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Nail-patella syndrome (NPS, OMIM #161200) is a rare autosomal dominant disorder with
symptoms from many different parts of the body, including nails, knees, elbows, pelvis,
kidneys and eyes. It is caused by truncating variants in the LMX7B gene, which encodes a
transcription factor with important roles during embryonic development, including
dorsoventral patterning of the limbs. To our knowledge, inversions disrupting the
LMX1B gene have not been reported. Here, we report a family with an inversion
disrupting the LMX7B gene in five affected family members with mild but variable
clinical features of NPS. Our finding demonstrates that genomic rearrangements must
be considered a possible cause of NPS.
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INTRODUCTION

Nail-patella syndrome (NPS, MIM#161200) is a rare autosomal dominant disorder that affects
many different parts of the body, including nails, knees, elbows, pelvis, kidneys and eyes. The
reported incidence is 1 in 50 000 but could be higher due to individuals with a mild phenotype that
remain undiagnosed (1). The majority present with nail abnormalities, including split or ridged,
underdeveloped or absent nails (1, 2) with more severe nail involvement on digits 1-3. The skeletal
abnormalities include elbow deformities and radial head dislocation, patellar hypoplasia or aplasia
and horn-like outgrowths of the pelvis (iliac horns) (1). Extraskeletal symptoms include renal,
ocular and neurological symptoms. Renal involvement first manifests as proteinuria with or without
hematuria and occurs in 30-50% of the cases and progresses to end-stage renal disease in 5% (1, 2).
The molecular mechanisms underlying the nephropathy remain unclear, but electron microscopy
shows thickening of the glomerular basement membrane and loss of podocyte foot processes (2).
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There is also an increased risk of glaucoma and sensorineural
hearing impairment in patients with NPS (1).

NPS is caused by heterozygous mutations in the LMX1B gene,
encoding a LIM-homeodomain transcription factor with an
important role during embryonic development (3). LMXIB is
involved in dorsoventral patterning of the limbs, fusion of
podocytes at the kidney’s glomerular basement membrane, the
development of the anterior portions of the eyes and
differentiation of specific neurons in the central nervous
system. The LMX1B protein comprises one highly conserved
DNA-binding homeodomain and two protein-binding LIM
domains composed of two zinc fingers (LIM-A and LIM-B)
(4). Most disease-causing variants are located in these domains
and result in a non-functional LMX1B protein or reduced DNA-
binding ability (5).

PATIENT INFORMATION

The studied family is of Swedish descent and includes a 50-year-
old man (proband), his mother and three children (Figure 1A).
We present a long-time clinical follow-up that spans nine years.
The proband was diagnosed with NPS in his childhood based on
characteristic clinical findings of dystrophic nails combined with
an absent left patella. According to the proband, his mother had
the same dystrophic nails, and he recognized similar symptoms
of NPS in his three children. In 2011, the father and his children
aged 5, 6 and 8 years presented at the skeletal dysplasia team at
Karolinska University Hospital for evaluation and genetic
testing. The children were followed-up annually with clinical
examination, urine analysis and eye examination. The clinical
findings of the affected individuals are summarized in Table 1
and Figure 1. All had short stature of varying degree, dystrophic
nails, elbow anomalies except III:2 and hypoplastic or absent
patella. None had iliac horns, nephropathy or ocular
involvement. During follow-up, two of the children, the oldest
daughter and the son, required patellar stabilization surgery due
to recurrent dislocations.

CLINICAL FINDINGS

The proband (II:2) had patellar hypoplasia on the right knee
and dislocated radial heads on both elbows. During his
childhood he was overall healthy except for limited extension
of his forearm. He was regularly examined with urine analysis
and eye examination with no signs of hematuria or
kidney involvement.

The eldest daughter (III:1) had hypoplastic patellae
(Figures 1B, C) with reoccurring dislocations on both sides.
She required bilateral patellar stabilization surgery at the age of
11. Her radial heads were dysplastic due to chronic dislocation
on both sides, posterior on the left side and anterior on the right
side. The left elbow had an extension defect of approximately 20
degrees (Figure 1D).

His second daughter (II1:2) had a milder phenotype. She had
a slightly underdeveloped right patella, bipartite left, and no
dislocations. Her fingernails were dystrophic (Figure 1E).

His son (III:3) had hypoplastic patellae bilaterally with
reoccurring right knee dislocations, requiring patellar
stabilization surgery at 13 years. The elbows had a valgus
deformity and the radial heads were dislocated.

