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Abstract

Lysosomes require the presence of many specialized proteins to facilitate their roles in cellular
maintenance. One such protein that has proven to be an important player in the lysosomal field is
lysosomal integral membrane protein-2 (LIMP-2), encoded by the gene SCARB2. LIMP-2 is
required for the normal biogenesis and maintenance of lysosomes and endosomes and has been
identified as the specific receptor for glucocerebrosidase, the enzyme deficient in Gaucher disease.
Research into LIMP-2 and the SCARB2 gene indicate that it may be a factor contributing to the
clinical heterogeneity seen among patients with Gaucher disease. Mutations in SCARB2 have also
been identified as the cause of action myoclonus renal failure (AMRF), and in some cases
progressive myoclonic epilepsy. A total of 14 disease-causing SCARB2 mutations have been
identified to date. The role of LIMP-2 in human pathology has expanded with its identification as
a component of the intercalated disc in cardiac muscle and as a receptor for specific enteroviruses,
two unanticipated findings that reaffirm the myriad roles of lysosomal proteins. Studies into the
full impact of LIMP-2 deficiency and the LIMP2/glucocerebrosidase molecular pathway will lead
to a better understanding of disease pathogenesis in Gaucher disease and AMRF, and to new
insights into lysosomal processing, trafficking and function.
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1. Introduction

1.1. Biological functions of LIMP-2 protein and related disorders

Lysosomal integral membrane protein-2 (LIMP-2) is a type 11 glycoprotein (MIM: 602257,
Locus: NM_005506) located in the limiting membranes of lysosomes and endosomes that
contains two transmembrane domains. Among its known functions is its role in transporting
the lysosomal protein glucocerebrosidase (GCase) from the endoplasmic reticulum (ER)
through the Golgi system to lysosomes, the site of cellular degradation. Lysosomes are
ubiquitous organelles crucial for the normal functioning of eukaryotic cells. They are
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responsible for the degradation and recycling of both extracellular and intracellular
materials, relying on the presence of acid hydrolases and lysosomal membrane proteins
(LMPs) to carry out this role. At least 50 lysosomal acid hydrolases have been identified,
each of which is active at acidic pH and specifically targets its substrate for degradation [1].
These hydrolases include nucleases, lipases, glycosidases, phosphatases, sulfatases, and
proteases, which together allow for the diverse catabolic capacity of lysosomes [2].

Although acid hydrolases are immediately responsible for the breakdown of complex
molecules, the lysosomal membrane, along with the LMPs embedded within it, are
necessary precursors for a functioning lysosome. Most notably, the membrane must
maintain an acidic lumen, selectively transport materials, and mediate lysosomal fusion with
other membrane-bound organelles [3,4]. To carry out these functions, the lysosomal
membrane contains as many as 100 LMPs, of which about 25 have been actively studied,
and all of which are likely crucial to lysosomal biogenesis and function [1,5,6].

Deficiencies of lysosomal hydrolases or LMPs contribute to the accumulation of substrate
that cannot be properly transported into or degraded within the lysosome. Depending on the
nature of the substrate involved, this accumulation can have broad physiological effects,
although the path from storage to pathogenesis remains largely unclear [7]. Together, these
metabolic disorders are known as lysosomal storage disorders (LSDs). The first LSD
described was Tay-Sachs disease in 1881, preceding the discovery of the lysosome [8]. It
was not until 1963 that the first disease (Pompe) was classified as an LSD, but the lysosomal
storage disorders now encompass a group of more than 50 inherited disorders [9,reviewed in
10]. Although most LSDs are autosomal recessive, some such as Fabry, Hunter, and Danon
diseases are inherited in an X-linked manner [8,11]. As a whole, the incidence of LSDs in
the general population is estimated to be around 1 in 5000, and specific disorders are far
more common within certain ethnic groups [12].

Although LSDs are relatively rare in occurrence, there is an increasing awareness of their
importance in the understanding of molecular and cellular pathways as well as clinical
medicine. Disorders affecting lysosomal function represent a paradigm in biological studies
in which the elucidation of a highly specific pathway can lead to unanticipated connections
between more prevalent illnesses. This proved true for the study of the most common LSD,
Gaucher disease (GD), when mutations in the glucocerebrosidase gene (GBA1) were found
to be a risk factor for parkinsonism and other Lewy body disorders [13,14]. Mutations in
GBAL are now accepted as the most common genetic risk factor for developing Parkinson
disease (PD), a disorder affecting one percent of Americans over age 60 [15]. This
unexpected connection between GD and PD has elevated current interest in lysosomal
disorders and in GD in particular [16]. Other LSDs may similarly provide insights into
aspects of aging and Alzheimer disease, where lysosomal pathways may play an important
role [17].

