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Abstract: The cation-independent mannose 6-phosphate receptor is a
multifunctional protein which binds at the cell surface to two distinct classes of ligands, the
mannose 6-phosphate (M6P) bearing proteins and IGF-II. Its major function is to bind and
transport M6P-enzymes to lysosomes, but it can also modulate the activity of a variety of
extracellular M6P-glycoproteins (i.e., latent TGF[ precursor, urokinase-type plasminogen
activator receptor, Granzyme B, growth factors, Herpes virus). The purpose of this review is
to highlight the synthesis and potential use of high affinity M6P analogues able to target this
receptor. Several M6P analogues with phosphonate, carboxylate or malonate groups display
a higher affinity and a stronger stability in human serum than M6P itself. These derivatives
could be used to favour the delivery of specific therapeutic compounds to lysosomes,
notably in enzyme replacement therapies of lysosomal diseases or in neoplastic drug
targeting. In addition, their potential applications in preventing clinical disorders, which are
associated with the activities of other M6P-proteins involved in wound healing, cell growth

or viral infection, will be discussed.
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I. INTRODUCTION

1. LYSOSOMES AND MANNOSE 6-PHOSPHATE ADDRESSING

Lysosomes and associated organelles contain numerous acid hydrolases and constitute a system of
acid compartments that establish the communication between intracellular and extracellular medium by
means of endocytosis, phagocytosis and exocytosis. The main function of lysosomes in the cell is the
degradation of internalized material by lysosomal enzymes, the acid hydrolases [1]. These enzymes are
synthesized in the endoplasmic reticulum and during their maturation in the Golgi apparatus they acquire
the mannose 6-phosphate (M6P) recognition marker [2-6]. Most of these soluble hydrolases are
transported to lysosomes through specific M6P receptors [7]. The receptor-enzyme complexes segregated
in the frans-Golgi network are transferred to the lysosomal compartments via the secretory pathway

through clathrin-coated vesicles.

In mammalian cells, the targeting of newly synthesized hydrolases, as well as others ligands with
MBG6P residues on their N-linked oligosaccharides, to the lysosomes depends on their recognition by two
specific M6P receptors at the frans-Golgi network: the cation-dependent M6P receptor (CD-M6PR) and
the cation-independent M6P receptor (CI-M6PR), also called mannose 6-phosphate/insulin-like growth
factor II receptor in eutherian mammals, in which it binds IGF-II [8]. These two receptors, the two only
members of the P-type lectin family, are type I transmembrane glycoproteins. They are considered sorting
receptors because of their routing function. In the pre- lysosomal compartment, acidity induces release of
enzymes from both M6PR which are then recycled into the Golgi apparatus. However, the CI-M6PR,
which participates to this cellular routing, is also anchored to the cell surface membrane and can
internalize extracellular ligands [8-10]. In summary, the pool of lysosomal acid hydrolases comes both
from in situ synthesis, which involves the two M6P receptors, and from endocytosis through the CI-

MG6PR [11, 12].

2. STRUCTURE OF MANNOSE 6-PHOSPHATE RECEPTORS AND LIGAND MULTIPLICITY
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Sequence comparison between CD-M6PR and CI-M6PR shows that they are related. In fact, the
extracytoplasmic domain of CD-M6PR is homologous to the approximately 145 amino acid long
repeating domains present in the CI-M6PR with sequence identity ranging from 14 to 28%. These studies
allowed to conclude that these two receptors located on different chromosomes (12p13 and 6q26,

respectively) have diverged from a common ancestral gene [13, 14].

The CD-M6PR is known as the cation-dependent M6P receptor because of its ligand binding
ability in the presence of divalent cations. This receptor is a 46 kDa single polypeptide chain that contains
a putative signal sequence and a transmembrane domain. This is a single membrane-spanning domain,
which separates a N-terminal extracytoplasmic region with 5 potential Asn-linked glycosylation sites,
from a C-terminal cytoplasmic region without Asn-glycosylation sites. Sequence analysis of the bovine
CD-M6PR revealed that it consists of a 28 amino-acid residue N-terminal signal sequence, a 159 amino
acid residue luminal domain, a 25 amino acid residue transmembrane domain and a 67 amino acid residue
C-terminal cytoplasmic domain. It is highly conserved from mouse to human (93% homology). This
receptor appears to be a homodimer at the membrane [15], and either a dimer or a tetramer in solution

[13, 16, 17].

