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Abstract

Juvenile Paget’s disease (JPD) is a rare heritable osteopathy characterized biochemically by
markedly increased serum alkaline phosphatase (ALP) activity emanating from generalized
acceleration of skeletal turnover. Affected infants and children typically suffer bone pain and
fractures and deformities, become deaf, and have macrocranium. Some who survive to young
adult life develop blindness from retinopathy engendered by vascular microcalcification. Most
cases of JPD are caused by osteoprotegerin (OPG) deficiency due to homozygous loss-of-function
mutations within the TNFRSF11B gene that encodes OPG. We report a 3-year-old Iranian girl
with JPD and craniosynostosis who had vitamin D deficiency in infancy. She presented with
fractures during the first year-of-life followed by bone deformities, delayed development, failure-
to-thrive, and pneumonias. At 1 year-of-age, biochemical studies of serum revealed marked
hyperphosphatasemia together with low-normal calcium and low inorganic phosphate and 25-
hydroxyvitamin D levels. Several family members in previous generations of this consanguineous
kindred may also have had JPD and vitamin D deficiency. Mutation analysis showed
homozygosity for a unique missense change (¢.130T>C, p.Cys44Arg) in TNFRSF11B that would
compromise the cysteine-rich domain of OPG that binds receptor activator of NF-xB ligand
(RANKL). Both parents were heterozygous for this mutation. The patient’s serum OPG level was
extremely low and RANKL level markedly elevated. She responded well to rapid oral vitamin D
repletion followed by pamidronate treatment given intravenously. Our patient is the first Iranian
reported with JPD. Her novel mutation in 7AVFRSF11B plus vitamin D deficiency in infancy was
associated with severe JPD uniquely complicated by craniosynostosis. Pamidronate treatment with
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vitamin D sufficiency can be effective treatment for the skeletal disease caused by the OPG
deficiency form of JPD.
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II) Introduction

Juvenile Paget’s disease (JPD: #239000 in Mendelian Inheritance in Man)®) is a rare
heritable osteopathy that markedly increases serum alkaline phosphatase (ALP) activity
(hyperphosphatasemia) from greatly accelerated turnover of osseous tissue throughout the
skeleton.(?) JPD was first called “fragile bones with macrocranium” when characterized in
1956 by Bakwin and Eiger in young sisters of Puerto Rican heritage living in New York
City.(® Approximately 60 cases have been reported worldwide.(3-11) Affected infants and
children suffer bone pain, fractures, and skeletal deformities and most become deaf by early
childhood.:8.7) Those who live longer may acquire diffuse vascular microcalcification
(VMC)(®) that causes retinopathy and blindness®>19) and perhaps intracranial aneurysms.(1)
JPD c:zm l;e fatal in childhood or by young adult life unless antiresorptive therapy is
given.48

Beginning in 2002,47) the molecular basis for most but not all cases of JPD became
understood as autosomal recessive transmission of loss-of-function mutations within
TNFRSF11Bthat encodes osteoprotegerin (OPG).(12) OPG is a receptor member of the
tumor necrosis factor (TNF) superfamily, and slows osteoclastogenesis and osteoclast (OC)
action by “decoying” receptor activator of nuclear factor-xB (RANK) ligand (RANKL)
away from its cognate receptor RANK.() Thus, the prevalent form of JPD can now be
called “OPG deficiency”.(2)

Here, we describe a 3-year-old Iranian girl with the OPG deficiency form of JPD. The
additional burden of vitamin D deficiency documented during infancy likely exacerbated her
skeletal disease and may have caused craniosynostosis. A great-aunt in her consanguineous
kindred was probably similarly affected. In keeping with most cases of JPD, we found that
our patient was homozygous for a unique “founder” mutation in 7MFRSF11B.