GD is traditionally considered a single-gene disorder, and as such, GD research has
generally focused on the GBAL gene and the translated lysosomal hydrolase, GCase. This
has led to much progress in the study of GD, culminating in the first successful treatment of
an LSD with enzyme replacement therapy (ERT) for GD in the early 1990s [8]. GCase,
however, does not act in isolation, a point emphasized by the broad phenotypic diversity
observed in patients with GD and the same GBA1 genotype [18]. Even monozygotic twins
have been reported with different clinical manifestations [19]. With such clinical
heterogeneity associated with a given genotype, GD is clearly more than a simple, single-
gene disorder and other modifying factors must play a role. When considering genetic
modifiers, a logical focus is on the entire network involved in lysosomal processing.
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Progress in this direction was made in 2007, when Reczek et al. discovered that LIMP-2 is a
receptor for GCase and is involved in targeting the enzyme to late endosomes and lysosomes
[20]. Identification of LIMP-2 as a specific receptor of GCase offers a new direction for GD
research that could help to explain the phenotypic diversity associated with different GBA1
mutations, and could have applicability to the study of other LSDs. This review aims to
summarize the current knowledge of the structure and function of LIMP-2, highlighting its
disease associations and pleiotropic functions that lend insight into the study of LSDs.

1.2. A brief history of LIMP-2 research

LIMP-2 was discovered in 1985 by Lewis et al. in an immunological study of rat liver
lysosomal membranes [3]. The authors discussed in detail their discovery of three lysosomal
glycoproteins (LGPs) of molecular weights 120, 100, and 80 kDa. A fourth, 85 kDa protein
was precipitated from the aqueous phase and recognized by their polyclonal antibody [3].
Lewis et al. suggested that this 85 kDa protein could be a soluble fragment of the previously
mentioned 100 kDa LGP, but it was more likely a distinct LIMP, namely the 85 kDa
LIMP-2 protein [3]. The following year, Barriocanal et al. published a paper elucidating the
transport of LIMP-2 (in addition to LIMP-1 and LIMP-3) in normal rat kidney cells. Using
time-course studies, Barriocanal et al. determined the glycosylation and transport pathway
of LIMP-2 from its point of synthesis in the ER to the trans-Golgi network (TGN) [21]. It
was not until the early 1990s that LIMP-2 was structurally defined, following the cloning
and sequencing of the rat and human cDNAs [22]. Since then, the study of LIMP-2 has
focused on its structural characterization and role in overall lysosomal maintenance.

A decade after its isolation, the first LIMP-2 over-expression studies in COS1 and other cell
lines were undertaken, revealing that LIMP-2 over-expression results in swollen vacuoles
and impaired trafficking out of the enlarged compartments, providing further evidence
implicating a role for LIMP-2 in the biogenesis of the lysosome [23]. The following year,
the same group published the first LIMP-2 knockout mouse model, demonstrating the
phenotypic consequences of LIMP-2 deficiency in vivo [24]. LIMP-2 deficient mice were
shown to develop obstruction of the ureteric pelvic junction, deafness, and a peripheral
demyelinating neuropathy [24].

The spectrum of manifestations associated with LIMP-2 expanded further in 2007, when
LIMP-2 was identified as a regulator of the cardiac intercalated disc in humans [25]. That
same year, LIMP-2 was identified as a receptor for GCase [20]. LIMP-2 was most recently
found to be associated with action myoclonus renal failure (AMRF), with its deficiency
causing myoclonic epilepsy and glomerulosclerosis [26]. Each of these disease associations
will be discussed in greater detail after a comprehensive description of the LIMP-2 protein.

1.3. LIMP-2 among the LMPs

In order for lysosomes to function as an acidic compartment capable of intracellular
degradation of endogenous and exogenous macromolecules, they require a specific
lysosomal membrane structure, which serves both to separate their catabolic activity from
other cellular functions, and to maintain the necessary acidic lumenal pH. The passage of
material into and out of the lysosome is typically controlled by a single phospholipid bilayer
membrane containing diverse lysosomal proteins [6,27]. LMPs have proven to be
instrumental in different aspects of lysosomal function, facilitating their biogenesis and its
interaction with other organelles. Furthermore, LMPs provide a means for the selective
trafficking of materials, and for protecting the lysosomal membrane from degradation [4]. In
all, at least 12 diseases have been directly linked to deficiencies of LMPs, with a broad
range of associated phenotypes that vary in both the age of onset and severity of symptoms
[6,9].

Mol Genet Metab. Author manuscript; available in PMC 2015 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gonzalez et al.

Page 4

The most abundant LMPs are the well-characterized lysosomal associated membrane
proteins (LAMP)-1 and LAMP-2, which account for more than fifty percent of all lysosomal
membrane proteins [6,9,28]. Many more LMPs were identified using proteomic approaches,
with one study revealing a total of 124 proteins that are enriched in the lysosomal
membranes of placentas [5]. It is difficult to determine how many of the proteins identified
are actual LMPs without extensive validation, but it is clear that there are a wide range of
proteins involved in the structural and trafficking support of lysosomal membranes, with our
knowledge of their complexity just beginning.

