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Multicentric Osteolysis, Nodulosis, and Arthropathy (MONA) syndrome is a rare genetic skeletal dysplasia. Its
diagnosis can be deceptively similar to childhood-onset genetic skeletal dysplasias and juvenile idiopathic
arthritis. We aimed to report the syndrome’s clinical and radiologic features with emphasis on skeletal mani-
festations. And establish relevant phenotype-genotype correlations. We evaluated two boys, 4-and-7-years-old
with MONA syndrome. Both patients had consanguineous parents. We verified the diagnosis by correlating
the outcomes of clinical, radiologic and molecular analysis. We specifically evaluated the craniofacial
morphology and clinical and radiographic skeletal abnormalities. We contextualized the resultant phenotype-
genotype correlations to publications on MONA and its differential diagnosis. Skeletal manifestations were the
presenting symptoms and mostly restricted to hands and feet in terms of fixed extension deformity of the met-
acarpophalangeal and flexion deformity of the interphalangeal joints with extension deformity of big toes. There
were arthritic symptoms in the older patient especially of the wrists and minute pathologic fractures. The skeletal
radiographs showed osteopenia/dysplastic changes of hands and feet. Both patients had variants in the matrix
metalloproteinase2 gene which conformed to phenotype of previously reported literature in one patient while
the other had a novel variant which conformed to MONA phenotype. Craniofacial abnormalities were present.
However, minimal extra-skeletal manifestations. Overall, there is an emerging distinctive skeletal pattern of
involvement in terms of both clinical and radiographic features. This includes age of onset and location of
presenting skeletal manifestations, chronological order of joint affection, longitudinal disease progression, spe-
cifics of skeletal radiographic pathology and craniofacial features. Nevertheless, physicians are cautioned against
differential diagnosis of similar genetic skeletal dysplasias and juvenile idiopathic arthritis.

1. Introduction 277950]. Both genes are assumed to cause phenotype variants of the

same disease. Additionally the spectrum includes Winchester syndrome

Multicentric Osteolysis, Nodulosis, and Arthropathy (MONA) syn-
drome or spectrum disorders is an umbrella term for ultra-rare subtypes
of primary skeletal dysplasias that are predominantly osteolytic with
characteristic involvement of the carpal and tarsal bones. According to
the latest nosology and classification of genetic skeletal disorders,
MONA syndrome includes diseases involving two genes: the Matrix
Metalloproteinase 2 (MMP2) gene [MIM # 2596001, type IV collagenase
or gelatinase and Matrix Metalloproteinase 14 (MMP14) [MIM #
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(WNCHRS [MIM # 277950]) (Winchester et al., 1969), which is also
known as Torg osteolysis syndrome, nodulosis arthropathy osteolysis
(NAO) syndrome and Torg-Winchester syndrome (de Vos et al., 2019;
Bhavani et al., 2016; Zankl et al., 2007; Al-Mayouf et al., 2000; de Vos
et al,, 2018). MONA syndrome is inherited through an autosomal
recessive manner. Only 46 patients with 24 different variants in MMP2
are reported (Bhavani et al., 2016; Kroger et al., 2019). Only four pa-
tients with two variants in MMP14 have been reported (de Vos et al.,
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2019). The pathological variants cause disruption of normal collagenous
turnover and loss of gelatinolytic activity of the metalloproteinase
enzyme (Bhavani et al., 2016). The characteristic skeletal manifestations
of MONA syndrome includes progressive deformities of hands and feet
associated with carpal and tarsal bone osteolysis and osteopenia. Sub-
cutaneous nodules may accompany deformities of the hands and feet
and patients suffer arthropathy-like manifestations as pain, stiffness and
swelling (de Vos et al., 2019; Al Ageel et al., 2000). In the hands, the
flexion deformity of the proximal interphalangeal joints (campto-
dactyly) is characteristically noted. Contractures ultimately spread
proximally to involve larger joints, causing greater disability. A similar
pattern usually occurs in the feet (de Vos et al., 2019; Bhavani et al.,
2016; Al-Mayouf et al., 2000; Al Ageel et al., 2000; Al Kaissi et al., 2011;
Vanatka et al., 2011; Tuysuz et al., 2009; Rouzier et al., 2006). Non-
skeletal manifestations include facial dysmorphism and oral (de Vos
et al., 2019; Bhavani et al., 2016; Tuysuz et al., 2009; Temtamy et al.,
2012; Ekbote et al., 2014; Jeong et al., 2010), dermatologic (de Vos
et al., 2019; Al Kaissi et al., 2011; Rouzier et al., 2006; Ekbote et al.,
2014; Jeong et al., 2010; Bader-Meunier et al., 2016), ophthalmological
and cardiac manifestations (de Vos et al., 2019; Bhavani et al., 2016;
Kroger et al., 2019; Tuysuz et al., 2009; Temtamy et al., 2012; Jeong
et al., 2010; Castberg et al., 2013; Gok et al., 2010).