[Il) Materials and Methods

A) Case Report

This 3-year-old Iranian girl appeared well until age 3 months when she developed irritability
with excessive crying that was explained by a clavicle fracture. The bone break was treated
conservatively. At age 1 year, she sustained a pelvic fracture and had wide wrists and ankles
and a “rachitic rosary”. Our review of the radiographs of her lower extremities showed
bowing, osteopenia, and wide medullary cavities with indistinct inner margins, but the
physeal lines were well-defined and without the fraying associated with rickets.
Examination of her skull showed a closed fontanel. Serum calcium (Ca) was 8.5 mg/dl (NI
8.5 — 10.8), inorganic phosphate (Pi) 3.0 mg/dl (NI 3.8 — 6.5), 25-hydroxyvitamin D
[25(0OH)D] 10 ng/ml (NI 12 — 40), and ALP 1897 U/L (NI 145 - 420). Serum 1,25-
dihydroxyviamin D [1,25(0OH),D] was not measured. Vitamin D deficiency was diagnosed
and she was given 600,000 units of vitamin D3 orally once (“stoss therapy™) and then 600
units orally each day as maintenance therapy. Her serum 25(OH)D and Pi levels were
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normal after ten days of this treatment, but her serum ALP level increased further,
radiographic changes were not improved, and the skeletal deformities and irritability from
bone pain were no better.

She was referred to us at 2.5 years-of-age with failure-to-thrive. Biochemical testing during
the previous year had shown normal serum Ca, Pi, 25(OH)D, and 1,25(0OH),D levels, yet
there was biochemical evidence of continued rapid bone turnover with serum ALP activity
of 2920 — 5010 U/L (NI 145 — 420) and urinary deoxypyridinoline of 178 nmol per
millimole of creatinine (NI 2 — 41 for children). She was irritable and appeared chronically
ill (Figure 1). Her weight (7500 g), length (74 cm), and head circumference (44 cm) were all
below the 3rd percentile for age and gender. Both the anterior and posterior fontanels were
closed. Chest deformity included widening of the costochondral junctions giving the
appearance of a “rachitic rosary”. Her humeri were short, femurs laterally bossed, tibias
curved anteriorly, and wrists and ankles wide. Developmental milestones were delayed. She
could speak only a few words (e.g., “papa” and “mama”), was unable to stand, and had
markedly delayed gross motor skills. There was poor muscle tone. Her lungs and heart were
unremarkable, and she had no hepatosplenomegaly. An umbilical hernia was present.
Hearing assessment (pure tone audiometry and oto-acoustic emission) was normal. An
ophthalmologist reported a normal eye examination, including the retina. Radiographic
studies were consistent with JPD (see Radiographic Findings).

Her healthy appearing parents were first cousins (Figure 2) from Fars Province in the south
of Iran (Figure 3). They had normal serum ALP activity and unremarkable findings on
skeletal radiographs. However, the kindred’s medical history revealed a great-aunt also with
consanguineous parents (Figure 2) who had similar skeletal problems. According to a
grandfather, she suffered bone fractures and deformities, poor weight gain, short stature,
delayed development, and mental retardation, but could hear and speak. She too had been
treated for nutritional rickets, but further evaluation was not undertaken. Subsequently, she
required hospitalizations for respiratory failure and died from pneumonia at age 12 years.
Her medical records could not be located. Our patient’s father had two cousins, also from
consanguineous parents (Figure 2), with bone deformities and severe short stature. One is a
27-year-old man without mental, visual, or vascular problems who has two healthy children.
The other is a 34-year-old woman who is blind, mentally retarded, and childless. We have
been unable to study these two individuals.

B) Mutation Analysis

After informed written consent, peripheral blood from the patient and her parents was sent to
our research laboratory in St. Louis, MO, USA. DNA was isolated from the leukocytes
using the Gentra Puregene DNA extraction kit (Invitrogen, Carlsbad, CA, USA). All five
coding exons of TNFRSF11B were amplified by PCR and sequenced using an Applied
Biosystems 3130 (Foster City, CA, USA) as previously described.() The TNFRSF11B
mutation (see Results) was identified by visual examination of electropherograms and
alignment of the DNA sequence to a control sequence using AlignX/VectorNTI software
(Invitrogen, Carlsbad, CA, USA).

