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Biallelic variants in MESD, which encodes
a WNT-signaling-related protein, in four new families
with recessively inherited osteogenesis imperfecta
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Summary

The bone disorder osteogenesis imperfecta (Ol) is genetically heterogeneous. Most affected individuals have an autosomal dominant
disorder caused by heterozygous variants in either of the type I collagen genes (COL1A1 or COL1A2). To date, two reports have linked
Mesoderm Development LRP Chaperone (MESD) to autosomal recessive OI type XX. Four different biallelic pathogenic variants in MESD
were shown to cause a progressively deforming phenotype, associated with recurrent fractures and oligodontia in five individuals in five
families. Recently, compound heterozygosity for a frameshift predicted to lead to a premature termination codon in exon 2 of the 3-exon
gene and a second frameshift in the terminal exon in MESD were detected in three stillbirths in one family with severe OI consistent with
the neonatal lethal phenotype. We have identified four additional individuals from four independent families with biallelic variants
in MESD: the earlier reported c.632dupA (p.Lys212Glufs*19) and ¢.676C>T (p.Arg226*)—which are associated with a severe form of
Ol—and one new pathogenic variant, c.603-606delTAAA (p.Asn201Lysfs*15), which causes a neonatal lethal form of OI. MESD acts
in the WNT signaling pathway, where it is thought to play a role in the folding of the WNT co-receptors low-density lipoprotein recep-
tor-related proteins 5 and 6 (LRP5/LRP6) and in chaperoning their transit to the cell surface. Our report broadens the phenotypic and
genetic spectrum of MESD-related OI, provides additional insight into the pathogenic pathways, and underscores the necessity of MESD
for normal WNT signaling in bone formation.

Osteogenesis imperfecta (OI [MIM: 166200, 166210,
259420, 166220]; see Table S1 for full list of genes) is a her-
itable bone dysplasia characterized by low bone mass and
fragile bones with fractures—hence, the commonly used
description “brittle bone disease.” The vast majority of OI
individuals harbor a heterozygous pathogenic variant in
one of the two genes that encode the chains of type I pro-
collagen (COLIA1 [MIM: 12050], COL1A2 [MIM: 120160]),
the precursor of the major protein of bone.' In the last 15
years, genetic studies have expanded our understanding of
the causative mechanisms that underlie OI. It is now
appreciated that rare recessive forms of OI result from var-
iants in almost two dozen genes that encode proteins
involved in regulation of collagen production; assembly,
transport, chaperoning, and secretion of collagens; extra-
cellular processing of collagen; and regulation of signaling
pathways.” One of these is the Wingless-related integra-

tion site (WNT) signaling pathway, whose involvement
in bone biology has not been fully elucidated. Variants in
WNT1 have been linked to severe OI (MIM: 615220) and
to osteoporosis,”° and targets of WNTSs that are important
for bone development and homeostasis are thought to
include alkaline phosphatase (ALPL [MIM: 171760]),
which plays a role in bone mineralization, and Specificity
Protein 7 (SP7 [MIM: 606633]), which encodes a transcrip-
tion factor that controls preosteoblast-to-osteoblast transi-
tion.”® Variants in ALPL cause hypophosphatasia (MIM:
146300 and 241510),” and two reports associate SP7 with
a recessive form of OI (MIM: 613849).'%!!

MESD (MIM: 607783), previously called MESDC2, en-
codes the endoplasmic reticulum (ER) resident chaperone
protein MESD (Mesoderm development candidate 2) and
consists of a signal sequence (residues 1-33), a chaperone
domain (residues 34-164), an escort domain (residues
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Figure 1. Function and location of MESD
in the WNT signaling pathway (in bone
cells)

(A) Canonical WNT signaling involves
binding of WNT proteins to the frizzled
receptor (FZD) and to the co-receptors
LRP5S and LRP6. Formation of this
complex leads to the inhibition of
glycogen synthase kinase 38 (GSK-3),
which phosphorylates p-catenin. Un-
phosphorylated B-catenin is safeguarded
from proteosomal degradation, accumu-
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lates, and moves into the nucleus where
it triggers lymphoid enhancer factor
(LEF)/T cell factor (TCF)-mediated gene
transcription.’”®> MESD is thought to
play a role in the folding of the WNT
co-receptors LRPS and LRP6 and in
chaperoning their transit to the cell sur-
face; the C-terminal REDL ER-retention
sequence of MESD allows for retrieval
from the Golgi.