In general, LMPs contain a highly glycosylated luminal region important for withstanding
the acidity of the lysosomal compartment [21,29]. The glycosylated regions are thought to
form a continuous glycoprotein layer within the lysosome, serving as a barrier to acid
hydrolases and lending to lysosomal stability [27]. The luminal region structurally contains
the largest portion of LMPs, and is attached to the transmembrane domain, a region that
spans the membrane one or more times [29]. All LMPs are thought to reach the lysosomes
by one of two ways: via the direct route where LMPs are shuttled to the lysosomes directly
from the TGN; or alternatively, the transport may be indirect, with the LMP first secreted to
the plasma membrane, and then internalized by endocytosis [6]. Also contributing to the
targeting of LMPs to lysosomes are the inclusion of sorting signals in the short cytoplasmic
tail, typically consisting of either a tyrosine or di-leucine motif that interacts with adaptor
protein complexes [27]. LIMP-2 happens to follow the direct route to the lysosome, with a
di-leucine residue crucial for its targeting to lysosomes [21,27,30].

The categorization of LMPs are based on structural homology and the location of the NH,
and COOH terminal domains with regard to the lysosomal membrane [28]. The abundant
LAMP-1 and LAMP-2 proteins share 37% amino acid sequence homology and each contain
one transmembrane domain and a conserved COOH cytoplasmic tail [28]. The LIMPs are
not homologous to the LAMPs, but the luminal region of LIMP-2 does share 36% homology
with the extracellular domain of CD36, accounting for its inclusion in the CD36
superfamily, an evolutionarily conserved group of proteins that play major roles in cell
adhesion and signal transduction. Like CD36, LIMP-2 has been shown to bind the adhesive
glycoprotein thrombospondin-1, an interaction that may affect platelet adhesion,
angiogenesis, and the uptake of apoptotic cells, though this interaction has not been studied
in detail [31]. Although less abundant than the LAMP proteins, LIMP-2 accounts for 4% of
all lysosomal membrane proteins, and as such, represents a major component of lysosomes
that is crucial for normal development [32].

2. LIMP-2 Gene, Protein Structure and Function

2.1. The genomic and protein structure

LIMP-2 has been referred to in the literature by a number of names including lysosomal
glycoprotein 85 (LGP85), scavenger receptor class B membrane protein-2 (SR-BII), and
cluster of differentiation 36 like-2 (CD36L2) (http://www.ncbi.nlm.nih.gov). The protein is
encoded by the human SCARB2 gene, which encompasses twelve exons and is located on
chromosome 4q21.1 (http://www.ncbi.nlm.nih.gov). LIMP-2 cDNA (http://
genome.ucsc.edu), initially isolated from rat liver, contains 2,065 nucleotides resulting in a
478 amino acid protein that contains 11 potential N-glycosylation sites [22]. Due to its many
glycosylation sites, the molecular weight of LIMP-2 ranges from 60-85 kDa. Sequencing of
human LIMP-2 cDNA revealed 86% amino acid similarity and 79% nucleic acid homology
to rat LIMP-2, with only 10 N-glycosylation sites [33]. The protein has two hydrophobic
regions corresponding to its two transmembrane domains, with both the C- and N- termini
located in the cytoplasmic region [22,34]. This results in a protein with two cytoplasmic tails
and a large luminal region (Figure 1) [22,35]. Fujita et al. characterized the transmembrane,
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cytoplasmic, and luminal domains of LIMP-2 through hydropathy mapping, which closely
matched a similar structural characterization shown by Vega et al, also performed on rat
liver [34]. Amino acid residues 1-3 make up the NHo-terminal cytoplasmic tail [22]. The
NH, terminal transmembrane region spans amino acids 4-26 and contains the uncleavable
signal peptide of LIMP-2 [22]. The large luminal domain is composed of amino acids 27—
432 and contains 11 possible N-glycosylation sites [22]. This luminal domain also contains a
conserved coiled-coil motif between amino acids 150-167 that is important for substrate
binding [20]. Finally, the COOH-terminal cytoplasmic tail spans amino acid residues 458-
478 [22]. This C-terminus cytoplasmic tail contains the leucine-isoleucine motif, which is
critical for the sorting of LIMP-2 to lysosomes [27].

Recently, the crystal structure of LIMP-2 was determined, uncovering new potential
functions for LIMP-2 and the homologous proteins SR-BI and CD36 through homology
mapping [36]. LIMP-2 was found to have a distinct helical bundle at the site where GCase
binds, and interestingly, to contain a cavity that spans the entire protein [36]. This cavity
forms a channel through which the authors suggest cholesterol is transported, given the
proposed role of SR-BI in the trafficking of cholesterol [36]. Although LIMP-2 has not been
shown to be involved in lipid transport or hydrolysis, the conserved cavity discovered from
its crystal structure may stimulate further analyses in this area. Until then, the emphasis will
remain on elucidating the molecular pathway of LIMP-2 and its known roles in disease
pathology.

