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Abstract

Combined deficiency of factor V (FV) and FVIII (F5F8D) is an autosomal recessive bleeding
disorder characterized by simultaneous decreases of both coagulation factors. This review
summarizes recent reports on the clinical presentations, treatments, and molecular mechanism of
F5F8D. Genetic studies identified LMAN1 and MCFD2 as causative genes for this disorder,
revealing a previously unknown intracellular transport pathway shared by the two important blood
coagulation factors. LMAN1 and MCFD2 form a Ca2*-dependent cargo receptor complex that
functions in the transport of FV/FVIII from the endoplasmic reticulum (ER) to the Golgi.
Disrupting the LMAN1-MCFD2 receptor, complex formation is the primary molecular defect of
missense mutations leading to F5F8D. The EF-hand domains of MCFD2 are necessary and
sufficient for the interactions with both LMANZ1 and FV/FVIII. Similarly, the carbohydrate
recognition domain of LMAN1 contains distinct and separable binding sites for both MCFD2 and
FV/FVIII. Therefore, FV and FVIII likely carry duel sorting signals that are separately recognized
by LMAN1 and MCFD2 and necessary for the efficient ER-to-Golgi transport. FV and FVIII
likely bind LMANZ1 through the high-mannose N-linked glycans under the higher Ca2* conditions
in the ER and dissociate in the lower Ca2* environment of the ER-Golgi intermediate
compartment.
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Combined deficiency of factor V (FV) and FVIII (F5F8D, OMIM 227300) is a rare bleeding
disorder first reported in a pair of Swiss siblings in 1954.1 Since then, there have been over
200 cases reported in the literature. As per other rare autosomal recessive disorders, F5SF8D
is often associated with consanguinity. Although found all over the world, F5F8D cases are
most concentrated in the Mediterranean, Middle Eastern, and South Asian countries, likely
due to the prevalence of consanguineous marriages in these regions. F5F8D is characterized
by simultaneous decreases of plasma FV and FVIII to 5 to 30% of normal and mild-to-
moderate bleeding symptoms. The molecular basis of F5F8D was discovered at the turn of
the last century to be mutations in either LMANL1 (lectin mannose binding, 1) or MCFD2
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(multiple coagulation factor deficiency gene 2).23 Proteins encoded by these two genes
function in a novel intracellular trafficking pathway required for the efficient secretion of
FV and FVIII. This review provides an update on recent progress toward the clinical and
mechanistic understanding of F5F8D since the last comprehensive reviews on this topic.*>

Symptoms and Diagnosis

Symptoms of F5F8D are generally mild. Comparison of relatively large cohorts of F5F8D in
India, Iran, and Israel indicates that bleeding from trauma/surgery is the most frequently
reported clinical manifestation.5- This observation likely reflects the fact that often F5SF8D
is brought to the attention of physicians following excessive bleeding during and after
trauma, surgery, and labor. Common spontaneous bleeding symptoms include epistaxis,
gum bleeding, easy bruising, and menorrhagia. Less frequently reported are hemarthroses,
gastrointestinal bleeding, hematuria, and intracranial bleeding. In males, bleeding due to
circumcision is frequently reported in regions where it is commonly practiced. In females,
menorrhagia is found in a majority of patients in all reported studies. There appears to be
some differences in the prevalence of the types of spontaneous bleeding symptoms between
different regions.® The reasons for this discrepancy are unclear. Recent reports also
confirmed the previous observation that defects of two factors do not lead to more severe
bleeding symptoms than single defect of FV or FVIII of similar degree.6:10

