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Abstract

Heritable disorders that feature high bone mass (HBM) are rare. The etiology is typically a
mutation(s) within a gene that regulates the differentiation and function of osteoblasts (OBs) or
osteoclasts (OCs). Nevertheless, the molecular basis is unknown for approximately one-fifth of
such entities.

NF-xB signaling is a key regulator of bone remodeling and acts by enhancing OC survival while
impairing OB maturation and function. The NF-xB transcription complex comprises five subunits.
In mice, deletion of the p50 and p52 subunits together causes osteopetrosis (OPT). In humans,
however, mutations within the genes that encode the NF-xB complex, including the Rela/p65
subunit, have not been reported.

We describe a neonate who died suddenly and unexpectedly and was found at post-mortem to have
HBM documented radiographically and by skeletal histopathology. Serum was not available for
study. Radiographic changes resembled malignant OPT, but histopathological investigation
showed morphologically normal OCs and evidence of intact bone resorption excluding OPT.
Furthermore, mutation analysis was negative for eight genes associated with OPT or HBM.
Instead, accelerated bone formation appeared to account for the HBM. Subsequently, trio-based
whole exome sequencing revealed a heterozygous, de novo, missense mutation (c.
1534_1535delinsAG, p.Asp512Ser) in exon 11 of RELA encoding Rela/p65. The mutation was
then verified using bi-directional Sanger sequencing. Lipopolysaccharide stimulation of patient
fibroblasts elicited impaired NF-xB responses compared to healthy control fibroblasts. Five
unrelated patients with unexplained HBM did not show a RELA defect.

Ours is apparently the first report of a mutation within the NF-xB complex in humans. The
missense change is associated with neonatal osteosclerosis from /n utero increased OB function
rather than failed OC action. These findings demonstrate the importance of the Rela/p65 subunit
within the NF-xB pathway for human skeletal homeostasis, and represent a new genetic cause of
HBM.

Keywords
osteoblast; osteoclast; osteopetrosis; osteosclerosis; trio-exome sequencing

[I) Introduction

High bone mass (HBM) is a feature of many phenotypically diverse conditions, including
rare monogenic diseases.[1] The clinical spectrum of heritable HBM ranges broadly from
autosomal dominant (AD) typically benign findings exemplified by the low-density
lipoprotein receptor-related protein 5 (LRP5) type of endosteal hyperostosis,[2] to autosomal
recessive (AR) life-threatening types of osteopetrosis.[3] Investigation of the molecular basis
of Mendelian HBM disorders has revealed genes that regulate the cells responsible for bone
apposition and for bone resorption.[4] For example, the HBM of LRP5 activation results
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from increased osteoblast (OB) activity,[4] whereas the HBM of the osteopetroses results
from failed osteoclast (OC) formation or function.[5]

Among the genes that regulate skeletal remodeling are those involved in the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-xB) signaling pathway.[6] NF-xB
signaling, besides being linked to cancer and inflammation,[7] functions in bone turnover.[8]
Activation of NF-xB is mediated via two different pathways; i.e., the “classical” and
“alternative” pathway.[9,10] Upstream activation of the classical NF-xB pathway is
mediated by kB kinase complex (IKK), that includes IKK and the NF-xB essential
modulator (NEMO), whereas the key control node of the alternative pathway is NF-xB
Inducing Kinase (NIK).[11] Downstream, the NF-xB transcription complex consists of
homo- and heterodimers of five subunits: v-rel avian reticuloendotheliosis viral oncogene
homolog A (RelA or p65), RelB, c-Rel, p50, and p52.[12]

Mice globally deprived of NF-xB activation due to combined deletion of both the p50 and
p52 subunits of the NF-xB transcription complex lack OCs and develop osteopetrosis.[13]
Mice without IKK in the OC lineage also develop osteopetrosis.[14] Additionally, mice
lacking either p65/RelA or RelB, or those with inhibition of NEMO, show reduced bone loss
in several models of pathological osteolysis.[15-17] RelB-deficient mice also exhibit
transient increases in bone formation, and their mesenchymal stem cells show more rapid
repair of a cortical bone defect.[18] Inhibition of the classical NF-xB pathway specifically in
OBs, via expression of a dominant negative NEMO, leads to enhanced bone formation.[19]
Conversely, constitutive activation of IKKp impairs osteogenesis.[20] Thus, in mouse
models, the NF-xB pathway controls the function of both OCs and OBs.