2.2. Molecular trafficking of LIMP-2

Time-course studies by Barriocanal et al. demonstrated that after its synthesis in the ER,
LIMP-2 is transported through the entire TGN in a cis to trans manner (Figure 2) [21]. Upon
reaching the trans-Golgi, LIMP-2 acquires endonuclease-H resistance, with the conversion
of its N-linked oligosaccharide chain to sialylated carbohydrates [21]. LIMP-2 is then sorted
and directly transported to late endosomes and lysosomes, without passing through the
plasma membrane [34]. The targeting of LIMP-2 to lysosomes occurs independently of its
acquisition of N-linked carbohydrates, and does not involve the prevalent mannose-6-
phosphate (M6P) mechanism observed with other lysosomal proteins [34]. Instead, LIMP-2
targeting relies on the di-leucine motif (Leu-475 and lle-476) in its carboxyl cytoplasmic tail
[27,34,37]. The cytoplasmic tail of LIMP-2 is conserved across rat, human, and mouse
species, further highlighting its significance [22,33,35,38].

The proper targeting of LIMP-2 to lysosomes relies on the interaction between its carboxyl
cytoplasmic tail and the ubiquitously expressed adaptor protein (AP)-3 [39]. This interaction
requires the presence of two acidic amino acid residues, Asp-470 and Glu-471, located just
downstream of the di-leucine motif [39-41]. The presence of two casein kinase |1
phosphorylation sites in the LIMP-2 cytoplasmic tail may also play a role in regulating the
di-leucine signal [42]. Honing et al. showed that interaction with AP-3 accounts for nearly
all of the specific binding activity to the LIMP-2 cytoplasmic tail, and observed no
measurable interaction between either AP-1 or AP-2 with LIMP-2 [39]. However, Fujita et
al. showed that LIMP-2 interacts with both AP-1 and AP-3, and that the presence of both
complexes is necessary for lysosomal targeting [43]. These conflicting findings have led to
two differing characterizations of the association of LIMP-2 and APs. Honing et al. proposes
that the LIMP-2/AP-3 interaction is initiated in the TGN due to the localization of AP-3 to
this region as well as endosomal membranes [39]. Fujita et al., however, suggests the more
probable sequential interaction of LIMP-2 with AP-1 in the TGN and then AP-3 in late
endosomes (Figure 2) [43]. In Fujita’s model, it is postulated that LIMP-2 is packed into
clathrin coated vesicles (CCVs) in the TGN and then transported to late endosomes, since
the AP-1 complex is restricted to CCVs from the TGN [21,43,44].
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In addition to the carboxyl cytoplasmic tail, the NH,-terminal transmembrane and luminal
domains were shown to be necessary for the targeting of LIMP-2 to late endosomes and
lysosomes [45]. Although the domains crucial for lysosomal targeting and protein
association have been identified, the intracellular route of LIMP-2 remains to be fully
characterized. There is still much to be learned about cytoplasmic signaling and associations
with adaptor proteins.

3. The functions of LIMP-2

It is becoming clear that LIMP-2 has several discrete functions. It is now appreciated that
the protein is involved in general lysosomal maintenance, serves as a receptor for GCase,
and is the critical receptor for all EV71 strains and Coxsackieviruses A7,Al14, and Al6.
[20,23,46,55].

3.1. General lysosomal maintenance

The initial over-expression studies of LIMP-2, performed in COS1 cells by Kuronita et al.,
revealed a role for LIMP-2 in the biogenesis and maintenance of endosomes and lysosomes
[23]. Over-expression of LIMP-2 was shown to result in the enlargement of early/late
endosomes and lysosomes, whereas overexpression of LAMP-1 and LAMP-2 had no such
effect [23]. It was also observed that overexpression of LIMP-2 led to impaired trafficking
out of the affected compartments, which likely correlates with the cholesterol accumulation
observed, although the nature of this interaction is not completely understood [23].

3.2. Receptor for GCase

The targeting of most lysosomal enzymes involves the well-studied M6P pathway [47]. Via
this mechanism, M6P residues added to the translated proteins in the TGN are specifically
recognized by M6P receptors that target the proteins to late endosomes and lysosomes [47].
MG6P targeting is defective in patients with I-cell disease, due to mutations in the
phosphotransferase gene responsible for adding M6P residues [20,48]. In such patients,
however, normal levels of some lysosomal hydrolases are still observed, suggesting the
likelihood of M6P-independent targeting mechanisms [47]. One of the hydrolases that is
unaffected in patients with I-cell disease is the membrane-associated hydrolase GCase
[49,50]. Although it has been known since 1988 that GCase was targeted to lysosomes via a
distinct mechanism, it wasn't until recently that the targeting mechanism was identified [20].

In 2007, Reczek et al. discovered that LIMP-2 is a receptor for GCase, stimulating research
into LIMP-2 as a new lysosomal targeting pathway [20,51]. The connection between GCase
and LIMP-2 was identified through an affinity chromatography study on mouse liver using
GCase affinity resin [20]. This revealed the presence of a 75 kDa protein, absent in the
control resin, which was identified as LIMP-2 based on its amino acid sequence [20].
Further studies, both in vivo and in vitro, showed that GCase and LIMP-2 co-localize in
lysosomal compartments, and that GCase activity levels directly correlate with the presence
of LIMP-2 [20]. In the LIMP-2 knockout mouse, different tissues were found to have a
dramatic decrease both in GCase activity and protein levels, whereas increased GCase
activity and protein were detected in the sera of these LIMP-2 knockouts [20]. These data
are consistent with LIMP-2 playing a role in targeting GCase to the lysosome.