F5F8D is suspected in bleeding patients with prolonged prothrombin time and activated
partial thromboplastin time. Diagnosis is made on laboratory findings of decreased FV and
FVIII levels in plasma, usually in the range of 5 to 30% of normal (typically 10-20%). No
correlations of bleeding severity and the levels of FV and FVIII have been observed in
F5F8D patients. Although most F5F8D diagnosis occurred in children and adults, a
successful diagnosis of F5SF8D was reported in a 2-day-old infant with spontaneous
cephalhematoma.!! The 9-year-old sibling of the proband had been symptom free since
birth, despite laboratory findings of F5SF8D,1 highlighting the variability of bleeding
symptoms and possibly contributing to the underdiagnosis of this disorder. FV deficiency
(parahemophilia) combined with type 1 von Willebrand disease can also present with
decreases in FV and FVIII levels, due to the indirect effect of von Willebrand factor
deficiency on FVIII stability. Although chance coinheritance of parahemophilia and
hemophilia A is a possibility, it is extremely unlikely due to the low frequency of both
disorders in general population (1/1,000,000 for parahemophilia and 1/5,000 in males for
hemophilia A). Ultimate confirmation of FSF8D comes from the identification of mutations
in either LMAN1 or MCFD2. However, no routine genetic testing is currently available for
F5F8D. Mutation analysis is done on a research basis in several medical centers.
Fortunately, clinical management of F5F8D does not rely on molecular diagnosis.

Disease Management

Because of the mild-to-moderate bleeding symptoms, treatment is on demand depending on
the severity of bleeding. According to the guideline for rare coagulation disorders from the
United Kingdom Haemophilia Centre Doctors” Organization,? the recommended therapy
includes fresh frozen plasma (FFP), which provides FV, and FVIII concentrate, which
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compensates for the shorter half-life of plasma FVIII. This treatment regimen has been
demonstrated to be effective in controlling bleeding during dental extraction,!3 male
circumcision,19 and preparation for labor in pregnant women.1# Desmopressin (DDAVP), a
synthetic derivative of the antidiuretic hormone arginine vasopressin, was shown to increase
the FVI1II level by more than twofold over 60 to 120 minutes in a patient with F5SF8D.15 In
patients whose FVIII levels are at the higher end of the range (> 15% of normal), DDAVP
could be used in lieu of FVIII concentrate for preventing bleeding in tooth extraction, labor,
or other minor surgeries.1415 FVIla has been successfully used as a bypass therapy to treat
hemophilia patients with inhibitors. In a case of F5F8D with persistent abdominal hematoma
following surgery that combined FFP and FVIII concentrate infusions failed to control,
FVIla was successfully used to stop the bleeding complications.1® F\V1la treatment has the
advantage over FFP infusion of avoiding fluid overload. However, the safety of off-label use
of FVIla in treating F5F8D remains to be established.

Percutaneous coronary intervention (PCI) in patients with congenital coagulation factor
deficiencies presents a unique challenge. They are not only at increased risk of perioperative
bleeding but can also suffer thrombosis of the stent. It has been postulated that in patients
with classic hemophilia, platelet adhesion and aggregation are generally intact and therefore
these patients suffer similar risks of rethrombosis.1”:18 The use of antiplatelet agents during
and after PCI is essential, given that thrombosis of stents is a significant source of mortality
especially in the first few months following the procedure. Recently, successful PCI with
bare metal stent placement was reported in a patient with F5SF8D.1% Hemostasis was
managed perioperatively with FFP and recombinant FVIII. Unfractionated heparin was used
during the procedure for anticoagulation. Long-term prevention of thrombosis was achieved
with antiplatelet agents, aspirin and clopidogrel, with good outcome. This suggests that
patients with F5SF8D can safely undergo PCI for coronary artery disease, with treatment
individualized to the specific patient.

