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ABSTRACT

Dyggve-Melchior-Clausen syndrome (DMC), a severe autosomal recessive skeletal
disorder with mental retardation, is caused by mutation of the gene encoding Dymeclin.
Employing patient fibroblasts with mutations characterized at the genomic and, for the
first time, transcript level, we identified profound disruption of Golgi organization as a
pathogenic feature, resolved by transfection of heterologous wild-type Dymeclin.
Collagen targeting appeared defective in DMC cells leading to near complete absence of
cell surface collagen fibres. DMC cells have an elevated apoptotic index (p<0.01) likely
due to a stress response contingent upon Golgi-related trafficking defects. We performed
spatio-temporal mapping of Dymeclin expression in zebrafish embryos and identified
high levels of transcript in brain and cartilage during early development. Finally, in a
chondrocyte cDNA library, we identified two novel secretion pathway proteins as
Dymeclin interacting partners, GOLM1 and PPIB. Together these data identify the role of
Dymeclin in secretory pathways essential to endochondral bone formation during early

development.
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INTRODUCTION

The osteochondroplasias are a heterogeneous group of skeletal disorders, the result of
inherited defects in bone formation, growth and maintenance [Ortega et al., 2004;
Superti-Furga and Unger, 2007]. To date, some 250 distinct clinical phenotypes have
been reported with an incidence of 1 in 4000 across European populations [Stoll et al.,
1989]. Dyggve-Melchior-Clausen syndrome (DMC) is part of a sub-group of
osteochondroplasias known as the spondyloepimetaphyseal dysplasias (SEMDs)
characterised by malformations of the vertebrae, with abnormal ossification of long bone
epiphyses and metaphyses. DMC is a progressive SEMD with additional clinical features
that include microcephaly, facial dysmorphism and variable mental retardation [Dyggve
et al., 1962; Toledo et al., 1979; Beighton, 1990]. Classical radiological features of DMC
include the appearance of lacy iliac crests, consistent with widespread bone abnormalities
of development and growth [Spranger et al., 1975], driven by deficient chondrocyte
organisation and differentiation with columnar structures that contain populations of

degenerating cells [Horton and Scott, 1982; Nakamura et al., 1997].

DMC is a rare recessive disorder predominantly due to loss-of-function mutations in the
DYM gene located at chromosome 18q12 [Cohn et al., 2003; El
Ghouzzi et al., 2003]. Defects in this gene also result in Smith-McCourt dysplasia
(SMCQC), an allelic variant of DMC without mental retardation [Ehtesham et al., 2002;
Cohn et al., 2003]. The ubiquitously expressed DYM transcript encodes Dymeclin, a
novel 669 amino acid protein under tight evolutionary conservation, which does not

belong to a recognised protein and has limited characteristics for functional

John Wiley & Sons, Inc.

Formatted: Font color: Orange

Deleted: network



©CoO~NOUTA,WNPE

Human Mutation

motifs. Bioinformatic analyses predict the presence of an N-myristoylation site, several
transmembrane loops and dileucine motifs but, to date, these have not been
experimentally validated [Cohn et al., 2003; El Ghouzzi et al., 2003]. In short, the cellular
and molecular function of Dymeclin remains unclear, confounding efforts to better

elucidate the processes critical in the genesis of DMC and SMC.

In the present study, the cellular functions of Dymeclin have been investigated by a
combinatorial approach. This report is the first to delineate, in human patient cell lines
characterised for Dymeclin loss-of-function mutations at the genomic and transcript
level, the profound consequences for Golgi and extracellular matrix organisation. Using a
zebrafish model, we demonstrate prominent head and cartilage DYM expression during
early development. By means of two yeast two-hybrid screens of protein-protein
interactions, we identified novel partners that provide insight into Dymeclin-associated
cellular function, likely to be critical for chondrocyte development and maintenance.
Together, these data reveal Dymeclin driven processes central to bone development
pathways, including Golgi organisation, Golgi-coupled protein secretion, and collagen
deposition in the extracellular matrix, thereby illuminating the likely molecular

mechanisms underlying DMC pathogenesis.

MATERIALS AND METHODS
Cell culture and transfection
Primary human wild-type (WT) fibroblasts were harvested from skin biopsies obtained

under ethics committee approval. All three mutant fibroblast lines were obtained from the
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Coriell Institute (www.coriell.org), (Table 1). Primary lines, HeLLa and U20S cells were
cultured in Dulbecco’s modified Eagle’s medium with Glutamax (DMEM, GIBCO life
technologies) supplemented with 10% foetal bovine serum at 37 °C and 1%
penicillin/streptomycin. Transient transfections of HeLLa and U20S cells were performed
using Lipofectamine 2000 (Invitrogen) and FuGENE (Roche) respectively in accordance

with manufacturers’ instructions.

