by siRNA induced an aberrant accumulation

of multilamellar aggregates in pigmented melano-

somes, which could be rescued by the overexpression

of wild-type ABCB6 but not by variants containing

DUH mutations [107]. Despite localization of ABCB6

to LROs, its functional contribution to the early steps

of melanogenesis remains unknown. Since Abcb6�/�
mice (developed on a C57/Bl6 background) and Lan-

negative individuals do not show any overt sign of pig-

mentation defect, ABCB6 is clearly dispensable for

melanogenesis. We speculate that ABCB6 is required

for maintaining the intraluminal homeostasis of the

maturing early melanosome, which is needed for effi-

cient fibrillation and matrix formation [107].

Endogenous ABCB6 is glycosylated in multiple cell

types, indicating trafficking through the endoplasmic

reticulum (ER). Disruption of the atypical glycosylation

site (NXC) at the amino terminus blocked ER exit and

resulted in ABCB6 degradation [115]. Several disease-

causing ABCB6 mutations were shown to influence

intracellular trafficking, resulting in the trapping of

mutant ABCB6 variants in the ER [87] or the Golgi

[112,88]. A timely and targeted passage of ABCB6

through the endolysosomal continuum is probably also

important for the regulation and function of ABCB6.

To understand the dynamic process of ABCB6

Fig. 7. Lysosomal trafficking of ABCB6.

Following passage through the ER and

Golgi, ABCB6 is targeted to the cell

surface. ABCB6 is rapidly internalized from

the plasma membrane through

endocytosis, to be distributed to late

endosomes and lysosomes. ABCB6 is

present in the membrane of mature

erythrocytes and in exosomes released

from reticulocytes during the final steps of

erythroid maturation. CoreABCB6 is also

targeted to the plasma membrane but is

not internalized. In pigment cells, ABCB6

is localized to early endosomes, which

give rise to maturing stage II-IV

melanosomes responsible for the

synthesis, storage, and transport of

melanin.
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distribution beyond the snapshots of dynamically fixed

end points offered by immunocytochemical analyses, we

followed the trafficking of the endogenous ABCB6 pro-

tein in live cells. These results showed that ABCB6 is

first targeted to the plasma membrane, and is rapidly

internalized through endocytosis to be distributed to the

limiting membrane of multivesicular bodies and lyso-

somes [108]. ABCB6 does not contain consensus signals

associated with either lysosomal or mitochondrial tar-

geting, and its N-terminal extension TMD0 bears no

resemblance to any other proteins. Interestingly, the N

terminally truncated core ABCB6 was retained in the

plasma membrane, whereas a TMD0-GFP chimaera

was targeted to the endolysosomal system. Taken

together, these results indicate that TMD0 is dispens-

able for the folding, dimerization, membrane insertion

and ATP binding/hydrolysis of the core–ABCB6 com-

plex, but has a crucial role in the lysosomal targeting

of ABCB6 [108]. Almost identical results were

obtained with CeHMT-1 (C. elegans Heavy Metal Tol-

erance factor 1), which shares significant sequence and

topological similarity with ABCB6 [116,117]. The evo-

lutionarily conserved role of the HMT-1 proteins is to

confer tolerance to heavy metals through the intracel-

lular sequestration of metal complexes. Significantly,

the hypersensitive phenotype of Schizosaccha-

romyces pombe and Caenorhabditis elegans strains

defective for HMT-1 could be rescued by the human

ABCB6 protein, based on the ABCB6-mediated vacuo-

lar sequestration of cadmium. Modulation of ABCB6

levels by overexpression or gene silencing in human

glioblastoma cells resulted in a parallel change in cad-

mium sensitivity, suggesting that endolysosomal

ABCB6 may have an orthologous function in human

cells. These results revealed that ABCB6 is a functional

ortholog of the HMT-1 proteins, linking its function to

the highly conserved mechanism of intracellular cad-

mium detoxification [109]. Interestingly, ABCB6 was

implicated in the treatment susceptibility of Leishma-

nia panamensis, which is an obligate intracellular para-

site residing in the phagolysosomes of macrophages.

ABCB6 was suggested to transport antimonial com-

pounds into the Leishmania-containing phagosomes

[118]. Given the conservation of HMT-1 proteins, we

hypothesize that ABCB6 sequesters glutathione com-

plexes. This model needs further experimental valida-

tion, especially considering that the effect of ABCB6

on heavy metal sensitivity was cell-dependent [109].

