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1. Zusammenfassung
1.1 Abstrakt

Identifizierung und Charakterisierung genetischer Ursachen von Skelettdys-

plasien

Einleitung: Die vorliegende Arbeit befasst sich mit der Suche nach krankheitsver-
ursachenden Genen fiir verschiedene Skelettdysplasien und Bindegewebserkran-
kungen. Dabei stellen sich gerade die Skelettdysplasien als ausgesprochen hete-
rogenes Krankheitsbild dar, an deren vielfaltiger Auspragung eine grof3e Anzahl
von Genen beteiligt ist, welche sich wiederum in unterschiedlichen Stoffwechsel-
wegen auswirken. In dieser Arbeit wurden finf Familien mit verschiedenen Ske-

lettdysplasien untersucht.

Methodik: In einer Familie mit Skelettdysplasie (Familie 1) unbekannter geneti-
scher Ursache wurde eine genomweite Kopplungsanalyse durchgefuhrt. Fir die
Einengung der Krankheitsregion wurden weitere Familienglieder einbezogen und
zusatzliche Mikrosatellitenmarker typisiert. Innerhalb der resultierenden Region
wurden positionelle und funktionelle Kandidatengene sequenziert. Fur funktionelle
Nachweise der Mutation wurden Expressionsanalysen an verschieden Mausgewe-
ben (Leber, Knochen, Haut, Herz, Aorta, Osteoklast und Osteoblast) durchgefuhrt.
Danach wurden Lokalisation und Enzymaktivitat in Fibroblasten von Patienten und

gesunden Kontrollen durch die Immunfluoreszenzmarkierung bestimmt.

Fur Familien mit Skelettdysplasie (Familien 2-5) und eindeutiger klinischer Ver-
dachtsdiagnose wurden die krankheitsrelevanten Gene (EXT1, LEMD3 und LBR)

sequenziert.

Ergebnisse: In Familie 1 konnte eine homozygote Mutation (c.830G>A, p.R277Q)
im B3GAT3-Gen bei 5 Indexpatienten mit der Ausbildung eines komplexen Phéno-



typs mit Gelenkdislokationen und kongenitalem Herzdefekt in Verbindung gebracht
werden. B3GAT3 kodiert eine beta-1,3-glucuronyltransferase 3, welche Glykosa-
minoglykane mit spezifischen Proteinen bei der Biosynthese von Proteoglykanen

verknupft.

Desweiteren konnte im Exostosin-1 (EXT1) Gen eine bis dahin nicht in der Litera-
tur beschriebene splice-site Mutation identifiziert werden, die in einer Familie (Fa-
milie 2) mit Osteopoikilosis und Exostose fur die Auspragung einer multiplen
Exostose verantwortlich ist. EXT1, welches als Glycosyltransferase in der Hepara-
nsulfat-Biosynthese fir eine Kettenverlangerung sorgt, ist ebenfalls in die Proteo-

glykansynthese involviert.

Neben diesen Mutationen wurden Mutationen in der Sterolreduktase-Doméne des
LBR-Gens (Lamin B Rezeptor) identifiziert, welche gewdhnlich Zellkernfunktions-
storungen verursachen. Hier wird der Cholesterinstoffwechsel gestort, was mit ei-
ner weiteren Skelettdysplasie (Familien 3-5), der letalen Form der Greenberg-

Dysplasie, einhergeht.

Schlussfolgerung: Mutationen in Genen der Proteoglykan-Synthese oder des
Cholesterinstoffwechsels kdnnen nach unseren Daten Skelettdysplasien verursa-

chen.



Identification and characterization of genetic causes of skeletal dysplasias

Introduction: The current work attends to the search for disease-causing genes of
several skeletal dysplasias and connective tissue diseases. At this, the skeletal
dysplasias show themselves as an entirely heterogeneous syndrome. Many genes,
which have an impact on different metabolic pathways, are involved in its diverse

form. In this work five families with different skeletal dysplasias were examined.

Methods: A genome-wide linkage analysis was performed in a family (family 1)
with a skeletal dysplasias of unknown cause. More family members were integrat-

ed and additional microsatellite markers were used to narrow the disease region.

Within the resulting region, positional and functional candidate genes were se-
quenced. For functional proofs of the mutation, expressional analyses were per-
formed in different mice tissues (liver, bones, skin, heart, aorta, osteoclast and os-
teoblast). Afterwards the localization and enzyme activity in fibroblasts of patients

were determined by the immunofluorescence staining.

The disease relevant candidate genes EXT1, LEMD3 and LBR were sequenced in
the families (families 2-5) with skeletal dysplasias and a clinical suspected diagno-

Sis.

Results: In five index patients of the first family, a homozygous mutation
(c.830G>A, p.R277Q) in the B3GAT3 gene was associated with the development
of a complex phenotype with joint dislocations and congenital heart defect. The
B3GAT3 encodes a beta-1,3-glucoronyltranferase, which links glycosaminoglycans
with specific proteins at the biosynthesis of proteoglycans.

In addition, a previously not described splice-site mutation was identified in the Ex-

ostosin-1 gene (EXT1). This mutation is responsible for the development of a mul-



tiple exostosis in a family, which is affected by osteopoikilosis and exostosis (family
2). The EXT1, which causes a chain extension as a glycosyltransferase in the hep-

aransulfate biosynthesis, is also involved in the proteoglycansynthesis.

Furthermore mutations in the sterol reductase domain of the LBR gene (Lamin B
receptor), which usually cause dysfunctions of the nucleus, were identified. In this
case, another form of a skeletal dysplasia, the lethal form of the Greenberg-

dysplasia, results from the disturbance of the cholesterine metabolism.

Conclusion: By reference to our results, mutations in genes of the proteoglycan-

synthesis or in the cholesterine metabolism can cause skeletal dysplasias.



1.2 Einfilhrung

Prinzipiell lasst sich der Prozess der Skelettentwicklung beim Menschen in drei
Phasen unterteilen: Die Musterbildung, durch die die grundlegende Gestalt und die
Zahl der einzelnen Elemente festgelegt wird, die Organogenese und die Wachs-
tumsphase. Genetisch bedingte Storungen der Musterbildung fihren zu Dysosto-
sen, bei denen nur einzelne Elemente betroffen sind und der Prozess mit der Ge-
burt abgeschlossen ist. Genetische Defekte, die die Organogenese oder die
Wachstumsphase betreffen, resultieren in Dysplasien, die auch nach der Geburt
noch Veranderungen unterliegen. Sie betreffen das Knorpel- und / oder das Kno-
chengewebe, so dass generell das gesamte Skelett betroffen ist und regelméafig
Minderwuchs damit einhergeht. Grundsatzlich kénnen in der Organogenese nach
Anlage der zuklnftigen Knochen zwei verschiedene Differenzierungsmechanismen
unterschieden werden: Die enchondrale Ossifikation, bei der die knorpelige Anlage
anschlieBend verkndchert wird und die desmale Ossifikation, bei der Knochen di-

rekt aus den Vorlauferzellen entstehen [1, 2].

Zur Auspragung einer Dysplasie kommt es hauptsachlich durch Stérungen der
Homoostase vom Knochenaufbau bzw. —abbau. Dabei kann sowohl ein Uber-
schuss an Knochen (Osteopetrose) oder ein Mangel an Knochen auftreten (Osteo-
porose). Insgesamt sind viele Gene an der Bildung, dem Wachstum und der Ho-
moostase des Skeletts beteiligt. Die klinische Manifestation der jeweiligen Gende-
fekte reicht von milden Symptomen bis hin zu intrauteriner Letalitat [3].

In der Mehrzahl der Skelettdysplasien, insbesondere der monogen bedingten,
handelt es sich um eher seltene Krankheiten. In der ,Nosology and Classification
of Genetic Skeletal Disorders“ aus dem Jahr 2010 wurden 456 Erkrankungen er-
fasst, die nach der Abgrenzung anhand biochemischer und / oder radiologischer
Kriterien in 40 Gruppen unterteilt sind. Ursachlich konnten bislang fir insgesamt

316 dieser Krankheiten Mutationen in einem oder mehreren von 226 Genen ge-



funden werden [4]. Aber auch bei dieser Einteilung ergeben sich eine Reihe von
Uberlappungen beziiglich der phanotypischen Auspragung. Umgekehrt kénnen
aber auch Mutationen im gleichen Gen zu verschiedenen Krankheiten fihren, die
mitunter sogar einen unterschiedlichen Erbgang aufweisen. Ein Beispiel daflr ist
das Larsen-Syndrom (MIM 150250), das durch spezielle Gesichtsmerkmale und
multiple Gelenkdislokationen charakterisiert ist. Typische Gesichtsmerkmale des
Larsen-Syndroms sind ein flacher Nasenriicken und Hypertelorismus in Verbin-
dung mit Gaumen- und Lippenspalten. Haufig sind noch andere Bereiche des Bin-
degewebes betroffen. Es kdonnen Klumpful3, Kyphoskoliose, zylindrische Finger
und Kleinwuchs auftreten. Die klinische Auspragung ist dabei durchaus variabel
und geht mit Mutationen in zwei unterschiedlichen Genen einher. Zum einen be-
treffen diese Veranderungen das Filamin-B-Gen (FLNB), eines von 3 Aktin binde-
nen Filamin Proteinen, welche bei der Kommunikation zwischen Zellmembran und
Zytoskelett eine bedeutende Rolle spielen. Diese Mutationen manifestieren sich
autosomal-dominant [5]. Demgegentber folgen Mutationen im CHST3-Gen
(Chondroitin-6-sulfotransferase), einem autosomal rezessiven Erbgang und sind
fur die Auspragung der Spondyloepiphysealen Dysplasie, Typ Omani (rezessive
Form des Larsen-Syndroms), verantwortlich [6]. Bei dieser Form betrifft die Sto-
rung die Biosynthese von Chondroitin- und Heparansulfat.

Grundlage fur die vorliegende Arbeit waren betroffene Patienten bzw. Feten aus 5
Familien, die alle Skelettdysplasien unterschiedlicher Auspragung aufwiesen. Ziel
war die Identifizierung der zugrunde liegenden Krankheitsgene. In vier Fallen konn-
ten anhand der klinischen Verdachtsdiagnose in bereits bekannten Krankheitsge-
nen die Mutationen gefunden werden. In einem Fall wurde mittels genomweiter
Kopplungsanalyse die Kandidatengenregion bestimmt. Daran schloss sich ein Mu-
tationsscreening der relevanten Kandidatengene an. Dies fihrte zur Identifizierung
eines neuen Krankheitsgens, wobei die pathogenetische Relevanz der Mutation

durch einen funktionellen Assay Uberpruft wurde.



Abschliel3end sollte fur alle identifizierten Mutationen eine Genotyp-Phanotyp Kor-
relation erstellt werden, um Hinweise auf einen Bezug zwischen der jeweiligen Mu-

tation und dem klinischen Schweregrad der Erkrankung zu erhalten.
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1.3 Methoden
131 Analyse von Mikrosatelliten-Markern

Mikrosatelliten-Marker sind hochpolymorphe DNA-Abschnitte, die aus hintereinan-
der angeordneten, repetitiven Sequenzmotiven bestehen. Die einzelnen Allele un-
terscheiden sich in der Anzahl der Motivwiederholungen und werden nach den
Mendelschen Regeln vererbt. Zur Genotypisierung von Mikrosatelliten-Markern
(Short Tandem repeats, STR) wurden die gewahlten DNA-Bereiche mittels PCR
unter der Verwendung eines mit FAM- oder HEX-Fluorophoren markierten Primer
amplifiziert. Anschliel3end erfolgte die elektrophoretische Auftrennung der amplifi-
zierten Fragmente, die Detektion der Fluoreszenzdaten und die Datenauswertung
auf einem ABI 3730 DNA Sequencer (Applied Biosystems, Life Technologies,
Carlsbad, USA).

1.3.2 DNA-Sequenzierung

Die genomische DNA wurde aus EDTA-Blut entsprechend dem Protokoll des
QlAamp DNA Blood Mini Kit (Qiagen, Hilden, Deutschland) isoliert. Die Exonberei-
che der Kandidatengene wurden unter der Verwendung spezifischer Primer (s.
Publikationen) mittels PCR amplifiziert und anschlieend mit der Shrimp Alkaline
Phosphatase (Affymetrix, Santa Clara, USA) enzymatisch gereinigt. Die Sequenz-
reaktion nach der Sanger-Methode wurde entsprechend dem Protokoll des
BigDye™ Terminator v3.0 Cycle Sequencing Kits (Applied Biosystems, Life Tech-
nologies, Carlsbad, USA) durchgefuhrt. Die Analyse der Sequenzierung erfolgte
auf einem ABI 3730 Sequenzer. Abschliel3end wurden die erhaltenen Sequenzen
mit Hilfe der Software SegPilot und Segman auf vorhandene Polymorphismen un-

tersucht und ausgewertet.
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1.3.3 Quantitative PCR (qPCR)

Fur die quantitative Analyse der Genexpression wurde die gesamte RNA aus ver-
schiedenen Geweben und Zelllinien isoliert. Dazu wurden die Zellen nach der Ho-
mogenisierung mit Trizol® aufgeschlossen und mittels Phenol/Chloroform-
Extraktion die RNA isoliert. Danach wurde die RNA unter der Verwendung von Re-
vertAidTM H Minus First Strand cDNA Synthesis Kit (Fermentas, Thermo Fisher
Scientific, Hampton, USA) in cDNA transkribiert. Die gPCR wurde mittels genspezi-
fischer Primer auf dem ABI Prism 7500 Thermocycler (Applied Biosystems, Life
Technologies, Carlsbad, USA) unter der Verwendung von CyberGreen (Invitrogen,
Life Technologies, Carlsbad, USA) durchgefuihrt. Die Auswertung erfolgte nach der
AACt (CT=crossing time) Methode der relativen Quantifizierung als relative Ex-
pression, normalisiert gegen GAPDH als Referenzgen unter Verwendung des ABI
Prism SDS Software-Pakets.

1.34 Immunfluoreszenz

Nach Kultivierung wurden die jeweiligen Zellen in PBS-Losung gewaschen und in
4% Paraformaldehyd fir 10 min bei 4°C fixiert. Zur Permeabilisierung wurden die
Zellen fur 10 min bei 4°C inkubiert (1x PBS, 3% BSA, 0,4% Triton-X-100). Der
spezifische Proteinnachweis erfolgte mit polyklonalen Antikdrpern (Maus-anti-
B3GAT3, H00026229-B01P, Abnova, Taipei City, Taiwan). Zum Nachweis einer
Co-Lokalisation mit Golgi-Proteinen wurden Schaf-anti-GM130, Kaninchen-Anti-
Giantin (Covance, Princeton, USA) und Schaf-Anti-TGN46 (Serotec, Bio-Rad La-
boratories, Hercules, USA) verwendet. Fur den Fluoreszenznachweis wurde als
Sekundarantikdrper Anti-Maus 1gG Alexa Fluor 555 (Invitrogen, Life Technologies,
Carlsbad, USA) und ein ,anti-sheep/rabbit IgG Alexa Fluor 488“ (Invitrogen, Life
Technologies, Carlsbad, USA) genutzt. Die DNA wurde mit DAPI gegengefarbt,

bevor die Zellen mit Fluoromount (Science Services, Miunchen, Deutschland) ein-
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gedeckelt wurden. Die abschlieliende Dokumentation erfolgte mit einem LSM 510
META (Carl Zeiss, Gottingen, Deutschland) unter Verwendung eines Plan

Apochromat Olimmersionsobjektiv (x63).
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1.4 Ergebnisse
1.4.1 Publikation 1: Mutation im B3GAT3-Gen verursacht Herz- und Ge-
lenkdefekte

Die funf betroffenen Kinder konsanguiner Eltern (Familie 1) wiesen multiple Ge-
lenkdislokationen, Kleinwuchs und angeborene Herzfehler mit bikuspiden Aorten-
klappen auf. Die Verdachtsdiagnose betraf die rezessive Form des Larsen-
Syndroms, Typ CHST3 (Abb. 1). Allerdings wich das klinische Bild in einigen Punk-
ten davon ab, so dass zunachst eine genomweite Kopplungsanalyse durchgefiihrt
wurde. Dadurch konnte die Kandidatengenregion mit einem signifikanten LOD
score von 3,89 auf Chromosom 11q11-11g13 lokalisiert werden. Im Rahmen mei-
ner Arbeit habe ich die Region durch Einbeziehung weiterer Familienangehdériger
und zusatzlicher genetischer Marker auf einen Bereich von 7,3 cM zwischen den
Markern D11S4191 und M11SBO019 eingegrenzt.

Aus den ca. 360 Genen dieser Region habe ich 30 Kandidatengene ausgewahlt
und jeweils komplett sequenziert. Auf diese Weise gelang es, eine homozygote
missense Mutation ¢.830G>A (p.Arg277GIn) im B3GAT3-Gen zu identifizieren.
Diese Mutation betrifft eine evolutiondr hoch konservierte Aminoséure in einer

Substratbindungsstelle, was fur eine funktionelle Relevanz spricht.

Durch Immunofluoreszenz konnte die Lokalisierung des Proteins im Golgi-Apparat
bestétigt werden. Zudem konnten wir zeigen, dass durch die Mutation die Enzym-
aktivitdt dieser Glukuronyltransferase stark vermindert ist. Dementsprechend wa-
ren verschiedene Proteoglykane in Fibroblasten dieser Patienten deutlich vermin-
dert.

14



Abb. 1: Klinischer Phanotyp mit charakteristischem Gesicht (flaches Gesicht, flache Nase, Hypertelorismus,

Gaumenspalte, Exophthalmus, kleiner Mund und kleine Mandibula), bilaterale Gelenkdislokationen der Ellen-
bogen und bikuspide Aortenklappen.

1.4.2 Publikation 2: Osteopoikilose und multiple Exostosen werden
durch neue Mutationen in den LEMD3 und EXT1 Genen verursacht

In einer Familie mit Osteopoikilose (Familie 2) konnten radiologisch unregelmafi-
ge, runde bis ovale Verdichtungszonen in der Spongiosa der Hand- und Fuf3kno-
chen, im epiphyséren Teil der langen Knochen, im Becken und im Kreuzbein der
Betroffenen nachgewiesen werden (Abb. 2). Da als Hauptursache dieser klinischen
Entitat heterozygote Mutationen im LEMD3-Gen vorliegen, habe ich die kodieren-
den Bereiche des LEMD3-Gens sequenziert und auf diese Weise eine neue non-
sense Mutation ¢.2203C>T (p.Arg735X) im Exon 9 identifiziert. Codon 735 kodiert
gewohnlich Arginin und wird nun zum vorzeitigen Stoppcodon.