The CI-M6PR is a large 300 kDa glycoprotein which binds M6P in a cation-independent manner.
The human CI-M6PR is 2491 amino acid-long and includes a N-terminal signal sequence of 40 amino
acids, an extracytoplasmic domain consisting of 15 homologous repeat sequences of 134-167 amino acids
(2264 amino acids for the full extracytoplasmic region), a transmembrane region of 23 amino acids, and a
cytoplasmic domain of 164 amino acids which constitute the C-terminal domain [18]. One of the repeats
contains an additional 43-residue segment that is similar to the type II repeat of fibronectin [19]. The
extracytoplasmic domain has 19 potential glycosylation sites [20, 21]. Although the quaternary structure
of this receptor has not been totally resolved, some results have allowed a description of its membrane
dimerization [22]. In addition, a soluble form of the CI-M6PR receptor is naturally released by proteolytic

cleavage from the intact cellular receptor and has been detected at low concentrations (0.1 nM) in serum
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of a variety of mammalian species. On the other hand, the nucleotide sequence of the full-length cDNA
and the deduced amino acid sequence for the CI-M6PR, were reported to be strikingly similar (99.4%
identical in the amino acid sequence) to those reported for the human insulin-like growth factor II (IGF-
IT) receptor from HepG2 hepatoma cells [23]. These findings supported the suggestion that CI-M6PR is a
multifunctional binding protein, identical to the IGF-II receptor [18], that binds both to M6P and IGF-II
[24]. Indeed, within the extracytoplasmic domain, the CI-M6PR binds 2 molecules of M6P and 1

molecule of IGF-II per molecule of receptor [25, 26].

IGF-II is the best characterized non M6P-bearing ligand of CI-M6PR. This hormone plays key
roles in metabolic regulation and foetal growth [27] through three types of receptors, two tyrosine kinase
receptors (IGF-I receptor and insulin receptor isoform A) and CI-M6PR. The stimulation of the type 1
receptor tyrosine kinase induces a protein phophorylation cascade leading to biological effects,
particularly the insulin-mediated growth and increase in CI-M6PR expression [28], which mediates
endocytosis and clearance of IGF-II [29]. The lysosomal degradation of IGF-II is critical because elevated
levels of IGF-II induce overgrowth. Indeed, mice without CI-M6PR accumulate high amounts of IGF-1I
and die peri-natally [30-32]. As this phenotype can be reversed by a deficiency in IGF-II, it is directly
caused by the over-expression of IGF-II. In humans, the soluble levels of CI-M6PR in serum are higher in
infants and fall by 40% in adult life to reach a circulating level of about 700 pg/l [33, 34]. The receptor’s
circulating level increases during pregnancy and in case of diabetes, and appears correlated with the
elevation of circulating lysosomal enzymes in both cases [33]. Though CI-M6PR circulates at a
concentration lower than that of IGF-II, it seems to play a role in IGF-II clearance. It has been
demonstrated that this soluble receptor exerts biological effect, notably by binding IGF-II and blocking
IGF-II-stimulated DNA synthesis in hepatocytes and fibroblasts, and at physiological concentrations this

receptor can block tumour growth mediated by IGF-II [35].

IGF-II and proteins bearing M6P are linked by the same receptor but their binding sites are

distinct. In fact, some of the 15 homologous repeating domains of the extracytoplasmic region are



responsible for the binding to M6P or IGF-II. The IGF-II binding site is contained within domain 11
(residues 1508-1566) [36] and sequences in domain 13 contribute a 10 fold enhancement in IGF-II
affinity [37]. Domains 1-3 and 7-9 contain the two high affinity M6P-binding sites with essential residues
localized within domains 3 and 9 [38] (Fig. (1)). In addition, domain 5 of CI-M6PR exhibits significant
sequence homology to domains 3 and 9 as well as to the extracytoplasmic region of CD-M6PR,
suggesting that CI-M6PR contains a third M6P recognition site that is located in domain 5 and exhibits

lower affinity than the carbohydrate-binding sites present in the two high affinity M6P-binding domains
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[39]. Even though the binding sites of M6P and IGF-II are distinct, these two ligands can reciprocally
inhibit each other [40]. Indeed, IGF-II has been shown to decrease binding of M6P-bearing lysosomal
enzymes to CI-M6PR [41, 42]. Similarly, [B-galactosidase and cathepsin D, two lysosomal enzymes

containing M6P moieties, have been shown to decrease the binding of CI-M6PR to IGF-II [43]. These
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cross-interactions that partially shield other binding sites could be caused by a steric hindrance or a
conformational change in the receptor. CI-M6PR has been also shown to bind with high affinity a third
type of ligand, the retinoic acid at a site that is distinct from those of M6P and IGF-II, but the precise
localization of the retinoic acid binding site remains unknown. Retinoic acid exerts diverse biological
effects involved in the control of cell growth in embryogenesis and oncogenesis through its binding to the
nuclear retinoid receptors. The interaction of retinoic acid with CI-M6PR may modulate a retinoic acid
response pathway that is important for cell growth regulation [44]. Immuno-fluorescence techniques have
allowed to show that retinoic acid can alter the intracellular distribution of both CI-M6PR and lysosomal