However, the rarity of MONA syndrome does not allow for complete
uncovering of the phenotype pattern. Besides, the reported phenotype-
genotype correlations have shown inconsistent and inconclusive find-
ings (de Vos et al., 2019; Bhavani et al., 2016; Kroger et al., 2019;
Rouzier et al., 2006; Azzollini et al., 2014). Some authors include Ter
Haar syndrome (FTHS [MIM # 249420]) which is caused by homozy-
gous mutation in the TKS4 gene among the MONA syndrome spectrum
disorders (Chang et al., 2017; Bendon et al., 2012; Igbal et al., 2010; van
Steensel et al., 2007; Borrone et al., 1993). The autosomal dominant rare
multicentric carpotarsal osteolysis syndrome (MCTO [MIM # 166300])
with or without nephropathy is another important differential diagnosis
of MONA syndrome (Li et al., 2020; Park et al., 2018; Upadia et al.,
2018; Stajkovska et al., 2018; Mumm et al., 2014; Zankl et al., 2012).
The overlapping skeletal and non-skeletal features of these two genetic
skeletal dysplasias compounds the diagnostic challenges. Additionally,
MONA and Winchester syndromes (Winchester et al., 1969; Al Aqgeel
et al., 2000) among others (Al Kaissi et al., 2011; Li et al., 2020) can have
a misleading radioclinical resemblance to juvenile idiopathic arthritis
and mucopolysaccharidosis (MPS) type-I as Scheie syndrome (Hampe
et al., 2020; Gokay et al., 2018). The treatment of MONA syndrome is
palliative (Pichler et al., 2016) and little is known about the long-term
prognosis apart from tendency to progression of skeletal features. Con-
trastingly, unattended MPS type-I usually runs a fatal course. The fact
that MPS type-I as Scheie syndrome has effective bone therapeutics as
enzyme replacement and hematopoietic stem cell transplantation
(Jameson et al., 2019), puts further emphasis on making clear clinical
distinctions between MPS type-I and MONA syndrome.

The complicated diagnostic workup of MONA syndrome necessitates
a rereview of the reported phenotype-genotype correlations. By
expanding the phenotype of MONA syndrome including the skeletal
manifestations, we hope that a consensus on its diagnostic criteria could
be reached. This report aimed to systematically describe the clinical
manifestations in two children with molecularly-confirmed MONA
syndrome with emphasis on the skeletal manifestations, and to establish
relevant phenotype-genotype correlations.

2. Material and methods

This was an observational retrospective cross sectional study. The
records of two unrelated and clinically, radiographically and genetically
verified patients with Multicentric Osteolysis, Nodulosis, and Arthrop-
athy (MONA) syndrome were reviewed. We retrieved relevant docu-
ments pertaining to history of present illness, general pediatric and
neuro-orthopedic examination, skeletal radiology surveys, laboratory
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reports among other visceral imaging investigations. The genetic anal-
ysis reports were assessed and correlated with the clinical — especially
skeletal — and radiologic profile to confirm the diagnosis. We revised all
the literature on MONA syndrome comprehensively. In that regard we
focused specifically on the skeletal clinical and radiographic features,
and craniofacial abnormalities. Publications on MMP2 gene variants
similar to those identified in our study were assembled and compared to
contextualize the genetic-skeletal relationships. The study was approved
by the Research Ethics Committee of Faculty of Medicine, Ain Shams
University, Egypt. All the procedures followed in this study were in
accordance with the ethical standards of the responsible committee on
human experimentation and with the Declaration of Helsinki. Assess-
ment of craniofacial dysmorphism is integral to the diagnosis and
management of genetic syndromes (Allanson et al., 2009). Conse-
quently, a documented permission to publish identifiable (unmasked)
patient images was obtained from the patient’s parent and supplied as
supplemental material and uploaded with the submission.