Despite this overwhelming evidence derived from mouse models for a role of NF-xB in
bone cells, few human disorders involving bone have been associated with mutations in this
pathway. Mutations in the NEMO gene can cause osteopetrosis with ectodermal dysplasia
and immunodeficiency.[21] Activating mutations in an inhibitor of classical NF-xB, IxBa
cause a similar skin abnormality and immunodeficiency, but a bone phenotype was not
reported.[22] In OCs, the RANKL/RANK signalling pathway potently induces both NF-xB
pathways.[23] Loss-of-function of either the cytokine RANKL or the receptor RANK causes
especially rare “OC-poor” forms of human osteopetrosis,[24, 25] although all the
consequences cannot be ascribed to loss of NF-xB signalling. To our knowledge, there are
no reports in humans of mutations within the genes that encode the NF-xB complex itself.

We investigated a neonate who died suddenly and unexpectedly and was found to have HBM
apparently due to enhanced bone formation. Trio exome sequencing disclosed a
heterozygous de novo missense mutation in RELA encoding the Rela/p65 component of NF-
xB. Studies of the patient’s fibroblasts revealed impaired NF-xB activation.

[Il) Patient and Methods

A) Patient

Our study subject (“patient”), a boy, was the first child born to non-consanguineous healthy
parents. The mother and father were 33 and 35 years old, respectively. She had taken as
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recommended during her pregnancy iron, folic acid, and vitamin D supplements. Neither
parent reported within three generations in their families premature deaths, cardiovascular
diseases, bone disorders, or any other life-threatening conditions.

The pregnancy of 38 weeks gestation was uneventful with spontaneous onset of labor.
However, after twelve hours, the cardiotocograph showed two episodes with decelerations
and bradycardia, and a small amount of green amniotic fluid was observed. Consequently,
caesarean section was performed.

Apgar scores were eight after one minute, and ten after both two and five minutes. Birth
weight (3200 g) and length (50 cm) were both at the 50th centile, and the head
circumference was 34 cm (30th centile). Routine new-born physical examination was
normal. He was breastfeed and body weight increased by 115 g when discharged from
hospital at three days-of-life.

Seven days after birth, respirations stopped suddenly. Cardiopulmonary resuscitation was
unsuccessful and death was declared upon arrival at our hospital. The parents reported that
their baby had been sleeping more than anticipated, but otherwise seemed well. There was
no history to suggest hypocalcaemia or respiratory distress.

Thirteen months later and at term, the parents had an apparently healthy baby girl with
normal birth weight, length, and head circumference.

B) Post-mortem Studies

According to the Danish Health Law sudden, unexpected deaths must be reported to the
police, who, as would be expected in such a case, requested a forensic autopsy at the
Institute of Forensic Medicine, University of Southern Denmark. As is routine in sudden
unexplained infant deaths, a full post-mortem radiographic skeletal survey of the boy was
performed at Odense University Hospital, Denmark. Serum was not available for study.
Biopsy of the Achilles tendon was used to harvest fibroblasts. Bone from a femur was fixed
in formalin, decalcified, and then examined for histopathology.

C) Genetic studies

1) Genetic screening—After signed informed consent from the parents, the boy’s
genomic DNA was obtained from his blood and eight osteopetrosis genes were tested by
sequencing and by copy number variation analysis at a commercial laboratory (Centogene,
Rostock, Germany). Then, DNA in peripheral blood leukocytes was obtained from the
parents and their baby girl.