enzymes [45].
Table 1

Besides IGF-11, retinoic acid and lysosomal enzymes carrying M6P, plasma membrane CI-M6PR
has been shown to bind a number of other extracellular ligands bearing the M6P recognition marker
(Table 1). Some multi-protein complexes, containing latent-TGF[3 or urokinase-type plasminogen

activator receptor (UPAR), bind to the membrane CI-M6PR to be activated extracellularly. Other proteins
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bind to CI-M6PR to be internalized or addressed to the lysosomes and then degraded. Since membrane
CI-M6PR has an important role in some cancers and in sorting of lysosomal enzymes, this review will
focus on the different functions of cellular CI-M6PR. According to the type of ligand, CI-M6PR may
modulate a large panel of biological pathways, such as cell migration, wound healing, angiogenesis, cell

growth inhibition, apoptosis or viral infection.

Therefore, CI-M6PR potentially constitutes, by its multiple functions, a target for several clinical
applications and justifies the development of synthetic M6P analogues to compensate for the poor

stability of natural M6P in human serum and to increase the binding affinity with CI-M6PR.

II. SYNTHETIC ANALOGUES TO TARGET THE MEMBRANE CI-M6PR
1. RECOGNITION REQUIREMENTS

Some structural features have been shown to be crucial for the binding of M6P to the receptor.
The hydroxyl group at the 2-position of the pyranose ring must be axial to allow a strong binding to the
CI-M6PR. Both the absence of the 2-hydroxyl group (2-deoxy-glucose 6-phosphate (2dG6P)) and
epimerization at the 2-position (glucose 6-phosphate (G6P)) abolish recognition of M6P by the receptor
[16]. Structural modifications of the M6P anomeric centre do not impair the binding to the CI-M6PR
since fructose 1-phosphate (F1P) is recognized as easily as MOP [16, 46]. The F1P representation given in
Fig. (2) shows the high structural similarity between this compound and M6P. Moreover, the replacement
of the hydroxyl group at the anomeric position by an aromatic aglycone, such as a para-nitrophenoxy
group, slightly improves the recognition by CI-M6PR. This could be due to the lipophilic interactions

between the aromatic moiety of the ligand and the binding pocket of CI-M6PR [46].

The distance between the negative charge and the pyranose ring plays also a key role in the
recognition. We demonstrated that this distance must be in the same range as in M6P since the isosteric
mannose 6-phosphonate (M6Pn) analogue 1 is well recognized by the CI-M6PR, whereas the non

isosteric M6Pn analogue 2 displays a weak affinity [47] (Fig. (3)). On the other hand, the [3-
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hydroxyphosphonate isosteric analogues 3 can not bind to CI-M6PR [48]. This means that the
replacement of the phosphomonoester linkage by a methylene group does not affect the recognition
phenomenon [47] but, further substitutions at the 6-position decrease the ligand-receptor interaction,

probably by steric hindrance [48].

It has been shown that a negatively charged phosphodiester analogue of M6P (with one methyl
ester on the phosphate moiety) displays an affinity for the receptor similar to that of M6P [25]. This result
demonstrates that only one negative charge is necessary for the binding to the CI-M6PR. This was
confirmed by the synthesis and biological evaluation of carboxylate isosteric analogues of M6P. A
specific receptor binding assay demonstrated that the unsaturated isosteric analogue 4 binds to CI-M6PR
as well as M6P, while the saturated isosteric analogue S binds to the receptor with a slightly weaker
affinity than M6P (Fig. (3)) [49]. These data confirmed previous results obtained by ligand-dependent
elution of the receptor from pentamannose 6-phosphate affinity columns [50]. This difference in binding
affinity can probably be explained by the geometry of the double bond in 4 which leads to greater
interaction with the M6P-binding sites of CI-M6PR, in comparison to the single bond in §. On the other
hand, the non isosteric derivative 6 is weakly recognized by the CI-M6PR. We suppose that the analogue
6 does not match exactly the M6P-binding sites of the receptor because the distance between the negative
charge and the pyranose ring in 6 is lengthened by comparison to that in M6P. The lengthening of the
lateral chain probably impairs the binding affinity. A higher binding affinity was obtained with the
malonate analogue 7 which is recognized by CI-M6PR as M6P itself. This last result does not correlate
exactly with the ICso values obtained by Berkowitz ef al. [S1]. However, their binding test followed a
procedure in which CI-M6PR was covalently bound to a sepharose resin, while in our case CI-M6PR was

not bound to a support. These procedures probably account for differences in affinity.