(B and C) Close-up views of aberrant
MESD signaling in mice and humans.
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to signal LRP5/6 to the cell surface but

fail for retrieval from the Golgi since they lack the REDL sequence (C). This leads to disturbed WNT signaling in bone (LRPS)

and tooth development (LRP6).

(D) Legend of most important protein structures in MESD-related WNT signaling: KDELR receptor, red; wild-type (WT) and mutant
MESD proteins with/loss of REDL, blue/green; LRP5/6, gray/green/cyan/orange.

165-204), and a COOH-terminal KDEL-like sequence
(REDL) that distinguishes it from the secreted proteins it
chaperones and allows for retrieval from the Golgi.'” The
protein facilitates folding of the B-propeller domains of
two WNT co-receptors, low-density lipoprotein receptor-
related protein 5 and 6 (LRP5/LRP6), and in their localiza-
tion to the cell surface (Figures 1, 2 A, and 2B).'® LRP5 reg-
ulates peak bone mass in vertebrates, and homozygosity
for inactivating variants in LRP5 causes osteoporosis-pseu-
doglioma syndrome (OPPG; MIM: 259770),"” whereas
LRP5 gain-of-function variants are implicated in high
bone mass (HBM) phenotypes that include endosteal hy-
perostosis (MIM: 144750), van Buchem disease (MIM:
607636), and osteopetrosis (MIM: 607634).'*° In addi-
tion, LRP6 loss-of-function variants resulted in altered
glycosylation and abrogated activation of the WNT
signaling pathway, contributing to the etiology of non-
syndromic autosomal dominant oligodontia.”?’ Homozy-
gous Mesdc2 knockout mice fail to establish a primitive
streak and lack a developed mesoderm®* due to a
patterning defect in the proximal epiblast.'® This
patterning defect is similar to the outcome when another
WNT family member, Wnt3, is knocked out in
embryos.”?

Biallelic pathogenic variants, all located in the final
(third) exon, in MESD were recently identified in five indi-
viduals from five families who presented with moderately
severe, progressively deforming recessive OI, which one

individual had with oligodontia.'* With overexpression
studies in HEK293T cells, Moosa et al.'* suggested that
the Ol-associated MESD mutations produced hypomor-
phic alleles whose failure to remain within the ER was
significantly reduced but did not completely eliminate
LRPS and LRP6 trafficking. Recently, infants from one fam-
ily who harbored compound heterozygous frameshift var-
iants, one that resulted in the premature termination
codon in exon two and the other a premature termination
in exon three, had a lethal OI picture, similar to OI type II
caused by type I collagen gene pathogenic variants. Histo-
logical analysis of femoral, calvarial, and spinal bone re-
vealed impaired osseous development with altered osteo-
cyte morphology and reduced canalicular connectivity.
Bone mineral density distribution measured by quantita-
tive backscattered electron imaging indicated impaired
and more heterogeneous matrix mineralization in the
described MESD fetuses than in controls."> OI that results
from pathogenic variants in MESD has been designated
as Ol type XX (MIM: 618644) in OMIM. Here, we present
four new MESD individuals and used fibroblast studies to
get additional insight into the pathogenic pathways of
the MESD-related OI subtype.

We used whole-exome sequence analysis (WES) to study
an infant from a consanguineous family in which we had
not previously identified a causative variant in targeted OI-
related gene sequences. We identified a homozygous likely
pathogenic variant in MESD in the affected proband
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Figure 2. Structure of the MESD gene and MESD protein, pedigrees of the described families, and representation of the mutant allele
sequences

(A) The MESD gene consists of 3 exons (4,200 bp) and comprises 14.07 kb on chromosome 15. The cumulative frequency of the six
known pathogenic MESD alleles (both this and two previous studies'*'®) are denoted with colored lollipop graphs. The pathogenic
alleles included in this report are highlighted in orange, red, and blue, respectively.

