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ABSTRACT  

Greenberg skeletal dysplasia is an autosomal recessive, perinatal lethal disorder associated with 

biallelic variants affecting the lamin B receptor (LBR) gene. LBR is also associated with the 

autosomal recessive anadysplasia-like spondylometaphyseal dysplasia, and the autosomal dominant 

Pelger–Huët anomaly, a benign laminopathy characterized by anomalies in the nuclear shape of 

blood granulocytes. The lamin B receptor is an inner nuclear membrane protein that binds lamin B 

proteins (LMNB1 and LMNB2), interacts with chromatin, and exerts a sterol reductase activity. 

Here, we report on a novel LBR missense mutation [c.1379A>G; p.(D460R)], identified by whole 

exome sequencing and causing Greenberg dysplasia in two fetuses from a consanguineous 

Moroccan family. We revised published LBR variants to propose a genotype-phenotype correlation 

in LBR associated diseases. The diverse phenotypes are correlated to the functional domain 

affected, the heterozygous or homozygous state of the variants, and their different impact on the 

residual protein function. LBR represents an instructive example of one gene presenting with two 

different pattern of inheritance and at least three different clinical phenotypes. 
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INTRODUCTION 

Greenberg skeletal dysplasia (GRBRD, MIM#215140) also known as Hydrops, Ectopic 

calcification and Moth-eaten (HEM) skeletal dysplasia, is an autosomal recessive, perinatal lethal 

dwarfism disorder. It belongs to the multiple congenital anomalies syndromes caused by defects in 

sterol metabolism, a group that includes Smith-Lemli-Opitz, Conradi-Hunermann, Congenital 

Hemidysplasia with Icthyosiform Nevus and Limb Defects (CHILD) syndromes, and 

desmosterolosis [Porter and Herman 2011]. Greenberg dysplasia is associated with biallelic variants 

affecting the lamin B receptor (LBR) gene [Clayton and others 2010].  

LBR encodes one of the most important inner nuclear membrane proteins that binds to chromatin 

and lamin B proteins (LMNB1 and LMNB2). Two apparently distinct functions have been 

attributed to the LBR protein: the nucleoplasmatic domain has a structural function, tethers 

heterochromatin to the nuclear periphery, and contributes in maintaining chromatin organization 

and interphase nuclear shape. The transmembrane domains exhibit an enzymatic sterol reductase 

activity, a crucial function of the cholesterol synthesis metabolic pathway [Clayton and others 2010; 

Nikolakaki and others 2017], and a key activity for the viability of different human cell lines (HeLa, 

HEK293T and HFF) [Tsai and others 2016]. 

In addition to Greenberg dysplasia, homozygous or compound heterozygous LBR pathogenic 

variants can result in anadysplasia-like spondylometaphyseal dysplasia, a mild, spontaneously 

regressing bone dysplasia also known as Pelger-Huët Anomaly with mild SKeletal anomalies 

(PHASK, MIM# 618019) [Borovik and others 2013; Hoffmann and others 2002; Sobreira and 

others 2015a].  

Pathogenic variants associated with GRBGD or PHASK result in a deficiency of sterol reductase 

activity and in elevated levels of sterol intermediates [Tsai and others 2016]. Heterozygous LBR 

pathogenic variants impairing its structural function, on the other hand, are associated with Pelger–

Huët Anomaly (PHA, MIM#169400), a benign laminopathy characterized by abnormalities in both 

nuclear shape (hypolobulated nuclei) and chromatin organization of blood granulocytes [Hoffmann 
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and others 2002]. Therefore, it was suggested that the structural role of LBR in the inner nuclear 

membrane was distinct from its enzymatic activity [Clayton and others 2010; Tsai and others 2016; 

Turner and Schlieker 2016]. 

Additionally, an LBR missense variant with a possible dominant-negative and cell-specific effect 

has been suggested in a subject with Reynolds syndrome (MIM#613471), a disease characterized by 

scleroderma, liver anomalies, telangiectasia, and Raynaud phenomenon [Gaudy-Marqueste and 

others 2010]. 