In summary, the analogues synthesized to target CI-M6PR must be isosteric to M6P to efficiently

bind the receptor. Moreover, a single negative charge is sufficient to allow the binding to the receptor
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while the phosphorus atom is not necessary to ensure recognition. However, the best ligands for CI-

MG6PR contain two negative charges like in the malonate or phosphonate isosteric analogues of M6P.

Christensen et al. have synthesized M6P glycopeptides in order to determine their affinity for CI-
M6PR and have shown that the invariant core of the oligosaccharide moiety of the lysosomal enzymes is
not needed for their recognition by CI-M6PR. High affinity for CI-M6PR was maintained by keeping the
terminal phosphorylated dimannoside on the antennary moieties whilst the invariant saccharidic core
could be replaced by tri-, tetra-, or penta-peptides with no significant variations in the affinity [52, 53].
However, these data have to be put in perspective because the removal of the aminobenzoyl group, which
is bound to the peptide lysine tail, caused a significant decrease in the affinity for CI-M6PR. This result
demonstrates that a small change in the structure of the peptide can have a strong influence on the

recognition process.

Roche ef al. have functionalized bovine serum albumin (BSA) with M6P residues (i.e., M6Py-
BSA) in order to target CI-M6PR [54] at the cell surface of monocytes and macrophages [54, 55]. The
functionalization of a protein in order to target CI-M6PR has been developed with the aim of avoiding
liver fibrosis by selective delivery of anti-fibrotic drugs to the hepatic stellate cells. They used human
serum albumin (HSA), functionalized with M6P residues (i.e., M6Px-HSA) to cargo bioactive
compounds, such as the antifibrotic drugs doxorubicin [56], pentoxifylline (PTX) [57], 18[3-glycyrrhetinic
acid (18B-GA) [58], mycophenolic acid [59, 60] or the apoptosis-inducing drug 15-deoxy-D12,14-
prostaglandin J2 (15dPGJ2) [61], to the stellate cells which are implicated in the formation of fibrosis.
They showed that with this approach they can efficiently target these cells via the CI-M6PR as the
formation of fibrosis was significantly decreased. Moreover, Beljaars ef al. demonstrated that the lower-
derivatized albumins (i.e., M6P,-HSA, M6P;-HSA, and M6P;-HSA) remain in the blood for a long time,
whereas the albumin preparations with the highest degree of MOP substitution (i.e., M6P,s-HSA)
selectively accumulate in the liver [62]. In order to improve the affinity for CI-M6PR, it would be

interesting to use MO6P analogues where the phosphate moiety has been replaced with other bioisosteric
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groups. For example, M6Pn 1 (Fig. (3)) has been used to improve the M6P treatment for wound healing

[63] and was shown to reduce the size of scars as efficiently as MOP itself.

In order to study the interaction between M6P-bearing compounds and the CI-M6PR at the cell
surface, an amphiphilic derivative, called M6Pn-CSA, was synthesized [64]. M6Pn and CSA stand for
mannose 6-phosphonate and cholesteryl-succinyl-anilinyl, respectively. This amphiphilic steroidal glyco-
conjugate was incorporated in the lipidic bilayer of liposomes and the resulting functionalized vesicles
were incubated with MCF-7 breast cancer cells that over-express CI-M6PR. Strong liposome-cell
interactions were observed demonstrating the high potential of such system for drug delivery applications.
Then, another M6Pn-cholesteryl conjugate was synthesized to circumvent the synthetic difficulties
encountered during the preparation of the M6Pn-CSA derivative [65, 66]. Hamdaoui ef al. studied how
MG6P,-Pepstatine targeted tumour cells via CI-M6PR and showed that the bifunctional M6P;,-Pepstatine
has an antiproliferative activity against breast cancer cells [67]. Also in this case, it would be important to
replace the phosphate moiety of M6P with a bioisosteric group to improve the affinity and the targeting of

cancer cells that over-express CI-M6PR.

Thus, proteins, vesicles, nano-particles or other polymers could be functionalized with mannose
6-phosphate or its analogues in order to be used as carriers of bioactive molecules for the treatments of

different diseases.