DIAGNOSTIC ASSESSMENT

The study was approved by the regional ethical review board in
Stockholm, Sweden (2014/983-31/1), and written informed
consent from the patients was obtained. Sanger sequencing of
LMX1B was performed for patients II:2 and III:2. However, the
analysis failed to detect any pathogenic LMX1B variants. Whole
genome sequencing of patient III:1 was performed using a PCR-
free paired-end protocol (Illumina TruSeq DNA PCR-free) using
a HiSeq X Ten system (Ilumina). All called and annotated
variants were given a prioritization score by applying a rank
model and uploaded into Scout, an interface for variant analysis,
as previously described (7). The analysis revealed an inversion
stretching approximately 4,2 Mb on chromosome 9,
NC_00009.12:2.129385769_133614642, disrupting LMXIB and
ABLI. A small deletion of eleven nucleotides was found at the
3’breakpoint (Figure 2). Sanger sequencing over the breakpoints
confirmed these results and showed that all affected family
members were carriers of the inversion. The predicted
consequence of the inversion is disruption of LMXIB in intron
2, which would lead to a hybrid transcript including exons from
both LMXIB and ABLI.

DISCUSSION

Most NPS cases are caused by heterozygous loss-of-function
variants in the LMXIB gene. More than 170 pathogenic variants
are known, and most of them are found in the LIM domains (1,
3,4, 8-10). The majority (88%) of the cases are inherited from an
affected parent, and 12% are de novo (1). Symptoms may vary
considerably from mild to severe, even amongst family members.
Renal involvement and progression to end-stage renal failure is
the most severe complication associated with NPS. Here we
report the first case of NPS caused by an inversion disrupting the
LMXIB in five affected family members, all had variable
symptoms of NPS. The molecular consequence of the
inversion, if translated, would be a potential hybrid transcript,
resulting in a non-functional protein with a frameshift and a
premature stop codon after eight amino acids. This predicted
truncation would lead to a lack of critical functional domains of
LMX1B, including LIM-B and homeodomain. It was not possible
to analyze this transcript in our family due to low expression of
LMXIB in blood and skin. Aberrant recognition of exon-intron
junction sites is another possible consequence since the inversion
is large. The ABLI gene is a proto-oncogene known as part of the
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FIGURE 1 | (A) Pedigree of the family. Circles represent females and squares represent males. An arrow indicates the proband. Filled shapes represent affected
individuals. (B, C) Radiographs of the right and left knee of patient Ill:1 showing laterally dislocated hypoplastic patella (arrows). (D) Radiograph of the left elbow of
patient Ill:1 shows posteriorly dislocated radial head (arrow). (E) Dysplastic nails of patient Ill:2.

fusion gene BCR-ABLI in the Philadelphia chromosome of
leukemia cells. Missense mutations in the ABLI gene have
been described in six individuals within four families with
skeletal malformations and congenital heart defects
(CHDSKM, MIM #617602) (11). However, only missense

mutations are described in ABLI, and the disease mechanism
is therefore suggested to be gain-of-function. In contrast, as this
rearrangement inverts the entire first exon of ABLI and its
promotor, it will not make a functional protein. In the
gnomAD database, loss of function variants in ABLI are rare,
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TABLE 1 | Summary of clinical characteristics.

Patient Sex Age (year) Nail Patellar anomaly Elbow anomaly lliac horns Nephropathy Ocular involvement Height (cm) Height (z-score*)
dysplasia

I:1 F 75 + + + - - - 142 -3.2

I1:2 M 50 + + + - - - 163 -1,9

:1 F 17 + + + - = - 154 -1,4

I:2 F 15 + + - - - - 151 -1,7

11:3 M 14 + + + - - - 157 -0,8

*Z-score is calculated by WHO child growth standards (6).
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FIGURE 2 | (A) Schematic depiction of the inverted region. Vertical lines show the breakpoints. Note that the figure is not drawn to scale. (B) Whole genome
sequencing data of the breakpoints of the inversion. (C) Schematic presentation of the breakpoint junction between intron 2 in LMX7B and intron 1 in ABL1 and
sequence traces over the breakpoint junctions.

but haploinsufficiency of ABLI is not implicated as a disease
mechanism. Thus we do not expect any clinical symptoms of
CHDSKM for our patients. The inversion comprises several
genes, and their change in direction or disruption of a
topologically associating domain may potentially affect the
expression. No other genes apart from LMXIB and ABLI are
disrupted by the inversion, in close proximity to the breakpoint
region, or are known to cause an autosomal dominant disease. In
conclusion, our findings expand the molecular spectrum of
NPS, indicating that genomic rearrangements should be
considered a possible cause of NPS in patients where standard
genetic investigations fail to detect any pathogenic variants
in LMXIB.
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