2) Trio-based whole-exome sequencing—When mutation analysis of the boy for
osteopetrosis proved negative, we searched elsewhere for causal mutations using a trio-based
whole-exome sequencing approach. DNA from the patient and the parents was subjected to
exome capture using SureSelect Human All Exon V5 (Agilent Technologies, Glostrup,
Denmark) and sequenced on the Illumina HiSeq 2000 platform by Oxford Gene Technology
(Oxfordshire, United Kingdom). A mean coverage of 62—67x was obtained with 93-94 per
cent of targeted bases covered with minimum 20x coverage. Raw reads were processed
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using the Burrows-Wheeler Alignment tool (BWA-MEM) v. 0.7.12[26] and the GATK Best
Practice pipeline v. 3.3-0 was used for variant calling.[27] Annotation of variants was
performed using Annovar.[28] Because both parents were healthy, an X-linked recessive,
AR, or de novo AD transmission pattern was possible. Only rare coding variants and
splicing variants were considered (minor allele frequency < 1%).

3) Sanger sequencing—The variant identified in the boy was then validated using
Sanger sequencing. Exon 11 of RELA (RefSeq: NM_021975.3) was analyzed by bi-
directional sequencing using the BigDye® Terminator v.3.1 cycle sequencing kit and an
ABI3730XL capillary sequencer (Applied Biosystems, Naerum, Denmark). Primers used
were RelAellF: CCGGCCCCTCCCCAAGTC and RelAellB:
CACACCCCACCAGAATCCGTAAGT.

4) Protein sequence analysis—The three-dimensional organization of the altered p65
was evaluated by structure prediction using HHpred and visualizing in Protean using
DNAStar v. 12.0 (DNASTAR, Madison, WI, USA).[29]

5) Other High Bone Mass Patients—To explore if five of our patients in St. Louis,
USA who persisted to have unexplained HBM[30-32] harboured mutations in RELA, we
performed Sanger sequencing using primers and annealing temperatures that we developed
to amplify and sequence all 11 coding exons and adjacent mRNA splice sites. Some
amplicons required a G-C-rich protocol (AccuPrime GC-Rich, Invitrogen, Walthan, MA,
USA) (Supplementary Appendix, Table 1). Amplicons were sequenced in both directions
using an ABI3130 (Applied Biosystems, Foster City, CA, USA) and analyzed using
Sequencher software (Gene Codes Corp, Ann Arbor, Ml, USA).

D) Cell studies

1 1) NF-xB reporter assay—2 Fibroblasts from the patient and normal controls were
seeded at 12000/cm? in a 96-well plate and infected with pLenti-NFxB-Luc reporter
(Qiagen) (MOI=5). The following day, cells were treated with or without
lipopolysaccharides (LPS) (1pg/ml) for 3 hours. The luciferase assay was performed by
luciferase assay system (Promega) and normalized against the protein concentration
measured by Pierce™ Coomassie (Bradford) Protein Assay Kit.

3 2) Gene expression analysis—Fibroblasts from the patient and normal controls were
seeded in 24-well plates and then treated with or without LPS (1ug/ml) for 20 hours. Total
RNA was isolated by GenElute mammalian total RNA miniprep kit (Sigma-Aldrich) and
1ug total RNAs were reverse transcribed by iScript™ cDNA synthesis kit (Bio-Rad). Real-
time RT-PCR was performed using fast SYBR Green master mix (Applied Biosystem) on a
StepOnePlus™ system (Applied Biosystem) according to the manufacturer’s protocol.
Primers are listed in Supplementary Appendix, Table 2.
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IV) Results

A) Post-mortem Findings

At the autopsy, there were no dysmorphological findings and ho macroscopic pathological
features were noted. A normal brain structure was observed without signs of increased
intracranial pressure or incarceration. Histological studies revealed small hemorrhagic
infarcts in periventricular areas, possibly birth labor-related. The bone marrow was normal
and without signs of infection. Except for small areas of erythropoietic tissue in the liver, no
microscopic abnormalities were observed in other organs including the thymus and spleen.
Although HBM was clearly present, it was not extreme and the cause of death remained
unknown.