2. DOCKING M6P ANALOGUES IN THE CI-M6PR LIGAND BINDING POCKET

The crystal structure of domains 1-3 of CI-M6PR has been described [68, 69]. In this structure,
the ligand binding pocket (LBP) is outlined by the B-strands 2, 3, 7, 8, 9, and loop C. LBP is also lined by
50% of uncharged amino acids Tyr(Y) 324, GIn(Q) 348, Cys(C) 356, C385, Ser(S) 386, Y421 and 50%
of charged residues Glu(E) 323, Lys(K) 350, K358, E383, Arg(R) 391, E416. In order to understand the
variations in the binding affinity of our analogues, we have analysed how the binding affinity changes in

function of the structure modifications of each analogue. Molecular dynamic calculations of the
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analogues were performed using the Insightll software 2.7 (Accelrys, San Diego, CA). Energy was
minimized using the Discover module until the deviation root mean square was below 0.01 kcal/mol and
a consistent force field and the conjugate gradient algorithm were applied together with a cut-off distance
of 25A. Ligand docking was initially carried out by superposition of the analogue structure to be tested
onto the M6P agonist structure. Hydrogen bonds between residues Y324, Q348, S386, R391, E416, Y421
and the sugar were preserved. The ligand-receptor complex was then submitted to energy minimization

until the maximum derivative was less than 0.2 kcal/A.

We found that the presence of S-S bonds (C385-C419, C339-C347) in the vicinity of the LBP
within domain 3 (S386, E416, Q348) contributes to the conservation of the overall carbohydrate-binding
cavity during our minimization. The ligand binding site (LBS), which gathers residues supporting direct
interactions with the ligand, was not changed after minimization, even though moderate orientations of
the side chains could occur, and was composed of residues Q348, R391, E416, Y324 and Y421 at one end
of the pocket and, S386 at the opposite end. They stabilized with potential hydrogen bonds the hydroxyl
groups of the ligand carried by C2, C3, C4, as well as the functional group carried by C8, i.e. M6

carboxylate saturated (M6C saturated).

However, discrete variations in the structure of the analogues, such as in the M6Pn, in which the
oxygen atom on the side chain was substituted by a carbon atom, increase the relative bound affinity of
the ligand (ICso = 1.3 x 10” = 0.2 x 10” M). As shown in the flattened view of the LBS (Fig. (4)) the
reference M6P displays 11 potential hydrogen bonds and only 6 different anchorage points (Fig. (4A))
whereas the M6Pn analogue displays 12 potential hydrogen bonds with the essential residues in the LBS,
and is anchored by 8 different positions to the CI-M6PR (Fig. (4B)). This increase in both the number of
hydrogen bonds and the number of anchorage points, which stabilise the ligand within the LBS, might
explain the better affinity of the M6Pn for the receptor as compared to that of M6P. We also observed that

CI-M6PR exhibits a similar affinity for the M6-malonate analogue (ICso = 1.2 x 107 + 0.3 x 10” M),

which is almost twice that of the reference M6P (ICsp = 2.3 x 10 # 1.0 x 10” M). The malonate analogue
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is characterized by two carboxylate moieties instead of a phosphate moiety. This ligand allows the
formation of 13 potential hydrogen bonds and 8 anchorage points (data not shown). The ratio between the
number of anchorage points and the number of hydrogen bonds increases as the binding affinity increases

(0.55 and 0.62 for M6P and the malonate analogue, respectively)

In contrast, the M6C saturated ligand (methyl 6,7 dideoxy-a-D-manno-octopyranoside-uronate)
displays a lower binding affinity (ICso = 7.4 x 10 # 1.9 x 10° M ) than the M6P reference (Fig. (4C)).
Moreover, the decrease in the binding affinity is correlated with a reduction in the ratio between the
anchorage point number and the hydrogen bond number (0.55 and 0.50 for M6P and M6C saturated,
respectively). In addition, the direct interaction of residue Y324 and the mannose was missing for that
analogue, a residue known to be involved in the ligand stability as revealed by single amino acid

substitutions [70].

III. ROLES OF CI-M6PR AND POTENTIAL THERAPEUTIC APPLICATIONS OF

MANNOSE 6-PHOSPHATE ANALOGUES
1. CI-M6PR AS THE MAJOR TRANSPORTER TO THE LYSOSOME.

An evident application of M6P derivatives is the transport of molecules to the lysosomes through

the membrane CI-M6PR.
CI-MG6PR AS A TOOL FOR LYSOSOMAL DISEASE TREATMENT

One of the major therapeutic applications of the M6P derivatives could be the enzyme
replacement therapy (ERT) for lysosomal diseases. Each lysosomal disease is linked to the absence of a
particular enzyme and the consequent lysosomal accumulation of a specific substrate. Soon after the
discovery of the lysosome, de Duve [71] proposed that deficiencies of lysosomal enzymes could be
rectified by the administration of exogenous enzymes. The treatment of patients with lysosomal storage
diseases has been markedly improved in the past 10 years by the successful implementation of ERT. This