DNA, RNA isolation and RT-PCR

DNA and total RNA was isolated from fibroblast cell lines and whole zebrafish embryos
using TRI Reagent (Sigma Aldrich) according to manufacturer’s instructions. cDNA was
generated by priming with oligo dT using the First strand synthesis SuperScript II kit
(Invitrogen). Newly produced cDNA was used as a template in subsequent PCR reactions

to amplify regions of the DYM transcript (Human: NM 017653.3, Zebrafish:

NM 001002739.1). All human and zebrafish genomic and cDNA primers are available

on request. Cycling conditions were as standard. [dentified mutations in DMC patient

samples were numbered at the nucleotide level on the basis that +1 corresponded to the A

of the ATG translation initiation codon in the reference sequence.

Quantitative PCR

Quantitative PCR was carried out containing the TagMan ABI 7700 with the ABI PRISM
Detection System using the Hs00214264_m1 assay which spans the DYM exon 8/9
junction (Applied Biosystems). Briefly, 2 ug of total RNA was reverse transcribed and

PCR performed according to manufacturer’s instructions to a final volume of 20 pl. A
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PCR reaction lacking the cDNA template was used as a control. The housekeeping gene,
cyclophilin A (Hs99999904_m1) was used as an internal control. Each experiment was
performed in triplicate. For data evaluation, resulting Ct values acquired in real-time
gPCR for Dymeclin transcripts were normalized to the Ct values of cyclophilin A
transcripts to yield the ACt value. Relative expression level (fold change) of Dymeclin in
each experimental sample was calculated using 2-AACt method where ACt = Ct (target

gene) — Ct (reference gene) and AACt = ACt (treated) — ACt (control).

Yeast two-hybrid screen

The two bait constructs comprising Dymeclin amino acids 1-97 and 270-510 were
generated by PCR amplification with full-length DYM cDNA as template and cloned into
the yeast expression plasmid pGBDU-CI [James et al., 1996]. The yeast strain PJ69-4a
was sequentially transformed with the bait plasmid and chondrocyte library using the
lithium acetate method devised by Agatep et al [Agatep et al., 1998]. The screen was
performed by transforming yeast containing the bait plasmid, maintained on SD media
lacking uracil, with 60 pg of DNA from the human chondrocyte library. Clones capable
of interaction with the bait constructs were selected for by plating transformants on SD/-
URA/-LEU/-HIS/ media supplemented with 1 mM 3-aminotriazole (3-AT). To estimate
the strength of interaction the clones were subsequently streaked on to minimal media
also lacking adenine. The bait plasmid was removed by growing the yeast on SD/-LEU
supplemented with 1 g/L. 5-fluoroorotic acid to select against plasmids encoding the
uracil gene. Plasmids from the chondrocyte library were isolated using the Zymoprep kit

(ZymoResearch) and transformed into the E. coli strain DH5a. All library plasmid inserts

John Wiley & Sons, Inc.
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were sequenced using a primer to the Gal4 activation domain and identified using the

BLAST algorithm (www.ncbi.nlm.nih.gov/BLAST).

GST pull-down assays

To generate glutathione S-transferase (GST) fusion proteins, PPIB and GOLMI1 were
cloned in frame to the 5’ tag in the vector pGEX-4T1 (primers available on request). The
bacterial strain BL21 was freshly transformed with these constructs and single colonies
grown overnight. Expression of the fusion proteins were induced by the addition of 0.4
mM of isopropyl-p-D-thiogalactopyranoside (IPTG) for 3 h at 37 °C. Bacterial lysis was
achieved by sonication and the extracts were incubated with washed Glutathione-
Sepharose 4B beads (Amersham-Pharmacia). [3SS]methi0nine labelled full-length
Dymeclin was produced by in vitro translation using the TnT T7-coupled transcription
reticulocyte lysate system (Promega) following manufacturer’s instructions. 20 pl of the
translation reaction was added to purified GST fusion protein immobilised on the beads
along with 100 mM PMSF and protease inhibitor cocktail (Roche) at a 7 x concentration.
The final volume was adjusted to 750 ul with cold NETN buffer (0.5% Nonidet P-40, 1
mM EDTA, 20 mM Tris-HCI pH 8, 100 mM NaCl) and the mixture rotated for 90 min at
4 °C. After three washes in NETN buffer, proteins were dissociated from the beads by
incubation in 2 x laemmli buffer and separated on a 10% SDS-PAGE gel. A 10% volume
of the labelled protein used in the GST pull-down was similarly resolved. Gels were

stained in Coomassie blue buffer and exposed to autoradiograph film for up to 5 days.

