1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
J Bone Miner Res. Author manuscript; available in PMC 2015 December 0O1.

-, HHS Public Access
«

Published in final edited form as:
J Bone Miner Res. 2014 December ; 29(12): 2601-2609. doi:10.1002/jbmr.2289.

Rapid Skeletal Turnover In A Radiographic Mimic Of
Osteopetrosis

Michael P. Whytel:2, Katherine L. Madson?, Steven Mumm2-2, William H. McAlister3,
Deborah V. Novack?#4, Jo C. Blair®, Timothy R. Helliwell®, Marina Stolina’, Laurence J.
Abernethy®, and Nicholas J. Shaw?

Katherine L. Madson: kmadson@shrinenet.org; Steven Mumm: smumm@dom.wustl.edu; William H. McAlister:
mcalisterw@mir.wustl.edu; Deborah V. Novack: dnovack@path.wustl.edu; Jo C. Blair: Jo.Blair@alderhey.nhs.uk; Timothy
R. Helliwell: trh@liverpool.ac.uk; Marina Stolina: mstolina@amgen.com; Laurence J. Abernethy:
Laurence.Abernethy@alderhey.nhs.uk; Nicholas J. Shaw: NICK.SHAW@bch.nhs.uk

1Center for Metabolic Bone Disease and Molecular Research, Shriners Hospital for Children; St.
Louis, MO, USA, 63131

2Division of Bone and Mineral Diseases, Washington University School of Medicine at Barnes-
Jewish Hospital; St. Louis, MO, USA, 63110

3Department of Pediatric Radiology, Mallinckrodt Institute of Radiology at St. Louis Children’s
Hospital, Washington University School of Medicine; St. Louis, MO, USA, 63110

“Department of Pathology, Washington University School of Medicine at Barnes-Jewish Hospital;
St. Louis, MO, USA, 63110

5Department of Endocrinology, Alder Hey Children’s National Health Service Foundation Trust;
Liverpool, UK, L12 2AP

6Department of Molecular and Clinical Cancer Medicine, University of Liverpool; Liverpool, UK,
L69 3GA

Amgen, Inc.; Thousand Oaks, CA, USA, 91320

8Department of Radiology, Alder Hey Children’s National Health Service Foundation Trust;
Liverpool, UK, L12 2AP

9Department of Endocrinology and Diabetes, Birmingham Children’s Hospital; Birmingham, UK,
B4 6NH

Abstract

Among the high bone mass disorders, the osteopetroses reflect osteoclast failure that prevents
skeletal resorption and turnover leading to reduced bone growth and modeling and characteristic
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histopathological and radiographic findings. We report an 11-year-old boy with a new syndrome
that radiographically mimics osteopetrosis but features rapid skeletal turnover. He presented at age
21 months with a parasellar, osteoclast-rich giant cell granuloma. Radiographs showed a dense
skull, generalized osteosclerosis, and cortical thickening, medullary cavity narrowing, and
diminished modeling of tubular bones. His serum alkaline phosphatase was > 5,000 1U/L (normal
< 850). After partial resection, the granuloma re-grew but then regressed and stabilized during
three years of uncomplicated pamidronate treatment. His hyperphosphatasemia transiently
diminished but all bone turnover markers, especially those of apposition, remained elevated. Two
years after pamidronate therapy stopped, BMD z-scores reached + 9.1 and + 5.8 in the lumbar
spine and hip, respectively, and iliac crest histopathology confirmed rapid bone remodeling.
Serum multiplex biomarker profiling was striking for low sclerostin. Mutation analysis was
negative for activation of LRP4, LRP5, or TGFB1 and for defective SOST, OPG, RANKL,
RANK, SQSTML1, or sFRP1. Microarray showed no notable copy number variation. Studies of his
non-consanguineous parents were unremarkable. The etiology and pathogenesis of this unique
syndrome are unknown.