C) Serum OPG and RANKL

Enzyme immunoassay kits (Bio Net, Southbridge, MA, USA) were used to quantitate
soluble OPG and RANKL levels in serum. In two separate dedicated assay runs, performed
as specified by the manufacturer (Biomedica Medizinprodukte GmbH & Co, KG), the serum
OPG and RANKL levels in our patient and her parents were contrasted to levels in sera from
five healthy children and five healthy adults chosen randomly as age- and ethnicity-matched
controls.
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IV) Results
A) Radiographic Findings

Our review of the patient’s radiographs at 8 months-of-age revealed changes most consistent
with JPD, but without superimposed vitamin D deficiency rickets (Figure 4). At 2.5 years-
of-age, her findings were again typical for JPD-11 and included widened osteopenic long
bones with coarse trabeculae and indistinct corticomedullary junctions (Figure 5). The
diploic space of the skull was wide with coarse vertical trabeculae giving a “hair-on-end”
appearance, and the outer table of the skull was thin and indistinct. However, the sutures
were prematurely closed. The chest was deformed with widening of costochondral junctions
similar to a rachitic rosary. There were short bowed arms, wide wrists and ankles, coxa vara,
bowed thighs and legs, osteopenic widened long tubular bones with irregular cortical
thickenings primarily on their inner surfaces causing indistinct corticomedullary junctions,
irregular focal areas of sclerosis and lucencies, modeling errors, and cystic changes in the
distal femurs.

B) Mutational Analysis

Leukocyte DNA from our patient revealed a homozygous missense change (¢.130T>C,
p.Cys44Arg) in exon 2 of 7TNFRSF11B (Figure 6). Her parents were heterozygous for this
finding. This missense alteration was likely a mutation that causes JPD because it was not
listed in dBSNP as a single nucleotide polymorphism, and was not found after sequencing
TNFRSF11Bin > 100 Americans.( Also, it was not a conservative amino acid change.
However, it had not been encountered in other cases of JPD, either ours® or published
reports. The observation was instead consistent with our experience that various geographic/
ethnic groups worldwide with JPD typically carry unique homozygous 7NFRSF11B
mutations.(13) The exceptional patient, from the United Kingdom, was compound
heterozygous for a single amino acid deletion and a nonsense mutation.(13)

C) Serum Levels of OPG and RANKL

Our patient’s serum OPG level was very low compared to age-matched controls at 0.29
pmol/L (NI 2.93 * 1.36) whereas the values were 1.05 pmol/L, 2.51 pmol/L, and 2.11 — 3.97
pmol/L in her father, mother, and five healthy adult controls, respectively. Our patient’s
serum RANKL level was markedly elevated (39 pmol/L) in contrast to undetectable in her
parents and all controls.

D) Treatment

Our patient was given pamidronate (PMD: Novartis Pharmaceuticals Corporation, East
Hanover, NJ, USA) intravenously beginning at age 2.5 years at a dose of 1 mg/kg/day for 3
days, every 3 months, while oral vitamin D3 supplementation was continued at 600 U/day.
Serum ALP levels had been increasing during her second year of life from 2156 to 2920,
and then to 4653 U/L. Subsequently, irritability was significantly less and her muscle power
increased so that she moved her extremities easily and could stand with help. She can now
sit, stand, and walk with assistance without pain. Serum calcium levels were measured
monthly and have been normal, whereas ALP decreased from 5010 U/L at referral at age 2.5
years to 2187 U/L at age 3 years (i.e.; after 6 months of PMD therapy), and is currently 1126
U/L (NI 145 — 420) at 38/4, years-of-age.

V) Discussion

Our patient represents the first report of JPD in Iran. We found that she has the OPG
deficiency form of this disorder, that for her is caused by a unique homozygous missense
mutation (c.130T>C, p.Cys44Arg) within TNFRSF11B.(4.5.7.14) Her healthy appearing
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consanguineous parents are heterozygous carriers for this defect, but several other
individuals in this kindred of Persian heritage may also have suffered OPG deficiency.
Hence, it will now be important to: i) understand whether JPD is prevalent in this
geographical region, ii) assure that the disorder is recognized and correctly diagnosed, and
iii) treat promptly any additional burden of vitamin D deficiency before antiresorptive
therapy is given.