Immunoprecipitation and immunoblotting

John Wiley & Sons, Inc.
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Immunoprecipitation experiments were conducted on transiently transfected HelLa or
U20S cells in 10 cm dishes. Cells were lysed in 1 ml lysis buffer (20 mM Tris-HC] pH
7.4, 150 mM NaCl, 2 mM CaCl,, 1% Nonidet P-40, 5 mM EDTA and protease inhibitor
cocktail). Extracts were incubated overnight at 4 °C with either monoclonal antibody
against myc (Sigma Aldrich, clone 9E10) or anti-Flag antibody (Sigma Aldrich, F7425).
Protein A Sepharose CL 4B beads reconstituted as a 50% slurry (Amersham) were added
to the extracts and incubated for 2 h at 4 °C. Following 5 washes in lysis buffer, protein
was eluted into 2 x laemmli buffer and resolved by SDS-PAGE. Proteins were transferred
onto nitrocellulose and membranes were probed with myc or Flag antibodies diluted
1/500 in blocking buffer (5% milk powder, 0.1% Tween-20 in PBS). Secondary
antibodies were HRP conjugated and diluted according to manufacturer’s instructions.

Proteins were detected by chemiluminescence using the EZ-ECL kit (GE Healthcare).

Scanning laser confocal microscopy

Prior to transfection, cells were plated on acid treated coverslips contained in 6-well
plates. Transfected cells were washed in PBS, fixed and permeabilised with absolute
methanol for 10 min at -20 °C. After blocking with PBS/1%BSA for 1 h at room
temperature cells were stained with primary antibodies diluted according to
manufacturer’s instructions (anti-myc, Abcam, 9E10; anti-GFP, Santa Cruz, sc-8334;
Giantin, Abcam, 24586; PDI, Stressgen, SPA-891; anti-PPIB, Sigma Aldrich,
HPAO012720). Anti-mouse Alexa 488 and anti-rabbit Alexa 555 were employed as
secondary antibodies. Before examination, coverslips were mounted with Vectashield

containing DAPI (Vector labs) to facilitate nuclear staining. Confocal microscopy was

John Wiley & Sons, Inc.
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performed on a Zeiss LSM510 laser scanning microscope (Zeiss, Thornwood, NY) using

a Zeiss 63 x 1.4 numerical aperture oil immersion lens.

Electron microscopy

Cells were plated onto acid-treated glass coverslips (13 mm in diameter) to a density of
0.5 x 10° in 24-well CelIBIND Cell Culture Plates (Corning). After reaching sufficient
confluency, cells were processed for microscopy analysis by washing with 1 x PBS
followed by fixation in 2.5% glutaraldehyde in 0.1 M sodium-cacodylate buffer, pH 7.4.
Samples were negatively stained with 1% uranyl acetate in water. Stained sections were
examined on a FEI Tecnai T12 BioTWIN transmission electron microscope and images

captured on a Gatan BioScan Model 792 MSC SI003 1 camera.

Proliferation assay

Cells to be tested were pelleted and CyQUANT GR dye/lysis buffer was added to each
cell pellet. A cell dilution series ranging from 100 to 50 x 10* cells was created in a 96-
well cell culture microplate (Corning) with CyQUANT GR dye/lysis buffer, in final
volumes of 200 pl per well. A control 200 pl well with no cells (CyQUANT GR dye/lysis
buffer only) was also prepared. The samples were incubated in darkness for 2 to 5 min at
room temperature. The fluorescence of each sample was measured with a CytoFluor 2350
fluorescence microplate reader, with 485 nm (£10 nm) excitation and 530 nm (+12.5 nm)
emission filters. For each experiment, a standard calibration curve was generated with
measured fluorescence values versus cell number, as determined from cell suspensions

using a haemocytometer (6-well culture plates of cells were harvested on days 1 to 8).
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Sample fluorescence was measured as above, and growth curves were plotted as

fluorescence versus time.

Apoptosis analysis

Stress-induced apoptosis was quantified and differentiated from necrosis using the
Annexin-V-FLUOS direct fluorescence staining kit (Roche) according to the
manufacturer’s instructions, which allows simultaneous staining of cell surface
phosphatidylserine (with Annexin-V-FLUOS) and necrotic cells (with propidium iodide).
Apoptotic cells were measured in mass cultures wherein cells were grown beyond the
stage of confluence to achieve stress-induced apoptosis [Tannock and Lee, 2001]. 1 x 10°
cells were then washed with PBS, stained with Annexin V and Propidium Iodide for 15
min at room temperature and analysed using a Becton and Dickinson Aria II flow
cytometer. Experiments were performed in triplicate and a student t-test was used to

measure significance.

Whole-mount in situ hybridisation

Digoxigenin (DIG) labelled riboprobe was synthesised from plasmids harbouring full-
length zebrafish dymeclin using the DIG RNA labelling kit (Roche). In situ hybridisation
was performed as described previously [Jowett and Lettice, 1994]. Briefly,
prehybridisation, followed by probe hybridisation at 1/100 dilution was conducted at 68
°C overnight. The embryos were incubated with alkaline phosphatase-conjugated anti-
DIG antibody (Roche). The embryos were allowed to develop colour in nitro-blue

tetrazolium  chloride and  5-bromo-4-chloro-3'-indolyphosphate-p-toluidine  salt

John Wiley & Sons, Inc.
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(NBT/BCIP) (Roche) in developing buffer for 1.5 h. The embryos were photographed

with a Nikon FMZ microscope.