B) Radiographic Findings
The skeleton was shaped normally (i.e., without errors of bone modeling), but diffusely
osteosclerotic and with long bone cortices that were slightly thickened with less well-defined
inner margins. The medullary cavities were osteosclerotic presumably with woven bone. The
diffuse osteosclerosis was more than seen in normal newborns.

Specifically, the skull was osteosclerotic most evident at the base, but including the orbital
roofs, sphenoid bones, basiocciput, and occiput (Figure 1A). The maxilla and mandible were
osteosclerotic, and the frontal and occipital bones were thickened. The cervical bodies and
neural arches were sclerotic.

The thorax was bell-shaped and the ribs diffusely osteosclerotic, and having faint medullary
cavities (Figure 1B). The same sclerosis was seen in the ribs, clavicles and scapulae. The
postmortem lungs were airless.

The spine had normally-shaped neural arches and vertebral bodies that were diffusedly
osteosclerotic. The distal lumbar interpediculate distances flared normally. The odontoid was
correctly developed. Vertebral bodies (Figure 1C) were slightly less dense in their mid
portions with vascular channels present anteriorly, but not unduly prominent. Slight
rounding was noted of the upper anterior surfaces. There was no “bone-in-bone” or “rugger
jersey” appearance to suggest an osteopetrosis.

The pelvis was normally formed, having an overall increase in sclerosis with thickened inner
pelvic margins (Figure 1D). A faint bone-in-bone appearance involved the iliac wings. The
hips were seated, and the proximal femora quite sclerotic.

Long and short tubular bones were osteosclerotic, but normally modeled (Figure 1E, F). The
proximal and distal thirds had greater osteosclerosis than normal newborn bones, and there
was a poorly defined linear sclerotic pattern. There was a small band of metaphyseal
demineralization on the right knee. Mottled irregular areas of sclerosis and thickened
trabeculae were especially about the ankles and elbows (Figure 1G). In the middle third,
cortices were thicker with not well-defined inner margins. Provisional zones of calcification
were sharp, and not serrated or irregular as sometimes found in infantile (malignant)
osteopetrosis.[33] A narrow band of hypomineralization was adjacent to the provisional

J Bone Miner Res. Author manuscript; available in PMC 2017 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Frederiksen et al.

Page 7

zones of calcification. The medullary cavities, presumably containing woven bone, were
osteosclerotic. The ossified femoral and tibial epiphyses were slightly osteosclerotic.

The hands and feet showed an overall increased osteosclerosis, more evident in the
metacarpals and tarsals. The ends of the proximal phalanges of the hands, feet, and
metacarpals had greater sclerosis than the mid-portions. The short tubular bones had
medullary cavities. Cortices were thickened and irregular, especially in the metacarpals.

Overall, the skeletal appearance simulated infantile osteopetrosis, but medullary cavities
were present in the long bones and ribs, and there were no irregularities in the bone ends to
indicate “osteopetrorickets” that sometimes develops in severe osteopetrosis.[33]

C) Skeletal Histopathology

Bone harvested from the distal femur metaphysis was osteosclerotic and lacked clear
distinction between the cortex and trabeculae (Figure 2A). Picrosirius red staining observed
with polarization indicated a mixture of lamellar and woven bone throughout the specimen,
suggesting increased and abnormal bone formation (Figure 2B). Additionally, osteocytes in
many areas were disorganized and closely spaced, as usually seen in high-turnover woven
bone (Figure 2C). In contrast to this evidence of increased bone formation, findings for a
defect in OC-mediated bone resorption were largely lacking. Using toluidine blue staining,
cartilage entrapped within bone (likely primary spongiosa) was identified in some areas of
the specimen, within 3 mm of the periosteum (Figure 2D). However, the specimen did not
contain any growth plate, and therefore cartilage distance from a growth plate was unknown.
In a neonate, the observed cartilage may be normal. Additionally, the specimen showed
abundant OCs associated with scalloping of the bone surface, indicating active bone
resorption (Figure 2E). The bone marrow was normal, and showed normal hematopoietic
elements and no fibrosis (Figure 2F). Overall, the histological appearance was more
consistent with increased bone formation rather than OC failure and osteopetrosis.