The interaction between LIMP-2 and GCase was shown to involve the luminal domain of
LIMP-2, and to respond in a pH dependent manner [20]. The pH dependence was first
characterized by affinity studies at varying pH, which showed that the association between
LIMP-2 and GCase is favored at neutral pH, and is terminated at lysosomal pH [20]. Further
studies showed that a conserved coiled-coil motif within the luminal domain of LIMP-2
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(amino acids 152-167) is crucial for GCase binding, with one study highlighting the
importance of amino acid 166 in this association [20]. In addition, a region between amino
acids 178-288 is a coiled-coil conserved domain which may contribute to GCase binding
[52]. The most recent analysis suggests an association with an alpha helix between amino
acids 180-190 [36]. In another evaluation the histidine residue (H171) of LIMP-2, located in
close proximity to the coiled-coil domain, was shown to act as a sensor for the pH dependent
binding of GCase [53].

The association between LIMP-2 and GCase and the coupled trafficking pathway were
further elucidated by analyzing the effect of GBA1 mutations on binding and GCase
expression in lysosomes [20,52]. The GBAL L444P mutation, which is known to be retained
in the ER, was shown to localize in lysosomes after over-expression of LIMP-2, supporting
an association between LIMP-2 and GCase in the ER [20]. Reczek et al. suggested that this
LIMP-2/GCase interaction occurs independently of glycosylation, a process that occurs after
ER transit [20]. In all, these data indicate a highly specific, pH dependent interaction
between LIMP-2 and GCase involving the coiled-coil domain of LIMP-2, starting in the ER
and terminating upon proper targeting of GCase to late endosomes and lysosomes [20,54].

3.3. Receptor for Enterovirus 71 and Coxsackieviruses A16, A14, and A7

LIMP-2 was also found to be a receptor for several enteroviruses that are associated with
hand foot and mouth (HFMD) and neurological diseases [46,55,56]. These viruses include
enterovirus 71 (EV71), coxsackievirus A16 (CVA16), CVA14, and CVAT7. EV71 and
CVAL16 are two of the major causes of HFMD, and infection by EV71 is a common cause of
sporadic and epidemic HFMD outbreaks [55]. EV71 and CVA7 are also associated with
neurological symptoms including encephalitis, meningitis, and acute flacid paralysis [46,55].
The LIMP-2 binding domain for EV71 was isolated to amino acids 144-204, which overlaps
with the coiled-coil motif involved in GCase binding [56]. It has therefore been postulated
that EV71 can negatively influence the LIMP-2/GCase association, although no further
research into such an interaction is available [6]. It is intriguing to speculate that past
exposure to enteroviruses might contribute to the clinical phenotype in GD. Even without a
role in GCase binding, the identification of LIMP-2 as a receptor of enteroviruses has
important implications for the study of virus receptor interactions and will inform research
into the spread of HFMD [46,56].

4. Disease Manifestations Associated with LIMP-2 Deficiency

4.1. LIMP-2 deficiency in mice

The generation of LIMP-2 knockout mice revealed a range of phenotypic alterations
suggesting a pleiotropic function of LIMP-2 [24]. Gamp et al. studied mice homozygous and
heterozygous for LIMP-2 deficiency, but did not notice a difference in growth, weight
development, or fertility between the two groups [24]. The primary disease manifestations in
the mice included ureteric pelvic junction obstruction, deafness, and peripheral
demyelinating neuropathy, which together led to increased postnatal mortality [24].
Pathological assessments of the mice revealed that most displayed hydronephrosis
(unilateral or bilateral) as a result of the pelvic junction obstruction [24]. A more detailed
study of hearing loss in LIMP-2 knockout mice demonstrated that impairment of the
potassium channel KCNQ1/KCNEL in the stria vascularis was the primary cause of deafness
in the mice [57]. The progressive neuropathy in LIMP-2 deficient mice was restricted to the
peripheral nervous system resulting from an apparent down-regulation of peripheral myelin
proteins [24]. The presence of neurological and renal manifestations in LIMP-2 deficient
mice has important implications for LIMP-2 involvement in several well-studied disorders.
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4.2. LIMP-2 and Gaucher disease