Two independent mouse strains carrying heterozygous loss-of function variants in the Lbr gene 

recapitulate the Pelger-Huët anomaly blood phenotype [Green and others 1975; Hoffmann and 

others 2002]. Moreover, mice homozygous for deleterious Lbr variants show a PHA-like blood 

phenotype and develop other abnormalities, including alopecia, variable expression of syndactyly, 

and hydrocephalus [Shultz and others 2003]. Finally a homozygous knock-out mouse model 

carrying a frameshift insertion in the Lbr gene and resulting in a C-terminally truncated protein, 

exhibits embryonic lethality with incomplete penetrance, shortened postnatal life span, 

hydrocephaly, and syndactyly, as well as chromatin atypia in neutrophils [Cohen and others 2008]. 

Here, we report on a novel homozygous Greenberg skeletal dysplasia-associated missense change 

[c.1379A>G; p.(D460R)] identified in two fetuses fulfilling GRBRD clinical diagnostic criteria. 

Starting from this variant, we re-analyzed published LBR variants and their related phenotypes, to 

speculate on the genotype-phenotype correlation of LBR-associated diseases. 

 

MATERALS AND METHODS 

Genetic analyses 

The study was performed with the approval of the Internal Review Board, and informed consents 

were obtained by patients’ legal representatives. Genetic analyses were performed on DNA 

extracted from cartilage sample of aborted fetus (Figure 1A, II-1 and II-4) or from blood (Figure 

1A, I-1 and I-2 and II-5).  
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Whole exome sequencing (WES), including library construction, exome capture, sequencing, and 

data analysis were performed by the Baylor-Hopkins Center for Mendelian Genomics 

(www.mendeliangenomics.org) in the sample from the female fetus using Illumina HiSeq 2000 

(Illumina Inc., San Diego, CA, USA). Variant filtering was performed using the PhenoDB Variant 

Analysis tool [Sobreira and others 2015b]. We captured the CCDS exonic regions and flanking 

intronic regions totaling ~51 Mb by using the Agilent SureSelect XT kit (Agilent, Santa Clara, CA, 

USA) and generated paired end 100 bp reads with the Illumina HiSeq2500 platform. We aligned 

each read to the HG19/GRCh37 human genome reference with the Burrows-Wheeler Alignment 

(BWA) version 0.5.10-tpx [Li and Durbin 2009].  Local realignment around indels and base call 

quality score recalibration were performed using the Genome Analysis Toolkit (GATK) [DePristo 

and others 2011] version 2.3-9-ge5ebf34. Variant filtering was done using the Variant Quality 

Score Recalibration (VQSR) method [Choi and others 2012; DePristo and others 2011]. 

Sequence validation and segregation analyses were performed by Sanger sequencing using an ABI 

3130XL and the ABI BigDye Terminator Sequencing Kit V.3.1 (Thermo Fisher Scientific, 

Wlatham, MA, USA) and the SeqScape v2.6 Software (Thermo Fisher Scientific). 

 

RESULTS 

Clinical Report 

A 22-year-old Moroccan woman was referred for a genetic counseling to evaluate her familial 

recurrence risk for a severe form of skeletal dysplasia. She and her husband were healthy and first-

degree cousins. No parental blood group incompatibility and no family history of skeletal dysplasia 

were reported. In the proband’s obstetric history, there were two therapeutic terminations of 

pregnancy. In each fetus, ultrasonography showed hydrops fetalis and severe micromelia. In both 

cases the fetuses were autopsied (Figure 1A, II-1 and II-4). A third pathologic pregnancy ended at 

24 weeks for premature rupture of membranes (fetal ultrasounds were reported to be normal at 20 
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weeks of gestation). Finally, two other uneventful pregnancies of the couple gave birth to two 

healthy daughters (Figure 1A, II-3 and II-5). 

Fetus 1 (Figure 1B, II-1). The pregnancy was uncomplicated and there was no exposure to alcohol 

or drugs. Prenatal karyotype, performed on amniotic fluid, was 46,XY. Fetal ultrasound 

measurements of the femur, tibia, humerus, ulna and radius were all below the 5th centile for 

gestational age at 20 weeks. Induced abortion was carried out at 21 weeks.  