D) Genetic studies

Mutation analysis revealed no pathogenic defect in eight genes associated with
osteopetrosis; i.e., chloride channel 7 (CLCN?7), T-cell immune regulator 1 (7C/RGI),
osteopetrosis-associated transmembrane protein 1 (OSTMJ), pleckstrin homology domain-
containing protein, family M, member 1 (PLEKHMJI), sorting nexin 10 (SA.X10), tumour
necrosis factor receptor superfamily, member 11 A (7TNFRSF11A), tumor necrosis factor
ligand superfamily, member 11 ( 7AVFSF11), and carbonic anhydrase 11 (CA2).[5] Nor was
there a mutation in LRP5that causes HBM in Worth-type endosteal hyperostosis,[34] in the
recent past often erroneously considered an osteopetrosis (i.e., “autosomal dominant
osteopetrosis, type 17).[35]

Subsequent mutation analysis applying exome sequencing variant filtering identified six
genes (CADPS2Z, FAT1, MKI67, ZFHX3, ZNF469, MUC16) containing compound
heterozygote variants, and five hemizygous variants (MAP3K15, FAMA47B, GPKOW,
ATRX, SLITRK4) fulfilling X-linked recessive models. However, comprehensive review of
published literature revealed no plausible link to osteopetrosis, or to other bone-related
phenotypes. In particular, none of these genes are located up- or downstream of the NF-xB
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pathway. (Supplementary Appendix, Table 3). In contrast, filtering for de novo variants
revealed one sporadic heterozygote variant (¢.1534_1535delinsAG, numbering according to
NM_021975.3, in RELA located on chromosome 11q13 (Figure 3). The p65 protein is
known to have at least four isoforms all coded within the same gene resulting from
alternative splicing, the predominant one being 551 amino acids long. This mutation
predicted replacement of aspartate with serine at amino acid position 512 (p.Asp512Ser)
within the C-terminal part of the protein.[36] Neither the specific mutation nor any other
missense change at amino acid position 512 has been registered in the dbSNP database,
Exome Variant Server (EVS), or The Exome Aggregation Consortium (ExAC) database.

The patient’s mutation was not present in his parents or sister, and was validated with Sanger
sequencing. (Figure 4). Evolutionary alignment for the RELA mutation was evaluated
(Figure 5). None of our additional five patients with idiopathic HBM had an exon or splice-
site RELA mutation.

E) Cell studies

The effect of the patient’s RELA mutation on transduction of NF-xB signaling was
examined using a NF-xB luciferase reporter assay. LPS induced higher levels of NF-xB
activity in the control fibroblasts, whereas the patient’s fibroblasts did not respond to LPS
stimulation. Consistent with the results from the luciferase assay, gene expression analysis
on NF-xB target genes including /L837] and CD9838] revealed that LPS did not elicit
biological responses in the patient’s fibroblasts (Figure 7).