therapy was first proposed for the treatment of Gaucher disease and, then, for other lysosomal storage
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diseases (Fabry, Pompe, MPS-I diseases). However, a major set-back is the enormous cost of such
therapies and in many countries the health-care system cannot afford to pay for ERT. For example, the
sale of the recombinant enzyme for the treatment of 4,500 Gaucher disease patients for a single year
(2005) was estimated to at least 839 000,000 USD. This is merely the cost of the treatment of one of the
50 known lysosomal diseases. The treatments for other such rare diseases would take too many resources
out of national health care budgets. The finding of new M6P analogues may help to decrease at least in
part these costs. These analogues may improve both the affinity of the specific recombinant enzyme for
CI-M6PR and the stability of the M6P moiety in the blood circulation. Consequently, they could
significantly enhance ERT efficacy and reduce the active doses of enzyme that is required for an efficient
treatment. Moreover, the successful application of these analogues, could promote their future utilisation
in most of the 50 known lysosomal diseases. Several studies in mouse models, which were treated with
high affinity ligands (i.e., phosphorylated oligomannose—containning poly-saccharides) conjugated to the
oligosaccharide side-chain of the recombinant enzymes, demonstrated the role of CI-M6PR and the
higher efficacy of high affinity M6P-glycoproteins in ERT. This approach allowed to decrease the
effective dose of enzyme and to treat either less accessible tissues, such as skeletal muscles, or tissues

with a relatively low abundance of CI-M6PR [72].

CI-MG6PR AS A RECEPTOR FOR METABOLIC CLEARANCE OF EXTRACELLULAR LIGANDS

CI-M6PR binds and internalizes leukemia inhibitory factor. Leukemia inhibitory factor (LIF)is a
multifunctional, highly glycosylated soluble protein belonging to the interleukin-6 (IL-6) subfamily of
helical cytokines [73]. LIF exerts an important role in neuronal, platelet and bone formation. It also
induces embryonic stem cells to retain their totipotency. Indeed, this multifunctional protein stimulates
adipocyte lipid transport, adreno-corticotropic hormone production, proliferation of some hematopoeitic
and muscle cells and inflammation [74]. Blanchard and co-workers have reported that glycosylated LIF,
produced by transfected Chinese hamster ovary cells, binds to CI-M6PR [75]. Their subsequent study

showed that M6P-containing LIF is naturally produced by a number of normal and tumour cell lines, and
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that another unrelated cytokine, the macrophage-colony-stimulating factor, was also able to bind to CI-
M6PR in a M6P-sensitive manner [76]. The M6P-containing cytokine LIF is rapidly internalized and
degraded by cells expressing CI-M6PR [76]. In addition, soluble CI-M6PR inhibits interleukin-6-type
cytokine-dependent proliferation by neutralizing IGF-1I [77]. Soluble CI-M6PR is a candidate natural
molecule, presumably as other inhibitors of the IGF-II pathway, for the development of novel therapeutic
strategies in the treatment of haematopoietic disorders in which IL-6-type cytokines play a role,

particularly multiple myeloma.

CI-M6PR regulates renin and pro-renin clearance. The pool of cardiac renin comes mostly from
the circulation. Renin and its inactive form, pro-renin, whose circulating level is much higher than that of
renin, diffuse into the cardiac interstitial space [78, 79] or bind to receptors [80, 81]. One of these
receptors is the (pro)renin receptor which binds equally well to renin and pro-renin. This receptor induces
the activation of pro-renin without internalizing it [82]. CI-M6PR can also bind and internalize renin and
pro-renin [83, 84]. After internalization pro-renin is swiftly activated by proteolytic cleavage [84, 85].
This mechanism leading to the production of renin is specific and saturable and can be antagonized by
M6P [84]. It seems that this mechanism also participates to the renin and pro-renin clearance [86].
However, only a small percentage of renin and pro-renin carries an M6P signal and the amount captured
by cardiomyocytes via CI-M6PR represents only 5-6% of the total circulating level [84, 87]. In
conclusion, CI-M6PR in myocytes may participate in the cardiac (pro)renin uptake by binding to the

fraction of human (pro)renin, that is characterized by the presence of the M6P recognition marker [86].