The identification of LIMP-2 as a receptor of GCase has clear implications for its role in the
pathogenesis of GD. Although mutations in LIMP-2 do not appear to be directly responsible
for GD, it is likely one of the many factors that contribute to the phenotypic heterogeneity
observed in patients with the same GBA1 genotype [58]. GD is traditionally classified into
three distinct types depending on the presence and progression of neurological symptoms
[59]. Type 1 GD, the most common form, is defined by the lack of neuronopathic
manifestations, although type 1 GD is still associated with an increased incidence of
parkinsonism [18,60]. Even among patients with type 1 GD there is a wide range of
phenotypic variation; some patients are asymptomatic whereas others may present with
significantly enlarged organs, bone manifestations, and anemia, among other symptoms
[59]. Type 2 GD, the rare acute neuronopathic form, has its onset in infancy and rapidly
progresses with neurologic deterioration, usually resulting in death by two years of age
[18,59]. Chronic neuronopathic GD is classified as type 3 and is associated with diverse
manifestations including myoclonus, ataxia, seizures, dementia, and abnormal saccadic eye
movements [59]. While over 300 distinct mutations in GBAL have been identified to date,
the vast phenotypic heterogeneity observed in GD patients is still not solely explained by
genotype, as differing manifestations and response to therapy are observed in patients
sharing the same genotype [59,61]. Additional modifiers must therefore influence GD
phenotype, and at the present time, LIMP-2 and other proteins involved in LIMP-2 pathways
are promising candidates to be evaluated.

Moreover, the study of LIMP-2 may offer deeper insights into GD pathogenesis and the
molecular basis of GCase deficiency. In their characterization of the LIMP-2/GCase
interaction, Reczek et al. studied the ER-retained GBA1 mutations N370S, G202R, and
L444P, noting that none of these mutations had an effect on LIMP-2 affinity, but that over-
expression of LIMP-2 reversed the ER retention observed with the L444P mutation [20].
Even with over-expression of LIMP-2, the other two mutants remained localized in the ER,
suggesting that the targeting pathway is not the only cause of the ER retention of these
mutations [20]. The study of another ER-retained GBA1 mutation, P415R, revealed that this
mutation, unlike the others studied, interfered with the GCase/LIMP-2 interaction [20].

A more direct association between LIMP-2 deficiency and GD was made through the study
of two discordant siblings with the same GBA1 mutations, yet drastically different
phenotypes [58]. One sibling (P1) was diagnosed with type 3 GD after presenting with
progressive myoclonic epilepsy (PME) and dementia, while the other (P2), was found to
have GD, yet was asymptomatic [58]. Sequencing of SCARB2 revealed that P1 was
heterozygous for the mutation E471G, shown to cause extracellular excretion of GCase,
while P2 lacked this mutation [58]. The mother was heterozygous for the same SCARB2
mutation, so it is evident that while LIMP-2 deficiency alone does not cause the observed
phenotype, it is likely an important modifier of GD, potentially turning a patient with type 1
GD into a type 3 [58]. As far as can be determined, this work by Velayati et al. is the only
study to explicitly examine GD heterogeneity in the context of SCARB2 mutations.

4.3. LIMP-2 and progressive myoclonic epilepsy

AMREF is a form of PME with associated renal failure that typically presents with
neurological symptoms including tremor, seizures, ataxia, and action myoclonus [26]. These
symptoms frequently overlap with those observed in type 3 GD, which might suggest a
common genetic and molecular basis for these two disorders. Through gene-expression
studies of three unrelated patients with AMRF, Berkovic et al. in 2008 identified mutations
in SCARB2 as the major cause of AMRF [26]. It is interesting to note the lack of correlation
between symptoms observed in LIMP-2 deficient mice and in patients with AMRF. Patients
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with AMRF show no clinical evidence of deafness or peripheral neuropathy, and LIMP-2
knockout mice show no evidence of action myoclonus or seizures [24,26]. Furthermore,
brain pathology of patients with AMRF showed extraneuronal storage, whereas in mice the
storage was primarily intraneuronal [26].

Patients with AMRF do share the ataxia and renal involvement observed in the mice, to
differing degrees [26]. Glomerular lesions were found in both humans and mice, leading to
collapsing glomerulopathy in humans and more mild proteinuria in mice [26]. However,
while there are discrepancies between the phenotypes associated with LIMP-2 deficiency in
mice and patients with AMREF, the study of LIMP-2 deficiency in vitro has provided deeper
insight into the pathogenesis of AMRF.

To date, a total of 14 disease-causing mutations in SCARB2 have been identified, most of
which are associated with either AMRF or PME (Table 1). The independent expression of
the LIMP-2 mutants Q288X, W146S5fsX16, and W178X in COS7 cells indicated that these
mutated proteins were all retained in the ER and showed no lysosomal localization, in
contrast to wild type LIMP-2 [52]. Of these mutants, only Q288X was able to bind GCase as
effectively as wild type, while W146SfsX16 and W178X were unable to bind GCase [52]. A
surprising increased effect on GCase binding was observed in COS7 cells expressing the
H363N mutation [52]. This mutation likely evolved a new glycosylation site that contributed
to its ER retention and prolonged half-life, leading to increased GCase binding [52]. The
observation that LIMP-2 mutations differentially affect LIMP-2 localization and GCase
binding may have an impact on future drug design, emphasizing the importance of the
targeting pathway of GCase in disease pathology.