that Cause F5F8D

Mutations in LMAN1 and MCFD2 account for nearly all cases of F5F8D.20-21 _MAN1 is a
13-exon gene localized to chromosome 18g21. MCFD2 is a 4-exon gene localized to
chromosome 2p21. At least 36 LMAN1 mutations and 18 MCFD2 mutations have been
reported.19:20.22-25 Most of the mutations are insertion/deletion, nonsense, and splice site
mutations that completely abolish the protein function.2? Mutations in the regulatory regions
of the genes have also been reported, including a promoter deletion in LMAN1.26 Some
recurrent mutations appear to arise independently in multiple ethnic backgrounds, for
example, the ¢.149 + 5G > A mutation in MCFD2 and the p.R202X mutation in LMANLZ,
possibly due to mutation hotspots. Another notable mutation hotspot is a microsatellite
repeat of 9-adenine in exon 8 of LMANLI. Three different mutations (c.912delA, c.
912-913insA, and ¢.904A > T) have been identified at this location in patients of distinct
origins.19:20.23 Some mutations are exclusively associated with certain genetic backgrounds,
suggesting a founder effect. For example, the M1T (c.2T > C) mutation, which abolishes the
initiation codon, is exclusively found in families of Italian origin. Likewise, two mutations
in LMANL1 (c.89-90insG and ¢.1149 + 2T > G) account for all Jewish F5F8D patients. An
unusual LMAN1 mutation was recently reported in a US patient; this is a homozygous single
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nucleotide transition (c.1083A > G) in exon 9 that does not change the underlying amino
acid residue, but creates a new splice donor site.25 Analysis of RNA extracted from the
immortalized lymphocytes indicates that this ectopic splice donor site completely displaces
the weak natural splice donor site at the exon 9-intron 9 junction. The resulting alternatively
spliced mRNA introduces a frameshift following exon 9 and a premature stop codon shortly
after. Interestingly, the premature stop codon does not lead to nonsense-mediated decay
(NMD), suggesting that LMAN1 belongs to a group of genes that are resistant to NMD.

Mechanism of F5F8D

F5F8D is among the growing number of genetic disorders caused by defects in the early
secretory pathway,2” which refers to protein transport from the endoplasmic reticulum (ER)
to the Golgi. Molecular studies of F5F8D provide insight into FV and FVI1I1 trafficking in
the early secretory pathway. FV and FVIII are two large plasma glycoproteins that share
similar domain structures (A1-A2-B-A3-C1-C2), with high sequence identities between the
A and C domains. Like other secreted proteins, FV and FVIII are synthesized on the rough
ER and translocated into the ER lumen, where both proteins undergo N-linked
glycosylation, proper folding, and quality control. FVIII is more prone to misfolding than
FV and hence engages in more extensive interactions with chaperones in the ER. Proteins
that have passed the quality control are packaged into coat protein complex-11 (COPII)
vesicles that bud from distinct regions of the ER.28 Upon budding, COPII vesicles undergo
homotypic fusion to form the ER-Golgi intermediate compartment (ERGIC), a structure
located between the ER and Golgi that is unique to higher eukaryotic cells.2® Accessory
transport factors and proteins that display ER-retrieval signals are returned to the ER via
coat protein complex-1 (COPI) vesicles, where they can participate in subsequent rounds of
vesicle formation.

How cargo proteins are recruited into COPII vesicles is not entirely clear. Although ER
export by bulk flow (passive diffusion into budding vesicles) might be sufficient for the
transport of some highly abundant cargo proteins, many other proteins are thought to be
selectively packaged into export vesicles. This selective model of export envisions that
cargo proteins display specific sorting signals that promote their incorporation into COPII
vesicles.39:31 The cytoplasmic side of many transmembrane cargo proteins can directly bind
components of the COPII coat. Some of these transmembrane proteins in turn serve as cargo
receptors for both soluble and transmembrane proteins. However, cargo receptors have
proven elusive to identify, with only a few characterized to date, mostly in yeast.3931 In
mammals, the LMAN1-MCFD2 complex is the first known example of a specific ER-to-
Golgi cargo receptor, discovered largely through the studies of F5F8D. The requirement of
both a transmembrane component (LMANZ1) and a soluble cofactor (MCFD2) suggests a
more sophisticated mechanism for cargo trafficking in higher eukaryotes. In addition to FV
and FVIII, LMANL has also been shown to transport other cargo proteins such as cathepsin
C, cathepsin Z, and al1-antitrypsin.32:33 However, MCFD2 appears to be dispensable for the
transport of cathepsins C and Z, suggesting that it is specifically required for FV/FVIII
transport.34
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Organization of the LMAN1-MCFD2 Receptor Complex