Abweichend von dem klinischen Bild wurden bei einem Patienten der Familie zu-
satzlich multiple Exostosen vom Typ 1 diagnostiziert, so dass ich bei diesem Pati-
enten zusatzlich eine Sequenzanalyse des dafur verantwortlichen Gens EXT1

durchgefuhrt habe (Abb. 3). Ich wies eine bisher noch nicht beschriebene splice si-
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te-Mutation im Intron 5 nach (c.1285-2A>G). Dies fuhrt zu einer in frame-Deletion
von 9 Basenpaaren, was drei evolutionar konservierte Aminosauren betrifft. Im
weiteren Verlauf der Arbeit konnten noch bei 3 von fuinf an Osteopoikilose erkrank-
ten Familienmitgliedern eine Basensubstitution G>A im EXT1-Gen auf der cDNA
Position 1732 im Exon 9 (p.Ala578Thr) nachgewiesen werden. Die Konservierung
der betroffenen Aminosaure liel3 eine mogliche funktionelle Relevanz vermuten, al-
lerdings wiesen diese Betroffenen neben der Osteopoikilose keine weiteren Klini-

schen Aufféalligkeiten auf. Da LEMD3 ein Kernmembran Protein ist, fuhrt die

LEMD3-Mutation mdéglicherweise zu einer erhbhen Rate an Neumutationen.

Abb. 2: Sklerotische Veréanderungen in den Handen, Fufen und dem Becken der Osteopoikilose betroffenen
Patienten mit der Mutation ¢.2203C>T (p.R735X) im Exon 9 des LEMD3-Gens. Hyperostotische Spots wurden

in den Handwurzelknochen, Mittelhandknochen, sowie in dem Becken identifiziert.

Abb. 3: Das Rontgen Bild der rechten Hand des Probanden mit der Mutation ¢.1285-2A>G im Intron
des EXT1-Gens, im Alter von 5 Jahren. Multiple Exostose im proximalen Teil des Oberarmknochens sowie das

proximale und distale Ende der Ulna und der Radius sind mit Pfeilen gekennzeichnet.
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1.4.3 Publikation 3: Mutationen des LBR-Gens, die ausschlie3lich die
Sterolreduktasefunktion der Kernmembran, aber nicht die Kern-

funktion beeinflussen

In dieser Arbeit untersuchten wir drei Feten (Familien 3-5), die alle die klinischen
Kriterien der Greenberg-Dysplasie wie intrauterine Wachstumsretardierung, massi-
ve generalisierte Odeme (Hydrops), extreme Verkiirzungen der Réhrenknochen,
ektopische Verkalkungen und einen schmalen Brustkorb aufwiesen. Fir einen der
Feten lagen Sterol-Analysen im Muskelgewebe vor, welche abnorme Sterol-
Metaboliten 5a-Cholest-8,1-dien-38-ol zeigten, die laut Literatur mit der Greenberg-

Dysplasie assoziiert sind.

Da diese Greenberg-Dysplasie mit Mutationen im LBR-Gen assoziiert ist, wurden
die Exons des Gens bei allen drei Feten sowie den jeweiligen Familien komplett
sequenziert. Die Sequenzanalysen zeigten bei Fetus A eine homozygote Frame-
shift-Mutation ¢.1492delT (p.Y468TfsX475), Fetus B wies dagegen zwei verschie-
dene Mutationen, eine Deletion ¢.32delTGGT (p.V11EfsX24) sowie eine Basen-
substitution ¢.1748G>A (p.Arg583GIn) auf. Die Deletion von 4 Basenpaaren verur-
sacht eine Frameshift Mutation mit einem anschlie3enden vorzeitigen Stoppcodon
nach weiteren 24 Codons (p.V11EfsX24). Die zweite Mutation ¢.1748G>A ist eine
missense Mutation und fihrt zum Austausch von Arginin durch Glutamin an Positi-
on 583 (p.Arg583GIn). Beim dritten Fetus C konnte eine homozygote missense
Mutation ¢.1639A>G (p.Asn547Asp) nachgewiesen werden. Diese Mutationen be-
finden sich in der Sterolreduktase-Doméane an einer evolutionar konservierten
Aminosaure der Gensequenz. In folgenden Exprimenten konnten wir in Kooperati-

on auch deren funktionelle Relevanz in Bezug auf die Sterolstruktur nachweisen.
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1.5 Diskussion

Die in der vorliegenden Arbeit untersuchten Familien wiesen alle bisher klinisch
und molekulargenetisch nicht aufgeklarte Skelettveranderungen auf. Aufgrund von
molekulargenetischen und immunhistochemischen Untersuchungen konnten in al-

len Familien Mutationen identifiziert werden, die ursachlich an der Ausbildung der

jeweiligen Phanotypen beteiligt sind (Tab. 1).

Familie 1 2 3 4 5
Erkrankung Larsen like Syn- Osteopoikilose und Greenberg- Greenberg- Greenberg-
drome, Typ B3GAT3 Exostose Dysplasie Dysplasie Dysplasie
Mutation 1. c.830G>A, 1. ¢.2203C>T, 1. c.1492delT, 1.¢.32delTGGT , 1. ¢c.1639A>G,
p.R277Q p.R735X p.Y468TfsX475 p.V11EfsX24 p.N547D
im B3GAT3-Gen im LEMD3-Gen im LBR-Gen im LBR-Gen im LBR-Gen
2.¢.1285-2A>G, 2.¢.1748G>A,
im EXT1-Gen p.R583Q
im LBR-Gen
3.¢.1732G>A,
p.A578T
im EXT1-Gen
Publikation 1 2 3 3 3
Ergebnisteil 14.1 14.2 143 1.4.3 1.4.3

Tabelle 1. Ubersicht der untersuchten Familien.

Darunter befand sich eine Familie (Familie 1) mit autosomal-rezessiver Vererbung,
verschiedenen Skelettanomalien (Kleinwuchs, multiple Gelenkdislokationen) und
variabler Mittelgesichtshypoplasie sowie Manifestationen am Herz und an der Aor-
ta. Aufgrund dieses Krankheitsbildes, insbesondere multiplen Gelenkdislokationen,
breiten Fingerspitzen und Hallux valgus, kam unter anderem das klassische Lar-
sen-Syndrom (LRS [MIM150250]) als Diagnose in Frage, welches allerdings auto-
somal-dominant durch Mutationen des FLNB-Gens (MIM 603381) verursacht wird
und auch leicht unterschiedliche Gesichtsmerkmale aufweist, wobei das Knochen-
alter eher verzogert als fortgeschritten ist [5]. Auch die autosomal rezessive Form
des Larsen-Syndroms, Typ CHST3, weist ein abweichendes phanotypisches

Spektrum auf, welches sich tUber humerospinale Dysostose, Chondrodysplasie,
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multiple Dislokationen bis hin zur Spondylo-epiphysare Dysplasie, Typ Omani, er-
streckt [6]. Aus diesem Grund wurde eine genomweite Kopplungsanalyse durchge-
fuhrt, um weitere krankheitsassoziierte Loci einzugrenzen. Als Ergebnis konnte ei-
ne Mutation im B3GAT3-Gen, welche fir eine Glucuronyltransferase (GICAT-I) ko-

diert, identifiziert werden.

GICAT-I ist ein Enzym mit Dimer-Struktur aus zwei Subdomanen und spezifischer
Donor- und Acceptorspezifitat [7]. Die hier identifizierte Mutation c¢.830G>A
(p.-Arg277GlIn) liegt an einer Aminosaureposition, die von Ouzzine et al. mittels in-
vitro-Mutagenese (Arg277Ala) untersucht wurde. Dabei wurde gezeigt, dass die
Substratspezifitat von GICAT-lI durch genau diese Aminosaure Arg277 definiert
wird, die somit essentiell fir die Funktion von GIcAT-I zu sein scheint [8]. Dies wird
in unserer Familie bestatigt, da auch hier die missense Mutation p.Arg277GIn die
GIcAT-I-Aktivitat deutlich reduziert wird (in Kooperation durchgefiihrte Analysen in
einem rekombinanten Zellsystem sowie in Patienten-Fibroblasten). Dabei zeigen
die Fibroblasten der Patienten in vitro immer noch eine basale Restaktivitat. Wei-
terhin wird durch die Reduktion der GICAT-I-Aktivitat die Synthese der Proteogly-
kane der extrazellularen Matrix verandert. Wir konnten zeigen, dass die Menge be-
stimmter Proteoglykane (Chondroitinsulfat und Heparansulfat) in Zellen mit der Mu-
tation ¢.830G>A (p.Arg277GIn) deutlich reduziert ist. Die durchgefihrte Immunhis-
tochemie ergab, dass GICAT-I im cis und cis-medialen Golgi-Apparat lokalisiert ist.
Diese Lokalisation passt zur katalytischen Funktion von GICAT-I bei der Glykolysie-
rung, die im Golgi-Apparat stattfindet. Die Mutation fuhrt zu einem Defekt in der
Synthese der Tetrasaccharid-Linker-Region in der Proteoglykansynthese. Somit
sind die bei den betroffenen Patienten auftretenden Symptome wie Gelenkdisloka-
tionen, kongenitale Herzdefekte und Kleinwuchs wahrscheinlich auf diese spezifi-
sche Stérung der Proteoglykansynthese, speziell von Glukosaminoglykanen (GAG)
zurickzufuhren. Insbesondere ist auch auf die bei allen untersuchten Patienten

vorliegenden angeborenen multiplen Herzfehler hinzuweisen (Mitralklappen-

19



prolaps, bikuspide Aortenklappe mit Aortenwurzelerweiterung, Ventrikelseptumde-
fekt und Vorhofseptumdefekt).

Unter den angeborenen Herzfehlern ist die bikuspide Aortenklappe mit einer Hau-
figkeit von 1-2% bei Neugeborenen die am haufigsten auftretende Fehlbildung [9].
Bikuspide Aortenklappen haben ein deutlich erhdhtes Risiko von lebensbedrohli-
chen Spatkomplikationen wie Aortenwurzelerweiterung, Aortendissektion und Ste-
nose oder Insuffizienz der Aortenklappe. Mittlerweile sind eine ganze Reihe von
Genen bekannt, die fur die Ausbildung von Herzfehlern verantwortlich gemacht
werden [9]. Allerdings ist unter denen mit NOTCH1 (Neurogenic locus notch homo-
log protein 1, [MIM 190198]), bisher nur ein Gen, bei dem Mutationen mit bikuspi-
den Aortenklappen assoziiert sind [10]. In meiner Arbeit wurde mit B3GAT3 (beta-
1,3-glucuronyltransferase 3, [MIM 606374]) ein weiteres Gen identifiziert, welches
mit bikuspiden Aortenklappen assoziiert ist. Unsere Ergebnisse bestatigen, dass
Mutationen in der Proteoglykansynthese Bindegewebserkrankungen und angebo-
rene Herzdefekte wie bikuspide Aortenklappen verursachen. Das jetzt auch mole-
kulargenetische charakterisierte Syndrom wurde als autosomal rezessives ,Larsen
Like Syndrom Typ B3GAT3" benannt.

Bei einer weiteren Familie mit finf Betroffenen (Familie 2) wurde klinisch der Ver-
dacht auf eine Melorheostosis [MIM 155950] gestellt. Der Indexpatient wies jedoch
zusatzlich multiple progressive Deformationen auf. Radiologisch wurde bei diesem
Patienten ein Multiples Exostose-Syndrom festgestellt [MIM 133700]. Diese klini-
sche Diagnose wurde anschlielRend durch die Sequenzanalyse des EXT1-Gens
und die Identifikation einer bisher unbeschriebenen Splice-Site-Mutation (c.1285-2
A>G) bestatigt. Aufgrund dieses Befundes wurde das EXT1-Gen bei dem Rest der
Familie ebenfalls sequenziert. Dabei zeigten drei der von Osteopoikilose betroffe-
nen Patienten einen zusatzlichen Aminoséureaustausch (p.Ala578Thr) im EXT1-
Gen. Das veranderte EXT1-Gen beeinflusst die Kettenverlangerung von Heparan-

sulfat in der Proteoglykansynthese. Dies zeigt noch einmal deutlich, welche zentra-
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le Rolle Proteoglykane als Bestandteile der extrazellularen Matrix sowohl bei der
Signalfunktion der Zelle als auch bei der Gewebestabilisierung spielen.

Neben den Mutationen im EXT1-Gen wiesen wir bei den anderen Betroffenen
(Familie 2, V.a. Melorheostosis) auch eine bisher nicht beschriebene, heterozygote
Veranderung (p.Arg735Stop) im Exon 9 des LEMD3-Gens auf. Damit wurde bei
den anderen Betroffenen molekulargenetisch eine Osteopoikilose bestétigt [MIM
166700]. Allerdings ist bisher unklar, wie Mutationen im LEMD3-Gen zur Bildung
dieser Art von Knochenldsionen fuhren. In einem ,knock-out® Mausmodell fur
LEMD3 ist die homozygote Inaktivierung intrauterin letal, die heterozygoten Méause
waren phanotypisch unauffallig und wiesen keine Knochenlasionen auf, die typisch
fur Osteopoikilose sind [11]. Somit konnten in dieser Familie mit komplexen Ske-
lettverénderungen erstmalig Mutationen im LEMD3-Gen zusammen mit Mutationen
in einem anderen Gen EXT1 beschrieben werden. Ob die Funktion von LEMD3 als
Kernmembran Protein moglicherweise die Neumutationsrate erhdoht und damit
eventuell das Auftreten der de-novo EXT1-Mutation beim Indexpatienten beein-

flusst hat, bleibt in weiteren Untersuchungen abzuklaren.

In der dritten Arbeit wurden bei drei schweren Skelettverdnderungen mit V.a.
Greenberg-Dysplasie [MIM 215140] betroffenen Feten (Familien 3-5) sowohl Mis-
sense- als auch Nonsense-Mutationen im LBR-Gen identifiziert. Beide Missense-
Mutationen betreffen dabei eine der beiden funktionellen Gruppen der Transmemb-
randomane von LBR. Sie verandert evolutionar konservierte Aminoséuren der
Sterolreduktase-Doméane. Funktionell konnte in Kooperation Uber ein Hefe-
Rescue-Experiment die durch die Mutation verdnderte Sterolreduktaseaktivitat
nachgewiesen werden. Der N-terminale Abschnitt von LBR, der etwa 200 Amino-
sauren umfasst und mit Chromatin und anderen Kernkomponenten interagiert, wird
durch diese missense Veranderungen nicht beeinflusst [12, 13]. Entsprechend un-
verandert waren auch die Kernform und Chromatinstruktur bei heterozygoten Tra-

gern der missense Mutationen. Die Kombination von einem Enzymdefekt bei der
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rezessiv vererbten Greenberg-Dysplasie und einer strukturellen Kernverdnderung
bei der dominanten Pelger-Anomalie in demselben Genprodukt ist unserem Wis-

sen nach einzigartig.
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Publikation 1:

ARTICLE

Faulty Initiation of Proteoglycan Synthesis
Causes Cardiac and Joint Defects

Sevjidmaa Baasanjav,1.21¢ Lihadh Al-Gazali,3 14 Taishi Hashiguchi,#14 Shuji Mizumoto,* Bjoemn Fischer,!
Denise Horn,! Dominik Seelow,! Bassam R. Ali,5 Samir A.A. Aziz,® Ruth Langer,” Ahmed A.H. Saleh,®
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Jean-Baptiste Michel, 10 Sigmar Stricker,!! Tem H. Lindner,2 Peter Niirnberg,® Kazuyuki Sugahara,*
Stefan Mundlos,.11.* and Katrin Hoffmann!11.12,13,%

Proteoglycans are a major component of extracellular matrix and contribute to normal embryonic and postnatal development by
ensuring tissue stability and signaling functions. We studied five patients with recessive joint dislocations and congenital heart defects,
including bicuspid aortic valve (BAV) and aortic root dilatation. We identified linkage to chromosome 11 and detected a mutation
(c.830G>A, p.Arg277Gln) in B3GAT3, the gene coding for glucuronosyltransferase-1 (GIcAT-I). The enzyme catalyzes an initial step in
the synthesis of glycosaminoglycan side chains of proteoglycans. Patients’ cells as well as recombinant mutant protein showed reduced
glucuronyltransferase activity. Patient fibroblasts demonstrated decreased levels of dermatan sulfate, chondroitin sulfate, and heparan
sulfate proteoglycans, indicating that the defect in linker synthesis affected all three lines of O-glycanated proteoglycans. Further studies
demonstrated that GIcAT- resides in the cis and cis-medial Golgi apparatus and is expressed in the affected tissues, i.e., heart, aorta, and
bone. The study shows that reduced GlcAT-I activity impairs skeletal as well as heart development and results in variable combinations of
heart malformations, including mitral valve prolapse, ventricular septal defect, and bicuspid aortic valve. The described family consti-
tutes a syndrome characterized by heart defects and joint dislocations resulting from altered initiation of proteoglycan synthesis (Larsen-
like syndrome, B3GAT3 type).