3. Results
3.1. Patient 1

A six-and-a-half-year-old boy presented to the outpatient clinic with
progressive joint deformities and stiffness of both hands and feet that
erupted during the early years of life. He was a product of a consan-
guineous marriage and has three healthy siblings. He was provisionally
diagnosed as one form of juvenile idiopathic arthritis and was subjected
to orthopedic physical and occupational therapy with unsatisfactory
results. At age three years he received a genetic testing in the form of
whole exome sequencing. It confirmed the presence of a homozygous
pathogenic missense variant in the Matrix Metalloproteinase 2 MMP2
gene (reference sequence, NM_004530.5), namely c¢.302G>A p.
(Argl101His) causingan amino acid change from Arg to His at position
101 (Table 1). Shortly after genetic diagnosis, he received intravenous
bisphosphonate therapy in the form of zoledronic acid at regular three-
monthly intervals which later transitioned to four-monthly. At age five
years he underwent single-event multiple surgical soft tissue releases of
the hands and feet to correct the existing deformities. However, de-
formities recurred rapidly after surgery and new deformities appeared
on top of the existing ones especially in the right hand. The patient had
no significant functional limitations despite the existing deformities. The
child’s parents report an awkward gait occasionally and tenderness on
mild trauma to the affected extremities but no frank pain. The patient
had no history of motor developmental delay nor neurological mani-
festations nor history suggestive of other system affection.

3.1.1. Examination

By inspection the patient had no coarse facial features, prominent
forehead, hypertelorism, a depressed nasal bridge, long philtrum, large
ears, thick protruding lower lip. He had dentition problems in the form
of premature loss and delayed eruption of teeth. On examination he had
normal height and weight for age. The metacarpophalangeal joints of
the right hand showed an extension deformity whereas the left hand
showed a similar deformity in the little finger only. The proximal
interphalangeal joints of the right hand showed severe flexion deformity
of 90° whereas those of the left hand showed a similar deformity in the
little finger only (Figs. 1 2a—c). Both wrists were markedly stiff. The big
toes showed a semi rigid extension deformity of 30° at the meta-
carpophalangeal and interphalangeal joints of the right and left foot
respectively. The right foot also showed a hallux valgus deformity. Apart
from the described abnormalities in the hands and feet we did not detect
any other skeletal affection. On palpation there were no subcutaneous
nodules. However, a previous ultrasound examination of the hands and
feet demonstrated two small and fairly defined subcutaneous nodules in
relation to the dorsal aspect of fourth metacarpophalangeal joint and
plantar aspect of the first metacarpophalangeal of left hand and foot



H. Elsebaie et al.

Table 1

Bone Reports 15 (2021) 101106

Clinical and skeletal phenotype of ¢.302G>A p.(Arg101His) recurrent MMP2 gene variant identified in patient 1 of this study and previously reported literature.

Author
(year)

Patients
N (sex)

Age at
presentation
(AOO) years

Cranio-facial

Subcutaneous
nodules

MPJ, PIPJ,
DIPJ

Wrist

Foot/ankle Proximal/
large joints,

spine

Radiography Other systems

30
family, 2
M, 1F)

12 (5)
19 (6)
10 (6)

Martignetti
et al.
(2001)

Zankl et al.
(2007)

1P
mos)

Bhavani 1 9years (by

et al. birth)

(2016)

Patient 1 of 1 (M)
this study

6.5 years
(2years)

Frontal bossing,

hypertelorism, but

no coarse facial
features

13.5years (8 Coarse facial

features and flat
nasal bridge

Coarse facial
features and
bullous nose

Prominent
forehead,
hypertelorism, a
depressed nasal
bridge, long
philtrum, large
ears, thick
protruding lower

Mobile, non-
tender, hard,
smooth
surfaced
plantar nodules

Painless
plantar nodules

Plantar nodules

None

MPJ, PIPJ in Involved Involved

the form of
hand
clawing

All involving Involved

(arthritis/
fusion)

MPJ, and
PIPJ of the
right hand
especially
little finger

MPJ and
PIPJ
(deformity,
no arthritis)

Involved

Involved

Elbows®,
knees,
shoulders

Toes Knees,
(hyperextension) elbows,
and ankle stiffness, sacroiliac
the right foot showed joints
arthritis/joint

erosions of IPJ of big

toe”, hallux valgus

and marked varus

(inversion)

deformity.