At autopsy, the fetus presented ambiguous genitalia, severe hydrops fetalis, severe tetramicromelia 

and dysmorphic features (frontal bossing, micrognathia, severe nasal and midface hypoplasia, and 

low-set ears). The chest was narrow and the abdomen was prominent with marked ascites. Hands 

were broad and fingers were short with postaxial bilateral hexadactyly. Internal examination 

revealed mild hypoplastic lungs and heart, and micronodular surface of the liver. 

Radiological examination of the fetus showed a globally delayed and skewed ossification 

(particularly severe in the skull, cervical and first thoracic vertebrae, and ischiatic-iliac-pubic bones) 

costal hypoplasia, and shortened, skewed and misaligned long bones. 

Fetus 2 (Figure 1B, II-4). The pregnancy was uncomplicated and there was no exposure to alcohol 

or medications during pregnancy. Induced abortion was carried out at 20 weeks. At autopsy, the 

fetus presented female genitalia, severe hydrops fetalis, thorax hypoplasia, severe tetramicromelia 

without polydactyly, severe nasal and midface hypoplasia and low-set dysmorphic ears. The 

internal examination didn’t reveal any anomaly. 

Radiological examination showed global hypomineralized ossification, sparse ossification of the 

membranous part of the skull, small maxillary and mandibular bones, midface hypoplasia with 

depressed nasal bridge, narrow chest with short and hypoplastic ribs, deficient ossification of the 

vertebral column with platyspondyly, and skewed long bones with severely shortened and curved 

diaphysis. Histological examination of the bones and cartilages showed a severely disordered 

chondro-osseous development.  
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Genetic studies 

Due to the similarities between the phenotype of the two fetuses and the consanguinity of our 

patient with her husband, we suspected an autosomal recessive inheritance of the skeletal dysplasia. 

Using WES and subsequent Sanger sequencing, we identified a homozygous c.1379A>G 

(p.D460R) missense change in the LBR gene shared by both fetuses (Figure 1A and C, II-1 and II-

4). This change was predicted as a class 4 variant (likely pathogenic) based on the American 

College of Medical Genetics and Genomics (ACMG) rules, and predicted pathogenic by several in 

silico bioinformatics tools (Supplementary table 1) [Richards and others 2015]. The variant was not 

present in gnomAD (http://gnomad.broadinstitute.org/) [Lek and others 2016]. Both parents resulted 

heterozygotes, as well as the available healthy sister (Figure 1A and C, II-5). We evaluated the 

presence of the Pelger–Huët anomaly in the heterozygous parents (Figure 1A, I-1 and I-2), but 

granulocytes had a normal nuclear shape (Figure 1D).  

 

Evaluation of genotype-phenotype correlation 

Using available literature data, we summarized all cases with at least one LBR variant including 

ours, and collected available clinical data (HGMD Professional 2018.2). We could map a total of 23 

different variants on the LBR sequence (Figure 2A). Sixteen were nonsense variants (stop gain, 

frameshift, splicing variants), and seven were missense. Using clinical and laboratory data, we 

classified cases into one of the following four categories: Greenberg dysplasia, PHA with mild 

skeletal anomalies, isolated PHA, and no phenotype. Biallelic loss-of-function variants, either 

nonsense or missense affecting the enzymatic sterolreductase domain, were always associated with 

Greenberg dysplasia (Figure 2A and 2B). PHASK was reported in two subjects who are compound 

heterozygous for one nonsense and one missense variant, and in one homozygous subject carrying a 

c.1688-10_1688-5del (Figure 2A and 2B) [Hoffmann and others 2002; Mattout-Drubezki and 

Gruenbaum 2003]. Finally, either nonsense or missense monoallelic variants affecting LBR 

structural function were associated with PHA (Figure 2A and 2B). 
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DISCUSSION 

