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Exome sequencing reveals a nonsense mutation
in MMP13 as a new cause of autosomal recessive

metaphyseal anadysplasia

Dong Li»%° David R Weber?3%>, Matthew A Deardorff>*, Hakon Hakonarson!*? and Michael A Levine*%3*

Metaphyseal anadysplasia (MANDP) is an uncommon chondrodysplasia characterized by early-onset metaphyseal dysplasia
and short stature that improves with age. MANDP is caused by mutations in the matrix metalloproteinase (MMP) 9 and 13
genes. Autosomal dominant (AD) MANDP has been described as more severe, and has been associated with dominant-negative
MMP13 mutations that suppress activity of both MMP9 and MMP13; autosomal recessive (AR) MANDP has been described as
a milder form associated with AR missense mutations in MMP9 or MMP13. Here we describe the molecular characterization
of skeletal dysplasia in two brothers who presented with short stature and mixed epiphyseal and metaphyseal dysplasia.
Whole-exome sequencing (WES) identified a homozygous C>T transition mutation in exon 2 of MMP13 (c.325C>T) on
chromosome 11g22.2 resulting in a premature stop codon p.(R109*) that is predicted to abolish MMP13 activity. This report
extends the MANDP phenotype by illustrating that AR nonsense mutations in MMP13 can lead to short stature that persists

beyond childhood.
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INTRODUCTION

Metaphyseal anadysplasia (MANDP) types 1 and 2 are caused by
mutations in the matrix metalloproteinase 13 (MMPI3;
MIM*600108) and 9 (MMP9; MIM*120361) genes.! These
conditions share a similar phenotype marked by short stature and
metaphyseal dysplasia of early onset that improves with age.>® Lausch
et al' proposed a clinical classification scheme that is based on
phenotype and inheritance pattern, wherein MANDP1 is more severe
and associated with autosomal dominant (AD) mutations in MMP13,
whereas MANDP?2 is milder and associated with autosomal recessive
(AR) mutations in MMPI3 or MMP9. More recently, a preliminary
report described recessive mutations in MMPI3 as the basis for
metaphyseal chondrodysplasia, Spahr Type (MDST; MIM 250400).”
This finding challenges the clinical classification scheme proposed by
Lausch et al, wherein AR MANDP is viewed as a milder condition, as
patients with MDST can have severe short stature that persists into
adulthood.® Here we report the use of whole-exome sequencing
(WES) to identify homozygosity for a nonsense mutation in MMP13
as the basis for AR MANDP in two brothers presenting with short
stature, mixed epiphyseal and metaphyseal dysplasia, and joint pain.

METHODS

Study participants

The study included two brothers and their unaffected parents (Figure 1a), all of
whom provided written informed consent for participation in the study. The
study was approved by the institutional review board at The Children’s
Hospital of Philadelphia.

The proband, patient 1, presented at age 15 years for evaluation of chronic
knee pain and skeletal dysplasia. He was 149.8 cm (< 1st percentile, —2.6 SD)
tall and weighed 49.3kg (17th percentile, —1.0 SD); arm span to standing
height ratio was 1.06; upper to lower segment ratio was 1.09. There was
mesomelic shortening of the lower limbs and mild genu varum. The bone age
at chronological age of 14 years and 9 months was 15 years (1 SD +10.4
months). Skeletal survey revealed areas of sclerosis and irregularity in the
metaphyses and epiphyses of the distal femurs, in the proximal tibiae and
the distal tibiae, and in the fibulae (Supplementary Figure 1-4). Narrowing of
the joint space was seen at the knee. Metaphyses and epiphyses of the upper
extremities were normal. The spine was normal except for mild reversal of
cervical lordosis.

Patient 2 presented at age 7 years and 5 months for evaluation of abnormal
gait and skeletal dysplasia. He was 114 cm tall (3rd percentile, —1.9 SD) and
weighed 26.6kg (73rd percentile, 0.6 SD); arm span to standing height ratio
was 1.09 and upper to lower segment ratio was 1.05. Physical examination was
notable for coxa vara, genu vara, pes planus and a waddling gait. Bone age
obtained at 6 years and 11 months was 6 years (SD of 8.9 months). Skeletal
survey revealed mild bilateral femoral bowing and shortening, as well as
irregular metaphyseal changes and flaring at the distal femurs. The spine was
normal (Supplementary Figures 5-8).

Patients 1 and 2 were full brothers born to parents of Albanian nationality
who denied consanguinity. The father was 170 cm tall (17th percentile, —1.0 SD)
and the mother was 152cm tall (4th percentile, —1.7 SD), resulting in a
predicted mid-parental height of 168cm (10th percentile, —1.3 SD). Past
medical history was unremarkable for both patients. Both boys had normal
renal, hepatic and endocrine function and age-appropriate markers of bone
metabolism (Supplementary Table 1). Family history was notable only for
constitutional delay of growth and development in the father and short stature
(height <152 cm) in the maternal grandmother and a paternal aunt. There was
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Figure 1 (a) Pedigree of family showing two affected brothers and unaffected parents. (b)

brothers and parents.

no known history of skeletal abnormalities. MANDP was not initially
considered because patient 1 had more severe short stature compared with
his younger brother.

Whole-exome sequence analysis

The exome was captured and sequenced for patients 1 and 2 using standard
protocols using genomic DNA from peripheral blood mononuclear cells. The
raw reads were aligned to the reference human genome using the BWA,’
and single-nucleotide variants (SNVs) and small insertions/deletions (indels)
were identified using the GATK.'® Annovar!! and SnpEff (http://snpeff.
sourceforge.net/) were used to functionally annotate the variants.