LMANL1 (also called ERGIC-53) is a homohexameric 53-kD type-1 transmembrane protein
cycling between the ER and the ERGIC/cis-Golgi. The short C-terminal cytosolic tail
contains diphenylalanine ER exit motif that interacts with the COPII, and a dilysine ER
retrieval motif that interacts with the COPI (Fig. 1). The ER luminal domain contains a
carbohydrate recognition domain (CRD) responsible for ligand binding and a putative
coiled-coiled domain required for oligomerization (Fig. 1). All three domains contribute to
LMANT1 subcellular localization.3®> MCFD2 is a 16-kDa soluble protein with an N-terminal
sequence of unknown function and two calmodulin-like EF-hand domains at the C terminus
(Fig. 1).3 LMAN1 and MCFD2 form a Ca*-dependent complex with 1:1 stoichiometry.36
Localization of MCFD2 is dependent on the interaction with LMAN1 because it lacks ER
retrieve signal and overexpression of MCFD2 results in MCFD2 secretion.36 The LMAN1-
MCFD2 complex can directly interact with FV/FVIII, indicating LMAN1-MCFD2 is a
cargo receptor for FV/FVI111.36 LMAN1 level is normal in patients with MCFD2 mutations,3
indicating that, despite meeting all the requirements for a cargo receptor, LMAN1 alone is
not sufficient for FV/FVIII transport. In fact, patients with MCFD2 mutations tend to have
lower FV/FI11 levels,20 suggesting that MCFD2 is more directly involved in the cargo
receptor function.

All missense mutations of LMAN1 and MCFD2 found in F5F8D patients disrupt the
interaction of the two proteins, indicating that the LMAN1-MCFD2 complex formation is
critical for the receptor function. Recently, significant progress has been made in
understanding the organization of this receptor complex, which is central to understanding
this disease mechanism. We showed that the EF-hand domains of MCFD2 are necessary and
sufficient to bind LMAN1.37 Deletion of all the N-terminal non-EF-hand sequence has no
effect on LMANL1 binding. However, further deletions that disturb the EF-hand structure
abolish LMANL1 binding. Domain deletion mutagenesis studies showed that the CRD of
LMAN1 (LMAN1-CRD) is responsible for MCFD2 binding.38 The LMAN1-CRD has an
overall globular shape that predominantly consists of several (3 sheets that form a 3-
sandwich. Deletion of the first § sheet disrupts MCFD2 binding without affecting mannose
binding, indicating that the first 5 sheet of the CRD is the MCFD2-binding motif. On the
contrary, point mutations in the ligand-binding pocket that abolish mannose and FV/FVIII
binding have no effect on MCFD2 binding.38 Therefore, the LMAN1-CRD contains distinct,
separable binding sites for both its partner protein (MCFD2) and the cargo proteins (FV/
FVIII). These results were confirmed by the crystal structures of the LMAN1-CRD in
complex with MCFD2 (Fig. 2A), reported by two independent groups.3%40 Consistent with
the biochemical analysis, the crystal structures demonstrate the interaction of the first § sheet
of the CRD with the EF-hand domains of MCFD2. The ligand-binding pocket is on the
opposite side of the protein and distal to the LMAN1-MCFD2-binding interface (Fig. 2A).
In addition, the LMANZ1-CRD structure undergoes no significant changes after MCFD2
binding, whereas MCFD2 experiences considerable conformational changes after binding to
LMAN1.3940

Ca?* plays a pivotal role in the interaction of LMAN1 with MCFD2.3:36 However, the
structural effects of Ca2* on LMAN1 and MCFD?2 are different. Crystal structures of the
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LMANZ1-CRD in the presence or absence of Ca2* indicate that Ca* binding only causes
localized conformational changes around the ligand-binding pocket.4! In contrast, Ca?* is
critical for overall MCFD2 tertiary structure formation and in the absence of Ca2*, MCFD2
assumes a disordered structure.*2 The LMAN1-MCFD2 complex formation needs intact EF-
hand domains of MCFD2. Therefore, the importance of Ca2* in cargo receptor formation is
manifested mainly through its role in maintaining the MCFD?2 structure.