There have been numerous case studies reporting the phenotypes of patients with PME and
the associated SCARB2 mutation identified [62]. Two siblings who were homozygous for
the SCARB2 mutation W178X presented with PME and nephrotic syndrome, and also
developed horizontal saccadic eye movement, myoclonus, and thrombocytopenia, findings
characteristic of type 3 GD [63]. The siblings developed normally until the ages of 15 and
17, when symptoms rapidly progressed, resulting in death at the ages of 23 and 26,
respectively [63]. GD was ruled out when no Gaucher cells could be identified, and no
GBAL mutations were detected [63]. When GCase activity was measured, it was found that
although patient fibroblasts only had 10% of control GCase activity, leukocytes and plasma
showed normal activity levels, suggesting that there may be a secondary targeting
mechanism by which GCase is transported to lysosomes [63]. A similar patient with PME
that was heterozygous for the LIMP-2 mutation H363N had onset of symptoms at 26 years
consisting of myoclonus, tremors, and ataxia [51]. In contrast to the siblings, this patient had
normal GCase activity in fibroblasts [51]. The relatively late onset of symptoms observed in
these patients, suggests that cells may become more sensitive to LIMP-2 deficiency later in
life [26,51]. A broader screen of subjects with unexplained PME identified five new
SCARB2 mutations that were believed to contribute to pathogenesis, although detailed
molecular studies have not been conducted [64]. These mutations are included in Table 1.
Of note, only one SCARB2 mutation, W178X, has been associated with both AMRF and
PME, and this patient also had renal involvement. Thus ultimately it might be possible to
draw some genotype/phenotype correlations based on the mutations identified.

The evaluation of additional patients with PME shows that certain SCARB2 mutations may
also result in a demyelinating peripheral neuropathy. One such patient was a young man
diagnosed with PME without renal failure who was found to be compound heterozygous for
the SCARB2 mutations Q288X and ¢.11187+3insT [64]. Like the other patients described,
he initially developed normally, with the onset of his first symptoms at 16 years of age,
followed by rapid disease progression with myoclonus, seizures, dysphagia, and wheelchair-
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dependence within 4 years [64]. Reevaluation of this patient in light of his defined SCARB2
mutations showed that symptoms were consistent with a peripheral demyelinating
neuropathy, similar to that observed in LIMP-2 deficient mice. Another study by Hopfner et
al. examined a German family with AMRF, showing that three affected members who were
homozygous for the SCARB2 mutation ¢.111delC also had a demyelinating peripheral
neuropathy [65].

4.4. LIMP-2 and the heart

An interesting and unexpected role of LIMP-2 is its involvement in the intercalated disc
[25]. In cardiac muscle, intercalated discs connect individual cardiomyocytes, enabling them
to function as a unified organ. LIMP-2 was found to influence the binding affinity of N-
cadherin and B-catenin, an interaction that is crucial for the hypertrophic response to cardiac
loading [25]. Two of the affected members of the German AMRF family described by
Hopfner et al. developed cardiomyopathy, which may be significant given this important
finding, but further analyses are necessary to elucidate this connection [25,65].

4.5 LIMP-2 and Parkinson disease

The known link between GD and PD has led to the consideration of LIMP-2 as a protein of
potential interest in PD research. Parkinson disease, as well as other synucleinopathies, is
characterized by an accumulation of alpha-synuclein (a-syn) [66]. It has been shown that a-
syn and GCase have a reciprocal relationship, where GCase deficiency appears to result in
the accumulation of glucosylceramide, which leads to increased a-syn aggregation and
further depletion of GCase [67]. Given the relationship between these two proteins, Gegg et
al. examined whether LIMP-2 might fit into the pathway of a-syn aggregation via a direct
interaction with a-syn [68]. They found that there is no direct interaction between a-syn and
LIMP-2, and no alteration in LIMP-2 levels in PD brain samples [68].

The gene SCARB2 has also been of considerable interest to PD research. A candidate-gene
study, conducted in Greece, screened for SCARB2 mutations in patients with PD and
identified a potential association between the SCARB2 polymorphism rs6825004 and PD
[69]. A second polymorphism just upstream of the SCARB2 gene, rs6812193, was identified
as a PD susceptibility factor by a genome-wide association study looking at 3,426 cases with
PD and 29,624 controls [70]. The connection between PD and polymorphism rs6812193
was studied further by Chen et al. in an association study that showed no significant
difference in the genotype distribution of rs6812193, and later by Hopfner et al. in a study
that supported the association between rs6812193 and PD [71,72]. A fourth association
study on polymorphism rs6812193 concluded that there was a statistically significant
difference in genotype frequency of polymorphism rs6812193 among male PD patients only
[73]. These conflicting findings emphasize the need for gene validation. One such validation
study focused on polymorphisms rs6812193 and rs6825004 using quantitative PCR and
Western blots in control subjects [74]. No significant differences in SCARB2 expression or
LIMP-2 levels were found that correlated with the genotypes of either polymorphism [74].
Based on the inconsistent association studies and lack of correlation between identified
polymorphisms and SCARB2/LIMP-2 expression, there is not conclusive evidence that
SCARB2 is a susceptibility factor in PD, however, additional research into the connection
between SCARB2 and PD is warranted.