(B) Full-length MESD protein consists of 234 amino acids (aa) and contains 4 functional domains.

(C) Pedigrees of the 4 families with MESD variants and representation of the WT and mutant alleles. The proband in each family is indi-
cated by an arrow. Filled circles, squares, or diamond structures represent individuals with OI. Individuals who were studied in each fam-
ily are noted with asterisks. The variants in families 1 and 2 cause frameshifts and introduce premature termination codons 15 and 19
codons downstream of the frameshifts, respectively, and the variant in families 3 and 4 changes an asparagine residue to a stop codon,
resulting in premature termination. All three variants cause the loss of the C-terminal REDL ER-retention sequence (marked with a
square in the WT allele) needed for retrieval from the Golgi, and their position and mutant AA sequence is highlighted in orange,
red and blue, respectively (matching colors in A).
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(c.603-606delTAAA [p.Asn201Lysfs*15] in family 1, indi-
vidual 1-1I:6, described later). We subsequently identified
homozygous variants in three additional independent OI
probands, two by means of targeted Sanger sequencing
of MESD analysis (c.632dupA [p.Lys212Glufs*19] and
c.676C>T [p.Arg226*] in families 2 and 3, respectively)
and in family 4 by clinical whole exome analysis.

The proband from family 1 (1-1I:6; Figure 3A) died in the
neonatal period. She had a small chest and multiple frac-
tures. Radiographs showed a thin calvarial mantle, thin
deformed ribs with multiple fractures, and short long
bones (Figure 3A). The radiographic features were consis-
tent with severe OI (type III).° No other clinical informa-
tion was available. Her parents (1-I:1 and 1-1:2) were dou-
ble first cousins. They had two prior pregnancies that
were also affected (1-11:4 and 1-II:5) and had three unaf-
fected children (1-II:1, 1-II:2, and 1-1I:3). To identify the
causative gene in this family (Figure 2C), we used the
same WES dataset previously described by Pyott et al.” A
detailed methodology on the exome filtering is provided
in the Supplemental methods (Exome filtering). Of the
candidate genes that were identified using this approach,
none had known clinical implications relating to skeletal
disorders, but one gene, MESD (Figure 2A), was involved
in a pathway known to be important to bone develop-
ment. Individual 1:1I-6 was homozygous for a 4-bp dele-
tion in the last exon of MESD (c.603-606delTAAA
[p.-Asn201Lysfs*15]) that was predicted to lead to a frame-
shift and premature termination within the exon
(Figure 2C). Sequence analysis of cDNA from the proband’s
cultured skin fibroblasts showed that all stable transcripts
had the deletion (Figure S1). Analysis of collagen synthe-
sized and secreted by the proband’s cultured dermal fibro-
blasts revealed no alterations in the electrophoretic

Figure 3. Clinical spectrum of MESD
pathogenic variants

(A) Imaging of individual P1-11:6 shows
limited calvarial mineralization, a small
chest with thin ribs, fractures in upper
and lower extremities, and platyspondyly.
(B-H) Individual P4-II:2 presents with
scoliosis (D and E), mild bowing of upper
and lower limbs (C-H), fracture of the left
humerus (C), and (bilateral) post-surgical
rodding of the lower leg (D) and femoral
shafts (D, E, F and H), respectively. The
impact of bisphosphonate treatment can
be noted in the right lower (G) and left up-
per leg (H).

Clinical pictures/radiographs taken in the
neonatal period (A) or at the age of 11 (B
and C) and 12 years (D-H), respectively.

mobility of the chains of type I pro-
collagen or in the efficiency of secre-
tion (data not shown). Parental sam-
ples were not available to confirm
that each carried the variant or to
determine if the deletion-bearing
transcript was as stable as that encoded by the normal
allele.