Introduction

Proteoglycans ate a major component of connective tissue.
They influence the mechanical properties and contribute
to regulatory functions including cell proliferation, differ-
entiation, and development.’”® The mechanical effect of
glycosaminoglycans (GAG) is well understood. Their
charge contributes to hydrophilic properties, and the accu-
mulating water ensures an appropriate elastic tissue tonus.
In this way, small proteoglycans such as biglycan and de-
corin help to form and modify collagen fibers in size and
organization. Important functions for proteoglycans have
been demonstrated for a number of organs including the
cardiovascular system. For example, the growth of new
blood vessels from pre-existing vasculature is influenced
by proteoglycans through modulating the bioactivity of
key angiogenic factors such as vascular endothelial growth
factor (VEGF(1635)) via affecting VEGF's diffusion, half-life,
and interaction with its tyrosine kinase receptors.’® Like-
wise, the differentiation of cardiomyocytes depends on

changes in proteoglycan and hyaluronan concentration
during differentiation, thereby governing the differentia-
tion of precursor cells to mature functional cells.®> The
importance of these molecules is exemplified by mutations
in human disorders such as Simpson-Golabi-Behmel syn-
drome (MIM 312870), a condition with overgrowth, coarse
facies, and a high incidence of congenital heart defects. !4
In this case mutations in glypican 3 (GPC3 [MIM 300037]),
the gene encoding a heparan sulfate proteoglycan that
binds to the exocytoplasmic surface of the plasma mem-
brane through a covalent glycosylphosphatidylinositol
(GPI) linkage, have been described. GPC3 is known to
modify the WNT, hedgehog, fibroblast growth factor, and
bone morphogenetic protein (BMP) sighaling pathways.'*

Proteoglycans consist of a core protein and glycosamino-
glycan side chains. The glycosaminoglycans are attached
to serine residues of the core protein via a tetrasaccharide
linkage region.**5-1” This essential linker region always con-
tains four saccharides (1x xylose [Xyl], 2% galactose [Gal],
and 1x glucuronic acid [GlcA]). GAGs are polysaccharides
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Table 1. Clinical Features of the Children in This Report

Patient IV.2 Patient IV.3 Patient IV.4 Patient IV.5 Patient IV.7
Congenital Heart Defects
Bicuspid aortic valve - + + -
Aortic root dilatation - + + -
Mitral valve prolapse + - + + +
Atrial septal defect (ASD)/patent foramen PFO - ASD (surgically PEO PFO
ovale (PFO) closed)
VsSD - 4 . B +
Cranio-facial appearance
Brachycephaly + +
Large prominent eyes -+ +
Downslant palpebral fissures + + + - n
Depressed nasal bridge - + +
Small mouth + - -
Low set ears + - + - -
Small/dysmorphic ears + + + - n
Micrognathia/microretrognathia + - + +
Short/webbed neck + + + +
Skeletal Abnormalities
Short stature <P3* <P3 <P3 F3 P3
Dislocated joints elbow elbow shoulder, elbow, elbow elbow

prox. radioulnar

Joint laxity {wrist and interphalangeal) + + + + +
Elbow joint contractures + + + + +
Broad ends of fingers and toes + + + + +
Foot deformity (talipes varus, metatarsus varus, + —+ + + +

and flat feet)

All patients had heart and /or aortic disease as well as distinct skeletal abnormalities, including short stature and multiple joint dislocations together with variable

degree of facial dysmorphic features.
# P percentile.

that are composed of repeating disaccharide units con-
sisting of an amineo sugar (N-acetylglucosamine [GlcNAc]
or N-acetylgalactosamine [GalNAc]) and an uronic acid
(GlcA or iduronic acid [IdoA]). The composition of the
GAG chain defines the nature of the proteoglycan. Addi-
tional disaccharide repeat units of N-acetylglucosamine
and glucuronic acid [GlcNAc-GlcA], produce heparans,
whereas repeats of N-acetylgalactosamine and glucuronic
acid [GalNAc-GlcA]y, produce chondroitins. Modifications
such as sulfation and epimerization further increase the
structural and functional diversity of proteoglycans (see
Figure S1 available online). The synthesis of the proteo-
glycan linker region is a complex specialized process that
involves several enzymatic steps (see Figure S1 for details).
Here we describe a family with a distinct tecessive
phenotype, consisting of small stature, joint dislocations,
and congenital heart defects including bicuspid aortic
valve and mitral valve prolapse. We identified mutations

in B3GAT3 (MIM 606374; ENA database AAH71961), the
gene encoding glucuronyltransferase-1 (GIcAT-I} that adds
the last component of the linker region. The mutation
causes a drastic reduction of GleAT-I activity and results
in the production of immature dermatan sulfate (DS)
proteoglycans as well as in a reduced number of chon-
droitin sulfate (CS) and heparan sulfate (HS) chains. We
describe a syndrome caused by impaired proteoglycan
maturation, providing evidence that normal side chain
synthesis is essential for the development of the heart, in
particular its valves, and the skeleton. We suggest naming
it Larsen-like syndrome, B3GAT3 type.

Material and Methods

Patients
‘We studied a consanguineous family with five affected children
(Table 1, Figures 1 and 2, Figure 52). All members of the family
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A Facial appearance
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Elbow dislocation
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Broad fingertips Foot deformity

L
-

Dissociated and
retarded bone age

B Dislocations of shoulder, elbow and
proximal radio-ulnar joints

Figure 1.
Phenotype
(A) Facies appeared flattened with large eyes, hypertelorism, long
and downslanting palpebral fissures, depressed nasal bridges,
and micrognathia. Note dislocation of elbow, broad fingers and
toes, and foot deformity.

(B) Radiographs show dislocation of shoulder, elbow, and prox-
imal radio-ulnar joints. Mild shortening of metacarpal bone I,
pseudoepiphysis at the second metacarpal bone, dissociation
and retardation of the bone age, and mild irregularities at several
metaphyses are shown.

(C) Echochardiography showing aortic dilation and bicuspid
aortic valve.

Numbers in left lower corner indicate the patient’s ID correspond-
ing to the pedigree and Table 1.

Mutations in B3GAT3 Are Associated with a Specific

were clinically assessed and individual organ systems studied to
ascertain the full phenotype. The study has been approved by
the Charité University medicine, United Arab Emirates University,
and Hokkaido University ethics committees. The procedures
followed were in accordance with the ethical standards of the
responsible committees on human experimentation (institutional
and national). Written, informed consent was obtained from all
participants or their legal guardians.

Genomic and Molecular Analysis

Genotyping was performed with the 10 k Affymetrix SNP chip.
The data were analyzed with ALLEGRO v1.2c, GENEHUNTER
v2.1r5 under the graphical user-interface easyLINKAGE
v5.08.181% A recessive model with complete penetrance, disease
allele frequency of 0.001, and equally distributed marker alleles
was assumed. Fine mapping with microsatellites was done as
previously described.”” We included all available family members
and reconstructed haplotypes by GENEHUNTER and manually.

We sequenced functional candidate genes within the linkage
interval by standard sequencing procedures. Functional candi-
dates were selected based on their expression potential function
and/or previously reported skeletal and cardiac phenotypes in
human or animal models, respectively, in the gene itself or associ-
ated pathway genes and interaction partners. Primer sequences of
used microsatellite markers and sequenced genes are available
upon request. The mutation was tested in controls (147 popula-
tion-matched controls and 425 blood donors of European descent)
and for correct segregation within the patient’s family.

All coding sequences and flanking intron regions of B3GAT3
(GICAT-I, NM_012200.2, G1:12408653; NP_036332.2) were ampli-
fied and sequenced by standard protocols. Primer sequences are
provided in Table S1.

Quantitative PCR

B3GAT3 mRNA levels were studied in different tissues and cell
lines by quatitative PCR (qPCR). After cell lysis with Trizol and
standard phenol/chloroform RNA extraction, total cDNA was
transcribed by RevertAid H Minus First Strand cDNA Synthesis
Kit (Fermentas, Burlington, Ontario, Canada). For qPCR on ABI
Prism 7500 {(Applied Biosystems, Foster City, CA), we mixed
cDNA, SYBR Green (Invitrogen, Carlsbad, Ca), and primers
(primer sequences in Table $1). We analyzed qPCR data with the
ABI Prism SDS Software package (AACt method; normalization
against GAPDH).

To determine the expression levels of decorin mRNA, total RNA
was extracted from fibroblasts of each subject and cDNAs were
synthesized with reverse transcriptase by standard protocols. The
quantitative real-time RT-PCR was performed by Mx3005P (Strata-
gene, La Jolla, CA) with decorin-specific primer pairs (primer
sequences in Table S1).

Molecular Modeling

The model used was the X-ray structure of the human GIcAT-I
bound to UDP-GIcA. The Protein Data Bank code for this model
is IKWS and is available at the RCSC protein data bank. The result
of the modeling was rendered with PyMol.

Glucuronyltransferase Activities of WT and Mutant
GIcAT-1

UDP-[*C]GlcA (180.3 mCi/mmol) was purchased from Perkin-
Elmer Life and Analytical Sciences (Boston, MA). A human
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Figure 2. Molecular Analysis

(A) Pedigree of the family. All affected
family members are homozygous for the
mutation ¢.830G>A in exon 4 of the
B3GAT3 gene.

(B) Residue p.Arg277 (p.R277) is evolu-
tionary conserved.

(C) B3GAT3 encodes the glucuronyltrans-
ferase GIcAT-1 that functions as a dimer
(light green and light brown).***> Residue

p-Arg277 (p.R277, blue) is involved in
P substrate interaction and is critical for
binding the substrate GlcA. Note that the
side chain of p.Arg277 (p.R277) is close
to the carboxyl group at the C-5 position
of GlcA but is further away in the mutant
p-GIn277 (p.Q277). (Modeling used Pro-
tein Data Bank file IKWS for the crystal
structure of GIcAT-I interacting with

the substrate UDP-glucuronic acid [UDP-

GIcA])

PCR for the construction of the amino

acid-substituted mutant of  GIcAT-I

(p.Arg277GlIn). The first PCR was per-

formed with a & primer containing an

in-frame EcoRl site (5-GCGAATTCACT
ACGGCAGAAGGAT-3)) and a 3’ internal
mutagenic oligonucleotide primer (5-CA
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C

WT GIcAT- R277Q GIcAT-I

UDP-GLUCURONIC ACID

GIcAT-I/pOTB7 vector (IMAGE Consortium cDNA clone, ID
number 4299539) was purchased from Open Biosystems Inc
(Huntsville, AL). Anti-FLAG M2 affinity resin, anti-FLAG Mono-
clonal antibody, Galf1-3Galf1-O-methyl, and p3XFLAG-CMV8
vector were purchased from Sigma (Saint Louis, MO). An ECL
advance western blotting detection kit and Hybond-P membranes
were purchased from GE Healthcare (Buckinghamshire, UK).
FuGENE 6 transfection reagent was purchased from Roche Diag-
nostics (Basel, Switzerland). Restriction enzymes were purchased
from New England Biolabs (Hitchin, UK). KOD-Plus DNA poly-
merase was purchased from Toyobo (Tokyo, Japan). AG 1-X8 resin
(100-200 mesh) was purchased from Bio-Rad (Hercules, CA).

The expression vector of human GIcAT-I was constructed as
described previously.?!?? In brief, a truncated form of GIcAT-I
(wild-type), lacking the first NH,-terminal 43 amino acids of the
GIcAT-I, was amplified by PCR with a &' primer containing an
in-frame EcoRI site (5-GCGAATTCACTACGGCAGAAGGAT-3)
and a 3’ primer containing a Sall site located 71 bp downstream
of the stop codon (5-GCGTCGACGAAAACCACATCCT-3') and
hGIcAT-I/pOBT7 as a template. We carried out two rounds of

GGTGGCCCTGGGGAGCGGTGGA-3), &'
internal mutagenic oligonucleotide primer
(8- TCCACCGCTCCCCAGGGCCACCTG-
3'), and 3’ primer containing a Sall site (5'-
GCGTCGACGAAAACCACATCCT-3) and
hGIcAT-I/pOBT7 as a template (underlin-
ing indicates modified nucleotides). The
second PCR was performed with a &
primer containing an EcoRI site (5-
GCGAATTCACTACGGCAGAAGGAT-3),
3" primer containing a Sall site located
71 bp downstream of the stop codon (5'-
GCGTCGACGAAAACCACATCCT-3'), and
the first PCR products as a template. PCR
was carried out with KOD-Plus DNA polymerase by 30 cycles of
94°C for 30's, 55°C for 42 s, and 68°C for 60 s. The amplified frag-
ments were digested with EcoRI and Sall and inserted into
P3XFLAG-CMVS.

The expression plasmid (6.7 ug) was transfected into COS-7
cells (Japan Health Sciences Foundation, Tokyo, Japan) on
a 100 mm dish with FuGENE 6 according to the instructions
provided by the manufacturer. Three days after transfection,
0.25 ml each of the culture medium was collected and incubated
with 10 pl of anti-FLAG M2 affinity resin overnight at 4°C. The
beads were recovered by centrifugation and washed with 1 ml
of S0 mM Tris-HCI (pH 7.5) containing 150 mM NacCl, 0.05%
Tween 20, and then resuspended in the assay buffer for enzyme
activity.

The culture medium (0.2 ml) was incubated with 10 pl of anti-
FLAG M2 affinity resin overnight at 4°C. The beads were recovered
by centrifugation, washed with TBST, and then analyzed on
a 12.5% sodium dodecyl sulfate (SDS)-polyacrylamide gel, trans-
ferred to a polyvinlidene difluoride (PVDF) membrane, and incu-
bated for 1 hr with FLAG antibody. The bound antibody was
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detected with anti-mouse IgG conjugated with horseradish
peroxidase.

Enzyme Assay of the Recombinant WT and Mutant GIcAT-!

The glucuronyltransferase assay mixture contained 10 pl of the
resuspended anti-FLAG affinity resins/50 mM 2-(N-morpholino)
ethanesulfonic acid-NaOH (pH 6.5)/171 pM ATP/10 mM MnCl,/
143 uM UDP-[“CIGIcA (1.77 x 10° dpm)/60 nmol Galpl-
3Galf1-O-methyl as acceptor substrate in a total volume of
30 pl. The reaction mixture was incubated at 37°C for 1 hr.
The **C-labeled products were isolated by applying the reaction
mixture onto a tiny tip column packed with AG 1-X& resin
(a PO, form, 100-200 mesh) to remove excess UDP-[“C]
GlcA.?* The isolated products were quantified in a liquid scin-
tillation counter (L36500, Beckman coulter).

Comparison of the GIcAT-1 Activities of Fibroblast Homogenates from
Patients and Age-Matched Controls

The following fibroblasts were used for the assay. Age-matched
controls for patient A820 (male, 11 years old) were GM0O3348E
(male, 10 years old) and AG16409 (male, 11 years old). Age-
matched controls for patient A821 (male, 17 years old) were
GMO07492A (male, 17 years old) and GMO7753 (male, 17 years
old). The homogenates of the fibroblasts were assayed with
Galp1-3Galpl-O-methyl as an acceptor (220 nmol) and UDP-[14
C]GlcA as a donor substrate, and then incubated for 4 hr at 30°C.

Immunofluorescence

For immunofluorescence analysis, the cells were washed three
times in phosphate-buffered saline (PBS), fixed in 4% paraformal-
dehyde for 10 min at 4°C, and permeabilized in 3% BSA in 1x PBS
with 0.4% Triton X-100 for 10 min at 4°C. GIcAT-I protein was
detected by a mouse anti-GlcAT-I polyclonal antibody (Abnova,
Taipei, Taiwan: HO0026229-BO1P). For testing the colocalization
analysis with Golgi proteins, we used sheep anti-GM130 (kind
gift by Francis A. Barr), rabbit anti-Giantin (Covance, Princeton,
NJ), and sheep anti-TGN46 (Serotec, Oxford, UK). As secondary
antibodies we applied anti-mouse IgG Alexa Fluor 555 (Invitrogen,
Molecular Probes) and an anti-sheep/rabbit IgG Alexa Fluor 488
(Invitrogen, Molecular Probes) conjugates. We stained DNA by
DAPI and mounted cells in Fluoromount (Scientific Services,
Cornwall, UK). Images were collected with an LSM 510 meta
(Carl Zeiss, Gottingen, Germany) with a x63 Plan Apochromat
oil immersion objective.

Immunoblotting of Aortic Media Extracts

Normal walls of the ascending aorta and aortic arch were obtained
in healthy subjects at the time of organ collection for heart/lung
transplantation with the authorization from the French Biomedi-
cine Agency. Protein extractions were performed directly from
frozen aortic media (after the separation from intima and adven-
titia) and stored at —80°C. The media preparations were pulverized
in liquid nitrogen, using a freezer mill (model 6750 SPEX Sample-
Prep, Metuchen, NJ), and subsequently homogenized in a hypo-
tonic lysis buffer (S0 mM Tris [pH 8], 150 mM NacCl, 1% Triton
X-100, 1% sodium deoxycholate, 5 mM EDTA) containing a cock-
tail of protease and serine/threonine and tyrosine phosphatase
inhibitors (Sigma). The protein concentration from each sample
was determined and extracts were separated by 10% SDS-poly-
acrylamide gel electrophoresis. Proteins were transferred to
a PVDF membrane, blocked with 5% BSA-TBS-T (Tris-buffered
saline [pH 7.4]-0.1% Tween 20) for 1 hr. Membranes were then
incubated overnight (4°C) with primary antibodies: polyclonal

B3GAT3 (1 pg/ml, Abnova), monoclonal B3GAT3 (1 pg/mL,
Abnova), or GAPDH (1.6 pg/ml, Biovalley, Freiburg, Germany).
Membranes were then washed with TBS-T and incubated with
anti-mouse IgG (Jackson Laboratories, Bar Harbor, ME) for 1 hr.
The signal was detected with a chemiluminescence kit (ECL Plus
kit; Amersham).

Analyses of Dermatan Sulfate, Chondroitin Sulfate,
and Heparan Sulfate Proteoglycans in Patient and
Control Fibroblasts

The serum-free conditioned medium of the cultured fibroblasts of
control subjects and patients was collected and concentrated
with Amicon Ultra-4 (Ultracel-30k, Millipore, Billerica, MA). An
aliquot of the medium (5 pg as total protein) was digested with
a highly purified (protease-free) chondroitinase (CSase) ABC (EC
4.2.2.20, Seikagaku Corp., Tokyo, Japan), and each digest was sub-
jected to SDS-polyacrylamide gel electrophoresis. Western blotting
was carried out with an anti-human decorin antibody (clone
115402, R&D Systems, Minneapolis, MN) and an ECL advance
detection kit (GE healthcare).

For determination of the number of CS and HS chains, cultured
fibroblasts from patients and control subjects (age and sex
matched) were collected and washed with PBS. The cells were
treated with CSase or a mixture of heparinases (HSases) -1
(EC 4.2.2.7) and -III (EC 4.2.2.8) (IBEX Technologies, Montreal,
Canada) at 37°C for 1 hr. After washing with PBS, CSase- or
HSase-treated cells were individually incubated with the primary
antibodies, anti-CS-stub (2B6) and anti-HS-stub (3G10) (Seikagaku
Corp.), and subsequently the cells were incubated with the Alexa
Fluor 488-labeled anti-mouse IgM secondary antibody (Molecular
Probes, Fugene, OR). Incubation of the fibroblasts with the sec-
ondary antibody alone was also performed as a negative control
experiment. Alexa Fluor 488-bound cells were analyzed by
immunofluorescence flow cytometry in a BD FACSCanto (8D
Biosciences, San Jose, CA).