Bilateral hallux None
valgus especially the

right foot and
hyperextension of

the greater toe of left

foot. Mild clawing of

lesser toes bilaterally

None
clinically
(radiography
not done)

Greater toes,
extension deformity
and right hallux
valgus

Diffuse
osteopenia,
subcortical
erosions,
medullary
expansion,
arthritis/
deformity of
carpus, wrist IPJ
(s) MPJ(s) and
feet. Pathologic
fractures of right
humerus and
femur (one
patient)

Diffuse
osteopenia*,
subcortical
erosions,
medullary
expansion,
arthritis of
carpus, wrist. IPJ
(s) and some MPJ
(s), fusion of
thumb IPJ and
patella-femoral
joint, striated
distal femoral
and proximal
femur
metaphyses. Non-
united pathologic
fracture proximal
phalanx of index
of left hand and
of undisplaced
(greenstick)
fractures of bases
of metacarpals of
right hand. The
distal ends of the
metacarpals were
broad in the right
and tapering in
the left hand (at
same point in
time).

Diffuse
osteoporosis,
subcortical
erosions,
medullary
expansion of
metacarpals,
metatarsals and
to lesser extent
the phalanges.
Mild carpotarsal
osteolysis.
Generally, hands
more affected
than feet

Hands show
diffuse
osteopenia,
bilateral carpal
osteolysis more
pronounced on
the right, minute
pathologic
fractures of

None

High arched
palate and
epicanthal folds

Hirsutism

Dentition
problems,
asymptomatic,
mild congenital
cardiac defect

(continued on next page)
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Table 1 (continued)
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Author
(year)

Subcutaneous
nodules

Patients Cranio-facial

N (sex)

Age at
presentation
(AOO) years

MPJ, PIPJ,
DIPJ

Wrist Proximal/
large joints,

spine

Foot/ankle Radiography Other systems

lip, but no coarse
facial features

metacarpals and
feet (with
osteopenia and
midtarsal
osteolysis),
tapering of the
proximal ends of
metacarpals and
transverse
metaphyseal
striations.

Zankl et al. (2007), patient had a compound heterozygote for two mutations in the MMP2 gene; NR, not reported; AOO, age of onset; MPJ, metacarpophalangeal joint;
PIPJ, proximal interphalangeal joint; DIPJ, distal interphalangeal joint; IPJ, interphalangeal joint.
@ The article reported proximal joint involvement collectively in a case series with various mutations. We were unable to associate this involvement with our target

mutation/patients.

b Radiographs of the right foot were well-described while those of the left were neither shown nor detailed in the text.
¢ Striations of femoral and tibial metaphyses and phalanx non-union are most likely secondary to alendronate therapy (a subtype of bisphosphonate) and not
necessary disease-specific. The same applies to the striations found in patient 1 of this study.

Fig. 1. (a, b): Patient 1. Right hand. Note the claw hand attitude created by
fixed extension deformity of metacarpophalangeal joints and flexion of the
interphalangeal joints of lesser fingers. Note the scars of previous soft tissue
releases. Realize the thumb is spared.

respectively. And diffuse thickening and edema of the subcutaneous fat.
Radiographs of the hand showed marked osteopenia and carpal osteol-
ysis more pronounced in right hand. Metaphyseal striations of distal
forearm bones were seen. Radiographs of the foot showed marked
osteopenia and midtarsal osteolysis more pronounced in the right foot.
Radiographs of the pelvis, long bones and larger joints and spine were
unremarkable. Echocardiography revealed a small septal defect that was
closing, and pelvi-abdominal ultrasound and complete blood count were
unremarkable.