Our patient’s clinical course seemed relatively severe for OPG deficiency.®:?) She presented
in infancy with fractures followed by skeletal deformity, delayed developmental milestones,
failure-to-thrive, and recurrent pneumonias. Her great-aunt may have succumbed at 12
years-of-age to JPD. However, the JPD in these individuals was likely exacerbated during
infancy by vitamin D deficiency with secondary hyperparathyroidism further accelerating
osteoclastogenesis and bone turnover. Perhaps vitamin D deficiency also caused our
patient’s craniosynostosis because premature suture closure is a consequence of various
types of rickets, including nutritional rickets,(!>) and our literature review revealed no
reports of this complication in JPD. Our patient had small head size, rather than the
macrocranium typical of JPD.(3-11) Although she lived in a tropical area of southern Iran,
her sunlight exposure was probably limited by her disabilities that kept her indoors in a city.
Furthermore, she was breast fed during infancy without receiving supplemental vitamin D.
Her mother’s exposure to sunlight was likely also limited because she wore the burka
customary for women in this part of Iran. This tradition has been reported to cause low
serum levels of 25(0OH)D.(16-20) Accordingly, quantitation of serum 25(OH)D and
correction of any vitamin D deficiency as early as possible for JPD patients may be
important to avoid related complications. Indeed, Polyzos and colleagues(??) reported in
2010 profound hypocalcemia after zoledronic acid treatment given to an adult with JPD.

Our patient responded well to PMD treatment after vitamin D deficiency had been rapidly
corrected by “stoss” (German — “push” or “shove”) therapy. She was able to safely begin the
PMD infusions that have been helpful for JPD.(®) However, anti-resorptive treatment may
now be necessary lifelong to control her skeletal disease.(® Fortunately, she did not have
deafness, and it will be important to know if her hearing will be preserved by anti-resorptive
therapy to block the destruction of middle ear bones characteristic of OPG deficiency.(@
Even so, without further advances in the medical management of OPG deficiency, she may
become blind in adult life from VMC and retinopathy because this complication is not
expected to respond to bisphosphonate (or perhaps to the anti-RANKL monoclonal
antibody, denosumab) therapy.(@ In 2007, Whyte et al® reported a 60-year-old Greek man
with OPG deficiency who was homozygous for the "Balkan" 7NFRSF11B frame-shift
(966_969delTGACinsCTT) mutation(*1) and suffered progressive deafness and blindness
although skeletal deformity seemed controlled by bisphosphonate therapy that began at age
32 years. His deafness and blindness occurred although the Balkan 7AFRSF11B mutation
retains some OPG function, and is regarded as the mildest OPG mutation.(®:15.22)

In health, OPG acts as a homodimer with 401 amino acids per monomer,(3) including a
series of cysteine-rich domains at the amino-terminal characteristic of TNF receptor
superfamily members (Figure 6). These domains form an extended rod-like structure that
binds RANKL.(2% Qur patient’s homozygous mutation located at ¢.130T>C, p.Cys44Arg in
exon 2 of TNFRSF11B predicts a transition missense mutation. The affected cysteine
residue with thiol side chain would be mutated to arginine with a 3-carbon aliphatic straight
chain, and the distal end would be capped by a complex guanidinium group. The mutant
OPG amino acid residue is larger, positively charged, and less hydrophobic than the wild
type OPG residue located in the core of OPG. Receptors in the TNF superfamily have two to
six cysteine-rich domains in the extracellular ligand-binding region; OPG has four (Figure
6).(25) These cysteines form disulfide bonds that are critical for the structural integrity and

J Bone Miner Res. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Saki et al.

Page 6

RANKL binding property of OPG. Our patient’s homozygous Cys44Arg OPG is located in
the first cysteine-rich domain (Figure 6) and could compromise folding of the mutant
protein, or cause loss of hydrophobic interaction within the core of the protein.(26)
Accordingly, her loss of a specific disulfide bond would probably destabilize the three-
dimensional structure of OPG.