Results

Patients’ Phenotype Defines a Syndrome
Characterized by Joint Dislocations and Congenital
Heart Defects Including Bicuspid Aortic Valve
The parents were first cousins with five affected and two
unaffected children (Figures 1 and 2, Figure S2, Table 1).
All five patients had congenital heart defects in variable
combinations (Figure 1C, Table 1). Bicuspid aortic valve
with dilatation of the aortic root was present in three,
mitral valve prolapse in four, patent foramen ovale in
three, and ventricular septal defect in two of the patients.
All affected children had shott stature (height < 3%) and
presented variable craniofacial dysmorphic features which
included brachycephaly, thick eyebrows, large eyes with
downslanting palpebral fissures, depressed nasal bridge,
narrow mouth, and micrognathia or microretrognathia.
The ears in some of them were small, low set with promi-
nent antitragus, and slight uplift of the lobe. The neck
was short (webbed in IV.2) with low postetior hair line.
There was mild chest asymmetry.

In addition, all affected individuals had congenital
dislocations and contractures of the elbow joint as well
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Comparison of control and patient’s fibroblasts
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Figure 3. Expression and Activity of GIcAT-1

(A) GlcAT-I activity in fibroblasts is markedly reduced in patients compared to age-matched controls. The homogenates of the fibroblasts
were assayed with Galp1-3Galp1-O-methyl as an acceptor (220 nmol) and UDP-[**C]GlcA as a donor substrate, and then incubated for
4 hr at 30°C. The results are from duplicate experiments. Unit is pmol/mg protein/hr.

(B) Reduced amount of mutant GIcAT-I and loss of Golgi localization in patient’s fibroblasts. By comparison, GIcAT-I (red) colocalizes
with the cis and cis-medial Golgi marker GIANTIN (green) in wild-type fibroblasts.

(C and D) Glucuronyltransferase activities of the human recombinant GlcAT-I (WT and p.Arg277Gln) showed similar amounts of
proteins (C) but reduced activity by mutation p.Arg277GIn (D).
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as talipes equinovarus and/or metatarsus varus. Joint
dislocations were also observed in the shoulders. Joint
laxity was present in the wrists and interphalangeal
joints. The finger tips and the hallux on both sides ap-
peared wide. Radiographs showed dislocations of the
shoulder, elbow, and proximal radial-ulnar joints (Figure 1),
a mild shortening of the first metacarpal bone, delayed
and dissociated bone age (~4 years at the chronological
age of 8 years), mild dysplasia of the hip joints, and foot
deformities. The vertebral column showed signs of osteo-
penia; several vertebrae were already flattened. The chil-
dren had a normal mental and motor development.

Disease Mapping and Identification of the Disease-
Causing Mutation in B3GAT3

We performed genome-wide linkage analyses and mapped
the disease to chromosome 11q12 (multipeint LOD =
3.76; Figure S3A). Fine mapping narrowed the region to
an 8 cM interval (final multipoint LOD = 3.89;
Figure S3B) containing 262 genes. We sequenced 30 func-
tional candidate genes within this region (Table S2). We
identified the homozygous missense mutation ¢.830G>A
in B3GAT3, the gene encoding the enzyme beta-1,3-glu-
curonyltransferase 3 (GlcAT-I), which resulted in the
substitution of arginine at position 277 by glutamine
(p.Arg277GIn). The mutation p.Arg277GIn segregated
with the disease in the family (Figure 2A) and was present
neither in 294 chromosomes from population-matched
controls nor in 850 chromosomes from Berlin blood
donors. Residue p.Arg277 is evolutionary highly conserved
and alters a functionally important domain involved in
substrate interaction, especially in binding the substrate
GlcA (Figures 2B and 2C).

Reduced GIcAT-I Enzyme Activity in Patient Cells

The p.Arg277 residue has previously been shown to be
essential for enzymatic activity in a mutagenesis experi-
ment (p.Arg277Ala) by ensuring GIcAT-I substrate spe-
cificity.’® ‘We therefore reasoned that the mutation
p-Arg277GIn might have a similar effect on GIcAT-I
activity. Our studies in the homogenates from patient-
derived fibroblasts demonstrated that the missense muta-
tion p.Arg277GlIn results in a significant reduction of glu-
curonyltransferase activity. GIcAT-I activity in patient

fibroblasts (patients IV.2 and IV.4) was reduced to 3%-5%
of age-matched control levels (Figure 3A). Thus, mutant
cells showed a drastic reduction in GIcAT-1 activity but still
showed some basal activity, indicating that the mutation
is hypomorphic.

By using immunofluorescence and colocalization with
Golgi-marker proteins, we showed that GlcAT-I is located
in the cis and cis-medial Golgi (Figure 54). In mutant cells
the protein level is dramatically reduced (Figure 3B). We
tested whether the antibody detects both the wild-type
and the mutant protein and found that the mutation did
not affect antibody binding (Figure S5), whereas mutation
€.830G>>A did not significantly reduce the level of B3GAT3
mRNA (data not shown). These observations suggest that
the mutant GIcAT-I protein might have been degraded or
produced to a lesser extent as compared to the wild-type.
As previously shown, artificially introduced missense
mutations can reduce enzymatic activity and secondarily
decreased stability of the mutant, dysfunctional enzyme
by ER retention and subsequent proteasomal decay.?S

To test whether the mutation p.Arg277GIn indeed
reduces GIcAT-T activity by impaired enzymatic function
and not by primary reduced protein level, we transfected
cells with the human GIcAT-I wild-type and the mutated
(p.Arg277GIn) vector. We found a marked reduction of
GICAT-I activity in the mutant despite similar amounts of
the wild-type and mutant proteins (Figures 3C-3E), sug-
gesting that the reduced enzymatic activity of GlcAT-1
affects protein stability.

Expression of GIcAT-I in Heart, Aorta, and Bone
Individuals with the ¢.830G>A mutation showed heart
defects, aortic root dilatation, and skeletal malformations.
Reverse-transctiptase quantitative PCR on cortesponding
mouse tissues demonstrated that B3GAT3 mRNA is ex-
pressed in heart, aorta, bone, and also in osteoblasts
(Figure 3F). In addition, GIcAT-1 protein was present in
human aorta (Figure 3G).

GIcAT-1 Mutations Are Associated with Immature DS
Proteoglycans as well as with Reduced Amounts of CS
and HS Chains in Patient Cells

We tested how the reduced enzyme activity affects the
products of proteogylcan synthesis. The overall amount

(C) For western blotting, the purified recombinant FLAG-GIcAT-I (WT and p.Arg277Gln) was separated by 12.5% SDS-polyacrylamide
gel electrophoresis and detected with the FLAG M2 antibody. The arrowhead and asterisks indicate the recombinant enzyme and the
light and heavy chains of the antibody, which is derived from the anti-FLAG agarose resin used for purification, respectively.

(D) Catalytic GIcAT-[ activity of the recombinant enzyme (p.Arg27 7Gln) was reduced compared to the wild-type. Activities represent the
averages and standard error of two independent experiments, which were performed in duplicate. Mock indicates the glucuronyltransfer-
ase activity obtained with the conditioned medium transfected with an empty vector as a control. Experiments were performed at 37°C.
(E) The GlcAT-[ antibody (Abnova) recognizes both the wild-type and the mutant recombinant GlcAT-], thus excluding preferential

antibody binding to the wild-type. (Western blotting in Figure 85.)

(F) RNA-expression of B3gat3 in different disease relevant tissues (obtained from newborn black 6 mice [C57BL/6], postnatal day P4) as
well as from osteoblast and osteoclast cell cultures. Data were obtained from three different experiments (error bars represent standard

error of the mean [SEM]).

(G) Western blotting of GIcAT-I in human aorta. Western blotting shows presence of GIcAT-I in medial tissue extracts from human

wild-type aorta.
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Effect on dermatan sulfate-proteoglycan synthesis
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Figure 4. Effect of GIcAT-I Mutations on
DS, CS, and HS Proteoglycan Synthesis
(A) DS-free decorin is detected in patient
but not in control fibroblasts, indicating
an insufficient dermatan sulfate synthesis.
Western blotting of a DS-proteoglycan,
decorin, produced by fibroblasts. The
conditioned medium derived from wild-
type fibrablasts showed a broad band of
decorin-proteoglycan around 60-120 kDa.
In contrast, the conditioned medium
derived from the patient fibroblasts re-
vealed two bands. The upper band repre-
sents decorin-proteoglycan with a DS
chain. The lower band ~50 kDa is pre-
dicted to be decorin with only the linkage
region trisaccharide (Gal-Gal-Xyl), with-
out a DS chain. These abservations suggest
that the mutation p.Arg277Gln in GIcAT-1
is associated with insufficient synthesis of
dermatan sulfate proteoglycan.

Control: age-, sex-, and population-
matched (male, 11 years old, AG16409);
patient IV.4: male, 11 years old (mutation
P-Arg277GIn in GIcAT-I, A820). The arrow
indicates DS-free decorin.

(B) Experimental design for analyzing CS
and HS synthesis. The unsaturated hexur-
onic acid ceontaining CS and HS, which
were generated by the treatment with
CSase or HSase, are recognized by the
anti-CS-stub and anti-HS-stub antibodies,
respectively.

Anti-stub CS (2B6) and anti-stub HS
(3G10) antibodies can recognize the unsat-
urated hexuronic acid-containing oligo-
saccharide that are generated by the treat-
ment with bacterial CSase and HSase,
respectively, whereas neither intact C§
nor HS can be recognized. Therefore, these
antibodies can be used as probes for inves-
tigating the relative number of CS and HS
chains on the core proteins of proteogly-
cans. It should be noted that the truncated
GAG-protein linkage trisaccharide Gal-
Gal-Xyl- expressed on core proteins in
the GIcAT-I mutant cells is not recognized
by either antibody.

(C and D) Analysis of the relative number
of CS and HS chains expressed on the cell
surface of fibroblasts by flow cytometry.
To examine the expression of CS and HS
on the cell surface, the fibroblasts from
the 1l-year-old patient IV.4 and from

Anti-CS stub antibody

AntiHS stub antibody

©S disaccharide with
an unsaturated hexuronic acid

HS disaccharide with
an unsaturated hexuronic acid

Negative-Controls
(w/o primary ab)
With antibody

controls (AG16409) were treated with CSase and then with anti-stub 2B6 antibodies (C) or HSase and then with anti-stub 3G10 anti-
bodies (D), respectively. The binding of these antibodies to the epitopes on the cell surface was visualized by flow cytometry after incu-
bating with Alexa Fluor 488-conjugated secondary antibody. The gray and white histograms show the intensity of the fluorescence with
or without anti-stub antibody, respectively. Similar results were also obtained with those from the 17-year-old patient IV.2 (Figure S6B).

of GAGs in fibroblasts from patients did not show an
obvious decrease compared to that of age-matched
controls (data not shown). Next we analyzed the proteo-
glycan decorin in fibroblasts from patients by western
blotting. Decorin is secreted by fibroblasts and has
a single DS chain when proteoglycan synthesis is undis-
turbed. We detected DS-free decorin in the patients’ cells
but not in control fibroblasts (Figure 4A; Figure $6), sug-
gesting that the mutation p.Arg277GIn in GIcAT-I results

in the production of the immature DS-proteoglycan de-
corin.

We examined specifically decorin proteoglycan by
western blotting by using the conditioned media from
fibroblasts of patients IV.2 and IV.4. One broad-band of de-
corin-proteglycan (around 80 KDa) was detected in control
fibroblasts. In contrast, we detected two bands in fibro-
blasts from both patients (Figure S6A, lanes 3 and 6). The
upper band was decorin proteoglycan with a DS chain as

22 The American Journal of Human Cenetics 89, 15-27, July 15, 2011

35



shown in the wild-types (Figure S6A, lanes 1, 2, 4, and 5),
whereas the lower band (~50 kDa) is predicted to be DS-
free decorin with the linkage region trisaccharide stub,
Galp1-3Galp1-4Xyl, where Gal and Xyl stand for D-galac-
tose and D-xylose, respectively. Furthermore, the lower
band corresponded to the band observed for the con-
ditioned medium treated with CSase ABC (Figure S6).
Thus, the lower band in patients was most probably the
signal of DS-free decorin. These observations suggest that
the mutation of GIcAT-I (p.Arg277GIn) was tesponsible
for the lack of a DS chain on the core protein.

Based on the result from western blotting of decorin, the
amount of its core protein seemed to be upregulated.
Therefore, we analyzed the expression level of decorin
mRNA by quantitative RT-PCR. Interestingly, the mRNA
levels of decorin were 3- to 4-fold increased in patients
compared to control fibreblasts (Figure S7), indicating
that decorin mRNA levels might be wupregulated to
compensate for the immature decorin.

Next we examined the synthesis of CS and HS chains on
the surface of fibroblasts from patients and age- and sex-
matched controls by flow cytometry with CS-stub and
HS-stub antibodies (Figures 4B-4D; Figure $6B). The 2B6
antibody, which recognizes the oligosaccharides contain-
ing the unsaturated hexuronic acid after treatment with
CSase, showed a markedly reduced binding to the epitopes
on the patient cells relative to those of the control subject
(Figure 4C), showing a bimodal distribution of the cells. To
quantify the relative amounts of the CS chains, the mean
fluorescence intensity (MFI) of the cell population stained
with 2B6 was used. The MFI value for the patient IV.4 was
6.0 (65%) as compared with 9.2 of the age-matched control
subject. The 3G10 antibody, which recognizes the oligo-
saccharides containing the unsaturated hexuronic acid
after the treatment with HSase, also showed a reduced
binding to the epitopes on the patient cells relative to
those of the control subject (Figure 4D). The MFI value
after staining with 3G10 was 21.4 (53%j) for the patient
IV.4 as compared with 40.3 for the age-matched control
subject. Similar results were obtained for the fibroblasts
from patient IV.2 (Figure S6B). These differences in the
MFI values correspond to those of the numbers of the CS
and HS chains at cell surface of the control and the patient
cells. Namely, the number of the CS and HS chains was
reduced to 65% and 53% of the control, respectively. The
bimodal distribution of the cells from the 11-year-old
male patient (Figure 4C) suggests two different cell popula-
tions, one with a reduced number of GAG polysaccharides
most probably with a trisaccharide stub (Gal-Gal-Xyl), and
the other with a larger number of GAG polysaccharides.
Interestingly, the same seems to be true for the fibroblasts
from the 17-year-old normal subject (Figure S6B). A possi-
bility is the age-dependent bimodal cell population with
a smaller and a larger humber of GAG polysaccharides,
which remains to be investigated.

These results suggest that the mutant GIcAT-I cannot
transfer GleA to a significant portion of the linker region

trisaccharide Gal-Gal-Xyl, resulting in the partial defi-
ciency of all three lines of O-glycanated proteoglycans
(CS, HS, and DS proteoglycans).

Discussion

‘We describe a family with recessive inheritance of heart
and/or aortic disease as well as of distinct skeletal abnor-
malities (short statute, multiple joint dislocations) and
variable cranio-facial dysmorphic features (Larsen-like
syndrome, B3GAT3 type).

There are some similarities to otopalatodigital syndrome
type 11 (OPD2 [MIM 304120]), particularly the downslant-
ing palpebral fissures, narrow mouth, contractures at the
elbows, and broad fingertips and hallux. However, the
radiclogical changes in OPD2 are different and the inheri-
tance is X-linked recessive rather than autosomal recessive.
Short stature, short webbed neck, and the facial appear-
ance of the children in this report could also suggest
Neonan syndrome. Nevertheless, the presence of joint
dislocations and the recessive pattern of inheritance in
this family made this diagnosis unlikely. Absence of the
typical radiological changes seen in Desbuquois syndrome
(DBQD [MIM 251450]) in this family ruled this diagnosis
out. We also considered the classic Larsen syndrome (LRS
[MIM 150250]) caused by dominant FLNB (MIM 603381)
mutations particularly because there are multiple joint
dislocations, broad fingertips, and hallux but the facial
appearance is different, the bone age is delayed rather
than advanced, and the inheritance is recessive in our
family. There are also many similarities of the family in
this report to the autosomal-recessive Larsen syndrome,
CHSTS3 type. This disorder includes a spectrum of pheno-
types ranging from Larsen syndrome, humerospinal dysos-
tosis, chondrodysplasia multiple dislocations, and spon-
dylo-epiphyseal dysplasia, Omani type.?2* Children
present at birth with reduced length and multiple joint
dislocations. During childhood, the dislocations improve
and features of SED-OT appeatr. These features include
intervertebral disc degeneration, rigid kyphoscoliosis, and
trunk shortening. The bone age is also delayed. There are
usually vertebral changes on lateral X-ray of the spine.
These include superior and inferior notching reminiscent
of a partial coronal cleft.”® Involvement of the heart valves
in this disorder has also been reported. There are no verte-
bral changes on radiological examination in our family
and clinically the older children in our family (now 17,
14, and 13 years old) have no kyphoscoliosis or trunk
shortening. However, differentiation between these two
disorders is difficult in infancy and early childhood. The
combination of brachycephaly, downslanting palpebral
fissures, retrognathia, and abnormal ears with club feet,
hypermobility of the joints of the hands, shoulders, and
feet together with congenital heart disease raised the possi-
bility of musculocontractural EDS (previously known as
adducted thumb-clubfoot syndroeme and EDS type VIB),
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which is caused by mutations in CHST14.2°-31 However,
the children in this report have normal build and skin
with no delay in wound healing and neo contractures of
the fingers.

Here we describe that mutations in B3GAT3, the gene
coding for GIcAT-], result in a condition characterized by
congenital dislocations, short stature, and heart defects
including bicuspid aortic valve. GIlcAT-1 functions as
a dimer of two subdomains with donor and acceptor spec-
ificity.32 The active sites resides in a cleft between the two
chains in which the new incoming saccharide is oriented,
chemically reduced, and eventually fused to the already es-
tablished trisaccharide linker’>* OQuzzine et al. used
in vitro mutagenesis to test which residues define the
substrate specificity of GIcAT-I. They identified residue
277 (mutagenesis p.Arg277Ala) as important and
concluded that the arginine at position 277 is essential
for GIcAT-I substrate specificity.>*3* Our studies in a re-
combinant cell system as well as in the homogenates
from patient-derived fibroblasts demonstrated that the
missense mutation p.Arg277Gln significantly reduces the
glucuronyltransferase activity (GIcAT-I). Nevertheless, cells
with mutant GIcAT-I had residual basal activity in the
patient fibroblasts and in vitro, indicating that the
mutated protein is still able to function.