Similarly, the pathophysiological relevance of ABCB6

in heavy metal-related diseases, such as neurodegener-

ative conditions, dysfunction of the digestive tract and

cancer will have to be confirmed by studies using rele-

vant disease models.

Role of ABC transporters in lysosomal
drug sequestration

Rescue of HMT-1 deficient organisms by ABCB6

clearly shows that the heterologously expressed

ABCB6 sequesters heavy metals into the vacuoles of

yeast and worm cells, but an orthologous function in

mammalian cells has not been directly shown. Several

other lysosomal ABC transporters have been impli-

cated in the lysosomal sequestration of xenobiotics. A

strong correlation between ABCA2 expression and

in vitro drug resistance to cisplatin, mitoxantrone and

estrogen derivatives was observed, and it is assumed

that ABCA2 sequesters drugs or damaged lipids into

lysosomes [119,120,50,121]. ABCA3 was also impli-

cated in drug resistance through intracellular drug

sequestration, and high levels of ABCA3 were signifi-

cantly associated with the overall survival of acute

myeloid leukemia patients [122]. The relevance of

ABCA3 was also demonstrated in chronic myeloid leu-

kemia, where it was shown that ABCA3 sequesters

imatinib to the lysosomes [123]. Interestingly, ABCA5

was shown to be a urine diagnostic marker for high-

grade prostatic intraepithelial neoplasia in biopsy-con-

firmed patients [124]. ABCA5 has been implicated in

drug resistance, but its involvement in the transport of

xenobiotics has not been shown [125]. The impact of

ABCB9 in drug resistance was analyzed in the ovarian

cancer cell line SK-OV-3. Stable expression of ABCB9

did not confer resistance to colchicine, vinblastine,

methotrexate, daunorubicin, and cisplatin [64].

Recently, low expression of ABCB9 has been identified

as a prognostic indicator of poor overall survival in

ovarian cancer [126]. Paradoxically, overexpression of

ABCB9 in the malignant pleural mesothelioma cell line

NCI-H2452 resulted in a cisplatin sensitive phenotype,

and treatment of the gastric cancer cell line HGC-27

with a combination of cisplatin, paclitaxel, and doc-

etaxel generated drug-resistant cells which showed

strongly reduced ABCB9 levels [127,128]. In contrast,

overexpression of microRNA-24 increased the sensitiv-

ity to paclitaxel in drug-resistant breast carcinoma cell

lines via targeting ABCB9 [129]. Clearly, further stud-

ies are needed to understand the contribution of

ABCB9 lysosomal sequestration and drug resistance.

According to the textbook wisdom, the archetypal

ABC transporter ABCB1 (MDR1/P-gp) is expressed in

the plasma membrane to protect cells by keeping the

concentrations of cytotoxic drugs below a cell-killing

threshold. Interestingly, numerous studies have

reported resistance mechanisms linked to the intracel-

lular trapping of cytotoxic drugs, implying that P-gp

localized in intracellular compartments may mediate
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active sequestration of anticancer drugs [130–132].
For example, a recent study speculated that intracel-

lular P-gp is responsible for the synergistic effect of

hydroxychloroquine-azithromycin combination in

COVID-19 therapy, by increasing the lysosomal con-

centration of azithromycin (since this report the

WHO has discontinued research on hydroxychloro-

quine treatment for COVID-19) [133]. Lysosomal P-

gp was also suggested to confer drug resistance

against the antibody-drug conjugate (ADC) brentux-

imab vedotin and its cytotoxic payload [134]. ADCs

specifically bind to tumor-associated antigens that are

highly expressed in tumor cells. Once ADCs bind to

surface antigens, they are internalized into endosomes

and lysosomes, where further processing releases the

toxic payloads. Whereas receptor-mediated uptake

might overcome the first line of defense mounted by

the plasma membrane, P-gp expressed in the

endolysosomal compartment can still sequester the

payloads from the intended targets.