3.2. Patient 2

A four-year-old boy presented to the outpatient clinic with multiple
joint swellings and an occasional painful limping gait over the past two
years. The boy was a product of a first degree consanguineous marriage
and has three healthy siblings. The skeletal symptomatology was
restricted to both hands and the left foot. The child complained of left
foot pain especially on exertion with seasonal fluctuations. The patient
was originally diagnosed as juvenile idiopathic arthritis and received
regular medical treatment in the form of methotrexate and steroids with
an inconclusive response. And was considered for biological therapy at
another institution just before referral to our clinic. His RF and ANA
were negative. He had no history of motor developmental delay nor
neurological manifestations nor history suggestive of other system

affection. All enzymatic activities for MPS types I, II, IIIB, IVA, VI and VII
including alpha-L-iduronidase were within normal. However, results of
whole exome sequencing confirmed the presence of a homozygous
frameshift variant of uncertain significance in the MMP2 gene (reference
sequence, NM_004530.5), c.40del p.(Leul4fs*) creating a shift in the
reading frame starting at codon 14. The new reading frame ends in a stop
codon O positions downstream. The patient is scheduled to receive
intravenous zoledronic acid injections for osteopenia.

3.2.1. Examination

By inspection the patient had dysmorphism in the form of triangular
face with frontal bossing, heavy thick eye brows with partial synophrys,
depressed nasal bridge, bilateral asymmetric ptosis with down-slanting
palpebral fissures and strabismus, hypertelorism, thick protruding
lower lip with no gingival hypertrophy, low set posteriorly rotated bat
ears and a relatively thin chin (Fig. 3). On examination his weight was
14kg (—1.8 SD), height was 98 cm (—1.6 SD) and occipito-frontal
circumference of 50 cm (—0.9 SD). There was mild diffuse swelling of
both knees but no palpable synovial thickening. The meta-
carpophalangeal joints of both hands -especially the fourth and fifth
fingers- were stiff in extension. The proximal interphalangeal joints of
the fourth and fifth fingers of both hands showed a severe fixed flexion
deformity (Fig. 4). The left foot was undersized with respect to girth and
length and showed a convex sole which was confirmed radiographically
with clawing of the big toe. Apart from the described abnormalities in
the hands, feet and knees we did not detect any other deformities. On
palpation there were no subcutaneous nodules. Radiographs of the hand
showed thin cortex, osteopenia and dysplastic changes especially the 5th
metacarpal and the 4th and 5th proximal phalanges (Fig. 5). Radio-
graphs of the feet showed osteopenia and osteolysis especially of the left
hind and midfoot namely calcaneus and talus (Fig. 6a—c). Radiographs of
the pelvis, long bones and larger joints and spine anterior-posterior
views were unremarkable except for the clavicles (supplementary file).
However, the lateral view of the dorsolumbar spine showed mild ante-
rior notching of lumbar 1 and lower dorsal vertebrae (Fig. 7). MRI of the
left foot showed thickening of plantar fascia, signs suggestive of Achilles
tendonitis and mild effusion of the ankle and tarsal joints. Bone density
measurement using dual energy X-ray absorptiometry revealed osteo-
penia. Apart from the ptosis and strabismus no other ophthalmologic
abnormalities were detected. Echocardiography revealed two tiny inter-
atrial septum fenestrations shunting from left to right. The pelvi-
abdominal ultrasound was unremarkable.
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Fig. 2. (a, b, c): Patient 1. Radioclinical presentation of hands and feet. (a) Right hand shows extension and flexion deformity of the metacarpophalangeal and
proximal interphalangeal joints respectively. Left hand shows a similar deformity but restricted to the little finger. (b) Radiographs show diffuse osteopenia, bilateral
carpal osteolysis more pronounced on the right (hollow arrows) with minute pathologic fractures of metacarpals and feet (not shown). Note tapering of the proximal
ends of some metacarpals. Note the transverse metaphyseal striations (arrows) which indicate previous bisphosphonate therapy. (c) Note the diffuse osteopenia of
both feet and the osteolysis of the midtarsal joints especially of the right foot which also shows a hallux valgus deformity.