‘We show that reduced GIcAT-I activity affects major
components of the extracellular matrix, resulting in imma-
ture DS proteoglycans as well as in a reduced number of CS
and HS chains in patient cells. The mutation affects the
final step in the synthesis of the tetrasaccharide linker
region, which is required for initiation of GAG side chain
synthesis of proteoglycans. Our data demonstrate that
GIcAT-I is located in the cis and cis-medial Golgi. This is
consistent with the catalytic function in glycosylation of
the Golgi apparatus and the identification of the GlcAT-I
rat ortholog in an endoplasmic reticalum (ER)/Golgi
proteomics screening perfomed in rat liver homoge-
nates.**

‘We found that an impairment of GIcAT-I function affects
the synthesis of CS, DS, and HS. DS-free decorin proteogly-
cans were present in the patient fibroblasts but not in
controls. These results suggest that the GlcAT-I mutation
p.Arg277GIn results in the synthesis of immature proteo-
glycans, i.e., GAG-free proteoglycans such as DS-free de-
corin. Interestingly, the synthesis of the decorin core
protein was upregulated, probably to compensate for the
dysfunctional decorin. In addition, mutant cells showed
an apparent reduction in the relative number of CS and
HS chains. This is consistent with the essential role of
GlcAT-1 in proteoglycan synthesis as the last step in linker
synthesis before its division into CS, DS, and HS. Thus, any
type of the affected GAG chains (CS, DS, or HS) may
contribute to the characteristic symptoms of the patients.

Another step in linker synthesis, the addition of the
second galactose residue, is affected in progeroid type
Ehlers-Danlos syndrome (EDS progeroid form [MIM
130070]).3¢* The phenotypic overlap with the family

described here includes multiple joint dislocations, growth
delay, skeletal malformations, and hypomineralization
(osteopenia). Considerable overlap is also apparent with
defects in another downstream enzyme which is essen-
tial for CS synthesis, chondroitin 6-O-sulfotransferase-1
(C6ST1 [MIM 603799]). Mutations in the gene carbohy-
drate sulfotransferase 3 (CHST3 [MIM 603799]), coding
for C6ST1, were shown to cause autosomal-recessive spon-
dyloepiphyseal dysplasia with joint dislocations CHST3
type, a condition characterized by congenital joint disloca-
tions (especially of the knee and elbow), club foot, verte-
bral changes (platyspondyly, intervertebral disc degenera-
tion, scoliosis), short stature, arthritis, and heart defects
(MIM 245600).222728 Mutations in chondroitin synthase
1 are associated with brachydactyly, mutations in the
chondroitin beta-1,4-N-acetylgalactosaminyltransferase-1
with neuropathies.3>#' A defect in the downstream
enzyme in dermatan sulfate synthesis (dermatan 4-O-sul-
fotransferase 1, D4ST1, encoded by the gene carbohydrate
sulfotransferase 14, CHST14 [MIM 608429]) results in ad-
ducted thumb-clubfoot syndrome (ATCS [MIM 601776]),
as well as a subtype of Ehlers-Danlos syndrome (EDS, mus-
culocontractural type [MIM 601776]).>%°! D4ST1 defects
lead to a reduction in DS chains. Lack of DS chains was
shown to impair the interaction with collagen to form
collagen bundles.3! Thus, proteoglycans devoid of DS
chains may explain symptoms such as skin and joint laxity
as well as tissue fragility. GIcAT-I defects also affect DS
chains and accordingly symptoms of patients with
GIcAT-I mutations overlap with these other clinical enti-
ties. However, defective linker synthesis additionally
affects CS and HS proteoglycans.

We report a disease-causing mutation resulting in
a defect terminal step of tetrasaccharide linkage region of
proteoglycans synthesis. The phenotypes we observed in
the affected individuals, namely joint dislocations,
congenital heart defects, and short stature, overlap with
symptoms seen in progeroid type EDS and in patients
with spondyloepiphyseal dysplasia with congenital joint
dislocations, CHST3 type. These findings suggest that
proteoglycan synthesis pathway mutations may be respon-
sible for atypical connective tissue disorders that feature
joint dislocations, jeint laxity, and congenital heart
disease.

All patients described had congenital heart disease in
various forms: mitral valve prolapse, bicuspid aortic valve
with aortic root dilatation, ventricular septal defect, and
atrial septal defect. Defects of heart valves are one of the
most common inborn malformations. Among them,
bicuspid aortic valve (BAV) is most frequent with a preva-
lence of 1%-2% in newborns.*? Bicuspid aortic valves
feature a significantly increased risk of life-threatening
late complications such as aortic root dilatation, dissection
of the aotta, and stenosis or insufficiency of the aortic
valve with subsequent heart failure. In contrast to other
congenital heart defects where already multiple genes
were found to be involved, the genetic eticlogy of bicuspid
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aortic valve remained mostly unresolved.*>*3 So far only
one gene, NOTCHI (MIM 190198), was described for
bicuspid aortic valve.** Thus, to the best of our knowledge,
GIcAT-I defects appear to be the second gene pathogeneti-
cally related to this frequent and clinically relevant heart
defect.

Our findings show that mutations affecting the proteo-
glycan linker region cause another subtype of connective
tissue disorders and suggest pathogenetic relevance for
a spectrum of congenital heart defects, including bicuspid
aortic valves.

Supplemental Data

Supplemental Data include seven figures and two tables and can
be found with this article online at http://www.cell.com/AJHG/.
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Abstract

Background: Osteopoikilosis is a rare autasomal dominant genetic disorder, characterised by the occurrence of the
hvperostotic spots preferentially localized in the epiphyses and metaphyses of the long bones, and in the carpal and
tarsal bones [1]. Heterozygous LEMD3 gene mutations were shown to e the primary cause of the disease [2].
Association of the primarily asymptomatic osteopokilasis with connective tissue nevi of the skinis categorized as
Buschke-Cllendorff syndrome (BOS) [3]. Additionally, osteopoikilosis can coincide with melorheostosis (MRO), a more
severe bone disease characterised by the ectopic bone formation on the periosteal and endosteal surface of the long
bones [4-6]. However, not all MRO affected individuals carry germ-ine LEMD3mutations [7]. Thus, the genetic cause of
MRO remains unknown. Here we describe a familial case of osteopoikilosis in which a novel heterozygous LEMD3
mutation coincides with a novel mutation in EX77, a gene involved in aetiology of multiple exostosis syndrome, The
patients affected with bath LEMD3 and EXTT gene mutations displayed typical features of the osteopoikilosis. There
were no additional skeletal manifestations detected however, various non-skeletal pathologies coincided in this group.

Methods: We investigated LEMD3 and EXTT in the three-generation family from Poland, with 5 patients affected with
osteopoikilosis and one child affected with multiple exostoses.

Results: We found a novel ¢.2203C > T (pR735X) mutation in exon @ of LEMD3, resulting in a premature stop codon at
amino acid position 735. The mutation co-segregates with the osteopoikilosis phenatype and was not found in 200
ethnically matched controls Another new substitution G > A was found in EXTT gene at position 1732 (cDNA) in Exon 9
(D AS78T) in three cut of five osteopaikilosis affected family members. Evolutionary conservation of the affected amino
acid suggested possible functional relevance, however no additional skeletal manifestations were observed other then
those specific for osteopoikilosis. Finally in one member of the family we found a splice site mutation in the EXT7 gene
intron 5 (IVS5-2 A > G) resulting in the deletion of 9 bp of cONA encoding three evolutionarily conserved amino acid
residues. This child patient suffered from a severe form of exostases, thus a causal relationship can be postulated.

Conclusions: We identified a new mutation in LEMD3 gene, accounting for the familial case of osteopoikilosis. In the
same family we identified two novel EXTT gene mutations. Ore of them A538T co-incided with the LEMD 3 mutation,
Co-incidence of LEMD3 and EXTT gene mutations was not associated with a more severe skeletal phenotype in those
patients.

- 4

Background tions in the LZEMD3 gene. It is characterised by the occur-
Osteopoikilosis is a rare and primarily benign autosomal  rence of the hyperostotic spots throughout the skeleton,
dominant genetic entity caused by heterozygous muta-  with most frequent localization in the epiphyses and
metaphyses of the long bones, as well as in the carpal and
* Corres pondence: kolanshy@molgen mpg.de 1b 11. Th linical feat f ost ikilosi
TInstitute of Medical Genetics, Charité Berlin, Hurnboldt University, tarsal bones [ ] € clinical leatures Ol OSleOpOIKIIOSIS
Augustenburger Platz 1, 13353 Berlin, Germany are relatively mild, therefore the condition is usually diag-
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medical problems (fractures, joint dislocations, etc.). In
addition to spotty bone changes, some patients affected
by osteopoikilosis develop the superficial skin lesions
(elastic-type nevi) and/or subcutaneous foci of dermato-
fibrosis. Such combination of clinical features is catego-
rized as a separate condition named the Buschke-
Ollendorff syndrome [3]. Osteopoikilosis has also been
found in association with a more severe and detrimental
bone disease called melorheostosis. Melorheostosis man-
ifests with predominantly asymmetric depositions of
dense compact bone on the periosteal and endosteal sur-
face of the long bones, resembling a dripping wax of a
candle. Bone deformations are often associated with the
ossification of the soft tissue in the joint proximity, which
can cause compression of the adjacent nerves, and result
in pain. Heterozygous LEMD3 gene mutations were
detected in all such cases. In contrast, no germline
LEMD3 mutations were found in the isolated cases of
melorheostosis [7,8]. Thus, genetic cause of isolated
melorheostosis  remains unknown. Melorheostosis
belongs to a group of osteogenic lesions together with
another disease called hereditary multiple exostoses
(HME) [9]. Multiple exostoses (enchondromas) are
caused by heterozygous mutations in EXT1, EXT2 and/or
EXT3 genes. The EXT proteins function in the proteogly-
can synthesis and play tumour suppressor roles. EXT1
and EXT2 have both been shown to encode a heparan
sulphate polymerase with both D-glucuronyl (GlcA) and
N-acetyl-D-glycosaminoglycan (GIcNAC) transferase
activities and their functions are indispensable for hepa-
rin-sulphate biosynthesis [10]. The nature of the tumour
suppressor effects of the heparan sulphate biosynthesis is
not entirely clear, however the regulation of Thh signalling
was proposed to play an important role [11]. Here we
describe a family with 5 patients affected by osteopoikilo-
sis caused by novel mutation in the LEMD3 gene. Inter-
estingly, three of the patients affected with this new
LEMD3 mutation additionally carry a new mutation in
the EXTI gene. We discuss possible implications.

Methods

Patients

We studied a two-branch family of Polish descent. The
main branch comprised three generations with five indi-
viduals affected by osteopoikilosis. We also examined a
more distant kindred affected by the severe deforma-
tional condition of the long bones. The local ethics com-
mittee approved the study and written, informed consent
was obtained from all participants or their legal guardians
for publication of this case report, including clinical data,
pedigree and X-ray images. Copies of all written consents
are available for review on request.

Page 2 of 8

DNA sequencing

The LEMD3 and EXTI genes were analyzed by bidirec-
tional sequencing with primers listed in the see (Table 1).
PCR amplification of LEMD3 gene was performed in a 20
ul final volume, contained 1 U of Taq polymerase (FIRE
Pol) with buffer supplemented with 1.5 mM Mg?+, 0.4
mM dNTP, 8 pmol of each forward and reverse primer,
and 30 ng of DNA. The exons were amplified as follow-
ing: 5 min at 94°C, 35 cycles (30 sec 94°C, 30 sec 60°C, 30
sec 72°C) 10 min 72°C. PCR amplifications of EXTI gene
were performed in a 20 pl final volume, contained 1 U of
Taq polymerase (Invitek) with buffer supplemented with
2 mM Mg2+, 04 mM dNTP, § pmol of each forward and
reverse primer, and 30 ng of DNA. PCR conditions used
were as in case of LEMD3, with exception of exonl-2 and
exon 6 amplification, where annealing temperature varied
from 55°C to 61°C (touchdown PCR). PCR products were
sequenced with the DNA Sequencing Kit BigDye™ Termi-
nator v3.0 Cycle Sequencing (Applied Biosystems) on an
ABI 3730 automated sequencer. All exons were compared
to genomic sequence (NM_014319.3 for LEMD3 gene
and NM_000127.2 for EXTI gene) and variations were
numbered according to Ensembl ENSG00000174106 for
LEMD3 and ENSG00000182197 for EXTZ, Healthy con-
trol subjects were screened for the identified mutations in
the LEMD3 and EXT1 genes via sequence analysis. cDNA
was synthesised using random hexamer primers as
described below. PCR amplification of the EXT1 cDNA
fragments was done with primer pairs listed in (Table 2).
The amplification conditions were like for the genomic
DNA sequencing. PCR products were sequenced with
the DNA Sequencing Kit BigDye™ Terminator v3.0 Cycle
Sequencing (Applied Biosystems) on an ABI 3730 auto-
mated sequencer,

Isolation of the primary osteoblast cells

Surgically removed exostosis was placed in alphaMEM
medium supplemented with 10% ECS, Penicilin-Strepto-
mycin and Glutamine and transported to laboratory
within 24 h. Bone was cleaned of any remaining connec-
tive tissue and 3 rounds of collagenase IV (2 mg/ml)
digest 1x 5 min. and 2x 20 min. each at 37°C were per-
formed. Cells from the first digestion were discarded
whereas second and third digests were pooled and seeded
in the alpha-MEM medium. Cells were cultured till con-
fluent.

RNA isolation and cDNA synthesis

Total RNA was isolated with peqGOLD TriFast™ reagent
(PeqLab) according to supplied protocol. cDNAs were
synthesised from 1 pg total RNAs with SuperscriptIl
(Invitrogen) according to manufacturer's guidelines.
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Table 1: Sequences of the primers used for LEMD3 and EXTT gene amplification and sequencing.

Exon name F Primer sequence 5'- 3" R Primer sequence 5" -3'
LEMD3_e1-1 CTCAGGTGAGCTCCTCCC CGACTCGTCCGAGCTGAAG
LEMD3_e1-2 GCGACCTCTCCTACTTACGG GTCGTCGTCGTCCTCTTCC
LEMD3_e1-3 AGGAGAGGGACCCGGAG GGGGAGTCCACACTGAAGG
LEMD3_e1-4 AGGAGGGTGTGATCAAGTGG GCGCAAATAGTCTTTCAGGG
LEMD3_e2 TTTAGCAAAGTACATGCTGGC TTATACGACAGTTAGGGAATACTCAG
LEMD3_e3 TTCAGATTATGTGGCTTCTGTG TTCACAAATATAACACTGGACTTGG
LEMD3_e4 TGTGGTTAATGTAATGGTAGTTGTTTG GGAACAAGAGCGAAACTGTG
LEMD3_e5-6 TTGGAGTAGTGGGAAAATGC GCTGTGACTTATGTGGCAACC
LEMD3_e7-8 GAAGGTTCATTCCGTTGTGG AGTTGAGAAGGGTCACAGCTC
LEMD3_e9 CATCTAAATCTTCTTTGAACAAACTCC CAGAACGAGAGAGITITGCC
LEMD3_el10 CTAACCAGGGGTCTGGCTC TITGCTTGGAATTTAATGAAAGAG
LEMD3_e11-12 TCTACCTCCTGTTAGTCAACAAGC TGGTAAAAGACATATGAGCACAAAAC
LEMD3_e13 ATTGCATGGCTCTTGGTTTG GCTGCCTCACTGCTAAATCC
EXT1_el-1 TCTTTACAGGCGGGAAGATG TGTTCCACAAGTGGAGACTCTG
EXT_el1-2 CCAGGTTCTACACCTCGGAC CTCAGTTCCAGGCTCAAAGG
EXT1_e2 CTGGTGGCTTTCCCGAG AAGGGAAACCACACCTTCTC
EXT1_e3 AAGCTTCCTTTCCTTCTGGC CCATGACACAGGTAATTTTCTCC
EXT1_e4 TGCTAGAAGCCAAATGCTATG TGGACCAATCACACATCCC
EXT1_e5 CTCTGACTGCCACCATCTTTC AAGCAATCTTCAATGCAGGG
EXT1_e6 ATTTGCTCCAGCATGAGGC TGAATGAAAGGGAGTAGCAGG
EXT1_e7 GCTGAGATTTCCAGCTCCTC AACAGGGAGAAGATATCTAGGGC
EXT1_e8 AGATTCCTTCGGTGTTGAGG CAAGGCACGGCTAAAAGAAG
EXT1_e9 CCGGATTTTGCATTATGAATTAG ATCAGCAAAACTTAAGCGGG
EXT1_el0 GGGATTCAAAGAATGGGTATG CTGGGTGGAACAGCTAGAGG
EXT1_el1 TGCTCATTTGCCTGACTCC ACAATCTGGCTCTGCTGATG
Results bones of the hands and feet, in the epiphyseal parts of the
Clinical History long bones as well as pelvis and sacrum (Figure 2). Clini-

In the current study we identified a family with congeni-
tal osteopoikilosis (Figure 1). The affected family mem-
bers suffered from moderate to intermittent pain in the
hands and feet, with onset of the symptoms varying from
15 (Patient IV:17) to 26 years of age (Patient II:13). X-ray
examination revealed disseminated sclerotic foci in the

cal features observed in the affected family members are
summarized in (Table 3), and involve several findings:
dermatofibrosis, tetralogy of fallot (TOF), ovarian and
sinus cysts, diabetes mellitus type 2, and vitiligo. Interest-
ingly these wvarious features were presented by the
patients who carried both LEMD3 and EXTI gene muta-

Table 2: Sequences of the primers used for EXTT cDNA amplification and sequencing.