RESULTS

Identification and characterisation of DYM mutations in patient cell lines

DNA extracted from the three fibroblast lines (DMC10568, DMC02437 and DMC04997)
was screened for DYM mutations by direct sequencing. In DMC10568, a homozygous
single base pair deletion was identified within exon 10 (c.1004delT) predicting a
frameshift and the incorporation of an aberrant termination codon 65 amino acids
downstream (p.L335CfsX65). Homozygous acceptor splice site mutations were detected
in DMC02437 and DMC04997 in intron 10 (¢.1126-1G>A) and intron 11 (c.1252-1G>A)
respectively (Fig. 1A). Sequence analysis of gel excised bands from patient cDNA
indicated complete skipping of exon 11 in DMC02437 resulting in an in-frame truncated
mRNA (Fig. 1B). Two major splice isoforms were identified in DMC04997, namely an
in-frame retention of the terminal 219 bases of intron 11, and a deletion of the first 28 bp
of exon 12 leading to a loss of frame (Fig. 1B). The gene defects identified in samples
DMC02437 and DMC04997 represent novel mutations. Quantitative RT-PCR confirms
the effect of all mutations to be a considerable reduction in levels of the Dymeclin

transcript (Fig. 1C).

Dymeclin is localised to the Golgi apparatus and cytoplasm

We sought to establish the distribution of Dymeclin in HeLa cells and the osteosarcoma

line U20S using transiently transfected GFP-tagged constructs, due to the absence of a
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reliable antibody against the native protein. Confocal microscopy revealed the presence
of Dymeclin in the cytosol but with marked focal concentrations. Co-staining with
Giantin, a marker of the cis-Golgi, demonstrated a high degree of co-localisation
indicating punctate enrichment of Dymeclin in the Golgi of both cell lines (Fig. 2A). By
contrast, no co-localisation was observed with PDI, a protein integral to the endoplasmic

reticulum (ER) (Fig. 2B).

Phenotypic profiling of cells harbouring Dymeclin mutations

Visualisation of Golgi and ER structure by confocal microscopy revealed significant
differences between WT and mutation-positive fibroblasts. In all three DMC lines, the
Golgi was markedly distended and disorganised by comparison to WT cells (Fig. 3A).
These changes to organelle structural conformation are unlikely to be due to impaired
cytoskeletal scaffolding as there was no demonstrable evidence of disruption to either the
microtubular or actin networks in mutant cells (data not shown). Notably, electron
micrographs of fibroblasts from DMC04997 illustrate that by contrast to the WT control,
DMC fibroblasts have a significantly lower density of collagen fibrils on the cell surface
(Fig. 3B). Measurement of the proliferative capacity of the three mutant cell cultures
revealed no significant differences to controls over a period of eight days (Fig. 3C). The
apoptotic cell population, measured by FACS analysis, was also unaltered under normal
culture conditions (data not shown). However, a significantly higher early apoptotic cell
population was observed for the mutants when stressed-induced apoptosis was achieved

by growing cells beyond the level of confluence (Fig. 3C).

John Wiley & Sons, Inc.
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Due to the marked perturbation of Golgi structure in Dymeclin deficient patient lines, we
sought to further interrogate the role of Dymeclin in regulating Golgi morphology. Over-
expression of WT Dymeclin in HeLa and U20S lines resulted in substantive
condensation of the Golgi by comparison to cells transfected with GFP alone and
neighbouring untransfected cells (Fig. 4A). To exclude the possibility that the Golgi
compaction was due to transfection based toxicity mock transfections were used as a
control. To further corroborate these observations we next over-expressed wild-type
Dymeclin in mutant fibroblasts exhibiting grossly distended Golgi structures. Abnormal
Golgi were still evident upon the introduction of 0.5 pg of exogenous wild-type
Dymeclin. However, increasing the amount of transfected Dymeclin to 1 ug effectively
reversed abnormal Golgi conformation and positioning in mutant cells to a largely normal
phenotype (Fig. 4B). Taken together, these data indicate that the impact of Dymeclin loss
on sub-cellular morphology is a striking dysregulation of Golgi structure and impaired

deposition of extracellular collagen.

Dymeclin expression during zebrafish embryonic development

The temporal expression of the dym transcript was analysed in zebrafish embryos by RT-
PCR at different developmental time points ranging from the 32-cell stage and up to 48
hours post-fertilisation (hpf). Dymeclin was strongly expressed in early embryo
development but decreased dramatically by 48 hpf (Fig. 5A). As active zygotic
expression is considered to occur at the blastula stage these data signify that dymeclin is
highly expressed both maternally and zygotically. To examine the spatio-temporal

expression of the gene, whole mount in situ hybridisation in zebrafish was performed at
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1, 2, 3 and 5 days post fertilisation (dpf). At all experimental time points studied, dym
staining was highly evident in the head region, specifically the fore-, mid- and hindbrain.
To better examine the developing jaw, the eyes were removed after 5 dpf. Dymeclin, at
this stage, was highly expressed in cartilaginous structures, in particular, the mandibular
arch otherwise referred to as Meckel’s cartilages and in ceratobranchial arches (Fig. 5B).
These expression studies suggest a prominent role for dymeclin in brain and cartilage

formation at the earliest stages of embryonic development.