LYSOSOMAL TARGETING FOR CANCER THERAPY

CI-MO6PR has been reported to be a potential tumour suppressor in 70% of hepatocarcinomas [88]
and 15-30% of breast cancers [89-91]. The gene was deleted in one allele and mutated at the other one in
these cancers. Moreover, over-expression of CI-M6PR induced regression of tumours in mice and growth

inhibition in cancer cells. These effects are probably due to the different functions of this receptor that



1duasnuew Joyine vH

=
0
0]
=
E
o
o
N
8]
o
=
w
o
<
1]
=
@,
o
=
[

indirectly controls cell growth : (i) internalization and degradation of various growth-promoting factors,
such as IGF-II [92], glycosylated LIF, and other M6P-containing cytokines, such as the macrophage
colony-stimulating factor [76]; (i1) binding and uptake of granzyme B, an essential factor for T cell-
mediated apoptosis [93]; (ii1) regulation of the level of secreted lysosomal enzymes that are responsible
for extracellular matrix degradation and tumour dissemination. Even though the CI-M6PR expression is
decreased in some malignancies such as hepatocarcinoma, its over-expression in the majority of solid
tumours, particularly in breast cancers [94], indicate that this receptor could be considered as a mean to
address cytotoxic drugs to lysosomes. The routing of cytotoxic drugs via CI-M6PR may induce the lysis
of lysosomes and then cell death. The higher specificity of CI-M6PR targeting in cancer cells versus
normal cells could be due to the higher expression of CI-M6PR and its higher affinity at slightly acidic
pH (pH 6-6.5) as found in the extracellular environment of solid tumors. This approach could be
complementary to the classical chemotherapy. In fact, most anti-neoplastic drugs, such as anthracyclines
(e.g., doxorubicin) or Vinca alkaloids, are weakly basic molecules which target the neutral pH

compartment of tumours, but become inactive in a more acidic environment [95, 96].

Attempts to target the acidic extracellular compartment of solid tumors have been done by loading
doxorubicin into pH-sensitive poly/PEG/folate micelles [97] or liposomes [98]. This conferred a longer
half life to the drug and a higher efficacy probably by achieving higher local dose in the tumour.
However, a major obstacle to successful cancer chemotherapy is the emergence of tumour chemo-
resistance, which is due to different mechanisms, including over-expression of the multidrug resistance 1
gene product and decrease in the net intracellular accumulation of the drug [99]. A chemotherapy

targeting CI-M6PR will also probably circumvent these chemo-resistance problems.

2. CI-MG6PR AS A CRUCIAL PARTNER FOR THE ACTIVATION OF MULTIPLE PATHWAYS
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CI-M6PR could activate several biological pathways either by acting at the cell membrane
(TGFp) or by internalizing extracellular ligands (glycoprotein D of the herpes virus, granzyme B and

proliferin).
CI-MG6PR AS AN EXTRACELLULAR ACTIVATOR OF LATENT TGFB

The activation of latent transforming growth factor B (LTGF[3) to active TGF[ is a critical step in
the healing process. LTGF-ss that comprises TGF[3 bound to the latency associated peptide (LAP), which
in turn may be bound to the LTGF-ss binding protein (LTBP), binds to cell-surface CI-M6PR via M6P-
containing carbohydrates in the LAP [100-103]. The increase of M6P at a wounding site reduces the

binding of LTGF[3 to CI-M6PR and, consequently, affects the formation of fibrotic TGF[3.

In addition to its binding to LTGF[3, CI-M6PR plays also a role in another process involved in
LTGF activation, the plasminogen/plasmin conversion by a serine protease, the urokinase-type
plasminogen activator (uUPA). The pro-uPA is proteolytically cleaved and thereby activated, when bound
to a specific uPAR at the cell surface. This uPAR has been reported to be a low affinity ligand for CI-
MG6PR [12, 104]. The full length uPAR and plasminogen appear both to interact with the N-terminus of
repeat 1 of the CI-M6PR in a M6P independent manner and are situated on the opposite face of the
molecule than the carbohydrate-binding sites [69] (Fig. (1)). Thus, it is possible that CI-M6PR binds
simultaneously both uPAR/plasminogen and an M6P-oligosaccharide. Different roles for the binding of
uPAR to CI-M6PR have been proposed, including the modulation of TGF[ activation, control of cell
surface uPAR expression, or uPAR-mediated functions, such as fibrinolysis, cell adhesion, and migration

[12, 104-108].
CI-MG6PR AS A TRANSPORTER FOR INTRACELLULAR ACTIVATION

Herpes virus entry through CI-M6PR. The herpes simplex virus (HSV) glycoprotein D (gD) is
essential for HSV entry into cells, it contains M6P on its Asn-linked oligosaccharides, and binds to CI-

MG6PR. It was supposed that the interaction between gD and CI-M6PR could play a role in some aspect of
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virus entry or egress [109]. In fact, CI-M6PR could serve as HSV receptors during virus entry into cells.
Injection of soluble CI-M6PR and treatment with pentamannose-phosphate inhibit HSV plaque formation
on monkey Vero cells, as do polyclonal rabbit anti-M6PR antibodies. It appears that M6P residues and
MBG6P receptors are required for efficient transmission of HSV between cells, a process which differs in

some respects from the entry of exogenous virus particles [110].