PCR name F Primer sequence 5- 3" R Primer sequence 5'-3'
EXTTcDNAT GCTGCTCGLCCGLCCTGGGTG GTGGTGCAAGCCATTCCTAC
EXT1cDNA2 CTCAGCTGGCTCTTGTCTCG CTCGGTGTAGTCAGGCCAAG
EXT1cDNA3 CTTGTGGAACAATGGTAGG CCTATGACGGCAGCTTGGTITC
EXT1cDNA4 GTATGATTATCGGGAAATG CTGGGCACAGTACTGGGACTTGG
EXT1cDNAS CTGGTCTCTCAGTCCCAGC GTCCCATCATTGTCTCCTTATAC
EXT1cDNAG GCCTCCAATCAAAGTGACCC CTCTGCTGATGAGTGGATCTGC
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EXT1, Exon 9 ¢.1732 G>A p.A578T

cDNA, 9bp DEL, 1283-1291

Figure 1 Co-occurrence of LEMD3 and EXTT mutations. (A) Co-cccurrence of LEMD3 (*) and EXT1 missense mutation (o) in the family affected with
osteopoikilosis. A 9 bp deletion in £XT1 gene (B) affecting patient suffering from multiple exostoses. (B) Representative electrophoregrams of the de-
tected mutations. Osteopoikilosis phenotype is shown in black, whereas rmultiple exostoses syndrome is represented with brown colour. Horizontal

bars over symbols mark patients who underwent clinical examination and molecular testing.

tions (with exception of dermatofibrosis which was pre-
sented by a patient affected with LEM D3 mutation only).
We also consulted a more distant relative of this family
(V:1), who was independently referred to a clinical genet-
icist at the age of 7 years. X-ray examination showed large
multiple exostoses predominantly localized in the ends of
the long bones (Figure 2). The boy was operated at the
age of 7 years for a large exostosis affecting proximal part
of the right humerus. Histopathological examination of
the removed bone was suggestive of enchondromatosis.

Mutation Detection

Full coding sequence and exon-intron boundaries of the
LEMD3 gene were analyzed in the nine individuals.
Patients (II1:10, I11:13, IV:8, IV:15, IV:17) were heterozy-
gous for C-to-T transition in exon 9 (¢.2203C > T) on
genomic DNA. This mutation was predicted to change
amino acid 735 from an arginine to a stop codon
(p.R735X) (Figure 1, Figure 3A). Three out of these
patients (IIL:13, IV:15, IV:17) additionally carried a
heterozygous mutation in the EXTI gene. This mutation
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Patient IlI:8

Figure 2 Sclerotic changes in the hands, feet, and pelvis of the os-
teopoikilosis affected patients positive for ¢.2203C > T (p.R735X)
LEMD3 mutation. (A) Hyperastotic spots are seen bilaterally in the dis-
tal parts of radius and carpal bones (arrows) as well as in the phalanges
of hands and feet and in the pelvis (arrowheads). (B) Radiological ap-
pearance of the right hand of the proband (V1 - carrying intron 5 1VS5-
2 A>Gmutation) at the age of 5 years. Large exostasesin the proximal
part of the humerus, as well as in the proximal and distal ends of the
ulna and radius are demarcated with arrows

altered G-to-A in exon 9 (¢.1732G > A) on genomic DNA
and predicted to change amino acid 578 from an alanine
to a threonine (p.A5787T). Presence of both LEMD3 and
EXTI variants was excluded among 81 and 247 healthy
Polish and German controls respectively. Bioinformatic
analysis of the EXT1 sequence with SIFT http://

siftjeviorg and PolyPhen hitp://genetics.bwh.har-
vard.edu/pph/ software indicated a high probability of

g
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the mutation being deleterious for the protein function
(PolyPhen - PSIC score difference for A578T: 1.688) - see
(Figure 3B) for sequence conservation. However, affected
patients did not exhibit exostoses and no additional skele-
tal manifestations beyond hyper-mineralized foci were
detected. Interestingly, patients affected with both
LEMD3 and EXTI mutations presented spectrum of
additional non-skeletal pathologies, which included:
(IV:15) TOF and ovarian cysts, (IV:17) sinus cysts, and
(I11:13) diabetes melitus type 2 and vitiligo (Table 3).

A different mutation in EXT1 gene was identified in the
patient (V:1), diagnosed with multiple exostoses syn-
drome. The patient carried a heterozygotic splice site
mutation in intron 5 (IVS5-2 A > G), as detected in blood
lymphocytes and primary osteoblast progenitor cells
obtained from the surgically removed exostoses.
Sequencing of the exostoses derived ¢cDNA (obtained
from the cells isolated from the affected bone) showed
that splice site mutation resulted in the in-frame deletion
of 9 bp of the exon 5 leading to a deletion of three amino
acids (pos. 429-431 - two conserved isoleucin residues
and a conserved glutamic acid residue) (Figure 3B). Func-
tional relevance of the deleted amino acids was predicted
based on their evolutionary conservation.

Discussion

We identified a family with five members affected by
osteopoikilosis caused by a novel nonsense heterozygous
mutation (p.R735X) localised in exon 9 of the LEMD3
gene. In other branch of this family we identified a boy
affected by more severe bone deformations. The boy was
initially suspected of the melorheostosis, but upon X-ray
examination, the diagnosis was corrected to the multiple
exostoses syndrome. Clinical diagnosis was subsequently
confirmed by sequence analysis of the EXT1 gene and
identification of a previously undescribed splice site
mutation (IVS5-2 A>G). This finding led us to sequence
EXT1I gene in the rest of the family. Surprisingly, three of
the osteopoikilosis affected patients additionally to

Table 3: Clinical symptoms identified in the pati p

g with poikilosi

Patient IV:15

(female; 26 years)

PatientIV:17

(female; 24 years)

Patientlll:13 Patient lil:10 Patient IV:8

(male; 60 years) (female; 54 years) (male; 19 years)

EXT1 mutation status p.A578T p.AS78T
Painful hands and feet + +
Dermatofibrosis - -
Additional skin changes - -
Other symptoems/disorders TOF, Ovarian cyst Sinus cyst
Laboratory tests (Ca, P, AP, ACP) NE NE

p.AS78T - -

+ + +

+ R

Vitiligo - -

DM2 - -
NE Normal NE

TOF - tetralogy of Fallot; DM2 - diabetes mellitus type 2; NE - not examined; Ca - calcium; P - phosphate; AP - alkaline phosphatase; ACP - acid

phosphatase
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Mus musculus ITDAVLSLDEDTVLSTTEVDFAFTVWQSFPERIVGYPARSHFWDN
Equus caballus VIDAVLSLDEDTVLSTTEVDFAFTVWQSFPERIVGYPARSHFWD)
Bos taurus ITDAVLSLDEDTVLSTTEVDFAFTVWQSFPERIVGY PARSHEWD)
Canis familiaris ITDAVLSLDEDTVLSTTEVDFAFTVWQSFPERIVGYPARSHEWDN
Dasypus novemcinctus VIDAVLSLDEDTVLSTTEVDFAFTVWQSFPERIVGYPARSHFWDN
Gallus gallus VIDAVLSLDEDTVLSTTEVDFAFTVWQSFPERIVGYPARSHEWDN
Xenopus laevis GTDAVLSLDEDTVLSTTEVDFAFTVWQSFPERIVGYPARSHFWDS
Danio rerio I9DAVLSLDEDTVLSTTEVDFAFTVWQSFPERIVGYPARSHFWDN
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Homo sapiens YFSSVEKIVLTTLEI IQDRIFKHISRNSLIWNKH
Pan troglodytes YFSSVEKIVLTTLEI IQDRIFKHISRNSLIWNKH
Macaca mulatta YFSSVEKIVLTTLEI IQDRIFKHISRNSLIWNKH
Rattus norvegicus YFSSVEKIVLTTLEIIQDRIFKHISRNSLIWNKH
Mus musculus YFSSVEKIVLTTLEIIQDRIFKHISRNSLIWNKH
Equus caballus YFSSVEKIVLTTLEIIQDRIFKHISRNSLIWNKH
Bos taurus YFSSVEKIVLTTLEIIQDRIFKHISRNSLIWNKH
Canis familiaris YFSSVEKIVLTTLEIIQDRIFKHISRNSLIWNKH
Dasypus novemcinctus YFSSVEKIVLTTLEIIQDRIFKHISRNSLIWNKH
Gallus gallus YFSSVEKIVLTTLEIIQDRIFKHISRNSLIWNKH
Xenopus laevis YFSSVEKIVLTTLEIIQDRIFKHISRNSLMWNKH
Danio rerio YFSSVEKIVLTTLEI IQDRVLOQOSSRSSVMWNSH

Figure 3 Schematic representation of the LEMD3 and EXT1 protein structure with the protein motifs and domains assigned. (A) The LEMD3
R735X () mutation localizes in SMAD binding domain of LEMD3. EXT1 mutation A578T () localizes in the glycotransferase domain of EXT1. EXT1 mu-
tation IVS5-2 A > G (p. DEL 429-431) (B) is located in the conserved region of the protein in-between two catalytically active domains. (B) Evolutionary
conservation of the mutated amino acid residues in the EXT1. The block of absolute sequence conservation surrounding mutation sites is demarcated
with the red bracket.
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LEMD3 mutation carried a yet unreported amino acid
variant (p.A578T) in the EXTI gene. Of note was a wide
spectrum of the clinical symptoms observed in these
family members, which ranged from heart defect, diabe-
tes mellitus, vitiligo to ovarian and sinus cyst formation.
None of these pathologies was observed in the examined
family members who carried LEMD3 mutation only
(patients I11:10 and IV:8), nor in the family members who
were free of mutations in both genes (patients I11:5, II1:8,
111:14, TV:3). However, since we were unable to examine
other unaffected family members, the relevance of this
observation remains uncertain. The EXTI splice site
mutation and other identified mutations must have
occurred independently in the two branches of the family.

The exact mechanism by which LEMD3 gene muta-
tions lead to the formation of the bone lesions is not clear.
LEMD3 inactivation in mice was recently shown to result
in the mid-gestation lethality [12]. However, heterozy-
gous mice were healthy and no bone lesions reminiscent
of osteopoikilosis could be detected, leaving question
mark over patho-mechanism of the disease. Co-occur-
rence of the LEMD3 gene mutation with the mutation in
another gene has not yet been reported. Presented case
constitutes first such report. Following considerations
appear relevant based on the review of the available liter-
ature. It has been shown that LEM domain containing
proteins interact with the barrier-to-autointegration fac-
tor (BAF) [13]. BAF is a component of the chromatin
remodelling complex, which uses energy from ATP to
dismantle DNA-histone complexes [14]. This is on one
hand necessary for initiation of transeription, and it has
been postulated that LEMD3, through BAF and SMAD
interactions might regulate the expression of osteogenic
genes [2]. On the other hand it is known that chromatin
remodelling is necessary for the efficient DNA repair
[15]. LEMD3 closely associates with the intranuclear lam-
ina and mutations in other lamin interacting proteins are
known to result in the DNA damage accumulation [16].
Indeed, it has been suggested that lamin complexes acts
as assembly scaffolds for DNA repair machinery [17].
Thus, it seems legitimate to ask if inactivation of LEMD3
could also result in an increased mutational susceptibility
and increased frequency of the post-zygotic second hit
mutation occurrence. In this context it is interesting to
note that osteopoikilosis was previously reported to coin-
cide with other pathological entities, including various
types of cancers: synovial chondromatosis [18], syn-
oviosarcoma [19], chondrosarcoma [20], osteosarcoma
[21], giant cell tumor [22], metastatic breast carcinoma
[23], as well as developmental dysplasias: dental, facial
abnormalities, coarctation of the aorta, double urether,
mental retardation and other reviewed by Gunal et.al
[24].
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Clearly, further research is needed to address possible
association of the LEMD3 loss of function with DNA
mutation susceptibility. Presented study constitutes first
example of the LEMD3 gene mutation co-occurrence
with additional genetic alteration, which could potentially
modify and/or constitute the nature of the osteopoikilo-
sis.

Conclusions

The presented case points to importance of the thorough
clinical evaluation of the osteopoikilosis patients as phe-
notypic features of osteopoikilosis with melorheostosis
might be confused with the co-occurrence of osteopoiki-
losis and multiple exostoses. The data encourage re-eval-
vation of the known osteopoikilosis families for the
possible co-occurrence of other than Buschke-Ollendorff
and melorheostosis disease entities and investigation of
the possible LEMD3 function in the DNA repair.
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Publikation 3:

Mutations causing Greenberg dysplasia
but not Pelger anomaly uncouple enzymatic from
structural functions of a nuclear
membrane protein
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Abbreviations: LBR, lamin B receptor; ER, endoplasmatic reticulum; PHA, Pelger-Huér anomaly; HEM, hydrops, ectopic
calcification and moth-eaten skeletal dysplasia (Greenberg dysplasia); gw, week of gestation; OC, in vitre differentiated
osteoclast; HOS, human osteosarcoma cells; qPCR, quantdrative PCR; SLOS, Smith-Lemli-Opitz syndrome; CHILD, congeniral
hemidysplasia with ichthyesiform erythroderma and limb defects; CDPX2, chondrodysplasia puncrata X2; BLAST, basic local
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Thelamin Breceptor (LBR) isan inner nuclear membrane protein with a structural functioninteracting with chromatinand
lamins, and an enzymatic function asa sterol reductase. Heterazygous L8R mutations cause nudear hyposegmentation
in neutrophils (Pelger anomaly), while homozygous mutations cause prenatal death with skeletal defects and abnormal
sterol metabolism (Greenberg dysplasia). It has remained unclear whether the lethality in Greenberg dysplasiais due to
cholesterol defects or altered nuclear morphology.

To answer this question we characterized two LBR missense mutations and showed that they cause Greenberg dys-
plasia. Both mutations affect residues that are evolutionary conserved among sterol reductases. In contrast towildtype
LBR, both mutations failed to rescue Cl4 sterol reductase deficient yeast, indicating an enzymatic defect. We found no
Pelger anomaly in the carrier parent excluding marked effects on nuclear structure. We studied Lbr in mouse embryos
and demonstrate expression in skin and the developing skeletal system consistent with sites of histological changesin
Greenberg dysplasia. Unexpectedly we found in disease-relevant cell types not only nuclear but also cytoplasmatic LBR
localization. The cytoplasmatic LBR staining co-localized with ER-markers and is thus consistent with the sites of endo-
geneous sterol synthesis.

We condude that LBR missense mutations can abaolish sterol reductase activity, causing lethal Greenberg dysplasia
but not Pelger anomaly. The findings separate the metabolic from the structural function and indicate that the sterol
reductase activity is essential for human intrauterine development.

*Correspondence to: Katrin Hoffmann; Email: katrin hoffmann.genetik@charite.de; khoffma@grmeenet
Submitted: 03/24/10 Revised: 05/21/1%; Accepted: 05/21/10
Previously published online: wwwilandesbioscience.com/journals/nuc eus/artice/12435

354 Mucleus Yolume 1 lssued

49



Introduction

The lamin B receptor (LBR) is a multifunctional inner nuclear
membrane protein with structural impact on nuclear shape
and chromarin organization.! The nucleoplasmaric part
directly and indirectly inwracts with chromarin, lamins, het-
erechromatin proteins HP1¢ and ¥, histones H3 and H4 and
other nuclear components.>* The transmembrane part belongs
to the sterol reductase family and exhibits sterol reductase
activity in vivo.®?

LBR and lamins contribute to chromosome positioning,
gene expression and distribution of nuclear pore complexes.
Also, the lamin network has been shown to be involved in other
essential cellular processes such as mitosis, meiosis and apopro-
sis. Laminopathies are diseases associated with lamin nerwork
proteins. Alteradons of nuclear envelope compenents such as
emerin or lamin A/C change nuclear shape and cause a variety
of human diseases. Manifestations range from developmental to
degenerative phenotypes, including cardiomyopathy, restrictive
dermaropathy, lipodystrophy, mandibuloacral dysplasia, mus-
cular dyswophy. peripheral neuropathy and premawre ageing
syndromes.® This demonstrates the essential cellular and clini-
cal impact of the lamin network.

Lamin B receptor mutations cause human Felger anomaly
(TPelger-Huét anomaly, PHA [MIM 169400]), human lethal
Greenberg dysplasia (HEM [MIM 215140]), and recessive ich-
thyesis in mice (ic/ic). We showed earlier that ZBR mutations
cause dose-dependent hyposegmentation of granulocyte nuclei
in individuals with heterozygous or homozygous Pelger anoma-
Iy.¥ Heterozygous ZBR mutations alter neutrophil morphology
without causing disease, while homozygous LZBR mutations
cause a spectrum of systemic malformations ranging from car-
diac defects, brachydactyly and mental retardation {as occurs in
homozygous Pelger anomaly), to severe skin disease (modeled by
ichthyotic ic/ic mice) and prenatal dearth, as found in Greenberg
dysplasia.l>t®

Greenberg dysplasia is also known as HEM skeletal dys-
plasia, an abbreviation derived from the characteristic fea-
tures hydrops, ectopic calcification and moth-eaten skeletal
dysplasia.®*?* The disease is associated wich an abnormal ste-
rol mertabolite, cholesta-8.14-dien-3B-o0l. Defects in other
sterol synthesis enzymes present with skeletal malformations,
mental retardation, failure to thrive or even death, and are
viewed as metabolic malformation syndromes.?S Whereas some
groups believe that in Greenberg dysplasia the sterol defecr is
causative,® others assume the primary problem in altered
nuclear structure.’

So far, truncating mutations, namely nonsense, splice site and
frameshift mutations, have been reported for Pelger anomaly."*?
For Greenberg dysplasia, one homozygous nonsense mutation
and one homozygous missense mutation in the lamin B receptor
gene were described.®2® In the family with Greenberg dyspla-
sia due to homozygous missense mutation p.N547D, no sterol
measurements of blood smears were available ** It thus remained
unclear whether or not the lethal effect is due to altered sterol

metabolism or due to altered nuclear stwucture.

wwwlandeshiosdence com
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Results

We studied three fetuses that all fulfilled the clinical criteria
of Greenberg dysplasia, namely intrauterine growth retardarion,
massive generalized edema (hydrops), extreme shortening of
long bones (tetrabrachymelia) with a moth-eaten appearance of
tubular bones, ectopic calcification centers and a narrow thorax
(Fig. 1A, Suppl. Table 1). Detailed clinical examination was
obtained from fetus A; fetus B has been described previously.®
Sterol analyses were performed in muscle tissue of fetus B
and revealed the abnormal swerol metaboliee $¢-cholest-8,14-
dien-3B-0l,”® that was previously shown to be associated with
Greenberg dysplasia.’® Sterol analysis was not available for the
other two fetuses.