V) Discussion

Sequence analysis revealed that our patient carried a single (heterozygous), de novo,
missense (p.Asp512Ser) variant in RELA. LPS stimulation test of his fibroblasts showed
impaired NF-xB responses, indicating that the RELA mutation was pathogenic. To our
knowledge, this is the first report of a mutation within the NF-xB complex in humans. Upon
radiographic and then histological assessment of his skeleton, the generalized osteosclerosis
appeared to be from excessive bone formation. Bone resorption seemed to be intact as
evidenced by numerically and morphologically normal OCs associated with eroded bone
surfaces. Despite his HBM, there was no accumulation of primary spongiosa, impairment of
the bone marrow, compression of nerves, or fractures that would indicate poor-quality bone
and osteopetrosis. Although he died at one week-of-life, a benign form of HBM, rather than
infantile osteopetrosis seemed present. Molecular defects both up- and downstream of NF-
kB are understood to alter skeletal homeostasis, but to date mutation of any of the five NF-
kB subunits constituting the transcriptional complex has not been described in any
Mendelian disorder.

Mice lacking RELA are embryonically lethal, in part explained by liver apoptosis.[39] Post-
mortem assessment of our patient did not reveal any major hepatic abnormalities, and the
cause of his death remains unknown. Chimeric mice engrafted with Re/a—/-bone marrow
cells are viable, but the number of OCs is reduced because the osteoclastogenic response to
RANKL injection is diminished.[16] Although animal studies have established the pivotal
role of p65 in impeding RANKL-induced OC apoptosis, thus allowing for OC
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differentiation,[16] and in inhibiting OB activity and differentiation,[8] knowledge
concerning p65 function in humans is limited.

Our patient’s RELA variant predicts a polar but uncharged serine rather than a negatively
charged aspartate in p65. Therefore, this substitution may have functional consequences due
to their differing side groups. The NF-xB transcription factors join in various combinations
of homo- and hetero-dimers, and have a structurally conserved N-terminal rel homology
region (RHR) responsible for DNA binding and containing the dimerization domain (DD).
[40] At its C-terminal, p65 has a trans-activating domain (TAD) essential for control of p65-
regulated genes. The TAD is largely unstructured,[36] but this intrinsic domain (ID) is a
common feature of eukaryotic TADs.[41] The ID confers functional flexibility, increasing
the number of possible intermolecular protein—protein interactions. Numerous kinases can
phosphorylate the TAD of p65. Commonly phosphorylated residues in p65 TAD are T435,
S468, T505, S529 and S536.[36] Phosphorylation at any of these sites influences the ability
of p65 to bind to downstream regulatory elements, contributing to either activation or
inactivation of the target.[41-44] The TAD can be further subdivided in two alpha-helical
regions, TA1 and TA2, which are anticipated to work in union. TAl and TA2 are
interspersed by linker-rich-in-proline residues. With our patient’s genetic variant S512, a
serine replaces an aspartate within this linker (Figure 5 and 6). This newly inserted serine
may be a phosphorylation site, and the rigid proline-rich region could stabilize the
positioning of a phosphorylated serine to the same surface -- a hypothesis proposed for TA1.
[45] Hence, our patient’s replacement amino acid having a different side group might alter
the protein’s conformation thus impairing p65 action by an AD “loss-of-function” effect.
Our unpublished data suggest, however, that partial loss of p65 function is unlikely to affect
OCs, consistent with our observations in this patient.

TNFa is among several factors that activate the NF-xB-mediated inhibition of OB
differentiation via p65.[46] p65 mediates this inhibition by blocking the Sma and Mad-
related protein (SMAD) induction of Runx-related transcription factor 2 (Runx2) induced
DNA transcription.[23, 47] Additionally, p65 down-regulates OB activity by blocking c-Jun
N-terminal kinases (JNK) stimulated Fra-1 expression.[19] Studies /7 vivo demonstrated that
loss of TNFa stimulated NF-xB activity[48] increased OB differentiation, as did the
blockade of NF-xB at the level of IxBaDN upstream of p65.[49] Furthermore, in the mature
OB, inhibition of the classical NF-xB pathway resulted in higher bone mass in young mice,
[19] whereas inhibition of NF-xB increased OB surface area, bone formation rate, trabecular
bone volume, and reduced the number of OCs in ovariectomized mice.[19, 50] By contrast,
overexpression of p65/p50, or a “gain-of-function” model, reduced OB differentiation.[48]
These studies would favour our patient’s p.Asp512Ser RELA mutation having a dominant
negative effect on p65-mediated inhibition of OB differentiation. Additionally, reduced p65
inhibition of JNK activity would promote Fral expression and increase OB activities, and
thereby be consistent with our patient’s findings of excessive bone formation with normal
OB morphology.