Keywords
biomarker profiling; giant cell granuloma; osteosclerosis; sclerostin

II) Introduction

Mendelian diseases that cause high bone mass reveal genes that importantly regulate skeletal
homeostasis.(1:2) For several, enhanced osteoblast (OB) activity leads to strong bones.
Examples include the endosteal hyperostoses that gradually add good quality bone to the
subperiosteal and especially endosteal surfaces of cortices.(1:2) Among them, sclerosteosis
and van Buchem disease reflect autosomal recessive (AR) transmission of loss-of-function
mutations that compromise the structure and expression, respectively, of the gene that
encodes the OB inhibitor sclerostin (SOST).(? Consequently, bone formation mediated by
low-density lipoprotein receptor-related protein 5 (LRP5) is enhanced.(23) Similarly,
autosomal dominant (AD) “Worth type” endosteal hyperostosis(?) increases skeletal mass
and strength, but from heterozygous gain-of-function mutation of LRP5.(3-5) In these
endosteal hyperostoses, tubular bone “modeling” (external shaping) is essentially normal.(®
Conversely, wide and weak bones characterize the extremes of skeletal remodeling,
including, when excessive, in juvenile Paget’s disease (JPD), Camurati-Engelmann disease
(progressive diaphyseal dysplasia), or McCune-Albright syndrome,® and when halted from
osteoclast (OC) failure in osteopetrosis (OPT).(") The OPT skeleton is brittle despite
hyperostosis (cortical bone thickening) and osteosclerosis (increased trabecular bone)
stemming from the accumulation of calcified cartilage synthesized during endochondral
bone formation within wide “undertubulated” metaphyses (Erlenmeyer flask deformity),(®
failure of osteons to interconnect, “hardening” of hydroxyapatite crystals, and, perhaps, poor
healing of microfractures.(")

We report a new syndrome that features a parasellar giant cell granuloma (GCG) and rapid
skeletal turnover associated with radiographic findings indicating OPT.
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[Il) Materials and Methods

A) Patient

This 11-year-old boy English boy weighed 3.6 kg when delivered at term to a 32-year-old
G3, P,.3 woman after an uncomplicated pregnancy. Early milestones were on time. His
parents were not consanguineous. The father was 6’ 3” tall, and healthy; mother was 5’ 7”
tall, and had psoriasis and iritis. A brother and sister were well.

At age 214 years, he became clumsy and an ophthalmologist noted vertical nystagmus.
Magnetic resonance imaging (MRI) showed a well-defined, 5 x 5 x 6 cm, partially cystic,
parasellar mass encroaching on his optic foramina.

At age 28 months, transpalatal subtotal resection of the mass revealed a GCG with abundant
OCs (see Histopathological Findings). Before surgery, his serum alkaline phosphatase
(ALP) was 5,598 IU/L (NI, 177 — 1,036), 25-hydroxyvitamin D 16 ng/ml (NI, 15 — 60), and
IGF-1 was normal. One day and one month later, ALP was 1,883 and 5,640 IU/L,
respectively. Serum TSH and free T4 were normal. Three months postoperatively, MRI
showed that solid tissue had replaced the cystic component of the tumor, and that the mass
had regrown to 6 x 5 x 4 cm.

At age 2% years, the patient struck his head and developed vomiting and left side paralysis.
Imaging revealed a cerebellar infarct. Clotting studies were normal. Aspirin, 150 mg po
every other day, was taken until age 7 years with physical rehabilitation for six months.
Strength and function largely recovered. Serum ALP remained elevated at 5,266 1U/L,
although calcium was 2.45 mmol/L (NI, 2.15 — 2.74), 1,25-dihydroxyvitamin D 83 pmol/L
(NI, 43 — 144), and parathyroid hormone (PTH) 8.7 pmol/L (NI, 1.1 — 6.9). Serum
angiotensin converting enzyme was 85 U/L (NI, 18 — 66).

At age 3 years, a rheumatologist found no antinuclear, antineutrophil cytoplasmic, or
antiphospholipid antibodies and a negative rheumatoid factor. High dose
adrenocorticotrophin stimulation testing showed adequate adrenal responsiveness. A chest
radiograph, skeletal survey, and bone scintigraphy demonstrated diffuse osteosclerosis and
mild modeling errors of his tubular bones (see Radiological Findings). The thick cortices
and narrow medullary spaces of long bones suggested an endosteal hyperostosis, but
mutation analysis for van Buchem disease and LRP5 activation was negative (courtesy, Dr.
Wim van Hul, Antwerp, Belgium), and we then assessed the radiographic changes as
consistent with OPT. Single photon emission computed tomography (SPECT) revealed
intense activity in the mid-line skull base (see Radiological Findings). Because the GCG had
regrown, pamidronate (PMD) was given intravenously (1 mg/kg/dose) for three consecutive
days every three months from ages 3 to 6 years.