With homozygous selective and complete deletion of 7A/FRSF11B in Navajos with JPD,
serum immunoreactive OPG levels are undetectable and soluble immunoreactive RANKL
levels are extremely elevated.™ Similar findings were present in our current patient. The
Navajo patients have OPG deficiency that has been (if untreated with anti-resorptive
therapy) lethal in childhood or young adult life.() In contrast, some JPD patients with small
structural mutations within 7AVFRSF11B biosynthesize OPG that is detectable in serum
using current assays.(® Our findings,(13 and those of Chong et al,(14) indicated that
homozygous mutation of 7AVFRSF11B accounts for most patients with JPD. Chong et al14)
concluded that the six different 7NVFRSF11B mutations studied correlated with the clinical
severity of JPD. Our patient carries a homozygous missense mutation in 7VFRSF11B which
could lead to milder disease than mutations that delete or disrupt the coding region for OPG.
Nevertheless, her delayed development, repeated fractures, recurrent pneumonias, and
failure-to-thrive seemed more severe than with other missense mutations in
TNFRSF11B.(%) We wonder if her additional burden of vitamin D deficiency during
infancy together with a missense mutation that caused significant structural disruption of
OPG is the explanation for her severe JPD. In fact, two other missense mutations that would
affect a cysteine residue in the same region of OPG caused severe JPD.(14)

Hence, homozygosity for a unique (c.130T>C, p.Cys44Arg) missense mutation of
TINFRSF11Bencoding OPG caused a severe and potentially lethal form of JPD in a
consanguineous Kindred in Iran. Vitamin D deficiency was likely an exacerbating, but
treatable, coincidental problem. Distinguishing OPG deficiency from “nutritional” rickets
and repletion of any concomitant lack of vitamin D prior to anti-resorptive therapy will be
important for the safe and effective medical management of this rare genetic skeletal
disease.
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Acronyms and Abbreviations

ALP alkaline phosphatase

JPD juvenile Paget’s disease
NF-xB nuclear factor-kappa B

NI normal

OPG osteoprotegerin

PMD pamidronate

RANK receptor activator of NF-xB
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RANKL RANK ligand
TNF tumor necrosis factor
TNFRSF11B gene that encodes OPG
VMC vascular microcalcification
25(0OH)D 25-hydroxyvitamin D
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Figurel. Patient At Referral

At 2.5 years-of-age (panel A, B) our patient had not walked. There is bowing deformity of
all limbs with muscle wasting. Note the flaring of the wrists (panel C) that had been
attributed to vitamin D deficiency rickets.
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Figure 2. Family Pedigree

Four generations reveal that our patient is consanguineous, because her parents are first
cousins. Her maternal great-aunt was likely affected by JPD and also consanguineous,
giving a pseudo-dominant appearance of transmission of their JPD.
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Figure 3. Geographical Region of Patient’s OPG Mutation
Our patient lives in Fars Province, Iran where the population is largely of Persian heritage
and where the prevalence of JPD is unknown.
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Figure 4. Radiographic Findings at 8 Months-of-Age
Lateral radiographs (panel A = right, panel B = left) of bones at the knees at 8 months-of-

age show bowing, osteopenia, wide medullary cavities with indistinct inner margins
(especially in the tibias) that all can be seen in rickets, but the physeal lines (arrows) are
distinct and without fraying expected with rickets.
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Figure 5. Radiographic Findings at Referral at 2.5 Years-of-Age

A) The skull has a wide diploic space with coarse vertically oriented trabeculae and an
indistinct thin outer table. The sagittal suture is closed.

B) Radiographs of the hand and wrist shows severe osteopenia. The short tubular bones are
wide, especially the phalanges, and there are thin cortices. The radius and ulna show
metaphyseal and metadiaphyseal sclerosis, loss of corticomedullary definition, thin cortices,
distal flaring, and slight fraying of the provisional zones of calcification. Soft tissue swelling
is apparent.

C) The femurs and tibias are osteopenic, wide, and have irregular cortical thickening,
indistinct corticomedullary junctions, focal areas of sclerosis and lucencies, marked coxa
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vara, failure of modeling (especially in the distal femora), and lateral femoral bowing. There
is mild acetabular protrusion.

D) This leg and distal thigh demonstrate tibial and femoral bowing, wide medullary cavities

with indistinct margins, irregular cortical thickening, and interference with modeling. Coarse
and thick trabeculae and focal areas of sclerosis and lucencies are present.
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Figure 6. TNFRSF11B Mutation Analysis

A) Sequencing of our patient’s 7TAVFRFS11B (top) shows a homozygous missense mutation
¢.130T>C, p.Cys44Arg located within the cysteine-rich domain of OPG (bottom) where

loss-of-function defects cause severe JPD.(9) (SP = signal peptide).

B) Sequencing of the parents’ 7AFRSF11B shows the same heterozygous mutation.
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