4. Discussion

This study’s findings confirmed or at least harmonized with some of
the previously reported skeletal manifestations of MONA syndrome (de
Vos et al., 2019; Bhavani et al., 2016) in terms of age of onset, pre-
dominant and early radioclinical affection of hands and feet, fairly
symmetrical lesions especially in the hands and feet of the second and
first patients respectively, presence of craniofacial abnormalities and the
potential for proximal spread to large joints as the knees. The charac-
teristic extension deformity of the metacarpophalangeal joints of the
hands has not been focused upon explicitly. Together with the charac-
teristic flexion deformity of the proximal interphalangeal joints they
make up the hand clawing attitude described in literature (de Vos et al.,
2019). The importance of delineating a clear and detailed radioclinical
skeletal phenotype pattern in genetic skeletal dysplasia in general and
MONA spectrum disorders in specific cannot be overemphasized (EL-

Fig. 3. Patient 2. Craniofacial features. Dysmorphism in the form of triangular
face with frontal bossing, heavy thick eye brows with partial synophyrus,
depressed nasal bridge, bilateral asymmetric ptosis with down-slanting palpe-
bral fissures and strabismus, hypertelorism, thick protruding lower lip, low set
posteriorly rotated bat ears and a relatively thin chin.

Fig. 4. (a, b, ¢, d): Patient 2. Clinical presentations of both hands. (a, b) Volar
view. Note the claw hand attitude created by fixed extension deformity of
metacarpophalangeal joints and flexion of the interphalangeal joints of the 4th
and 5th fingers. (c, d) Dorsal view. Note the same clawing features seen in the
previous figures.

Sobky et al., 2017a; El-Sobky et al., 2017b). The literature on MONA
syndrome has characterized the skeletal manifestations in the hands and
feet broadly. However, further detailing is needed with respect to ray
involvement, type and number of joints affected, laterality, type and
severity of deformity and characteristic sparing of individual joints if
any. Longitudinal studies can track the chronological order of joint
involvement especially of the larger/proximal joints (de Vos et al.,
2019). The early recurrence following orthopedic surgery in our first
patient reaffirms the progressive nature of the syndrome and argues
against early surgical intervention. We reported expansion of the middle
third of clavicles which was reported sporadically in literature (de Vos
et al., 2019; Tuysuz et al., 2009).

4.1. Differential diagnosis

The history of present illness of our patients underscores once again
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Fig. 5. Patient 2. Radiographic presentation of hands. Radiographs of both
hands show widespread osteopenia (cortical thinning and hypodensity), coarse
trabecular pattern, tapering of the proximal ends of the metacarpals (arrows)
and confirm the clinical deformity.

the importance of making a clear distinction between some genetic
skeletal dysplasias including MONA syndrome and multicentric carpo-
tarsal osteolysis syndrome, and the spectrum of juvenile idiopathic
arthritis (Barut et al., 2017). And conforms to history of present illness
described repeatedly in the literature on the above-named genetic
skeletal syndromes respecting initial misdiagnosis as juvenile idiopathic
arthritis (Zankl et al., 2007; Al Aqeel et al., 2000; Al Kaissi et al., 2011;
Castberg et al., 2013; Gok et al., 2010; Li et al., 2020; Park et al., 2018;
Upadia et al., 2018; Gokay et al., 2018; Zhuang et al., 2017; Sun et al.,
2016). This applies also to a wider array of genetic skeletal dysplasias
which can mimic juvenile idiopathic arthritis clinically as progressive
pseudorheumatoid dysplasia (EL-Sobky et al., 2017a; Gamal et al., 2017;
Gaboon et al., 2019; Torreggiani et al., 2019; Madhusudan et al., 2016;
Taspinar et al., 2016; Kaya Akca et al., 2021; Al Kaissi et al., 2020). This
has two considerable implications. Firstly, the misdiagnosis of a genetic
skeletal dysplasia as a juvenile idiopathic arthritis may deprive patients
of potentially curable/life-saving bone therapeutics (Otaify, 2019) as
enzyme replacement (Khalifa et al., 2011), hematopoietic stem cell
transplantation (El-Sobky et al., 2017b) and gene therapy (Otaify,
2019), genetic counselling of family and expose patients to potential
toxicity of -non-indicated- rheumatologic pharmacotherapy. Although
an effective treatment is still not available for MONA syndrome, the
concept still holds. Secondly, the misdiagnosis of juvenile idiopathic
arthritis as a genetic skeletal dysplasia may lead to rheumatologic dis-
ease exacerbation and irreversible joint destruction that may have
otherwise been preventable with timely institution of therapy. On the
other hand, MONA syndrome and multicentric carpotarsal osteolysis
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syndrome seem to have overlapping clinical and radiologic features.
However, the autosomal dominant inheritance pattern and the frequent
presence of renal affection in the latter are important differentiating
tools. Besides, the presence of MAFB gene mutations on molecular
testing confirms the diagnosis of multicentric carpotarsal osteolysis
syndrome (Park et al., 2018; Upadia et al., 2018; Stajkovska et al.,
2018). The characteristics of non-skeletal manifestations as oral and
dental abnormalities may provide an additional differential diagnosis
tool of MONA syndrome (Mehrez et al., 2019). Genetic analysis remains
important to the differential diagnosis of skeletal dysplasia with
childhood-onset osteoporosis as pathogenic variants in SGMS2 gene (Al
Kaissi et al., 2011; Pekkinen et al., 2019; Robinson et al., 2020) and
pathogenic variants of PLS3 gene (Kampe et al., 2017), to skeletal dys-
plasias simulating juvenile idiopathic arthritis as pathogenic variants in
WISP3 gene (Gaboon et al., 2019; Torreggiani et al., 2019) and to the
differential diagnosis of MPS type-I (Hampe et al., 2020).