The proband from family 2 (2-1I:4) was a 5-year-old boy
who had been diagnosed with OI at birth as a result of mul-
tiple in utero fractures. When assessed at the age of 5 years,
he had a triangular facial shape, lower limb and shoulder
deformities, and poor muscle tone. He was non-ambula-
tory. Most of his teeth had fallen out, but it was unclear
whether this was due to dentinogenesis imperfecta (DI),
clinical oligodontia (in accordance to previously reported
MESD individuals'?), or other factors (e.g., poor nutrition,
gum disease). His parents (2-I:1 and 2-1:2) were first
cousins. Sanger sequencing of MESD revealed a homozy-
gous single base pair duplication in the last exon
(c.632dupA [p.Lys212Glufs*19]) that led to a frameshift
and a premature termination in the same exon (Figures
2A and 2C). His parents were each heterozygous for the
duplication (Figure S1). Cultured fibroblasts were not avail-
able from the proband or from the parents.

The proband in family 3 (3-11:2) was a S-year-old boy
with blue sclerae; multiple fractures in his upper and lower
limbs, sternum, and ribs; and deformities of his left
femoral and right upper limb following femoral shaft os-
teotomy and fixation. His parents (3-I:1 and 3-I:2) were
first cousins once-removed. The boy was homozygous for
a pathogenic nonsense variant in MESD (c.676C>T
[p-Arg226*]) that deletes the last 9 amino acids of the pro-
tein (Figures 2A and 2C). His father and mother were each
carriers of the pathogenic variant (Figure S1). No fibro-
blasts were available from the proband.

The 12-year-old proband from family 4 (4-11:2) was the
middle child of consanguineous parents of Palestinian
origin. She has two healthy brothers and had presented
to medical care at age 10 months with a history of multiple
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Table 1. Cumulative overview of molecular, clinical, and
radiographic findings of the autosomal recessive MESD individuals
reported to date

Findings Cumulative numbers (12 individuals)

Location of pathogenic MESD
alleles

homozygous in last exon (3): 9/12;
compound heterozygous in exon 2
and 3: 3/12

Gender 4 females, 8 males

Consanguinity 9/12

Bisphosphonate treatment 5 have a history of bisphosphonate

treatment
Confirmed prenatal fractures 7/12
Color of sclera 5 bluish, 3 white, 4 N/A

Disorganized dentition/clinical
oligodontia

3 yes, 1 no, 1?7, 7 N/A

Hearing impairment 3 no, 1 yes, 8 N/A

History of fractures 12/12
Vertebral/thoracic cage/rib 11 yes, 1 no
fractures

Retarded gross motor function 6 yes

Findings for eight of the individuals were previously published (Moosa et al.'*

and Stiirznickel et al.'®), and four are presented in this report. N/A, not
available.

low-impact fractures, severe osteoporosis (T- and Z-scores
of —7.3 and —5.9), mild bowing of the upper and lower
limbs, generalized muscle hypotonia, and severe hyperlax-
ity of the small joints. She had soft and somewhat translu-
cent skin, had mildly dilated post-operative scars, and did
not present with DI. She had severe psychomotor retarda-
tion (likely to be caused by the identified variant), polycy-
stic kidney disease (inherited from her mother’s side), and
a history of Langerhans cell histiocytosis. Pamidronate
treatment was discontinued because of very little improve-
ment, but zoledronate administration led to higher bone
mineral content. She had Ilizarov surgery, and at age 3
years, she remained mostly nonambulatory. A detailed
overview of the radiological features of this individual is
highlighted in Figures 3B-3H. Karyotype of the proband
in this family was normal, and whole-genome array
comparative genomic hybridization (180k Agilent Array)
did not reveal any chromosomal deletions/duplications.
No alterations in the electrophoretic migration pattern of
the fibrillar collagens type I, III, and V were noted (data
not shown). Molecular analysis by means of a clinical
WES approach (similar filtering strategy as described in
Guillemyn et al.>*) revealed the same homozygous patho-
genic variant in MESD as described in family 3 (c.676C>T
[p-Arg226*]) (Figures 2A and 2C). Her father and mother
were each carriers of the pathogenic variant, and one of
her healthy brothers who was available for genetic testing
did not carry the pathogenic variant (data not shown).
The four individuals reported here had OI phenotypes
that ranged from moderately severe to lethal in the peri-
natal period and are similar in clinical presentation to

the MESD individuals that were described by Moosa
etal.'* A cumulative overview of the molecular and salient
clinical and radiographic findings of all 12 autosomal
recessive MESD individuals reported to date is provided
in Table 1: all individuals presented with a history of frac-
tures (7/12 confirmed prenatal fractures), and homozygous
or compound heterozygous frameshift variants were iden-
tified in all 12. Nine had a consanguineous background,
five had blue sclerae, three presented with clinical oligo-
dontia, only one had hearing impairment, and a delayed
gross motor function was noted in half of the individuals
reported to date (6/12).