At age 5 years, SPECT revealed significant reduction in radionuclide accumulation within
the patient’s head, and by age 6 years the GCG had regressed to 4.9 x 2.4 x 4.9 cm (see
Radiological Findings). As the mass was then stable and the PMD infusions caused pruritus,
treatment was decreased and stopped.
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Bone turnover markers (BTMs) had not been measured before PMD administration. After 2
Y years of PMD treatment, serum ALP activity decreased from 5,818 to 2,223 IU/L, but
then rebounded. After 3 ¥ years of treatment, all BTMs were markedly elevated, especially
those reflecting apposition (courtesy of Professor William Fraser, Royal Liverpool
University Hospital, U.K.): serum procollagen type 1 amino-terminal propeptide (P1NP)
was 2,654 mcg/L (NI, 20 — 76), osteocalcin 285 mcg/L (NI, 7 — 32), and carboxy-terminal
collagen crosslinks (CTX) 3.5 mcg/L (NI, 0.1 — 0.5). First-void morning urine (ARUP
Consult®) showed a pyridinoline/creatinine (CRT) ratio of 644 umole/mol (NI, 117 — 325)
and a deoxypyridinoline (DPD)/CRT ratio of 160 pmol/mol (NI, 20 — 75). Thus, the
pyridinoline/DPD ratio was elevated at 4.0 (NI, 0.19 — 0.25) compared to age-matched
controls.

At age 7 years, lethargy, pallor, recurrent viral illnesses, and headaches led to another
adrenocorticotropin with normal results. However, his afternoon cortisol level was low (<
100 nmol/L) and the symptoms responded to 5 mg hydrocortisone orally each day at 4 pm.
Subsequent testing demonstrated an impaired cortisol response, and the dose was increased
to full replacement.

At age 8 years, following written consent, the patient was admitted to the Research Center at
Shriners Hospital for Children, St. Louis, MO, USA where he received his ad libitum
calcium intake of 950 mg/day estimated from a 7-day food record (1998 US RDA 800 mg).
Diffuse evening leg pains had lessened with hydrocortisone therapy. Vision was impaired
with decreased extra-ocular movement on the left. Sharp headaches occurred throughout the
day, usually during writing, but he made good grades. Audiology had been reassuring. He
reported normal smell and taste and no heat or cold intolerance, polydipsia, or polyuria.
Shedding of deciduous teeth had begun normally. Two permanent mandibular incisors had
erupted. His weight was 29 kg (761" centile), height 135 cm (87! centile), arm span 134 cm,
sitting height 71 cm, and head circumference 53 cm (70! centile). Blood pressure was 98/63
mm Hg, pulse 96/min, respirations 24/min, and temperature 36.4° C (oral). There was
pallor, mild hypertelorism, and his left eye could not adduct. His mandible was small.
Overgrown maxillary gingiva was noted. Mild knock-knee deformity was apparent (Figure
1). Vision was markedly and moderately impaired in his left and right eye, respectively.
Cranial nerves Il and left 11l were compromised. The sclerae were white and fundi
unremarkable. Strength and muscle tone were normal.