4.2. Genetic skeletal correlations

The pathogenic variant of MMP2 gene ¢.302G>A p.(Argl01His) of
patient 1 has been previously reported in three families in three different
countries namely Saudi Arabia (3 children) (Martignetti et al., 2001),
South America (one child) (Zankl et al., 2007), and India (10 year old
female) (Bhavani et al., 2016). The phenotype of the above-mentioned
recurrent MMP2 gene variant is summarized in (Table 1). The clinical

Fig. 7. Patient 2. Close-up lateral view of Lumber 1 and lower dorsal vertebrae.
Note the mild anterior notching or scalloping of the anterior bodies (arrows).

Fig. 6. (a, b, c): Patient 2. Radioclinical presentation of feet. (a) Note the undersized left foot, convexity of the sole i.e. loss of arch concavity (rocker bottom
deformity) and clawing of big toe i.e. extension of metacarpophalangeal joint and flexion of the interphalangeal. (b) Note the diffuse osteopenia, cortical irregu-
larities, disappearance of head of talus and dysplastic changes of left hindfoot with a vertical talus deformity (demarcation lines). The right foot is unremarkable. (c)
Left foot. Note the loss of normal concavity of the foot arch and even emergence of a sole convexity. Mark the clawing of big toe in the form of extension deformity at
the first metacarpophalangeal joint and flexion deformity at the interphalangeal the joint.
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and radiographic profile of patient 1 in our study and similar variant
reported in literature overlap considerably. This implies a fairly
consistent phenotype-genotype pattern. Unlike previous reports, patient
1 did not have subcutaneous nodules. A less consistent pattern is drawn
in regard to dissimilar MMP2 gene mutations reported in the literature
(de Vos et al., 2019; Bhavani et al., 2016).

The homozygous frameshift variant of MMP2 gene c.40del p.
(Leul4fs*) of patient 2. This variant was not reported before and is
considered a variant of unknown significance. It is novel variant with
characteristic features of bilateral ptosis, downward slanting of palpe-
bral fissures, no gingival hypertrophy or subcutaneous nodule but
bilateral hand deformities and early unilateral osteolysis of hind and
midfoot bones etc. The previous description conforms to the phenotype
of MONA syndrome (Fig. 8) (Table 2). Parents were unavailable for
molecular testing. We consider this a study Limitation. Generally, the
clinical —including non-skeletal manifestations- and radiographic profile
of children with MONA syndrome may vary with respect to prevalence
and severity and distribution of each manifestation. This is particularly
explicable by the occasional discrepancy between the age of onset -
chronology - of a particular manifestation and age of the patient at time
of presentation, and the presence of intrafamilial variations (Kroger
et al., 2019; Rouzier et al., 2006). This may explain the absence of pain
in our two patients. It may also explain the relatively more aggressive
osteolysis and wrist joint stiffness in our older patient. Together with
absence of proximal -large- joint and spine involvement in our young
patients. That is, absence of pain in our patients may be attributed to
their relatively young age at the time of presentation. However, joint
destruction, progressive osteolysis and subsequent emergence of pain
are highly likely manifestations, but late in the natural course of disease,
namely in late childhood or adolescence. Nevertheless, there seems to be
an all-embracing clinical and radiologic pattern in patients with MONA
syndrome. This is based upon our findings and a thorough literature
review (Graphical abstract);

a) Presenting symptoms are fundamentally skeletal in nature and occur
in early childhood.