The explanation for the variation in severity of the pheno-
types is not yet apparent. The variants that we identified are
not noted in the NHLBI Exome Variant Server (EVS), the
ExAC database, gnomAD, or in dbSNP. In the gnomAD data-
base, there are 8 heterozygous variants (12 individuals) that
produce premature termination codons in the last exon
that might have similar effects to those seen here. This repre-
sents a carrier frequency of about 1/10,000 individuals,
meaning homozygosity or compound heterozygosity would
lead to a very low frequency of the disorder in the population
represented in those collections. MESD variants accounted
for about 5% of the approximately 100 unsolved OI families
we tested but represent only 4 of more than 3,500 Ol individ-
uals in whom we have identified the causative variants.

As also noted by Moosa et al.,'* the three pathogenic var-
iants that we identified were found in the last exon of
MESD, as were the resulting premature termination co-
dons. We could isolate and sequence cDNA from the
cultured cells available from individual 1-1I:6, thereby
complementing the earlier observations of stable mRNA
transcripts. Despite these, the MESD protein was not de-
tected in the cell lysate from 1-1I:6 fibroblasts, while it
was detected in control cells (Figure 4A). To assess the rela-
tive stability of the mutant MESD proteins, we performed
coupled in vitro transcription/translation (IVIT) for each
of the variant sequences and found that the wild-type
sequence and all the variant constructs produced stable
MESD proteins (Figure 4B). Nonetheless, immunocyto-
chemical studies of MESD in primary fibroblasts from
1-1I:6 showed weak and diffuse staining compared to the
strong ER-localized staining observed in control fibroblasts
(Figure 4C). Cultured fibroblasts from 1-1I:6 (family 1) had
intracellular levels of LRP5 and LRP6 that were similar to
control (Figure 4A), but we were unable to determine if
those proteins tracked to the cell surface.

In all four families, the frameshift or stop-gain variants
result in loss of the REDL sequence but retention of the
chaperone and escort domains. It is possible that loss of
the REDL signal results in MESD secretion rather than be-
ing recycled to the ER. Previous studies demonstrated
that in HEK293T cells engineered to overexpress a mutant
MESD protein that lacked the REDL sequence, MESD was
not retrieved from the Golgi, and some traveled through
the secretory pathway into the medium.'® One limitation
of those studies is that the gene was overexpressed, and
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Figure 4. Loss of the REDL sequence in
MESD is pathogenic

(A) Protein studies on cultured fibroblasts
from the proband in family 1 (1-I1:6)
demonstrate the absence of MESD protein
in the cell lysate. Levels of LRP5 and LRP6

appear normal. Images are of a single blot
that was probed, washed, and re-probed
for each of the targets (MESD, LRPS,
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saturation of available KDEL receptors would mean either
that there was degradation or that some of the protein
was contained in vesicles that proceeded from the rough
endoplasmic reticulum (RER) to the Golgi and then to
the cell surface. Alternatively, loss of the REDL sequence
may destabilize the protein, a possibility suggested by
study of other Ol-causing genes involved in the collagen
synthetic pathway. In the Prolyl-3 Hydroxylase (P3H1)-
Cartilage-Associated Protein (CRTAP)-Cyclophilin B
(CypB) molecular complex, responsible for the post-trans-
lational modification of type I collagen proo chains, if
either the KDEL-containing P3H1 or the KDEL non-con-
taining CRTAP is null, both proteins are unstable and ab-
sent from the cell.>® It was later reported that loss of the
P3H1 KDEL retention sequence alone was sufficient for
loss of both P3H1 and CRTAP and the cause of OI in one
family, though only intracellular P3H1 and CRTAP were
analyzed, leaving open the question of whether stable
secreted protein from these cells would be detectable.?®
While we were able to detect LRP5 and LRP6 protein in
cell lysates from affected individuals’ cells, we were not
able to determine their localization using immunocyto-
chemistry. This could have been due to poor cell quality.
It is also unclear whether the expression and activity of
MESD, LRPS, LRP6, and the appropriately interacting
WNTs in fibroblasts are representative of osteogenic cells.