CI-M6PR binds granzyme B and induces cell death. CI-M6PR has been proposed as an alternative
pathway to induce cell death through the delivery of lymphocyte granule toxins. Several studies indicate
that CI-M6PR expressed at the cell membrane binds to granzyme B, a serine protease, secreted by
cytotoxic T lymphocytes and natural killer cells, via its M6P moiety and induces endocytosis [93]. In the
target cell, granzyme B activates an apoptotic pathway by cleaving key substrates in the cytoplasm,
though these events are critically co-dependent on the pore-forming protein, perforin. Since granzyme B
must access the substrates within the cell, the endocytosis through CI-M6PR binding is a key step in the

granule-mediated killing process [111].

CI-M6PR regulates proliferin-induced angiogenesis. CI-M6PR is thought to be involved in the
regulation of cell motility and angiogenesis through its binding to proliferin, a member of the
prolactin/growth hormone family that is expressed in placenta [112-114]. Proliferin stimulates capillary
endothelial cell migration, in culture, and induces neo-vascularisation, in vivo [115]. The angiogenic
activity of proliferin depends on its interaction with CI-M6PR. This recognition involves at least in part
the carbohydrate moiety of proliferin which competes with M6P [114]. Tumour growth depends on its
vascularisation and needs micro-vessels development to expand its cell population and to become
invasive [116]. Jackson ez al. have described the expression profile of the proliferin gene in a progressive
fibrosarcoma mouse tumour cell model. The expression of proliferin is detectable in cell lines derived
from the mild, non-invasive tumour, is increased in cell lines from tumours at the aggressively invasive

stage, and its expression remains high in cell lines from end stage fibrosarcomas [117]. Thus, the
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expression of proliferin seems to increase when a tumour becomes more invasive and exhibits a strong

angiogenic activity.

IV. CONCLUSION AND PERSPECTIVES

The important diversity of ligands bearing an M6P signal suggests numerous potential therapeutic
applications offered by CI-M6PR, which could be targeted by synthetic M6P analogues carried by
lysosomal proteins or drugs. We and other groups have synthesized M6P analogues by changing the
phosphate moiety into carboxylate, malonate or phosphonate moieties. Some of these modifications
induced a gain of efficiency resulting in a better binding affinity for CI-M6PR and, importantly, in a
stronger stability of these compounds in human serum. Indeed M6P analogues are not sensitive to blood

phosphatases contrary to natural M6P.

Their application in lysosomal diseases is evident due to the 3 major limits of ERT in these
diseases: (i) the replacing, recombinant enzyme needs an M6P signal, (ii) M6P signal is only produced by
mammalian cells, (ii1) ERT needs a large amount of recombinant enzymes. A new therapeutic approach,
in which M6P analogues, selected for their affinity and their stability in circulation, are chemically
coupled to the recombinant enzymes, could significantly improve ERT. This new lysosomal targeting
could increase therapy efficiency at least by 10 fold and could allow: (i) to decrease the dosage needed for
the treatment and, as a consequence, the side effects and (ii) to facilitate access to ERT to many
underprivileged countries and (iii) to envisage a similar treatment of other lysosomal diseases. The fact
that CI-M6PR was considered as a tumour suppressor does not appear as a contra-indication to future
therapies using M6P analogues since these molecules will partially occupy plasma membrane receptors,

corresponding to a minimal fraction of the total cellular receptor.

Other applications of the M6P analogues, which concern the competitive inhibition of different
CI-M6PR extracellular ligands, have been already proposed depending on the patho-physiological

condition. However, additional experiments on the physiological relevance of these unconventional M6P-



based ligands and initial clinical trials should be performed before to consider the use of M6P analogues
in the clinic. For example, the inhibition of the activation of latent TGF-[3 by M6P was envisaged as an
anti-scarring therapy in adult wound healing. The prevention of activation of TGFP1 and TGFB2 by
competition with M6P at the wound site results in markedly improved healing and less scarring. This type
of competitive inhibition could be applied to other pathological processes, which are mediated through

CI-M6PR interactions, such as the activation of complex structures in plasminogen activation or the

1duasnuew Joyine vH

internalization of growth-regulating proteins (i.e., LIF, granzyme B) or viral proteins.

Finally, the M6P analogues could also be used to target drugs or nano-particles to lysosomes
where they will be activated by the large panel of acid protease activities of these structures. This
approach could be used in the case of photo-sensitive, or pH-sensitive, drugs for imaging or therapy in

cancers that express high levels of CI-M6PR.
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