b) Presenting manifestations occur simultaneously in the hands and feet
especially fingers and toes e.g. clawing.

c) Skeletal manifestations proceed fairly rapidly in a distal-to-proximal
fashion to involve proximal joints and spine eventually.

d) Radiographic features are a mixture of bone resorption, joint
destruction and pathologic fractures i.e. an “arthrogenic” skeletal
dysplasia.

e) Considerable disability may ensue in late childhood or early
adolescence.

f) Non-skeletal manifestations are variable in terms of age of appear-
ance and frequency.

Although defective MMP2 enzyme activity is closely linked to
osteolysis and abnormal extracellular matrix and bone remodeling
found in MONA syndrome, the exact mechanism by which these path-
ological changes are induced remains controversial. Correlating MMP2
enzyme activity with genotype-phenotype variability noticed in MONA
syndrome may provide insights into the various suggested roles of
MMP2 in health and disease, and may inspire future experimental ani-
mal research (Li et al., 2021; Lieu et al., 2011).

5. Conclusion

The two reported children with multicentric osteolysis nodulosis
arthropathy (MONA) syndrome caused by variants in MMP2 gene align
with and expand the existing literature on skeletal phenotype in terms of
the particulars of clinical and radiologic pattern and the novel variant
detected in patient 2. Further meticulous reporting of patient phenotype
in general and radioclinical skeletal phenotype in specific can produce a
remarkable disease signature and resolve the unsettled current
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Fig. 8. Family pedigree of patient 2.

phenotype-genotype correlations. In that regard longitudinal studies
have the potential to reveal the chronology and pattern of joint
involvement, and assess the efficacy and complications of potential bone
therapies like bisphosphonates. The importance of a multidisciplinary
approach to diagnosis and management cannot be overemphasized.

6. Recommendations

The description of skeletal manifestations in the literature tended to
be arbitrary. It occasionally lacked details as to the exact number of
involved small joints of the hands or feet and the severity of involvement
and incomplete information on the involvement of proximal joints or
spine. We attempted to extrapolate the specifics of skeletal involvement
from the posted clinical images. However, this may limit the accuracy of
the reported findings. We therefore recommend accurate and systematic
reporting of all skeletal manifestations preferably by a pediatric rheu-
matologist or orthopedic surgeon.
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Table 2
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Clinical and skeletal phenotype of novel variant of MMP2 gene identified in patient 2 of this study.

Author Patients Age at Cranio-facial Subcutaneous MPJ, PIPJ, Wrist  Foot/ankle Proximal/ Radiography Other systems
(year) N (sex) presentation nodules DIPJ large
(AOO) years joints,
spine
Patient 1) 4(2) Triangular face None MPJ None  Left foot was Mildly Hands and feet Asymptomatic,
2 of with frontal extension undersized affected showed mild congenital
this bossing, heavy def., PIPJ with convex knees, osteopenia and cardiac defect
study thick eye brows flexion def. sole and otherwise dysplastic
with partial especially of clawing of None changes,
synophyrus, the 4th and big toe. No especially of the
depressed nasal 5th fingers. arthritis left hindfoot.

bridge, bilateral
asymmetric ptosis
with down-
slanting palpebral
fissures and
strabismus,
hypertelorism,
thick protruding
lower lip, low set
posteriorly rotated
bat ears and a
relatively thin chin

No arthritis

Spine lateral
views showed
mild anterior
scalloping of
dorsolumbar
junction
vertebrae.
Expansion of
middle third of
clavicles

AOO, age of onset; MPJ, metacarpophalangeal joint; PIPJ, proximal interphalangeal joint; DIPJ, distal interphalangeal joint; IPJ, interphalangeal joint;
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