Sequence analysis revealed frameshift and missense marta-
tions in the LBR gene. We sequenced ZBR and identified
mutations in all three families (Fig. 1B, sequence traces and
segregation in Suppl. Fig. 1A). Fetus A showed a homozygous
frameshift mutation ¢.1492delT that is predicted to change resi-
dues 468 to 474 and 1o create a premature stop in codon 475
(pY468TfsX475). Fetus B revealed two different mutadons,
¢.32delTGGT and c.1748G>A. The first is a deletion of 4 base
pairs causing a frame shift with subsequent premature stop
in codon 24 (pV11EfsX24). The second is a missense muta-
tion replacing arginine by gluramine ar residue 583 (R583QQ).
Both parents of fetus C were carriers of the missense mutation
p-N347D. Even though no material was available from fetus C to
show homeozygosity for mutation p.N$47D), consanguinity of the
parents and the presence of the same mutation in another fetus
with Greenberg dysplasia®® indicate that this mutation was caus-
ative. We proved that the nucleotide changes were not present in
150 controls, thereby making a polymorphism unlikely. For the
missense mutations, we tested another 150 controls, to further
reduce the possibility that they were rare variants.

The missense mutations reside in the sterol reductase dormain
and affect evelutionary conserved residues (Fig. 1B). We tested
the potential relevance of the identified missense mutations by
an interspecies comparison. The p.N547D and p.R383Q) muta-
tions both change residues that are evolutionary extremely con-
served among LBR and other sterol reductases, indicating their
funcdonal relevance (Suppl. Fig. 1B). Sequencing of DHCR? and
TM75F2 did not reveal alterations in any of the families, exclud-
inga second hicin another gene of the C14 sterol reductase family.

LBR missense mutation did not alter nuclear shape in
neutrophils, Since both missense mutations reside in the ste-
1ol reductase domain of the lamin B receptor, disruption of the
sterol reductase functon seemed likely. However, the position
of these mutations made effects on the second function of the
lamin B receptor, namely nuclear structure, less likely. Based
on the assumption that the amino acid substdctuton does not
affect essential regions for modification, transport, or lamin B
receptor anchoring, we expected nuclear morphelogy to remain
unchanged. To test this hypothesis, we obtained blood from the
parents of fetus B. The blood smear of the father indeed showed
apparently normal neutrophils with multisegmented nuclei,
whereas the mother had an obvious heterozygous Pelger anomaly
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Outer nuclear membrane

Perinuclear space

Inner nuclear membrane

Nucleoplasm

NH,
4 p.Y468TfsX475 p-R583Q
p.V11EfsX24
Binding
Lamin B, DNA T in with sterol activity
HP1, Histons

Figure 1. Phenotype and identified mutations. (A) Post mortem appearance of fetus A at 16 + 3 weeks pregnancy. Note the edema, extreme microme-
lia of all four limbs and roentgenographic moth-eaten appearance of tubular bones. The thorax is deformed and narrow. Note the large head with hy-
groma and the hexadactyly on hands and feet. Scale bar 1 cm. (B) Schematic view of the lamin B receptor as a protein of the inner nuclear membrane
and identified mutations. The nucleoplasmatic part interacts directly and indirectly with lamins, chromatin and other nuclear proteins. The transmem-
brane domain belongs to the C14 sterol reductase family and displays sterol reductase activity. The missense mutations p.N547D and p.R583Q reside
in the transmembrane domain (sterol reductase domain). The two frameshift mutations are predicted to create a premature stop codon and thus the
RNA is likely to undergo nonsense mediated decay, abolishing both the structural and metabolic function. Missense mutation p.N547D was previously

described.”

with nuclear hyposegmentation (Fig. 2). This state of affairs was
confirmed by sequence analyses. The mother with the Pelger
anomaly was the carrier of the nonsense mutation p.V11EfsX24.
The father, with the normal neutrophils on blood smears, carried
the heterozygous missense mutation p.R583Q, indicating that
this mutation affects sterol metabolism but not nuclear shape. No
blood smears from the parents of fetus A and C were available.

356 Nucleus

Both missense mutations failed to compensate for C14 ste-
rol reductase deficiency in yeast. The human wildtype lamin
B receptor can complement for the sterol reductase function in
yeast.>*” LBR belongs to the C14 sterol reductase family as does
yeast ERG24. The ERG24 deficient yeast has an altered sterol
metabolism where the normal end product, ergosterol, is missing
and the abnormal metabolite ignosterol is produced instead.
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LBR mutation Controls in an amount similar to the wildtype

rescue, indicating a partial compen-

= Hetarozygousl M'Heterozygous Control 1 Gortrola sation. However, p.N547D caused a
VAEfsX24 ' R598Q Wildtype Wildtype significant accumulation of the abnor-
Mother JL Father SL Male Female mal metabolites 4-methylzymosterol
Heterozygous Pelger No Pelger phenotype and ignosterol. Human mutation

p-R583Q failed to produce the normal
end product ergosterol in significant
amounts. Instead, we observed a huge
accumulation of the abnormal end
product ignosterol. Both mutations
increased the total amount of pathway
metabolites, probably to provide at
least trace amounts of ergosterol that
is necessary for a number of essential
cellular functions in yeast. Analyses of
growth pattern confirmed these results
with  p.N547D pardially restoring
growth and p.R583Q failing to do so
(Fig. 3C).

In fibroblasts, LBR is not only
located at the nuclear rim but also
shows significant non-nuclear local-
ization. The lamin B receptor is a pro-
tein of the inner nuclear membrane.
Accordingly predominant localization
was so far only reported in the nucleus.
To test the hypothesis that malforma-
tions observed in Greenberg dysplasia
result from effects other than nuclear
sterol synthesis, we studied the cellular
distribution of the protein. The abnor-
mal sterol metabolite in Greenberg
dysplasia was initially identified by
growing Greenberg fetal fibroblasts in

lipid-depleted serum.'® We therefore

are shown. Scale bar 10 pm.

Figure 2. Neutrophils show normal nuclei with multiple segments in the father with heterozygous
missense mutation p.R583Q and in controls, indicating that this mutation does not affect nuclear
shape. In contrast, the mother is a heterozygous carrier of a nonsense mutation and shows Pelger
anomaly with hypolobulated nuclei in blood smears. Five representative neutrophils per individual

reasoned that fibroblasts are a reason-
able cell type to test this hypothesis
and indeed found extensive localiza-
tion of the lamin B receptor outside
the nucleus (Fig. 4A and B). De-novo

Since ergosterol is essential, ERG24 mutants show impaired
growth (Fig. 3A, Suppl. Fig. 2).

We first demonstrated that wildtype human LBR and wild-
type yeast ERG24 rescued the ERG24 deficient yeast phenotype
in our system (data not shown). We then introduced the missense
mutations p.N547D and p.R583Q, respectively, and transformed
yeast with these mutant variants. We found that the mutants
failed to rescue the yeast ergosterol phenotype (Fig. 3B). As
expected, wildtype yeast showed metabolites of the normal path-
way, lanosterol, fecosterol and ergosterol. The same applied for
ERG24 deficient yeast rescued by transformation with the yeast
ERG24 gene or by the human LBR wildtype gene. The human
LBR mutant p.N547D also produced fecosterol and ergosterol

www.landesbioscience.com
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endogeneous sterol synthesis takes
place in the endoplasmatic reticulum
(ER). Accordingly, we found a co-localization of the non-nuclear
LBR with calnexin as an ER membrane component (representa-
tive localization in Fig. 4A; more cells are shown in Suppl. Fig.
3). Further, we tested this in HeLa cells that have a higher growth
rate and a higher expression level of LBR compared to fibroblasts.
We found extensive cytoplasmic localization of LBR co-localizing
with calnexin in immunostaining also in this cell type. Further,
the western blot of fractionated HeLa cells revealed LBR in both
the nuclear and cytoplasmic fraction whereas the nuclear marker
lamin B was only present in the nuclear fraction (Suppl. Fig. 4).

LBR is expressed in human osteoclasts and osteoblast-like
cells. The Greenberg phenotype manifests as hydrops and severe
skeletal dysplasia with shortening of long bones and altered
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Figure 3. Design and results of the A
yeast rescue experiment. (A) System-

atic view of the rescue experiment.

(B) Analysis of human LBR constructs
by GC/MS. hLBRwt is able to comple-
ment ERG24 deficiency in yeast. hLBR_ l

Yeast

N547D is partially able to comple-

ment ERG24 deficiency, visible in the
Abnormal sterol

€14 sterol reductase deficient

Yeast
€14 sterol reductase deficient

Yeast
€14 sterol reductase deficient

Human mutant LBR vector
Greenberg missense mutation

l Human wildtype LBR vector

d sterol

production of the end product of the
sterol pathway, ergosterol. However,
providing this essential component
happens on the cost of also produc-

Abnormal sterol synthesis

ing large amounts of the abnormal
metabolites 4-methylzymosterol and
ignosterol. hLBR_R583Q is not able to
complement ERG24 deficiency, seen
in the insufficient production of the
normal endproduct ergosterol and
massive accumulation of the irregular
product ignosterol. (C) Growth pat-
tern. Mutation p.R583Q failed to nor-
malize the growth of Erg24 deficient
yeast. Mutation p.N547D partially
compensated for Erg24 deficiency
with respect to growth.

growth plates in early fetal develop-
ment. Therefore, we analyzed RNA
levels in potentially disease-relevant
human cell lines. We found expres-
sion of LBR in fibroblasts, lympho-
blastoid cells, and to a very high
degree in human in vitro differen-

Sterol content (Sterol / mg of dry weight [%] )

Yeast wild type

v Growth Normalized growth Growth deficient
Rescue No Rescue
B 18 —— ___,- OlLanosterol Precursor
/ @Fecosterol Normal metabolite 150
187 Lanosterol ERG24 mErgosterol Normal end product  ——
* @4-Methylzymosterol  Irregular metabolite
14 -=p _ ==k Ignosterol  Dignosterol Irregular end product

001 o 0.05 N
- |
Yeast AErg24 Yeast AErg24 Yeast AErg24
hsLBR_wt hsLBR_N5470 hsLBR_R583Q

tiated osteoclasts (OC) and human
osteosarcoma cells (HOS) which are
osteoblast-like (Fig. 5A).

LBR is strongly expressed in 10
liver, skin, brain as well as in spe-
cific regions of the developing car-

. R 8
tilage and bone in mouse embryos. .
To analyze Lbr expression in vivo g
we studied wildtype mouse embryos g6

at developmental stages consistent
with the earliest manifestations in
human Greenberg fetuses which 4
have been reported as early as in gw
13 by ultrasound. In situ hybridiza-
tion in wildtype mouse embryos at

embryonic day E12.5 {correspond-

—4— Yeast AErg24 + hsLBR_wt
- Yeast AErg24 + hsLBR_N547D

—e— Yeast AErg24 + hsLBR_R583Q

—4&— Yeast wild type + empty vector

ing to human gw 8 + 2) and qPCR 0
of mouse tissues at postnartal day P4
showed strong expression of Lér-

6 12 18 24
Time [h]

RNA in the liver, lung, midgut,

skin, brain, as well as in developing cartilage (Fig. 5B and C).
To further analyze Lbr expression in growth plate cartilage we
performed immunohistochemistry on E15.5 mouse forelimb sec-
tions in comparison to the chondrogenic marker Sox9 (Fig. 6A).
Lbr is expressed throughout growth plate cartilage, with weaker
expression in hypertrophic chondrocytes. At the sites of trabecu-
lar bone formation Lbr expression was also seen in osteoblasts. In

358 Nucleus

addition to the cartilage/bone expression, a signal for Lbr pro-
tein was also observed in muscle and in connective tissue fibro-
blasts. Consistent with the findings in human fibroblast cultures,
we found, in addition to localization at the nuclear rim, a non-
nuclear staining in connective tissue fibroblasts and also in Lbr-
expressing cells of the developing cartilage and bone (Fig. 6A and
magnification in B).
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A B Fraction enzymopathy and a structural trait by mutations

in the same gene product is, as to our knowledge,

cC N C N quite unique. We draw attention to the dominant

% = 72 kDa structural effect in Pelger anomaly and the reces-
i | LBR (GP) | s e = s sive enzymopathy in Greenberg dysplasia.

Nomlcs == 52 kDa The N-terminal part mediates the interaction

of the lamin B receptor with lamins, chromatin

LBR - 72 kDa and heterochromatin proteins.”** Nonsense

Namf:g) T ——— mutations with subsequent loss of the encoded

== 52 kDa protein impair that structural function and result

c in hyposegmentation of neutrophil nuclei and

.g w72 kDa altered chromatin structure, as seen in the Pelger

£ Iei‘:nl(":ss) L — s — blood phenotype in the mother with the het-

3 == 52 kDa crozygous nonsense mutation p.V11EfsX24. In

contrast, the nuclear structure of neutrophils was

Calnexin (D == S - = == 95 kDa unaffected b{v missense mutation p.R583Q wh i§l1

(E— affects a residue of the sterol reductase domain

only. The father of fetus B was heterozygous for

missense mutation p.R583Q and did not show

Tﬂg::;‘ — W = _ 5> pa | 0 evidence for Pelger anomaly. We assume that

the nuclear structure is also not markedly altered

in other cell types since the nuclei of neutrophils

are especially sensitive to loss of LBR. In addi-

Lamin B2 o - .. 7> Da tion, the position of this mutation within the

membrane makes a marked structural effect on

nuclear shape unlikely. The same applies for mis-

Figure 4, Localization of the lamin B receptor in human control fibroblasts. (A) Lamin B re-
ceptor staining (gp-anti-LBR_N-term) of the nuclear rim and in addition in the cytoplasm
in control fibroblasts. The non-nuclear LBR showed a partial co-localization with the ER
membrane protein calnexin (green), indicating a localization of LBR in this compartment.
Scale bar 10 um. (B) Nuclear (N) and cytoplasmatic (C) extracts from human control skin
fibroblasts showed a strong LBR expression in both the nuclear and the cytoplasmatic
fraction by three different LBR antibodies. The nuclear protein lamin B2 and the cytoplas-

matic alpha tubulin confirmed separation of the nuclear and cytoplasmatic fr.

Discussion

We studied three cases of Greenberg dysplasia in which LBR
missense and nonsense mutations were identified. There was no
phenotypic difference between fetuses with nonsense and mis-
sense mutations. Both missense mutations changed evolutionary
conserved residues of the sterol reductase domain and failed to
rescue sterol reductase deficient yeast. We showed that carrying
a heterozygous missense mutation affecting the sterol reductase
domain did not alter nuclear shape in neutrophils. We demon-
strated LBR expression in cytoplasmatic compartments (ER) and
in embryonic structures essential for bone development. Our
findings uncouple the metabolic from the structural function of
LBR and indicate that the developmentally essential enzymatic
function may be exerted in the ER.

LBR is a hybrid protein, is likely to mediate separate func-
tions and thus could also contribute to separate distinct dis-
eases. LBR is the only sterol reductase that gained an additional
200 amino acids at the N-terminus which added new functions
such as the localization to the nucleus and interaction with chro-
matin and other nuclear components."”” The combination of an

www.landesbioscience.com Nucleu

sense mutation p.N547D where no blood smears
from the parents were available.

In contrast, both missense mutations failed
to compensate for Cl4 sterol reductase defi-
ciency in yeast, indicating severe enzymatic
defects in sterol metabolism. We showed that
both missense mutations affect evolutionary

actions. %
conserved residues of sterol reducrases and exper-

imentally proved that they both failed to com-
pensate for sterol reductase deficiency in yeast. While p.R583Q
completely failed to compensate, p.N547D could partially
restore Cl14 sterol reduction, but produced a huge amount of
abnormal metabolites. The relevant functional effect is under-
scored by the fact that mutations in homologous positions in
another human sterol reductase, 7-dehydrocholesterol reductase
[DHCR7 (MIM 602858)], cause Smith-Lemli-Opitz syndrome
[SLOS (MIM 270400)].°* Smith-Lemli-Opitz syndrome is a
recessive disease with multiple malformations including skeletal
and developmental defects, and mental retardation.”?* Notably,
an abnormal sterol metabolite is also found in the same pathway
where LBR is expected to function; whereas LBR acts in an ecar-
lier step in cholesterol synthesis, DHCR7 catalyzes the final con-
version from 7-dehydrocholesterol to cholesterol (overview in
Fig. 7, reviewed in ref. 26). The lamin B receptor mutation LBR.
N547D corresponds to a mutation found in Smith-Lemli-Opitz
syndrome affecting residue DHCR7.N407Y.* Mutation LBR.
R583Q has a homolog DHCR7 mutation with even an identi-
cal amino acid exchange from arginine to glutamine (DHCR7.
R443Q).° We excluded mutations in DHCR7 and TM7SF2 in

all three of our families. Thus, both LBR missense mutations
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Figure 5. Expression of the lamin B receptor in different cell types and in development. (A) Relative LBR mRNA expression in different human cell

lines, calibrated to fibroblasts. The highest expression is found in cell types associated with skeletal development, consistent with the most obvious
manifestations in Greenberg dysplasia. Analyzed cell types: Skin fibroblasts (HAF), breast cancer cells (MCF-7), lymphoblastoid cells (LCL), lung cancer
cells (A549), cervical cancer cells (HeLa), in-vitro differentiated osteoclasts (OC) and osteosarcoma cells (HOS). (B) Lbr expression in mouse tissues from
developmental stage P4, calibrated to liver. Lung, skin and bone show the highest Lbr expression which is consistent with the main manifestation sites
in patients with Greenberg dysplasia. (C) In-situ hybridization of Lbr in day 12.5 mouse embryos. Pronounced expression is found in liver, in several
regions of the brain, in skin, developing incisors, in midgut epithelium, lung epithelium and in vertebral condensations. Mouse embryonic day E12.5

corresponds to human gestational week 8 + 2 (post menstruation). Scale bar 500 pm.

appear to result in functional null effects with respect to sterol
metabolism.