Novel Dymeclin interacting partners identified by yeast two-hybrid screens

To uncover Dymeclin-associated pathways of potential importance to bone development
and regulation, the Gal4 yeast two-hybrid system was used to screen a human
chondrocyte library using two bait constructs in independent experiments. Both baits
were confirmed as non-toxic and neither auto-activated the yeast auxotrophic reporter
genes. Each screen was conducted under high stringency conditions to select for the
strongest and most stable interactions. Of the putative protein partners identified in these
assays two were prioritised for further study, namely PPIB and GOLM]I, identified as
binding the predicted N-terminal myristoylation domain and the conserved central region
of Dymeclin respectively. This approach yielded a novel set of protein interactions to
those previously described in the literature, yet the present findings complement and
expand on the emerging hypothesis that the wider Dymeclin network predominantly

comprises proteins with roles in ER-Golgi secretion and export [Osipovich et al., 2008].

In vitro and in vivo validation of Dymeclin interacting proteins

John Wiley & Sons, Inc.
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To substantiate the interaction between Dymeclin and proteins identified in the yeast two-
hybrid screen, GST pull-down assays were performed. Following incubation with GST-
tagged PPIB and GOLMI, *°S radiolabelled full-length Dymeclin was successfully
recovered with each protein but not with GST alone, thereby validating physical
interaction (Fig. 6A). To investigate these interactions in a mammalian in vivo setting,
myc-tagged WT Dymeclin was used in immunoprecipitation experiments with FLAG-
tagged PPIB and GOLM1. Subsequent immunoblotting revealed co-precipitation of both
proteins with Dymeclin. In control experiments, lysates from cells transfected with myc-
Dymeclin and empty FLAG vector did not show the presence of bands pertaining to PPIB
and GOLMI1 (Fig. 6B). Additionally, the specificity of the interaction with these proteins
was indicated by the inability of Dymeclin to bind the randomly chosen mitochondrial

protein, SOD2 (data not shown).

Co-localisation of full-length Dymeclin and PPIB in HeLa cells

The sub-cellular localisation of myc-Dymeclin and PPIB in HeLa cells was examined by
indirect immunofluorescence using antibodies against the myc tag and native PPIB.
When expressed alone PPIB was dispersed throughout the cytoplasm while Dymeclin, as
previously described, was cytosolic with punctate Golgi staining. However, when co-
expressed, PPIB co-localised with Dymeclin and displayed a perinuclear distribution,
likely aggregating within Golgi and/or ER structures (Fig. 6C). As GOLMI1 has long
been established to localise to the same cis-Golgi structures as Dymeclin, these data were

not replicated in this study [Bachert et al., 2007].

John Wiley & Sons, Inc.
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DISCUSSION
To address the physiological role of Dymeclin and mechanistic basis of DMC disease
precipitation and progression, this report utilised a combined approach employing

molecular, imaging, proteomic and model system studies.

We utilised a resource of three human DMC fibroblast cell lines to elucidate the effects
of Dymeclin mutation on organelle morphology. The cell lines were first characterised at
the genomic and transcript level for DYM mutations. The splice junction mutations
detected in patient lines resulted in heterogeneous consequences for the transcript; in one
case both in-frame intronic retention and exonic skipping resulting in premature
truncation. However, quantitative PCR performed on all available lines demonstrated a

loss of DYM mRNA, thus indicating that

In this study, we have reliably demonstrated in vitro that Dymeclin is indeed highly
concentrated in the Golgi apparatus but also present in the cytosol. These observations
are in accordance with recent publications and suggest that Dymeclin is a peripheral non-
anchored Golgi protein capable of shuttling between cellular compartments [Osipovich et
al., 2008; Dimitrov et al., 2009]. Immunofluorescence analysis of various cellular
compartments emphasised the critical importance of Dymeclin to Golgi structure. In all
cell lines analysed, Golgi disorganisation was the most prominent pathogenic feature.
Restoration of Golgi structure and juxta-nuclear positioning in patient lines by the over-

expression of wild-type protein is a compelling indication that Dymeclin may be

John Wiley & Sons, Inc.
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functionally related to families of structural Golgi proteins including the SNAREs and
GRASPs that act in Golgi ribbon formation and/or tethering [Shorter and Warren, 1999;
Shorter et al., 1999; Wang et al., 2003]. The developing skeleton has been shown to be
particularly affected by mutations in genes disrupting protein secretion and Golgi
structure. Electron microscopic analysis of patient fibroblasts noted a marked loss of
collagen fibrils surrounding the cell [Nakamura et al., 1997; El Ghouzzi et al., 2003].
This would suggest impairment in the formation of the extracellular matrix, fundamental

for chondrogenesis and bone development.