Greenberg skeletal dysplasia is a very rare fetal anomaly described in approximately ten cases 

worldwide; causative variants in the LBR gene have been identified in five of them [Clayton and 

others 2010; Konstantinidou and others 2008; Waterham and others 2003]. We solved a familial 

case with two affected fetuses from consanguineous parents of Moroccan descent. Using WES, we 

identified a novel homozygous c.1379A>G; p.(D460R) missense variant in the enzymatic domain 

of the LBR gene, predicted to be pathogenic. Both healthy parents were confirmed to be carriers of 

the variant but they did not present the PHA cellular phenotype, which should behave as autosomal 

dominant. Whereas heterozygous loss-of-function variants in LBR are always associated with PHA, 

it is clearly not the case for missense changes, as showed by our family and reported in literature for 

the p.N547D and the p.R583Q [Clayton and others 2010]. This observation prompted us to review 

literature data on LBR variants (Figure 2). PHA is reported to be associated with monoallelic loss-

of-function variants, or with missense changes affecting the structural role of the protein (p.P119L; 

p.P569R; p.R586H; Figure 2). As expected, two out of the three missense variants are located in the 

nucleoplasmatic domain. Interestingly, the p.Pro569Arg change, located in the transmembrane 

domain of the protein, also seems to impair the LBR structural function [Nikolakaki and others 

2017], causing PHA. On the other hand, two amino acid changes (p.N547D, and p.R583Q) are 

reported affecting the enzymatic activity but not the structural function. As the p.D460R here 

described, they do not cause nuclear shape alteration in heterozygosis, but are associated with 

Greenberg dysplasia when in homozygous or compound heterozygous state (Figure 2). Therefore, 

we suggest that it is not recommended to exclude a Greenberg dysplasia diagnosis in a fetus when 

parents do not show the PHA anomaly in blood granulocytes.  

Other missense variants causing p.N547S and p.R586H are associated with the PHASK phenotype 

when in compound heterozygous state with a loss-of-function mutation [Borovik and others 2013; 

Sobreira and others 2015a]. Here, the mild skeletal phenotype is due to the co-occurrence of a loss-
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of-function variant completely impairing LBR function and a missense variant likely maintaining 

residual enzymatic function. The combination is therefore not sufficient to cause the Greenberg 

dysplasia phenotype (Figure 2). Supporting this hypothesis, a homozygous splicing variant c.1688-

10_1688-5del causing the skipping of exon 13 and resulting in an in-frame deletion (p.H522R-

L523_C562del) is also associated with PHASK. As expected, a small amount of wild-type protein 

has been detected in this patient, likely preserving  residual enzymatic activity [Hoffmann and 

others 2002]. Overall, these findings suggest a spectrum in LBR-associated phenotypes, ranging 

from Greenberg skeletal dysplasia to isolated PHA (Figure 2). Such variability, also reported as one 

gene - multiple phenotypes phenomenon, is common in Mendelian diseases (1,239 genes with ≥2 

phenotypes at 31st August, 2018; https://www.omim.org/statistics/geneMap), and can be explained 

by at least four different molecular mechanisms [Zhu and others 2014].  

1. Variants affecting one or more diverse functional domains can result in different isolated or 

combined phenotypes. Beyond  as for the LBR gene, a further example is given by the ATRX gene 

(MIM*300032). The encoded protein contains a plant homeodomain (PHD)-like and a helicase 

domain: variants located in the PHD-like domain are associated with a more severe X-linked mental 

retardation syndrome and permanent psychomotor retardation compared to variants in the helicase 

domain [Badens and others 2006].  

2. Variants can havewith qualitatively different effects,; such as happens for loss-of-function vs. 

gain-of-function changes in the sodium voltage-gated channel alpha subunit 9 (SCN9A; 

OMIM*603415) gene. Gain-of-function variants cause primary erythermalgia  [Cox and others 

2006; Yang and others 2004] whereas loss-of-function variants are associated with insensitivity to 

pain [Cox and others 2006].  

3. Genetic variants mayVariants which impact on the amount of protein, being associated with a 

mild to severe phenotype as for . An example is given by the transmembrane protein-67 gene 

(TMEM67; MIM*609884) in nephronophtisis type 11 (MIM#613550)[Brancati and others 2009; 

Otto and others 2009] gene: homozygous or compound heterozygous missense changes are 
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associated with nephronophthisis with liver fibrosis (nephronophthisis 11, NPHP11; MIM#613550), 

characterized by mild or absent brain anomalies (Otto et al., 2009). Homozygous or compound 

heterozygous patients carrying at least a truncating variant (e.g., a nonsense or frameshift change) in 

TMEM67, conversely, always present a severe neurological involvement (e.g., Joubert, Meckel, and 

COACH syndromes) [Brancati and others 2009]. 