Missense mutations often provide clues to the important functional domains of proteins.
Eight of the 18 MCFD2 mutations identified to date are missense mutations (Fig. 1).
Combining biochemical and structural analyses, we can now explain the molecular defects
of reported mis-sense mutations in MCFD2. As stated above, the EF-hand domains of
MCFD?2 are necessary and sufficient for LMAN1 binding. Two Ca2* ions are the linchpins
that hold the structure of the EF-hand domains. Most MCFD2 missense mutations (D81H,
D81Y, D89A, D89N, D129E, and Y135N) change amino acid residues that are directly
involved in coordinating Ca2* binding and result in the collapse of MCFD?2 tertiary
structure.#042 1136 is not directly involved in coordinating Ca?*, but it is located in the
second EF-hand loop and involved in the formation of a hydrophobic core. Mutation of a
hydrophobic isoleucine to a polar amino acid residue (1136T) will disrupt the EF-hand
structure.#2 The circular dichroism (CD) analysis demonstrated that all mutations located in
the EF-hand loops disrupt the tertiary structure of MCFD2 to the extent that is similar to the
Ca?*-free state.#0:43 The D122V mutation is the only mutation located outside the Ca2*-
binding loops, replacing a charged amino acid with a hydrophobic one on the first helix of
the second EF-hand domain. Its CD spectrum is distinct from other mutants, suggesting
minor structural disruptions.37-40 Crystal structures revealed details of the binding interface
of LMANL1 with MCFD?2 (Fig. 2B). Three amino acid residues of MCFD2 mutated in
F5F8D are among those that are in direct contact with LMANZ1. D122 forms a hydrogen
bond with Y48 in LMAN1, which is an amino acid critical for the interaction because the
Y48A mutation of LMAN1 completely abolishes MCFD2 binding.38 D89 forms a salt
bridge with K53 in LMAN1 and Y135 packs with F46 in LMAN1.39:40

Only two missense mutations have been identified in LMANL, including W67S and C475R.
The W67S (¢.200G > C) mutation was recently identified in a Japanese patient.** This
mutation is located in the second P sheet of the CRD of LMANL, which is distal to the
sugar-binding pocket of the protein. Biochemical analysis of W67S demonstrated that this
mutant is unable to bind mannose or interact with MCFD2,3844 suggesting that it
compromises the structural integrity of the protein. The C475R mutation, which has been
reported in compound heterozygous state in an Argentinian patient?! and homozygosity in
an ltalian patient,18 disrupts one of two membrane-proximal cysteines. A previous
mutagenesis study showed that LMAN1 with the C475A mutation can dimerize but cannot
form hexamers.3® However, LMANL1 in lymphoblasts derived from a patient carrying the
C475R mutation failed to accumulate in cells, suggesting that this mutation destabilizes
LMAN1.21 Replacing the cysteine 475 with a bulky arginine near the transmembrane
domain may be more detrimental to the protein structure. Oligomerization of LMANL is
essential for its function, as monomeric LMANL is defective in ER exit and unable to bind
MCFD?2 in vivo.38 Structural determination of the complex formed by full-length LMAN1
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hexamers with MCFD2 promises to yield a better functional understanding of this cargo
receptor in vivo. In summary, all missense mutations identified in LMAN1 and MCFD2 to
date in F5F8D either destabilize protein structures or disrupt the LMAN1-MCFD2
interaction, emphasizing the functional importance of receptor complex formation in the
secretion of FV and FVIIL.