Fasting serum was used for a biochemical profile (Dade Behring Dimension Xpand
instrument; Siemens Health Care Diagnostics, Inc., Los Angeles, CA, USA) and to assay
bone-specific alkaline phosphatase (BAP) by ELISA (Quidel Comp., San Diego, CA, USA)
and osteocalcin (OCN: Kit #LKN1; Siemens Health Care Diagnostics). Results were
compared to published reference ranges and Research Center values from 34 healthy
children.® Free DPD (Immulite 1000 Pyrilinks — D Kit; Siemens Medical Solutions
Diagnostics Ltd., Lianberis, Gwynedd, UK) was measured in a 24-hr urine collection. To
explore for an OPT, we looked for serum elevations of the brain isoenzyme of creatine
kinase (CK-BB: Kit #K20; Sebia, Norcross, GA, USA),) tartrate-resistant acid
phosphatase, TRACP-5b (Kit #8033, Quidel; Los Angeles, CA, USA), lactate
dehydrogenase (LDH), and aspartate aminotransferase (AST).(®) Serum calcium, ionized
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calcium, inorganic phosphate (Pi), CRT, and PTH were normal, but 25-hydroxyvitamin D
was < 8 ng/ml (NI, 19 — 58) (Supplementary Appendix, Table 1). Routine urinalysis and
complete blood count were normal. Prothrombin time was increased at 12.5 seconds (NI, 9.7
—11.4), partial thromboplastin time 31 seconds (NI, 24 — 34), international normalized ratio
1.2, and platelet function testing 88 seconds (NI, 70 — 170). Two 24-hour urine collections
revealed calcium/CRT ratios of 233 and 298 mg/g (183 and 328 mg/L; 4.7 and 5.4 mg/kg
body weight, respectively), and CRT clearances of 135 and 120 ml/min/1.73m2. Serum
TRACP5b was elevated at 40 U/L (NI, 6 — 27) consistent with accelerated bone turnover or
OC accumulation in OPT.(7-9 However, total CK was 76 U/L (NI, 31 — 152), CK-BB 9.8%
(NI, 0-11), LDH 211 U/L (NI, 141 - 237), and AST 19 U/L (NI, 0 — 36)®9) (see
Discussion). All BTMs were substantially elevated, especially those of bone apposition:
serum ALP was 3,486 U/L (NI, 218- 499 ), BAP 2,542 (NI, 26 — 259), and urine DPD/CRT
177 pmol/mmol (NI, 14 — 41) (Supplementary Appendix, Table 1). Serum multiplex
biomarker profiling (SMBP)(19) of the patient and his parents was performed at Amgen,
Inc., Thousand Oaks, CA, USA (Supplementary Appendix) using one “batch” assay with
results contrasted to 36 gender-matched healthy pediatric and adult controls (12 males and
24 females). He also underwent DXA (Hologic QDR-4500A; Waltham, MA) and transiliac
crest biopsy using a 5 mm internal diameter Bordier trephine after two 3-day “labels” of
demeclocycline for non-decalcified histology (see Results).

Upon discharge from the Research Center, the patient was repleted with vitamin D and felt
well with no significant bone-related symptoms. Two maxillary molars were extracted
uneventfully. MRI demonstrated a stable GCG. Height velocity was normal, and stature
appropriate for parental height. Serum IGF-1 was 20 nmol/L (NI, 14 — 74) and gonadotropin
profile expectedly prepubertal, but free T4 became low at 8.3 pmol/L (NI, 9 — 19) with no
compensatory increase in TSH ---- suggesting progressive loss of pituitary function. Then,
he suffered new headaches and generalized limb pains. From ages 9 — 11 years, his serum
ALP increased steadily from 6200 to 6400 to 9049 IU/L (NI, 202 — 1151).

B) Gene Studies

Genomic DNA was purified from peripheral blood leukocytes (Gentra Puregene DNA
extraction Kit: Invitrogen; Carlsbad, CA, USA). PCR and sequencing in both directions
(Applied Biosystems 3130, Foster City, CA) examined all coding exons and adjacent
MRNA splice sites of candidate genes using published and unpublished methods and
primers(21-23) (available upon request). DNA sequences were evaluated using AlignX
software (Vector NTI, Invitrogen; Carlsbad, CA, USA) and by inspecting the
electropherograms.

Because our patient had no biochemical or histopathological evidence of OPT (see Results),
mutations were not sought for those genes.(4) Instead, we sequenced the exons and splice
sites of SOST encoding sclerostin (sclerosteosis),(1Y) TNFRSF11B encoding OPG (JPD),(14)
TNFRSF11A encoding RANK (disorders of constitutive RANK activation),(1%) SQSTM1
encoding sequestosome 1 (Paget’s bone disease),(29) TGF/1 encoding transforming growth
factor beta 1 (Camurati-Engelmann disease),(16-18) exons 2 — 4 of LRP5(21-23) (Worth-type
“high bone mass” endosteal hyperostosis), and exons 25 — 26 of LRP4 (bone overgrowth
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syndrome).(® We also tested TNFSF11 encoding RANKL(13) and sFRP1(12) encoding
secreted frizzled-related protein 1 for an activating mutation.

Microarray copy number analysis was performed with the Affymetrix SNP 6.0 chip
(Laboratory for Clinical Genomics, Washington University School of Medicine, St. Louis,
MO, USA) and Partek Genomics Suite (Partek, St. Louis, MO, USA).