The range of the clinical presentations in individuals
with biallelic pathogenic variants in MESD is striking, as
it extends from a very severe peri- or prenatal lethal pheno-
type to one that fits into the more affected end of the orig-
inal OI type IV range of Sillence (Moosa et al.,'* Stiirznickel
et al.,"> and this report). From these reports it is clear that
heterozygosity, even for a likely null allele, is tolerated

LRP6, GAPDH). Western blot.

(B) IVTT of the variant MESD sequences re-
sults in production of stable MESD protein
in all cases.

(C) Variant MESD lacking the REDL
sequence is weakly staining and diffuse
throughout the cytoplasm in 1-1I:6 pri-
mary fibroblasts, while it is properly ER-
localized in healthy control cells.
Immunocytochemical.

MERGE

MERGE . -
G without clinical effect. Compound

heterozygosity for a null and a frame-
shift premature termination codon in
the last exon produces a very severe
and lethal form of OI, similar to the
severe Ol type II picture. The mildest
phenotype appears to result from a
late premature termination codon that deletes the last 8
amino acids of the MESD protein, including the REDL
sequence that permits recycling of the protein from the
Golgi but retains the domains of the protein involved in
the stabilization of the propeller motifs of the LRP
proteins.

In the absence of MESD in knockout mice, LRP5 and LRP6
are retained in the ER as high-molecular-weight aggregates. '
This appears toreflect the loss of proper folding in the propel-
ler domains of the LRP proteins that is contributed by the
chaperone function of MESD. MESD is vectorially inserted
into the RER as a consequence of its amino terminal signal
sequence. The carboxy-terminal RDEL sequence would
then permit attachment to a KDEL receptor protein in the
RER membrane. LRP5 and LRP6, both of which interact
with MESD, are transmembrane proteins with the large, ulti-
mately external facing domain in the RER lumen. These por-
tions of the LRP proteins contain both the propeller domains
and the LDL-like receptor domains that interact with frizzled
proteins and WNT proteins on the cell surface. It seems likely
that the loss of the REDL anchor would limit interaction of
MESD with the membrane-anchored LRP proteins and so
limit the correct folding of the propeller domains. The
normal life cycle of MESD would be to facilitate incorpora-
tion of the two LRP proteins into RER vesicles that are then
transported to the Golgi. Once there, they should dissociate
and return to the RER, while the LRP proteins would
continue to their cell surface localization. In the absence of
MESD, both the chaperone and guidance to the Golgi func-
tions would be lost. It appears, however, that all the muta-
tions that we have encountered must facilitate LRP folding,
after which at least some of the folded LRP proteins could
negotiate transport to the Golgi and then on to the cell
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surface without the MESD fellow traveler. The fate of the
RDEL-lacking MESD remains uncertain. Overexpression
studies show secretion into the culture medium, but this
level of expression is likely to overwhelm the capture of the
protein by the KDEL-receptor mechanisms. Itis also not clear
how LRPS and/or LRP6 would be secreted, given their status
as transmembrane-anchored proteins. In-depth investiga-
tion of fibroblast or osteogenic cells of MESD individuals,
as well as animal models deficient for Mesd, Lrp5, and/or
Lip6, will be key to (1) study the exactrole and fate of mutant
MESD proteins, (2) shed light on the direct consequences on
LRPS5 and/or LRP6 secretion, and (3) define the respective
roles of LRPS5/6 in the development of bone and teeth pheno-
types, respectively. In addition to these studies, the identifi-
cation of more individuals with MESD defects, potentially
including structural variants that disrupt different func-
tional domains of the MESD protein, will further increase
our understanding of the pathophysiological mechanism
underlying this condition.
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