Mechanism of FV/FVIII Binding and Release by the LMAN1-MCFD2
Receptor Complex

The EF-hand domains of MCFD2 not only bind to LMANL1 but also interact with FV and
FVI11.37 Missense mutations in MCFD2 that disrupt the tertiary structure and abolish
LMANL1 binding still retain the FV/FVIII-binding activities, suggesting that this interaction
is independent of Ca?*-induced folding of the protein.3” However, the precise FV/FVIII-
binding site on MCFD2 remains to be determined. LMAN21 with a deletion of the coiled-coil
domain can still interact with FV/FVI111.38 Deletion of the CRD and mutations in the ligand-
binding pocket of the CRD that disrupt mannose binding abolish the interaction with FV/
FVI11.38 These results suggest that LMAN1 mainly interacts through its carbohydrate-
binding site with the high-mannose glycan side chains on FV/FVIII. Therefore, FV and
FVIII likely carry duel sorting signals that are separately recognized by LMAN1 and
MCFD?2. Both sorting signals are necessary for the efficient transport from the ER to the
Golgi.

A recent article reports the crystal structures of the LMAN1-CRD bound to a-1,2-
mannobiose, the terminal carbohydrate moiety of high-mannose glycans.*® In the crystal
structures, a-1,2-mannobiose interacts with both side-chain and main-chain atoms of several
amino acid residues in the ligand-binding pocket. Interaction of FVI1I with the H178A or
G251/252A mutants, which disrupt sugar binding without affecting Ca%* binding, was
significantly reduced compared with wild type LMAN1. These results show that specific
mannose recognition at the sugar-binding site is required for proper LMANZ1-cargo
interactions in cells.

LMAN1-MCFD2 cargo receptor captures cargo in the ER and releases them in the ERGIC/
cis-Golgi before recycling back to the ER. The half-lives of LMAN1 and MCFD2 are
similar,36 suggesting that the receptor complex does not dissociate during multiple cycles of
shuttling between the ER and the ERGIC/cis-Golgi. How is cargo release regulated?
Decreasing pH during trafficking from the ER to the ERGIC/cis-Golgi has been proposed to
deprotonate H178 and trigger Ca2* dissociation from LMANZ, thus inducing release of
glycoprotein cargo.#® The pH of the ER is estimated to be approximately 7.2 to 7.4 while
that of the cis-Golgi is approximately 6.4 to 6.6.47 However, in vitro measurements showed
that binding of the LMAN1-CRD with either Ca2* or a-1, 2-mannobiose is insensitive to pH
in this range.#® Furthermore, the H178A mutation of LMAN1-CRD protein mutant does not
affect Ca2* binding, arguing against its proposed role as a pH sensor. The Ca2*
concentration of the ER is estimated to be in the low-millimolar range with heterogeneous
distribution.#® Although the precise luminal Ca2* concentration of the ERGIC is unknown,
evidence suggests that it is much lower than in the ER.® Quantitative analysis showed that
the interaction of the LMAN1-CRD with MCFD?2 is strong even at low Ca?* concentrations
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in the uM range,32:°0 while the binding affinity of the LMAN1-CRD with a-1, 2-
mannobiose is relatively weak and decreases as Ca?* concentration decreases.*> These
results suggest that the LMAN1-CRD interaction with Man-a-1,2-Man is sensitive to low
Ca®* concentrations at which the LMAN1-MCFD2 interaction is maintained. A drop in
compartmental Ca?* during ER-to-ERGIC traffic may thus trigger the dissociation of
glycoprotein cargo from the LMAN1-CRD in the ERGIC, without disrupting the LMAN1-
MCFD?2 interaction.