5. Conclusion

As a receptor for both GCase and different enteroviruses, the causative factor implicated in
AMREF, and with its newly appreciated role in the intercalated disc, LIMP-2 is proving to be
far more than simply a component of lysosomal membranes. Its unexpected identification as
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a receptor for GCase has generated attention among researchers investigating the
pathogenesis of both Gaucher disease and Parkinson disease. It is exciting to consider that
LIMP-2 and/or other proteins involved in the LIMP-2 pathway may serve as modifiers of
GD, helping to account for the clinical diversity seen in patients with GD sharing the same
GBAL genotype. However, the contribution of these proteins to Gaucher phenotypes remains
to be fully elucidated. Furthermore, patients with SCARB2 mutations that disrupt GCase
binding do not necessarily develop GD, suggesting the possibility of additional or alternate
pathways involved in targeting GCase to the lysosome. It will be interesting to look more
closely at other members of the CD36 superfamily as potential receptors for GCase. A wider
screen of LIMP-2 protein levels among patients with GD with the same genotype might also
shed light on the relationship between LIMP-2 and GCase levels. The continued study of
lysosomal proteins such as LIMP-2 represent an important area of research that can provide
insights into disease pathogenesis and assist in the elucidation of the entire lysosomal
processing network.
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LIMP-2 lysosomal integral membrane protein-2

ER endoplasmic reticulum

LAMP lysosomal associated membrane protein

LMP lysosomal membrane protein

PME progressive myoclonic epilepsy

GCase glucocerebrosidase

M6P mannose-6-phosphate

AMRF action myoclonus renal failure

LSD lysosomal storage disorder

GD Gaucher disease

GBA1 glucocerebrosidase gene

LGP85 lysosomal glycoprotein 85

SR-BII scavenger receptor class B membrane protein-2
CD36L2 CD36-like2 protein (LIMP-2)

SCARB2 scavenger receptor class B2 gene (encodes LIMP-2)
TGN trans-Golgi network

AP adaptor protein

ccv clathrin coated vesicles

EV71 enterovirus 71

COosy7 Cercopithecus aethiops cell line (SV40 transformed African green monkey

kidney fibroblast-like cell line)
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Figure 1. Schematic illustration of the four major lysosomal integral membrane proteins,
LAMP-1, LAMP-2, LIMP-1 (CD63) and LIMP-2 (L GP85/CD36)

Possible N- and O-glycosylation sites are indicated with antennas and pink circles,
respectively. Both the C- and the N-terminal ends of the LIMPs are located in the cytoplasm,
whereas with the LAMPS, only the C-terminal ends are cytoplasmic tails. (Adapted from
Eskelinen, E.-L., et al: At the acidic edge: emerging functions for lysosomal membrane
proteins. Trends in Cell Biology 13, 137-145 (2003).
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Figure 2. LIMP-2 assistsin trafficking GCase from the ER to the lysosome

GCase (green) binds to the luminal domain of LIMP-2 (blue) in the ER, and moves through
the Golgi in a cis-to-trans manner. In the trans-Golgi the adaptor protein (AP1) binds to the
GCase/LIMP-2 complex and assists in its post-Golgi trafficking to the late endosome. AP3
is thought to assist in moving the complex from the late endosome to the lysosome. LIMP-2
and GCase dissociate upon reaching the lysosome due to the acidic pH.
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Table 1
Disease-causing mutations in SCARB2

Disease Association(s) | Mutation Type Reference

AMRF; PME Q288X Nonsense Blanz et al. 2010;
€.862C>T Dibbens et al. 2011;

Berkovic et al. 2008

AMRF; PME W178X Nonsense Blanz et al. 2010;
¢.533G>A Balreira et al. 2008

PME; AMRF H363N Missense Dardis et al. 2009;
¢.1087C>A Dibbens et al. 2009;

Blanz et al. 2010

PME and GD type 3 Q471G Missense Velayati et al. 2011
c.1412A>G

PME c. 1116-2A>C Splice-site mutation | Dibbens et al. 2009

PME c. 704+1G>C Splice-site mutation Dibbens et al. 2009

PME E420RfsX5 Frameshift Dibbens et al. 2009
c. 1258delG

PME Y222X Nonsense Dibbens et al. 2009
€.666delCCTTA Hopfner et al. 2011

PME c. 424-2A>C Splice-site mutation Dibbens et al. 2009

AMRF €.1239+1G>T Splice-site mutation; | Berkovic et al. 2008

premature truncation

AMRF W146SfsX16 Frameshift Berkovic et al. 2008;
¢.435_436insAG Blanz et al. 2010

AMRF N99IfsX34 Frameshift Berkovic et al. 2008
c. 296 delA

PME €.1187 + 3insT Splice-site mutation Dibbens et al. 2011

AMRF c.111delC Deletion; frameshift Hopfner et al. 2011
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