Patient cells displayed normal rates of proliferation and under standard culture conditions
apoptosis also appeared unaffected. However, DMC cells apoptosed at a significantly
higher level than WT controls when the process was forced. This finding would suggest
that cells lacking Dymeclin are intrinsically more fragile and cell death more likely to

occur when the micro-environment is challenged.

By contrast to the mouse and human, embryogenesis in zebrafish can be monitored from
the earliest stages as embryos develop outside the mother’s body [Kimmel et al., 1995].
We studied temporal dym expression in this developmental system from the pre-blastula
stage to full embryo formation (48 hpf). Dym, detected as both a maternal supply and, at
the blastula stage, as a zygotic transcript was highly expressed throughout embryogenesis
indicating the likely requirement of the protein to embryological developmental
processes. Embryonic spatio-temporal expression of dym, examined by whole-mount in

situ hybridisation of zebrafish embryos, revealed high levels of the transcript in the
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developing brain and cartilage structures, closely correlating with the key sites of disease

in DMC.

Both in vitro and in vivo GOLMI1 and PPIB displayed high affinity for Dymeclin.
GOLMLI, a protein of unclear function, stably localises to the cis-Golgi under steady-state
conditions. However, when levels of the serine protease furin are increased, typically by
TGF-B ligands, the GOLMI1 ectodomain is cleaved and secreted via the trans-Golgi and
endosomal network into the cytosol and extracellular space [Bachert et al., 2007]. Under
physiological conditions, furin cycles from cell membrane to the trans-Golgi network and
is dispersed throughout the cell in stark contrast to Dym deficient mouse cells where furin
accrues in the Golgi [Nakayama, 1997; Rockwell et al., 2002; Osipovich et al., 2008].
This abnormal accumulation of furin in DMC cells would result in pathogenically high

levels of GOLMI1 cleavage and release, albeit with unknown functional consequences.

PPIB, also known as cyclophilin B, belongs to a highly conserved protein family
associated with protein post-translational modification and is resident in the ER of all cell
types [Price et al., 1991]. PPIB directly binds procollagen in complex with P3HI and
CRTRAP and directs it to the Golgi to promote biosynthesis of the mature protein [Price
et al., 1991]. Collagen is a key element in generating the osteoid framework required for
bone formation [Riminucci and Bianco, 2003]. PPIB mutations generating null alleles in
mouse and human lead to the condition osteogenesis imperfecta, characterised by bone
fragility due to osteoporosis, reduced bone mass and growth defects [Choi et al., 2009;

van Dijk et al., 2009; Barnes et al., 2010]. Of note, collagen accumulates in the ER of
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mutant mouse cells with entry into Golgi significantly delayed. Although collagen is
secreted to the cell surface, fibril formation and morphology is abnormal [Choi et al.,
2009]. As described here and by others Dymeclin plays a central role in multiple protein
trafficking pathways opening up the possibility that Dymeclin provides the link between
collagen processing by the PPIB complex and vesicular transport [Osipovich et al.,
2008]. The loss of interaction between Dymeclin and PPIB may be the mechanistic basis
underlying the paucity of collagen fibres observed on the surface of DMC cells by
ultrastructural analysis. When taken together, these data underscore a prominent
physiological role for Dymeclin in stabilising the Golgi network for effective protein
secretion and, further, implicate the PPIB pathway interaction as potentially key to the

pathogenesis of DMC.

Through the use of genetically characterised human patient fibroblast lines, this study
establishes Dymeclin as integral to Golgi and extracellular matrix structure and provides
novel insights into the cellular basis of DMC, in particular the impact of mutation on
apoptosis. Expanding the network of interacting proteins consolidates a central position
for Dymeclin in intracellular protein secretion and, additionally, identifies specific
pathways that provide insight into both cartilage/bone formation and the molecular
mechanisms underlying DMC. These data would imply that the molecular basis of DMC
shares a common aetiology with other skeletal dysplasias, for example, X-linked
spondyloepiphyseal dysplasia tarda and achondrogenesis type 1A [Gedeon et al., 2001;
Smits et al., 2010]. These findings are complemented by zebrafish studies demonstrating

early and specific dymeclin expression in neural and cartilage development. Future
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investigations will now be aimed at further elucidating the functional relationship
between Dymeclin and identified interactors to further interrogate pathways implicated in

chondrogenesis and bone development.
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LEGENDS TO FIGURES

Figure 1. Genetic analysis of DMC fibroblast cell lines. (A) Chromatograms of genomic
mutations identified in the three DMC lines, altered bases are indicated by arrows and
base deletion by a triangle. (B) Effect of the splice junction mutations was examined by
RT-PCR and gel electrophoresis. The expected PCR products in WT controls and those
observed in the mutant samples are marked. Filled arrowheads show the two splice
isoforms observed in DMC04997. In each case, aberrant products were gel excised and
sequenced to determine the effect of mutations on the transcript. Chromatograms of WT
controls are displayed to the left. (C) Levels of DYM transcript measured by quantitative
RT-PCR show greatly reduced expression in all mutants by comparison to the WT
control fibroblast line. Measurements were standardised against the housekeeping gene

cyclophilin A._Identified mutations in DMC patient samples were numbered at the

nucleotide level on the basis that +1 corresponded to the A of the ATG translation

initiation codon in the reference sequence.