Phenotype of LMAN1-Deficient Mice

LMANZ1-deficient mice were established from a gene-trap ES cell line, which contains a
lacZ cassette under the control of the endogenous Lman1 promoter.®! B-gal staining showed
that although LMANL1 is widely expressed, the expression levels vary considerably in
different tissues and cell types. LMAN1 deficient mice mimic the phenotypes of F5F8D
patients, though with the average factor levels at the high-end range of human patients.
Plasma FV and FVIII, and platelet FV in Lmanl —/- mice are all reduced to 40 to 50% of
the wild type level, > compared with 5 to 30% levels typically observed in human F5F8D
patients. LMANL1 deficiency had no apparent effect on COPIl-coated vesicle formation in an
in vitro assay. However, mild ER stress was detected in Lmanl —/— hepatocytes, perhaps
due to the accumulation of LMAN1 cargo in the ER lumen.?1 Despite previous reports
identifying lysosomal proteins cathepsins C and Z, and plasma protein al-antitrypsin as
additional potential cargoes for LMANL1, no differences were observed between the wild
type and Lmanl-/- mice in the levels of cathepsins C and Z in liver lysates or al-
antitrypsin levels in plasma. Furthermore, plasma al-antitrypsin level is also not reduced in
F5F8D patients compared with normal and obligate carrier controls.>! However, a1-
antitrypsin accumulates in the ER of hepatocytes, suggesting its dependence on LMANL for
ER exit. It is unclear why the effects of LMANL1 deficiency on the steady-state levels of al-
antitrypsin and FV/FVII1 are different. An unexpected, partially penetrant, perinatal lethality
was observed for Lmanl —/- mice, dependent on the specific inbred strain genetic
background, suggesting a potential role for other, as yet unidentified LMANZ1-dependent
cargo proteins.

Other Potential Functions of LMAN1

LMANL1 is highly expressed in multiple tissues that are not involved in FV/FVIII
production,! suggesting additional functions. Because F5F8D patients do not present any
obvious clinical symptoms other than mild-to-moderate bleeding, phenotypes associated
with other potential functions of LMAN1 may be masked by functional redundancy and/or
require additional challenges to manifest. LMANZ1 mutations are frequently found in
colorectal cancer® and gastric cancer patients®3 with microsatellite instability. Mutations
occur at the 9-adenine microsatellite in exon 8 of LMAN1. Whether LMAN1 mutations are
relevant to cancer development remains to be determined. LMANL is upregulated after
gammabherpesvirus infection of cells and knockdown of LMANL resulted in a significant
reduction in virus production, suggesting that the LMANZ1-associated secretory pathway
may be rate limiting for virus production.>* Retina is one of the tissues with a high level of
LMAN1 expression.>l A recent report identified Lman1 as a direct target of the transcription
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factor neural retina leucine zipper in mouse retina.5® LMANL1 is subject to regulation by
other proteins. Proteomic studies of the ERGIC identified UBXD1 as a cytoplasmic protein
that interacts with the C-terminus of LMAN1 and modulates its subcellular trafficking.>®
Another protein that may regulate the subcellular localization of LMANL1 is VIPL, a lectin
with homology to LMANL that is also localized to the early secretory pathway. It was
reported that LMAN1 changes to a compact distribution pattern overlapping with Golgi
markers and interact with VIPL under ER stress conditions.>”

Concluding Remarks

Studies of the molecular mechanism of F5F8D have provided important basic biological
insight into the early secretory pathway. Better understanding of the unique roles of LMAN1
and MCFD?2 in the secretion of FV/FVI1II may also provide clinical benefits in improved
treatments of bleeding disorders, such as improving FV1I1 expression that may expedite the
eventual goal of somatic gene therapy for hemophilia A, as well as suggesting new
approaches for boosting FVI1II production in vivo and in vitro. F5F8D patients present no
obvious clinical symptoms other than mild-to-moderate bleeding. Therefore, inhibition of
this pathway offers an attractive alternative to the oral anticoagulants, such as warfarin, in
treatment of venous thrombosis associated with FV Leiden and elevated FVII1 levels.
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Fig. 1.
Domain structures of LMAN1 and MCFD2 and the locations of missense mutations

identified in F5F8D patients. F5F8D, combined deficiency of FV and FVIII; TM,
transmembrane domain. CRD, carbohydrate recognition domain.
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Fig. 2.
Crystal structure of MCFD2 (blue) in complex with the CRD of LMANL (green). (A)

Overview of the LMANL1 (CRD)-MCFD2 complex. Arrow points to the mannose-binding
pocket. (B) Details of the binding interface between MCFD2 and the CRD of LMANL1.
Interacting residues are labeled. Hydrogen bonds are shown as dashed lines. Green spheres
represent Ca2*. CRD, carbohydrate recognition domain.
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