Having hundreds of target genes, the ubiquitous NF-xB signalling pathway potentially
influences inflammation responses, autoimmunity, and cancer processes.[51, 52]
Consequently, the patient’s RELA variant may have altered NF-xB signaling in tissues other
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than bone e.g. caused impairment of the immune response. The Toll-like receptor (TLR) is
expressed in immature immune cells. When microbial pathogens bind to TLR, this activates
the NF-xB-induced pro-inflammatory cytokine response.[53] In our patient, the autopsy
revealed no macro- or microscopic signs of infection, sepsis, inflammation, or other
pathological processes. Furthermore, additional blood cultures did not expose any evidence
of infection.

Our investigation has limitations. /n vitro tetracycline labelling was not possible for a
dynamic quantitation of our patient’s bone formation rate. His serum or plasma was not
available for biochemical studies to support accelerated bone formation. Although the RELA
mutation seems pathogenetic, further functional analyses including additional cell or animal
studies must provide evidence for HBM from this alteration in RELA.

In conclusion, we report the first mutation within the human NF-xB complex. HBM in the
affected neonate occurred without bone marrow impairment or fractures. Radiographic and
static histopathological findings of the skeleton indicated the HBM was from increased bone
formation rather than a type of osteopetrosis from impaired numbers or function of OCs.
Further studies to explore this mutation’s effects on NF-xB signalling as well as OB and OC
differentiation and function are planned. This p.Asp512Ser mutation of p65 seems to explain
a new HBM disorder.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1G

Figure 1. Radiological investigations
(A) Lateral Skull Radiographs

a. The patient exhibits osteosclerosis greatest at the base including the orbital roofs.
The cervical vertebral bodies and neural arches are sclerotic.

b. Similar findings are seen in a 20-day-old infant with malignant osteopetrosis due
to compound heterozygous 7C/RGI mutations.

(B) Anteroposterial Chest Radiographs

a. The patient has sclerotic ribs, clavicles, and scapulae. The lungs are airless and
the thorax bell-shaped.
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The bones are sclerotic in this infant with malignant osteopetrosis.

(C) Lateral Low Thoracic and Lumbosacral Spine radiograph

a.

b.

The patient shows diffuse osteosclerosis of the vertebral bodies and neural
arches.

Similar findings are noted in the infant with malignant osteopetrosis.

(D) Anterioposterior Radiographs of the Pelvis

a.

The pelvic bones of the patient, including the proximal femora, show
osteosclerosis with thickened inner pelvic margins.

In this infant with malignant osteopetrosis, the proximal ends of the femora are
irregular.

(E) Radiograph of the Left Femur

The normal appearance of the left femur of a healthy 7 day-old neonate.

In the patient, there is diffuse osteosclerosis with cortical thickening best seen in
the midshaft. The provisional zones of calcification are sharp with normal-
appearing physeal lines. There is minimal linear hypomineralization in the distal
metaphysis.

In the infant with malignant osteopetrosis, there is irregularity at the bone ends
and wide physeal lines (“osteopetrorickets™), diffuse osteosclerosis, and poorly
defined medullary cortices.

(F) Radiographs of the Right Knee

AP (a) and Lateral (b) views of the patient showing diffuse osteosclerosis, which is slightly
patchy in the metaphysis, and normal physeal lines without irregularity. There is a small
band of metaphyseal demineralization.

(c) In the infant with malignant osteopetrosis, in addition to the osteosclerosis the bone ends
are irregular and the physeal lines are wide.