Figure 2. Dymeclin localises to the cytosol and Golgi. (A) Focal co-localization is
observed with Giantin (red), a component of the Golgi apparatus, 24 hrs post-transfection
of GFP-Dymeclin (green). White arrows indicate areas of overlapping fluorescence. (B)
By contrast, GFP-Dymeclin (green) displays no evidence for co-localization with the ER

marker PDI (red).

Figure 3. Morphological consequences of Dymeclin loss-of-function. (A) The Golgi and

ER in wild-type (WT) fibroblasts and three patient lines were visualised by Giantin (red)
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and PDI (green) immunofluorescence. Mutant cells display considerably distended Golgi
by comparison to WT. (B) Electron micrographs of DMC04497 fibroblasts reveal a
depletion of collagen fibres on the cell surface relative to WT cells as indicated by the
black arrows. Nuclei are labelled (N). (C) Proliferation assays show no statistical
difference in proliferation capacity between mutant and WT fibroblasts over an 8 day
period (p=0.6610). FACS analysis of Annexin V stained cells following induced
apoptosis demonstrate significantly larger populations of mutant cells undergoing

apoptosis.

Figure 4. Over-expression of Dymeclin leads to Golgi compaction. (A) Comparative to
fibroblasts transfected with empty GFP vector increasing amounts of WT GFP-Dymeclin
(0.5pg — 2pg) cause condensation of the Golgi, stained with Giantin (red). Golgi position
in transfected cells is indicated by the white arrows. (B) WT GFP-Dymeclin transfected
into DMC lines leads to progressive restoration of Golgi morphology, indicated by the
white arrows, by comparison to neighbouring untransfected cells, where the Golgi is

identified by double-headed arrows.

Figure 5. Dymeclin expression in zebrafish embryos. (A) RNA recovered from labelled
stages of development was reverse transcribed and used to PCR amplify a 1500 bp
fragment of the Dymeclin transcript. Expression is consistently high in early development
but decreases by 2 days post-fertilisation. (B) In situ hybridisation reveals intense
staining throughout the brain and head region at 1, 2 and 3 dpf. In addition, dymeclin

expression becomes detectable in the neuromast sensory organs (n) as highlighted by the

John Wiley & Sons, Inc.
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arrows. At 5 dpf, the eyes were removed to facilitate assessment of the cartilaginous
structures. The staining becomes more prominent in the cartilage of the head, in
particular, ceratohyal (ch), ceratobranchial (cb) and lower jaw (Ij) structures. Negative

controls using the sense strand of dymeclin are displayed in the far-right panels.

Figure 6. Validation and localisation of Dymeclin interacting proteins. (A) GST pull-
down assays were employed to assess in vitro binding between Dymeclin and GST-
tagged PPIB and GOLMI. The association of both proteins with Dymeclin is indicated
by the presence of radio-labelled Dymeclin on the autoradiograph, by contrast Dymeclin
is not pulled-down by the GST alone control (left panel). 10% of in vitro translated (IVT)
Dymeclin used in the pull-down experiment is shown in the panel to the right. (B) HelLa
cells were co-transfected with myc-Dymeclin and FLAG-tagged PPIB and GOLMI.
Transfected protein levels were assessed by immunoblotting total lysate with anti-FLAG
antibody (left panel). Arrows indicate full-length protein. Immunoprecipitation with anti-
myc antibody followed by western blot analysis using antibodies against the FLAG tag
revealed co-precipitation of PPIB and GOLMI1. No protein bands were observed when
empty FLAG vector was co-transfected. The asterisk indicates the presence of the
immunoglobulin heavy chain. (C) Endogenous PPIB (red) localisation in singly
transfected HeLa cells is cytosolic. Co-transfection with GFP-Dymeclin (green) reveals

high levels of overlapping perinuclear staining depicted in the merge image (right panel).
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Genetic analysis of DMC fibroblast cell lines. (A) Chromatograms of genomic mutations identified in
the three DMC lines, altered bases are indicated by arrows and base deletion by a triangle. (B)
Effect of the splice junction mutations was examined by RT-PCR and gel electrophoresis. The
expected PCR products in WT controls and those observed in the mutant samples are marked. Filled
arrowheads show the two splice isoforms observed in DMC04997. In each case, aberrant products
were gel excised and sequenced to determine the effect of mutations on the transcript.
Chromatograms of WT controls are displayed to the left. (C) Levels of DYM transcript measured by
quantitative RT-PCR show greatly reduced expression in all mutants by comparison to the WT
control fibroblast line. Measurements were standardised against the housekeeping gene cyclophilin
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Figure 2