Based on family history, an AR mode of inheritance was assumed and genes
carrying either rare homozygous or compound heterozygous variants were
considered. We excluded coding variants that (1) were synonymous, (2) had a
minor allele frequency (MAF) of >0.01 in either 1000 Genomes Project or
NHLBI Exome Sequencing Project (ESP6500SI; http://evs.gs.washington.edu/
EVS/) or (3) had been previously identified in our in-house database
(Supplementary Table 2). There is a high rate of identity by descent (IBD)
among Albanians;'? therefore, to shorten the list of candidate variants, we
applied a Hidden-Markov Model Algorithm!® to the WES data to infer the
loci in which both patients shared either homozygosity or heterozygosity (here
termed as IBD =2). Validation of the mutation candidate was performed by
Sanger sequencing in all family members.

RESULTS
Exome sequencing and bioinformatics
An average coverage of 56 X was obtained. A total of 43296 SNVs
and 3476 indels were identified in the two samples that underwent
WES, of which 42431 (98.0%) and 2300 (66.2%) were reported in
dbSNP135. Analysis revealed a homozygous substitution (¢.325C>T)
in exon 2 of MMPI3 (exons are numbered like in GenBank:
NG_021404.1 covering MMP13 gene transcript NM_002427.3) as
the likely disease-causing candidate. The brothers were compound
heterozygous for mutations in PRRC2A (NM_080686.2) and SYTI5
(NM_031912.4); this was excluded as a disease candidate because
these genes are not known to affect skeletal development.

The MMPI3 mutation was confirmed by Sanger sequencing
(Figure 1b), and both parents were heterozygous. The variant was

Father
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AAGAGTTCGAGG GAAAA

Sanger sequencing confirmed the identified mutation in affected

present in the ESP6500SI data set with a MAF of 0.000077 and was
reported in dbSNP138 (rs369083541) without any clinical signifi-
cance, but analysis of the 1000 Genomes Project, the catalog of
somatic mutations in cancer (COSMIC v.67) and existing sequence
data from 1200 WES samples in our database did not reveal other
occurrences of this mutation. Analyses of SNPs in and near the
MMPI3 genes in the affected siblings indicated that the ¢.325C>T
mutation arose in a common founder and that the two mutant alleles
were identical by descent (Supplementary Figure 9). The ¢.325C>T
mutation inserts a nonsense codon p.(Argl09Ter) in the transcribed
mRNA, which if translated is predicted to result in a markedly
truncated, nonfunctional protein. Alternatively, nonsense-mediated
decay of abnormal transcripts would be expected to prevent transla-
tion of protein. The variant was submitted to the Leiden Open
Variation Database (LOVD, http://MMP13.lovd.nl).

DISCUSSION
To our knowledge this is the first report of the ¢.325C>T nonsense
mutation in MMPI3 in an AR form of MANDP. Lausch et al'
described the molecular basis of MANDDP, identifying mutations in
MMPI13 and MMP9 as underlying the diagnosis of MANDP. There
have been three families with AD MANDP in which two different
dominant-negative missense mutations have been identified in exon 2
of MMP13. These mutations disrupt the pro-domain of MMP13 and
resulted in decreased secretion of both MMP9 and MMP13 proteins.!
An AD missense mutation in the pro-domain of MMPI3 has also
been identified as the cause of spondyloepimetaphyseal dysplasia
Missouri type (SEMDy0).!4

The previously described case of AR MANDP due to MMPI13 was
ascribed to a homozygous missense mutation in exon 5 (¢.722C>A).
The affected individual was described to have short stature during
childhood; however, adult height was not reported.! Similarly, adult
height was not reported in the abstract detailing AR MMPI3
mutations as the cause of MDST.”

Notably, the two patients reported by us have not demonstrated
catch-up growth, and the older brother has a more significant
height deficit than his younger brother (height SD of —2.6 SD

265

European Journal of Human Genetics


http://snpeff.sourceforge.net/
http://snpeff.sourceforge.net/
http://evs.gs.washington.edu/EVS/
http://evs.gs.washington.edu/EVS/
http://MMP13.lovd.nl

o

MMP13 mutation in AR MANDP
D Lietal

266

at 15 years vs —1.9 at 7 years). Moreover, both heterozygous parents
have modest height deficits, raising the possibility of a gene dosage
effect. The contribution of MMP9 and MMP13 function to height
appears complex. Mouse models revealed that the loss of both MMP9
and MMP13 proteins in the Mmp9 ~'~; Mmp13~'~ double knockout
mice led to more severe growth plate abnormalities compared with
loss of MMP13 alone.!>!¢ It is not clear that this is the case in
humans, however, as there is considerable variability and overlap in
the degree of short stature reported in cases of AD MANDP (loss of
MMP9 and MMP13) and MDST (loss of MMP13 alone).b317

Also notable is the chronic joint pain described by patient 1, a
finding not classically described in MANDP but that has been reported
in association with MDST.® This may be related to epiphyseal sclerosis
and narrowing of the joint space (Supplementary Figure 1), although
the absence of serial radiographs makes it unclear whether the
epiphyseal involvement is directly related to MMP13 dysfunction or
is a complication of long-standing varus deformity.

In summary, we have identified a founder mutation in exon 2 of the
MMPI3 gene as a new cause of AR MANDP in two Albanian brothers.
These cases add to the reported phenotype of AR MANDP, suggesting
that this condition is associated with deleterious skeletal effects including
short stature that can persist into adulthood. This finding may have
important clinical implications in the counseling and treatment
strategies employed in the care of children affected with this disease.
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