4. Finally, we recently showed an uncommon one gene – multiple phenotype phenomenon due to 

variants affecting tissue-specific splicing isoforms in the proteome of centriole protein 1A gene 

(POC1A, MIM*614783)  [Giorgio and others 2017]. Biallelic loss-of-function variants in the 

proteome of centriole protein 1A gene (POC1A, MIM*614783) are associated with short Stature, 

Onychodysplasia, Facial dysmorphisms and hypoTrichosis (SOFT) syndrome. Loss-of-function 

variants located specifically in exon 10 of the gene affect only two of the three POC1A isoforms 

generated by alternative processing and cause a milder phenotype only partially resembling SOFT, 

characterized by short stature, facial hirsutism, alopecia, dyslipidemia and extreme insulin 

resistance. 

In conclusion, LBR is an instructive example of a gene in which variants are associated with a 

continuum of phenotypes ranging from no clinical phenotype, benign Pelger-Huët anomaly, mild 

skeletal abnormalities with bilobed neutrophil nuclei, to perinatal lethal Greenberg skeletal 

dysplasia. The diverse phenotypes are associated with different functional domains affected, the 

heterozygous or homozygous state of the variants, and their different impact on the residual protein 

function.  
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LEGEND TO FIGURES 

Figure 1. Genetics and phenotype. A) Pedigree of the family. Squares indicate males, circles 

indicate females, and a rhombus indicate that the gender is unknown. Black triangles indicate a 

termination of pregnancy. Subjects whose DNA was available are marked with a bar above the 

symbol. The variants identified are reported below each tested subject. B) Fetus II-1 external 

examination (upper left panels) shows severe hydrops fetalis micromelia, dysmorfic features and 

ambiguous genitalia. Radiological exams (upper right panels) shows the skeletal dysplasia deficient 

ossification and hypoplastic and skewed bones in X-rays and 3D-CT exams. Fetus II-4 external 

examination (lower left panels) shows severe hydrops fetalis micromelia and dysmorfic features. 

The X-ray exam (lower right panel) shows skeletal dysplasia (short ribs, platyspondyly, skewed 

long bones). C) Sequence electropherograms showing the c.1379A>C mutation in the heterozygous 

father ( I-1) and an homozygous affected fetus (II-1). D) Absence of the pelgeroid change 

(hyposegmented nucleus of neutrophils) in patients’ parents.  

 

Figure 2. LBR variants and genotype-phenotype correlation. A) Schematic representation of the 

lamin B receptor protein: nucleoplasmatic (blue) and transmembrane (black) domains are reported. 

Each dot represents one amino acid. All published pathogenic variants are shown (full dots). In 

green, pathogenic changes associated with PHA (autosomal dominant). Homozygous or compound 

heterozygous pathogenic changes associated with GRBGD and PHASK (autosomal recessive) are 

shown in red and in light blue, respectively. The couple of variants identified in compound 

heterozygous subjects are indicated by a continuous or hyphened underlining, respecitvely. The 

c.1379 A>G p.(D460R) variant identified in our patient is boxed.  

B) Schematic representation of the impact of LBR mutations on protein function, and LBR-

associated phenotypes. Left: loss-of-function (LoF) mutations (nonsense / frameshift changes) 

cause the impairing of both enzymatic and structural function of the protein (mutation ID: A). 

Missense changes may have different effects on the protein: they can affect exclusively the 
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enzymatic activity (mutation ID: B) or the structural function (mutation ID: C), or they can have 

only some impact on the enzymatic function preserving the structural one (mutation ID: D). Finally, 

splice site mutations can completely impair the structural function but preserve a residual enzymatic 

activity (mutation ID: E). For each ID category, an example of pathogenic variant is reported.  

Right: LBR-related phenotypes and the pattern of heritance are shown. For each phenotype all the 

possible associated genotypes are shown. Genotypes not shown have not been reported in literature. 

GRBGD: Greenberg dysplasia; PHA: Pelger–Huët anomaly; PHASK: Pelger-Huët Anomaly with 

mild SKeletal anomalies; AR: autosomal recessive phenotype; AD: autosomal dominant phenotype. 

Minus sign: variants completely impairing the relative function; “+”: variants preserving the 

relative function; Plus/minus sign: variants partially impairing the relative function. 
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