GFP-Dymeclin Giantin Merge

GFP-Dymeclin Merge

Dymeclin localises to the cytosol and Golgi. (A) Focal co-localization is observed with Giantin (red),
a component of the Golgi apparatus, 24 hrs post-transfection of GFP-Dymeclin (green). White
arrows indicate areas of overlapping fluorescence. (B) By contrast, GFP-Dymeclin (green) displays
no evidence for co-localization with the ER marker PDI (red).
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Figure 3 A (]
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Morphological consequences of Dymeclin loss-of-function. (A) The Golgi and ER in wild-type (WT)
fibroblasts and three patient lines were visualised by Giantin (red) and PDI (green)
immunofluorescence. Mutant cells display considerably distended Golgi by comparison to WT. (B)
Electron micrographs of DMC04497 fibroblasts reveal a depletion of collagen fibres on the cell
surface relative to WT cells as indicated by the black arrows. Nuclei are labelled (N). (C)
Proliferation assays show no statistical difference in proliferation capacity between mutant and WT
fibroblasts over an 8 day period (p=0.6610). FACS analysis of Annexin V stained cells following
induced apoptosis demonstrate significantly larger populations of mutant cells undergoing
apoptosis.
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Over-expression of Dymeclin leads to Golgi compaction. (A) Comparative to fibroblasts transfected
with empty GFP vector increasing amounts of WT GFP-Dymeclin (0.5ug - 2ug) cause condensation
of the Golgi, stained with Giantin (red). Golgi position in transfected cells is indicated by the white
arrows. (B) WT GFP-Dymeclin transfected into DMC lines leads to progressive restoration of Golgi
morphology, indicated by the white arrows, by comparison to neighbouring untransfected cells,

where the Golgi is identified by double-headed arrows.
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Figure 5

ad . 1d sm
,,”
5d sense dy =

Dymeclin expression in zebrafish embryos. (A) RNA recovered from labelled stages of development
was reverse transcribed and used to PCR amplify a 1500 bp fragment of the Dymeclin transcript.
Expression is consistently high in early development but decreases by 2 days post-fertilisation. (B)
In situ hybridisation reveals intense staining throughout the brain and head region at 1, 2 and 3
dpf. In addition, dymeclin expression becomes detectable in the neuromast sensory organs (n) as
highlighted by the arrows. At 5 dpf, the eyes were removed to facilitate assessment of the
cartilaginous structures. The staining becomes more prominent in the cartilage of the head, in
particular, ceratohyal (ch), ceratobranchial (cb) and lower jaw (lj) structures. Negative controls
using the sense strand of dymeclin are displayed in the far-right panels.
297x210mm (300 x 300 DPI)

John Wiley & Sons, Inc.

Page 30 of 32



Page 31 of 32

©CoO~NOUTA,WNPE

Human Mutation

Figure 6
Total lysate IP: myc
— -
75kDa -
Dymeciin o - — %
GST GST- GST- —— ————
PPIB GOLM1 10% VT input &
o
=
—> - -— u
kS
o
PPIB GOLM1  Flag PPIB GOLM1
+ myc-Dymeclin

Single
transfection Co-transfection

PPIB GFP-Dym PPIB

Validation and localisation of Dymeclin interacting proteins. (A) GST pull-down assays were
employed to assess in vitro binding between Dymeclin and GST-tagged PPIB and GOLM1. The
association of both proteins with Dymeclin is indicated by the presence of radio-labelled Dymeclin
on the autoradiograph, by contrast Dymeclin is not pulled-down by the GST alone control (left
panel). 10% of in vitro translated (IVT) Dymeclin used in the pull-down experiment is shown in the
panel to the right. (B) Hela cells were co-transfected with myc-Dymeclin and FLAG-tagged PPIB and
GOLML1. Transfected protein levels were assessed by immunoblotting total lysate with anti-FLAG
antibody (left panel). Arrows indicate full-length protein. Immunoprecipitation with anti-myc
antibody followed by western blot analysis using antibodies against the FLAG tag revealed co-
precipitation of PPIB and GOLM1. No protein bands were observed when empty FLAG vector was co-
transfected. The asterisk indicates the presence of the immunoglobulin heavy chain. (C)
Endogenous PPIB (red) localisation in singly transfected Hela cells is cytosolic. Co-transfection with
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GFP-Dymeclin (green) reveals high levels of overlapping perinuclear staining depicted in the merge
image (right panel).
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Identifier

Gender

Ethnic
origin

Consanguinity

Clinical summary

©CoO~NOUTA,WNPE

DMC02437

Female

Unknown

Unknown

DMC diagnosis with no
additional information

DMC04997

Male

Lebanon

Yes

Mental retardation
Dwarfism

DMC10568

Male

Pakistan

Yes

Mental retardation
Mottled iliac crests
Dwarfism

Table 1. Clinical characteristics of DMC subjects.
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