IV) Results

A) Radiological Findings

1) Radiographs—Skeletal radiographs spanned ages 2% — 8 years and the PMD therapy
and were consistently indicative of an OPT.(6.7)

a) Before PMD Treatment: At age 2% years, OPT was suggested by a sclerotic skull
(including the base and orbits, with thickened diploic space), generalized osteosclerosis with
uniform involvement of entire vertebrae, and thick cortices, narrow medullary cavities, and
mild modeling errors in tubular bones (Figure 2). The ribs and clavicles were dense with
slight widening and small medullary cavities. The pelvis and scapulae were uniformly
sclerotic. There was slight lateral femoral bowing. No “rugger-jersey spine” or “bone-in-
bone” changes that might suggest AD or AR OPT, respectively, were noted.(®.7)

b) After PMD Treatment: At age 8 years, two years after PMD therapy stopped, the
diffuse osteosclerosis was greater (Supplementary Appendix). Long bone cortices were thick
with narrow medullary cavities and most showed slightly more undertubulation with mild
Erlenmeyer flask appearances of the proximal and distal femurs, proximal and distal tibiae,
fibulae, and humeri. Anterior tibial bowing indicated skeletal weakness, but there was no
spondylolysis or spondylolithesis common in OPT.(7:25)

2) DXA—ALt age 3% years, after beginning PMD, the first DXA study revealed a lumbar
spine BMD z-score of + 3.2. At age 5% years, the spine BMD z-score was + 6.9, and the
total body (including head) z-score was + 5.2 (DXA: GE-Lunar Prodigy,® Madison, WI,
USA). At age 8 years, DXA (Hologic QDR-4500A) L - L4 spine z-score was + 9.1, total
hip z-score was + 5.8 calculated from Kelly et al,(28) but reference ranges for z-scores were
not available for left forearm (total) 0.451 g/cm?2, whole body (excluding head) 1.025 g/cm?,
or head 2.067 g/cm?.

3) Bone Scintigraphy—At age 3 years, before PMD treatment, increased tracer uptake
involved the midline skull base in the region of the sphenoid bone, apparently extending into
the suprasellar aspect of the GCG above the floor of the anterior cranial fossa.

At age 5 years, the skull appeared thick with increased radioisotope uptake in the base, face
(greater on the left), maxilla, mandible, and neck.

4) Magnetic Resonance Imaging—At age 3 years, before PMD treatment, the

intracranial mass was isotense on T1 imaging, of intermediate intensity on T2 imaging, and
markedly enhanced after contrast. At age 5 years, the skull was thick, but the brain,
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ventricular size, and optic nerves were unremarkable. There was no Chiari malformation or
intracranial calcification. High signal intensity in the sphenoid sinus matched the GCG
(Supplementary Appendix). MRI findings spanning ages 8 — 11 years remained essentially
unchanged with the GCG stable in size.

B) Histopathological Findings

1) Giant Cell Granuloma—The partially resected parasellar mass was a GCG. It
contained ovoid and spindle cells with a zonal variation in cellularity and many scattered
OC-like cells in a collagenous stroma with small foci of reactive bone and osteoid at the
periphery (Figure 3A,B). The margins were expansile rather than invasive. The overlying
sinonasal mucosa showed chronic inflammation. The OC-like cells expressed TRACP and
cathepsin K (CTSK) (Figure 3C,D). The hypocellular areas appeared more edematous and
collagenous. Scattered normal mitoses were seen without necrosis.

2) lliac Crest—The right iliac crest was biopsied to secure the most representative skeletal
histopathology seen radiographically. The surgeon reported very hard bone. Features of
rapid bone remodeling included “cortical trabecularization” (i.e., no distinction between
cortical and trabecular bone), with essentially the entire specimen being high-density
trabecular bone (Figure 4A). The trabeculae had excess osteoid covering approximately 80%
of their surface, and in many places this osteoid had increased thickness, was irregular, and
extended into the center of trabeculae (Figure 4B). Goldner trichrome staining demonstrated
abundant, plump, active-appearing OBs covering most of the osteoid surfaces (Figure 4C).
OCs were also easily readily, and most appeared to be resorbing bone although a few were
round and separate from bone surfaces consistent with prior exposure to PMD.(Z7)
Fluorescence studies demonstrated good integration of demeclocycline labels, with well-
demarcated and broadly-spaced bands adjacent to linear osteoid, as well as more sinuous
labels at deeply placed osteoid (Figure 4D). Toluidine blue staining (not illustrated) showed
no cartilage. The medullary space was not fibrotic, although hematopoietic elements were
scarce. Cumulatively, these findings excluded OPT,(7) and instead indicated rapid bone
turnover. High-power light microscopy did not suggest any inclusion bodies in the OCs.