(G) Anteroposterior Radiograph of the Patient’s Right Ankle (A) and Left Elbow (B)

In addition to the overall osteosclerosis, there are areas of patchy increased osteosclerosis
and cortical thickening.
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Figure 2. Histology of Decalcified Femur Specimen
(A) A low-power image of the H&E stain shows dense bone from cortex to cortex (top to

bottom).

(B) Polarized image of picrosirius red stain in the center of the specimen demonstrates
lamellar bone (appears solid red) admixed with woven bone (hatched red).

(C) A slightly magnified view of the area in B, stained with H&E, shows an irregular
arrangement of osteocytes, with the more tightly grouped cells corresponding to areas of
woven bone, and sparsely cellular areas with lamellar bone.

(D) Toluidine stained section near the periosteal surface (just out of the field to the right)
shows some retained cartilaginous matrix (purple).

(E) Numerous morphologically normal osteoclasts are identified in the specimen on H&E
stains, associated with scalloped bone surfaces indicative of active resorption.

(F) The small amount of bone marrow in the specimen shows normal hematopoietic
elements, without marrow fibrosis.

Scale bars: A =2 mm; B,D =500 pm; C,F =200 um; E = 100 pm.

J Bone Miner Res. Author manuscript; available in PMC 2017 February 15.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Frederiksen et al. Page 21

Exon 1 23 4 5 6 7 8 910 11 .-

+—H H—i H——

Figure 3. Exome Sequencing. Alignment Reads of Exon 11 of RELA
Visualization of aligned reads in exon 11 of RELA showing the de novo mutation c.

1534 1535delinsAG (9.65421970 65421971delinsCT) detected as heterozygous in the
patient and homozygous wildtype in his parents. Mutation reads are highlighted by yellow
(C) and dark blue colors (T).
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Normal ..GCC CAG AGG CCC CCC GAC CCA GCT CCT GCT CCA..

..Ala Gln Arg Pro Pro Asp Pro Ala Pro Ala Pro..

Proband ..GCC CAG AGG CCC CCC AGC CCA GCT CCT GCT CCA..

..Ala Gln Arg Pro Pro Ser Pro Ala Pro Ala Pro..

Figure 4. RELA Mutation

(A) Electropherograms of forward and reverse DNA sequence show the variant of the patient

and the forward DNA sequence of his parents. The ¢.1534_1535delinsAG variant is
indicated with an arrow.
(B) Normal and proband cDNA sequence (as codons) and amino acid sequence show the

identified mutation RELA p.Asp512Ser (the altered nucleotide and amino acid changes are

in bold and underlined).
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Figure 5. Evolutionary Alignment For Patient’s RELA Mutation
Alignment of the C-terminal part of RelA using Clustal W. Amino acids conserved relative

to the human sequence are shaded grey. Boxed amino acids indicate TA1 and TA2,
respectively. The arrow shows the position of Asp512Ser.
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Figure 6. The Three-Dimensional Structure of RelA
The missense variant replaces aspartate with serine (pink coloured amino acid marked with

black arrow) located in linker between TAL (blue alpha helix) TA2 (grey alpha helix).
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Figure 7. Patient RELA Mutation Response to NF-xB Activation in Fibroblasts
(A) Cells were seeded at at 12000/cm? in 96-well plate, infected with pLenti-NFxB-Luc

reporter (Qiagen) (MOI=5), treated the following day without lipopolysaccharides (LPS) as
control (Ctrl) or with 1pg/ml LPS for 3 hours, and then processed in a luciferase reporter

assay. Data shown are mean+SD of five replicates.

(B) Fibroblasts were seeded in a 24-well plate, treated without LPS as control (Ctrl) or with
1ug/ml LPS for 20 hours, and then processed for real-time RT-PCR. The gene expression
was normalized against GAPDH. Data shown are mean+SD of three replicates.

*P<0.05, **P<0.01 compared to Ctrl.
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