The relevance of the metabolic function of LBR for
Greenberg dysplasia is underscored by a phenotypic and
pathogenic overlap with other diseases associated with choles-
terol synthesis in humans. The congenital hemidysplasia with
ichthyosiform erythroderma and limb defects [CHILD syn-
drome (MIM 308050)], chondrodysplasia punctata X2 [CDPX2

360
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(MIM 302960}], lathosterolosis [MIM 607330], desmosterolo-
sis [MIM 602398] and Smith-Lemli-Opitz syndrome all have
defects in enzymes of the cholesterol synthesis pathway down-
stream of LBR (Fig. 7). Skeletal defects, complete or increased
prenatal or perinatal lethality and dysmorphic facies are present
in all these conditions (reviewed in ref. 26). The results presented
here fit with the view that the enzymopathy in LBR deficiency
is causative for Greenberg dysplasia and thus indeed belongs to
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skin
muscle

cortical bone
cartilage growth plate -

bone marrow cavity

Lbr/Sox9

cartilage

bone

skin

Figure 6. Expression analysis of Lbr protein in wildtype mouse fore limb on embryonic day E15.5. (A) Lbr (red) is strongly expressed in skin and in
growth plate cartilage with exception of the hypertrophic zone. Immunostaining for the cartilage marker Sox9 (green) is shown for comparison. Posi-
tive staining is also detected in skin, muscle cells and connective tissue fibroblasts. In the region of the cortical bone, osteoblasts show a specific Lbr
staining in higher magnification. DNA was stained by DAPI (blue). (Note that the bright Lbr and Sox9 staining at the diaphysic bone collar is an artifact
due to unspecific antibody binding to the bone matrix). Scale bars: 5x and 20x 100 um, 63x 50 um. (B) Cytoplasmatic staining in chondrocytes and con-
nective tissue fibroblasts. White arrowheads point to cytoplasmatic LBR staining in chondrocytes, grey in connective tissue fibroblasts. Magnification
from (A) 63x cartilage. Scale bar 25 um.

the metabolic malformation syndromes.”® Detailed mechanistic  abnormal metabolite, cholesta-8,14-dien-3-ol, may mediate
information is not yet available how the loss of sterol reductase  toxic effects. Alternatively, upstream or downstream interme-
activity of the lamin B receptor causes Greenberg dysplasia. The  diates in cholesterol metabolism that are altered in quantity or
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Figure 7. Chol: ol synthesis path associated di and putative pathogenic mechanisms (reviewed in refs. 26, 49 and 50). Blockade of

the C14 sterol step might lead to an accumulation of precursors with subsequent up or downregulation. This accumulation could affect important
pathways such as farnesylation, heme and ubiquinone synthesis, or even the first hydroxyl methyl glutaryl CoA reduction step. Equally or more likely
might be a deficiency in downstream products. LBR catalyzes an early step in post-squalene cholesterol synthesis. Failure in this step might subse-
quently result in different amounts or composition of derivates from intermediate steps, such as meiosis activating sterols, oxysterols, vitamin D, and
finally of the end-product cholesterol and its derivates bile acids and steroid hormones.?* Cholesterol is a major component of membranes and lipid
rafts and is produced in significant amounts by the fetus itself.”" Insufficient ts and altered | composition could impair fetal develop-
ment. Greenberg dysplasia could even feature a modified hedgehog pathway, as a result of cholesterol modification. Hedgehog proteins are modified
by cholesterol.”? Altered hedgehog signaling was shown in other diseases of the post-squalene pathway* and mutations in genes of the hedgehog
pathway cause a number of skeletal defects. These defects include brachydactyly and polydactyly that are also seen in Greenberg dysplasia. Impaired
vitamin D metabolism might be another potential effector in Greenberg dysplasia since LBR affects a step upstream of the vitamin D precursor
7-dehydrocholesterol. Vitamin D is essential for bone development. Vitamin D is produced in significant amounts in the placenta and the fetus itself.
Though to our knowledge, whether or not there is de novo synthesis of vitamin D in the fetus is not entirely clear; however, at least locally such syn-
thesis might be possible. There are overlapping pathophysiologic and histologic findings in Greenberg dysplasia, rickets in children, and osteomalacia
in adults. Skeletal mineralization depends on the presence of sufficient amounts of calcium and phosphate at the sites of mineralization. Furthermore,
chondrocytes, osteoblasts and collagen matrix must position and function properly. Mineralization occurs in chondrocytes. If osteoblasts produce
more matrix than the chondrocytes can mil lize, rickets or ¢ lacia can develop. Similar mechanisms could be operative in a very early stage
of skeletal development in Greenberg dysplasia. The imbalance could either be due to absence or mal-position of calcium by vitamin D deficiency or
by abnormal chondrocyte function. In addition, rickets show inadequate mineralization of the chondrocyte matrix in the growth plates. In both rickets
and Greenberg dysplasia there is a disorganization or complete failure of chondrocytes to form chondrocyte columns. Epiphyses are stippled, growth
of long bones is impaired in both conditions. Osteomalacia is also seen in neurofibromatosis and as a complication of anticonvulsive therapy.*

362 Nucleus Volume 1 Issue 4

57



quality could affect farnesylation, oxysterols, steroid hormones,
bile acids, vitamin D, hedgehog signaling, modification of other
nuclear components as well as cyroplasmatic and nuclear lipid
signaling.?*%*%7 These effects and alteration of the structural and
metabolic function of cholesterol itself are all possible partici-
pants in the disease process.

The other sterol reductases of the postsqualene synthesis
reside and act in the cytoplasm. We showed that the lamin B
receptor is not only present in the nucleus but also exhibits an
extensive presence in cytoplasmatic structures. The lamin B
receptor has been so far viewed as a protein of the inner nuclear
membrane. In contrast, fibroblasts showed in addition to the
nuclear localization an extensive lamin B receptor staining in
cytoplasmatic comparmments (shown for three different LBR
antibodies). This could either be due to a funcrional demand of
cholesterol synthesis in certain cell types. Alternatively, cells with
higher LBR expression levels might exceed the nuclear binding
capacity for the lamin B receptor.?® However, the abnormal sterol
metabolite in Greenberg dysplasia was initially identified in fibro-
blasts that were grown in lipid depletion, forcing endogenous
cholesterol synthesis.”® Since fibroblasts show both this feature
of sterol synthesis and this exceptional extranuclear localization
of LBR, the lamin B receptor is likely to parricipate in cytoplas-
matic cholesterol synthesis. Further, we demonstrated partial co-
localization with the endoplasmaric reticulum membrane-protein
calnexin. These findings are in agreement with the cytoplasmatic
localization of other sterol reductases and the endogeneous cho-
lesterol synthesis in the ER’ LBR localized to cytoplasmatc
structures in significant amounts especially in certain cell types
such as skin fibroblasts and bone-related cells, indicating the
potential and probably the in vivo need for a de-nove endoge-
neous sterol synthesis.

We further showed that LBR is expressed in critical times
and tissues of prenatal development in mice, corresponding
to the predominant phenotypic defects skeleral dysplasia and
edemna seen in Greenberg fetuses, At mouse embryonic day 12.5
and 15.5 Lbr is present at RNA or protein level, respectively, in
skin, epithelia of lung and midgut, liver as the organ of major
fetal hematopoiesis but also in brain and distinct regions of skel-
etl development. Lbr expression in cartilage is pronounced in
all growth plate chondrocytes and also present in osteoblasts
forming the primary cortex. This is consistent with the histo-
logic changes in bones from Greenberg femses such as disorga-
nization or lack of chondrocyte columns, lack of growth plates,
abrupt mansition from carrilage to bone and premature exces-
sive ossification of the diaphysic bone collar. These histologic
changes were found, to our knowledge, in all histologically ana-
lyzed fetuses with Greenberg dysplasia,'**2+25%#59 and were also
found in our fetuses. The expression pattern we document for
the embryonic and postnatal mouse in combination with our
finding that human osteoclasts and osteoblast-like cells (HOS)
also strongly express ZBR, indicate that the lamin B recepror is
involved in cartilage and bone development in both human and
mouse.

Complete loss or functional loss of LBR as a sterol reductase
is developmentally lethal in humans whereas trace amounts

wwwlandeshiosdence com

Mucleus

might enable survival. We described a patent earlier with a
homozygous LBR murtation, IVS12-5-10del, where the intronic
deletion almest completely abolished normal splicing with sub-
sequent skipping of exon 13, frameshift, and a premarmre stop
codon.” However, the splicing defect was not complete. Trace
amounts of normally spliced mRNA and normal protein could
be shown. This patient clearly had hemozygous Pelger manifes-
tations with round neutrophil nuclei, indicating that there was
an almest 100% penetrance of this mutation with respect to the
structural function. However, with respect to sterol metabolism,
even these tiny amounts of normal LBR seemed w have been suf-
ficient to permit survival. This patient had mild mental retarda-
tion, brachydactyly due to shortened meracarpals, and a cardiac
defect” all far less severe phenotypes than observed in Greenberg
dysplasia. The findings in this Pelger patient and the presented
Greenberg cases suggest that minimal ameounts of functional
LBR are essential for human fetal development and survival.

Complete loss of LBR is lethal in humans but not necessarily
in mice. Lbr deficiency in mice (icfic) presents with severe skin
alterations (alopecia and ichthyosis), a Pelger blood phenotype,
growth deficit, increased perinatal death, variable syndactyly,
and hydrocephalus.”'™ Wassif et al. analyzed swerol metabolism
in Lbr deficient mice bred on different backgrounds and identi-
fied a sterol defect only on specific backgrounds and at a defined
point of development in the brain.®” They concluded that the
phenotype in Greenberg dysplasia and ichthyosis is more likely
to be caused by altered nuclear structure than by sterol metabo-
lism. Based on our finding that ZBR missense mutations affected
the sterol metabolism but not the nuclear morphelogy and that
no additional mutation in DHCRY or TM75F2 were found, we
conclude that in humans the sterol defect of the lamin B receptor
is pathogenic for Greenberg dysplasia.

Manifestations in response to homozygous failure of the
lamin B receptor differ between species. Complete lamin
B recepror deficiency seems to be not comparible with life in
humans, shows a severe phenotype in mice but is toleraed by
Drosophila® Drosophila Lbrisevolutionary nothighlyconserved
and lacks sterol reductase actvity,® probably because cholesterol
is an essential nutrient in flies not requesting an endogenous
cholesterol synthesis. There is no explanation yet for the differ-
ent phenotypes of LER deficiency in man and mice; hypotheses
include variations in cholesterol synthesis, transport or placental
transfer. Phenotypic differences berween human and mice are
also seen in defects of other components of cholesterol synche-
sis. Thus, SB»hydroxysteroid dehydrogenase defects cause limb
defects in humans (CHILD syndrome) but not in Bpa mice.?

In humans, the fetal deaths in Greenberg dysplasia and severe
skeletal defects in other cholesterol synthesis disorders underscore
the importance of normal sterol synthesis for intrauterine devel-
opment. This is of relevance for considering potential weratogenic
side effects of lipid lowering drugs but also of antimicrobial agents
thar often target swerol synthesis. %

We conclude that LBR missense mutations in the transmem-
brane domain can abolish sterol reducrase activity, thereby caus-
ing lethal Greenberg dysplasia bur not Felger anomaly. This
finding separates the metabelic from the structural functien of
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LBR and indicates thart its sterol reductase function is essential
for intrauterine development in humans.

Material and Methods

Patients. We studied three fetuses with the clinical diagnosis of
Greenberg dysplasia. The Charité University Medicine ethics
committee approved the study. Written, informed consent was
obtained from all participants or their legal representatives. Sterol
analyses for cholesta-8,14-dien-3B-ol was performed from fetal
material (liver or muscle) as published in Offiah et al.#*

Sequence analyses. We sequenced all exons including the
flanking intron regions of the ZBR gene (NM_002296.2) as
described previously” in either the fetus or the parents as obli-
gate heterozygous carriers. All mutations were wsted for correct
segregation in the patients families (where available). We fur-
ther analyzed 300 contrel chromosemes to exclude a previously
undescribed polymorphism. To explore the functional effect of
missense mutations, we proved the evolutonary conservation of
the affected residues by BLAST alignment and interspecies com-
parison. We sequenced additionally all coding exons of the genes
encoding the two other members of the C14 sterol reductases fam-
ily, DHCR7 (NM_001360.2) and TA[7SE2 (NM_003273.2),
respectively. Primer sequences are available on request.

C14 deficient yeast complementation assay. C14 sterol reduc-
tase deficient yeast has a defect of ERG24, resulting in abnor-
mal sterel metabolism and consequent failure to grow (Suppl.
Fig. 2). ERG24 belongs to the same C14 sterol reductase fam-
ily as the lamin B receptor. Human wildtype LBR rescues the
ERG24 deficiency in yeast** We therefore tested whether or not
human LBR carrying the missense mutations rescued the yeast
phenotype.

Vectors pl023 (hsLBR_wo) and pl032 (empry) were kindly
donated by Gerard Loison. We introduced the missense muta-
tions p.N547D and p.R583(Q) by murmagenesis following the
manufacturer’s instructions (QuikChange® XL Site-directed
Mutagenesis Kit, Stratagene). ERG24, wild type LBR, LBR_
N547D and LBR_R383QQ were each cloned in the yeast expres-
sion vector pEMR1032. We performed all analyses under the
control of two different promoters (PGKT and 777) wo ensure
thac the rescue deficit of mutants is not due to chance variations
in Vecror insertion or promoter activity.

ERG24 deficient yeast Saccharomyces cerevisiae BYA742erg24
(Y11164) and the coresponding reference strain S. cerewisiae
BY4742 (Y10000) were obtained from FBuroscarf (Frankfurt,
Germany). Transformation, expression and sterol analysis in
yeast were performed as previously described 2% We replicated
all measurernents in at least two independent experiments and in
2 different colonies per transformation.

‘To confirm expression of LBR in the yeast wansformants we
prepared 1 ml from log phase cultures. We pelleted ~3 x 10¢
cells, resuspended in 100 Pl distilled water, added 100 pl 0.2 M
NaOH and vortexed for 5 min at room temperature. We pelleted
the solution at 14,000 rpm for 2 min and resuspended in 50 1
2x LDS buffer with 10% [3-mercapwoethanol. After boiling for
3 min and pelleting, the samples were processed as previously
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described.” Hurnan wildtype LBR and both murants showed the
same expression patern in western blot indicating that transfec-
tion efficiency was comparable {daca not shown).

Used LBR antibodies. The most widely used LBR anti-
body, the guinea pig polyclonal and-LBR antibody (gp-anti-
LBR_N-term) is directed to the first 210 aminoacids of LBR
and was kindly provided by Harald Herrmann-Lerdon.” The
specificity of this antibody was shown in Shultz and co-workers:
Immunostaining and immuneblot of Lbr deficient cells showed
no background staining by the LBR antibody."” The rabbit mono-
clonal and-LBR antibody (rb-anti-LBR _ N-term) is also directed
against the N-terminus of human LBR (Epitomics, Burlingame,
CA, caralogue number 1398-1). The mouse meonoclonal ant-
LBR antibody {mouse-ant-LBR_C-term) is directed against the
C-terminal domain of LBR (klh-19, kindly provided by Harald
Herrmann-Lerdon).

Immunostainingin human fibroblasts, Human dermal fibro-
blasts were cultivated in Dulbecco’s Modified Eagle Medium
(Lonza, Basel, Switzerland) with 10% fetal calf serum (FCS)
and 2 mM L-glutamine. Cells were grown on coverslips, fixed
in 4% paraformaldehyde in 1x phosphate buffered saline {PBS)
for 10 min at 4°C, then blocked for 30 min with 10% bovine
serum albumine (BSA) in PBS, incubated for 1 h with poly-
clonal gp-ant-LBR_N-term (1:100 dilution) followed by an 1 h
incubadon with the secondary antibody (Alexa 553-conjugated
goat anti-guinea pig antibody, Molecular Probes, 1:1,000) and
DAPI (Sigma, 1:1,000). Cells were mounted with Flueromount
G (SouthernBiotech) and imaged using an LSM 510 meta
microscope {Carl Zeiss, Géttingen, Germany) with a x63 Plan
Apochromat oil immersion objective.

Nuclear extraction and immunoblotting. Nuclear and
cytosolic fractions of whole cell lysates of skin fibroblasts were
extracted by the Nuclear-Extraction Kic (Cayman Chemicals)
and resolved by electrophoresis in SDS poly-acrylamide gels.
The following antibodies were used for immunoblot analysis on
PVDF membranes: as described above the polyclonal gp-ant-
LBR_N-term, monoclonal rb-ant-LBR_N-term, menoclenal
mouse-anti-LBR_C-term, further a rabbit polyclonal calnexin
antibody (catalogue number GTX13504, Acris Antibodies,
Herford, Germany), a mouse monoclonal alpha-tubulin anu-
body (ab7291, abcam, Cambridge, USA), and a mouse mono-
clonal anti-lamin B2 antibody (clone X223, catalogue number
65147C, Progen, Heidelberg, Germany). All immune reactions
were carried out in 10 mM Tris-HCIL, pH 8.0, 150 mM NacCl,
0.05% Tween-20 (TBST) with 5% dried milk at RT with wash-
ing steps in TBST.

Quantitative PCR (qPCR). We studied ZBR mRNA levels in
different human cell lines and mouse tissues from postnatal day
four. Following lysis with Trizol® and standard phenol/chloroform
RNA extraction, total cDNA was transcribed by RevertAid™ H
Minus First Strand cDNA Synthesis Kit (Fermentas). For qPCR
on ABI Prism 7500 (Applied Biosystems Fostwer City US) we
mixed cDNA, CyberGreen (Invirogen), and primers. We ana-
lyzed the data using the ABI Prism SDS Software package (AACt
method, normalisation against GAPDH). Primer sequences are
available on request.
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In-situ hybridization. We generated probes for Zér by
RT-PCR from mouse E14.5 whole cDNA. Primer sequences
are available on request. Antisense riboprobes were transcribed
with SF6 or T7 polymerase using the Roche Dig-RNA labeling
kit according to the manufacturer’s instructions. Protocols for
whole-mount in-situ hybridizadons and in-situ hybridizations on
paraffin sections have been previously described %

Immunostaining in mouse embryos (paraffin sections). For
immunostaining, parafiin sections were deparaffinized, rehy-
drated and boiled for 10 minutes in 0.01 M Sodiumcitrate pH 6.0.
Sections were blocked in 109 goatserum for 1 h, primary antibod-
ies (1:100 polyclonal guinea pig anti-LBR_N-term, generated by
Monika Zwerger, initially described in;*® 1:100 rabbit anti-Sox9,
Santa Cruz) were applied in 5% goat serum at 4°C over night.
Secondary antibodies (goar ant-guinea pig-Alexa Fluor 546, goart
anti-rabbit Alexa Fluor 488, Molecular Probes, 1:1,000, together
with DATI, 1:2,000) were applied for 1 h at room temperature.
Sections were analyzed using an Axiovert 200 (Zeiss) equipped
with ApoTome optical secdon device and AxioVision software.

Web Resources

1. Basic Local Alignment Search Tool (BLAST), hwp://blast.ncbi.

2. Ensembl Genome Browser, www.ensembl.org/

3. GenBank, www.ncbi.nlm.nih.gov/ Genbank/

4. Online Mendelian Inheritance in Man (OMIM), www.ncbi.
nlm.nih.gov/Omim/

5. Nartional Center for Biotechnology Information (NCBEI),
www.nchi.nlm.nih.gov
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