C) Genetic Studies

No mutations were found in the genes that encode SOST, LRP5 (exons 2 — 4), LRP4 (exons
25 - 26), OPG, RANKL, RANK, SQSTM1, TGFB1, and sFRP1. Microarray showed no
notable copy number variation.

D) Serum Multiplex Biomarker Profiling

A distinctly low level of SOST was noted (Figure 5). Also, OPN and cathepsin K (CTSK)
levels were clearly elevated. Conspicuous elevation of all BTMs (apposition greater than
resorption) was revealed despite normal levels of PTH, TGFB1, PGE2, OPG, RANKL, and
DKK1 (Supplementary Appendix).
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E) Parent Studies

Skeletal radiographs were unremarkable. DXA (Hologic QDR 4500-A) revealed normal
spine and hip BMD z-scores. Fasting sera had normal levels of ALP, BAP, and OCN. SMBP
revealed no abnormalities reminiscent of their son’s findings (Supplementary Appendix).

V) Discussion

Elevated bone mass has a wide-ranging differential diagnosis (Supplementary Appendix:
Table 5)(28) that is usually approachable from the radiographic features, including the
anatomic distribution of the dense bone, whether hyperostosis and/or osteosclerosis are
present, and if bone modeling and/or integrity are altered.(6:7:28-30) For the mendelian
disorders, a diagnosis is now usually achievable by mutation analysis,2:31:32) but new high
bone mass diseases (some heritable) remain unreported and unexplained (MPW: personal
observation). Our patient’s radiographic findings excluded many genetic disorders; e.g.,
pycnodysostosis (open fontanel, distal phalangeal absorption), dysosteosclerosis
(metaphyseal osteosclerosis, platyspondyly), sclerosteosis (bone syndactyly), van Buchem
disease (distribution and appearance of hyperostosis and osteosclerosis), Camurati-
Engelmann disease (progressive diaphyseal dysplasia), etc.(6:7:28:33) The endosteal
hyperostoses were dismissed because the skeleton models well and is strong, BTMs are
normal or only modestly increased,®28) and mutation analyses proved negative.

Instead, our patient’s radiographs before PMD treatment indicated an OPT. He had a thick
skull, significant generalized osteosclerosis, and wide cortices, narrow medullary spaces,
and diminished modeling of major long bones.(®:") Also, his appendicular skeleton seemed
weak with tibial bowing.(") Radiographs showed that his high BMD z-scores were not an
artifact from expanded bones assessed by this areal (gm/cm2) measurement. He had received
a relatively high dose of PMD, 12 mg/kg/yr, that may have exacerbated his radiographic
features of OPT.(25.27) Erlenmeyer flask deformity can occur from Gaucher’s disease,
craniometaphyseal dysplasia, and other disorders,(33:34) but these entities seemed excluded.
A rugger jersey spine and dense skull base occur in adults with AD OPT (Albers-Schénberg
disease), but not in young children. “Endobones”, a finding of severe OPT, was
understandably absent in our patient because of his high bone turnover. Cranial nerve palsies
from impaired widening of their foramina, and myelophthisis from small medullary
spaces,(7) are extraskeletal complications of severe OPT, but our patient’s neurological
deficits were attributable to his stroke and GCG, and he manifested no bleeding, anemia,
infections, or hematological disturbances. We found no report of GCG in OPT. Now, most
OPTs are understood genetically, (243235 featuring disruption of production or secretion of
protons (H*) by OCs into the resorption space, () but especially rare AR “OC-poor” OPTs
reflect impaired osteoclastogenesis from deactivation of TNFSF11(3) or TNFRSF11A(19)
encoding RANKL and RANK, respectively. Excluding OPT in our patient was important
because we would use a bisphosphonate for the OC-like cells in his GCG. Although,
antiresorptives are now so potent that prolonged excesses during growth can cause
OPT,(2527) our patient’s BTMs were always elevated and OPT was excluded when iliac
crest histopathology showed rapid remodeling without retained calcified cartilage encased
within trabeculae.(”)
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Rapid bone remodeling causes skeletal weakness.(?8) Remodeling is fastest in juvenile
Paget’s disease (JPD) that features a “cotton-wool” pattern in the calvarium,(33:36) wide
undertubulated osteopenic bones with irregular cortical thickening, a disorganized trabecular
pattern that sometimes becomes radiographically dense, bone deformities, and fractures.(36)
Most JPD reflects AR loss-of-function mutations within TNFRSF11B which encodes OPG
(“JPD1"),(38) though rarely there is a heterozygous insertional duplication within exon 1 of
TNFRSF11A encoding RANK (“JPD2”),37) or the etiology is unknown.(38:37) Our patient
had no mutations of OPG or RANK, and his radiographic findings did not match JPD.(14:36)
Hence, we also excluded mutations in SQSTM1 associated with Paget’s bone disease
(PBD)%) and TNFSF11 (encoding RANKL) and sFRP1 (encoding frizzled related
protein-1 which binds RANKL and inhibits OC formation).(!2) Microarray copy number
analysis too was unrevealing. Whole exome sequencing is planned,®%) but our studies of his
non-consanguineous parents did not support a genetic etiology.