In addition to the plasma membrane, P-gp has been

localized to various intracellular compartments, such

as the ER and Golgi, endosomes, lysosomes, and even

mitochondria. While mitochondrial localization was

ruled out [135], many of these sites indicate intermedi-

ate locations along the trafficking pathway (synthesis

in ER/Golgi, trafficking/recycling in endosomes, and

degradation in lysosomes). Tagging of P-gp with

EGFP in HeLa cells revealed that P-gp is transported

from the ER to the Golgi and finally to the plasma

membrane within 12–48 h. The half-life of cell-surface-

expressed P-gp is in the range of 25–27 h, which is reg-

ulated by constant trafficking/recycling between the

endosomal pool and the plasma membrane [136].

Interestingly, significant daunorubicin accumulation

occurred in transfected cells when P-gp-EGFP was

localized predominantly within the ER, and accumula-

tion remained high when P-gp-EGFP was mainly

localized in the Golgi. However, these studies have

also demonstrated that ER and Golgi localization of

P-gp is transient, and that lysosomal localization is less

common [137]. Other studies concluded that lysosomal

sequestration is not a major mechanism in intracellular

sequestration [138]. Thus, intracellularly trapped P-gp

remains active, and therefore it can contribute to the

vesicular sequestration of drugs. Whether P-gp is also

able to function in late endosomes or lysosomes

remains an open question, especially considering the

lysosomal degradation of P-gp [139]. Based on the

study of Pgp-expressing MDR cells, a recent study

claimed that sequestration of doxorubicin and further

ionizable P-gp substrates to LAMP2-stained lysosomes

is mediated by P-gp. Doxorubicin accumulation could

be prevented by incubation with the established P-gp

inhibitors valspodar or elacridar or by silencing P-gp

expression with siRNA [140]. The same authors sug-

gested that the toxicity of Dp44mT is increased by the

function of lysosomal P-gp [141], linking lysosomal P-

gp to drug resistance and collateral sensitivity [142]. It

has to be noted that weak-base cytotoxic compounds

such as doxorubicin, daunomycin, sunitinib [143], nin-

tedanib [144], or vinblastine are trapped in acidic orga-

nelles independently from the fact that they are

transported by P-gp. Remarkably, tariquidar (and pre-

sumably further weak-base P-gp inhibitors) is also

trapped by lysosomes, thus preventing the accumula-

tion of protonated weak bases by mere competition,

independently from P-gp [145]. Direct evidence demon-

strating the functional expression of P-gp in the limit-

ing membrane of lysosomes is lacking. As a cargo

protein destined for lysosomal degradation, P-gp must

be sorted into luminal ILVs, where its presumed

sequestering function cannot reduce intracellular drug

levels. Once sorted to ILVs, P-gp molecules are

doomed to destruction by acid hydrolases present in

the lysosomal lumen. Incorporation of P-gp into the

membrane of cytoplasmic vesicles may be the conse-

quence of the high-level expression of P-gp in MDR

cells selected for extreme MDR [146]. Indeed, selected

cell lines express very high P-gp levels, reaching 20%

of the total plasma membrane proteins in Chinese

hamster cells selected with doxorubicin [147]. Obvi-

ously, this degree of overexpression will likely over-

burden trafficking pathways, resulting in

mislocalization of membrane proteins [138]. Since

results claiming that drug resistance or collateral sen-

sitivity is mediated by lysosomal P-gp [142] cannot be

universally reproduced in a wide range of P-gp

expressing cells [148,149], the relevance of the particu-

lar in vitro models has to be questioned, especially

considering the moderate P-gp levels observed in pre-

clinical models of acquired drug resistance [150,151].

Although lysosomal drug trapping was demonstrated

in brain endothelial cells, which sequester P-gp sub-

strates in LAMP-2 and LysoTracker positive orga-

nelles identified as lysosomes [152], the role of

lysosomal P-gp in anticancer therapy resistance

remains to be demonstrated in a clinically relevant

study using patient samples or genetically engineered

mouse models of cancer [153,154].

Outlook

The substrates of lysosomal ABC transporters are not

known but, on the other hand, the identification of the

transported substrate—as in the case of ABCB9—does
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not immediately reveal the physiological function.

Since the functions of lysosomal ABC transporters are

not fully understood, knowing how they are sorted,

trafficked, and distributed can provide important hints

related to their function. Localization and functional

studies should be complemented with the analysis of

regulatory elements [62], compartment- and localiza-

tion-specific interactomes, the identification of subcel-

lular targeting sequences and intracellular trafficking

route(s) [75,155]. Ultimately, this research will clarify

the link between the localization and physiological

function of endolysosomal ABC transporters.
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