Central GCG is a benign interosseous lesion typically of the maxilla and mandible found
before age 20 years.(38) GCGs can be locally aggressive and recur following resection.(39 In
2013, a t(1;17;18) as well as other random numerical chromosomal changes were
reported.(40) Lesions histologically identical to central GCG occur in cherubism, Noonan
syndrome, and neurofibromatosis, type 1.(41) Our patient’s mass was typical of a GCG,
including a zonal architecture with a predominance of mononuclear cells and many
multinucleate OCs that expressed TRACP and CTSK.

OCs accumulate in GCG (sometimes referred to as GC reparative granuloma),#2) brown
tumors from hyperparathyroidism, and GC tumor of bone (GCT). In the craniofacial region,
these three lesions share clinical, radiological, and histopathologic features.(?) Of interest,
GCGs and GCTs complicate PBD with its one or more foci of rapidly remodeling
bone.(#3:44) Furthermore, we reported “extraskeletal osteoclastomas” in an African-
American woman with PBD and neurofibromatosis, type 1,(4%) and in a Korean man with
familial PBD.®®) It is possible, therefore, that our patient’s rapid bone turnover predisposed
his GCG. GCT of bone seems to offer a paradigm of stromal-hematopoietic cellular
interactions,(”) where RANK and RANKL are both expressed.(48) Alternatively, his GCG
could be elaborating some systemic factor(s) causing his skeletal disease. However, we
found no report that GCGs release systemic factors. Sequential SMBP would have been
interesting spanning resection of his GCG. An abrupt reduction of his serum ALP followed
the surgery, and later SMBP revealed elevated BTMs, particularly those of bone apposition.
High serum TRACP5b and CTSK levels were consistent with his accelerated skeletal
turnover and were also present in his GCG. SMBP showed a low ratio between the type |
collagen formation marker, CICP, and the collagen degradation maker, CTX1, of just 38
(mean £ SD; 148 + 52 for healthy individuals across all ages), due to elevation of CTX1.
This suggested our patient produced normal amounts of type | collagen, but degraded it
rapidly. Nevertheless, he had normal serum levels of RANKL and OPG and unremarkable
DKK-1, TGFB1, PGEZ2, and FGF-23 levels. The very low SOST level despite a structurally
intact SOST gene may indicate decreased production or enhanced degradation of SOST and
explain his rapid bone apposition. Alternatively, his rapid skeletal turnover with impaired
osteocyte formation (the major source of SOST)®“9) might explain this finding.
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Regression and then stability of our patient’s GCG during PMD therapy was intriguing.
Regression has occurred for GCT cells exposed in vitro to bisphosphonate,®9 and for GCGs
treated with intra-lesional steroid, calcitonin, or interferon alpha.(3%41) Regression and then
stability of his GCG with PMD treatment occurred despite only modest transient decrements
in BTMs, and no radiologic evidence that his skeleton had improved. We used PMD
cautiously hoping to control his GCG, but anticipated that his skeleton would respond as has
benefitted JPD.(3%) However, two years after we stopped his PMD therapy, BTMs were
again markedly elevated, iliac crest histopathology confirmed the presence of rapid bone
remodeling, and the highest BMD values were recorded, although our patient’s GCG
remained stable. Glucocorticoid replacement for pituitary-centered adrenal insufficiency
probably did not influence his skeletal disease, although “extraskeletal osteoclastomas”
respond to pharmacologic doses of dexamethasone.(35:36) Denosumab, an anti-RANKL
monoclonal antibody, was not available when we treated our patient with PMD. In 2013, it
was approved by the FDA for treatment of GCT,(51-53) and has been given “off-label” to
children with various skeletal disorders including osteogenesis imperfecta,®4 fibrous
dysplasia,®® JPD,(56) and post-transplantation hypercalcemia in OPT,7) and to adults with
GCG.58) There would be concern for abrupt hypocalcemia, because significant
hypocalcemia has complicated treatment of JPD with denosumab(®8) or zolendronate, (59
and a rapid increase in his already elevated bone mass. We do not know if our patient’s
rapid remodeling skeleton and GCG represented an “OC-autonomous” disease treatable by
marrow cell transplantation, so anti-resorptive therapy clearly seemed safest.

In summary, although the radiographic features of our patient’s high bone mass disease
indicated an OPT, iliac crest histology documented rapid skeletal remodelling concordant
with elevated BTMs. However, no mutations associated with accelerated skeletal turnover
were identified. His GCG with many OC-like cells and his bone disease indicated systemic
enhancement of osteoclastogenesis. SMBP showed a striking low but unexplained serum
SOST level that suggested deficiency of this inhibitor of WNT signalling explained his high
bone mass. Whether his GCG could be enhancing bone remodelling systemically, or was a
consequence, is uncertain. The etiology and pathogenesis of this new and intriguing
syndrome remain unknown.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Patient at Age8 Years
There is pronounced micrognathia, mild hypertelorism, and mild lateral femoral and anterior

tibial bowing.
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Figure 2. Radiographic Findings Before PMD Therapy
At age 3 years, the skeleton shows features consistent with OPT. These include diffuse

osteosclerosis and hyperostosis, a skull base that is very sclerotic (a), laterally bowed femora
(b), mild modeling abnormalities including an Erlenmeyer flask deformity of the proximal
humerus (c), diffusely sclerotic spine (d), and femoral medullary cavities narrowing and
thick cortices (e).
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Figure 3. Giant Cell Grauloma
At age 2-14 years, incomplete resection of the parasellar mass revealed findings consistent

with a GCRG.

a. Low magnification (x 40) showing zones of pale collagenous tissue (asterisks) and darker,
more cellular, tissue with hemorrhage (arrowheads) and many OCs (arrows).

b. High magnification (x 100) shows many multinucleate OCs (arrows) in a collagenous
stroma with osteoid (arrowheads).

c¢,d. Immunohistochemical labeling shows strong expression of TRACP (C) and cathepsin K
(D) in multinucleate OCs [magnification ~ x 200].
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Figure 4. Iliac Crest
At age 8 years, biopsy was performed after “tetracycline labeling”.

a. Low-power image of entire specimen, stained with Goldner trichrome, shows no clear
demarcation between cortex and trabeculae (scale bar, 2 mm).

b. Higher power image of the central portion of the specimen, stained with von Kossa,
shows that unmineralized bone matrix (osteoid, red) covers most of the bone surface, and is
also present around osteocyte lacunae deep in the trabeculae (scale bar, 500 pm).

c. Goldner trichrome stain shows numerous OCs, as well as osteoblasts (arrowheads),
indicating high bone turnover (scale bar, 200 pm) (arrows).

d. Fluorescence microscopy reveals abundant, widely-spaced tetracycline labels
(arrowheads) along most osteoid-covered bone surfaces, new bone formation more deeply,
and irregular tetracycline incorporation (arrows) (scale bar, 200 pm).
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Figure5. Serum Multiplex Biomarker Profiling
Select profiles (Supplementary Appendix) represent elevation of all BTMs, especially those

of apposition, including BAP (a), TRACP-5b (b), CTX1 (c), CTSK (d), and OPN (e),
whereas SOST is distinctly low (f).
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