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Abstract The canonical Wnt/B-catenin pathway is
involved in the formation of craniofacial skeleton and oral
tissues. Aberrant nuclear localization of B-catenin protein
has been described in several human diseases including a
subset of odontogenic tumors thereby suggesting an
important role in tumor development. Fibro-osseous
lesions of the craniofacial skeleton comprise several neo-
plastic, and reactive mesenchymal proliferations in which
B-catenin status is unknown. To study this, we immuno-
stained 171 fibro-osseous lesions for f-catenin protein and,
for lesions with nuclear positivity, sequenced exon 3 of the
CTNNBI gene and exon 15 of the APC gene. Nuclear
B-catenin immunostaining was detected in 34 (20 %)
tumors with no correlation between nuclear positivity and
either age, gender, or tissue decalcification status (p = 0.2,
0.17, 0.12, respectively). Absent nuclear [-catenin in
fibrous dysplasia was the only diagnostically significant
finding (p = 0.0034). A single point mutation at Asp56 of
CTNNBI was identified in one case of ossifying fibroma. A
second ossifying fibroma and one desmoplastic fibroma
demonstrated point mutations (Glul229 and Tyr1475,
respectively) in the APC gene. These findings show that
apart from fibrous dysplasia where nuclear B-catenin is
rare, nuclear B-catenin staining has limited utility in dis-
criminating among the craniofacial fibro-osseous lesions.
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The molecular mechanisms underlying nuclear B-catenin
accumulation in the positive tumors is unlikely to be
mediated by CTNNBI exon 3 or APC exon 15 mutations in
most cases.
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Introduction

In normal cells, the canonical Wnt signaling pathway
regulates cell proliferation, differentiation and function by
binding of Wnt to Frizzled and lipoprotein-related protein 5
or 6 receptors and downstream activation of -catenin [1].
Whereas the Wnt/B-catenin pathway plays a critical role in
the regulation of bone development and homeostasis,
abnormal levels of B-catenin lead to a variety of skeletal
disorders [2—7]. Somatic mutations in components of the
Whnt/B-catenin pathway have been implicated in a variety
of human neoplasms [8—11]. Specifically, mutations in the
CTNNBI gene, which encodes B-catenin, or the APC gene,
lead to release of [-catenin from a membrane-bound
complex, allowing it to accumulate in the nucleus and
induce target gene expression. For example, desmoid-type
fibromatosis can result from germ-line mutations in APC or
somatic mutations in CTNNBI [12-14]. The abnormal
nuclear localization of B-catenin can also be used in
diagnostic pathology to differentiate desmoid tumors from
morphologic mimics [15]. The Wnt pathway also plays a
role in the formation of the craniofacial skeleton [1, 16]
and recent data suggest that B-catenin mutations are present
in a subset of odontogenic tumors of the jaws [17, 18].
The jaws, cranium and facial bones are common sites
for a group of conditions termed “fibro-osseous lesions”—
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mesenchymal proliferations characterized by abundant
hypercellular fibrous tissue as well as ossification [19-23].
This disease category includes a diverse range of entities
that lie in a continuum of reactive lesions (e.g. proliferative
periostitis), developmental dysplasias (e.g. fibrous dyspla-
sia, cemento-osseous dysplasia) and true neoplasms (ossi-
fying fibroma). Some of these appear to be relatively
specific to the craniofacial complex whereas others are
distributed throughout the skeleton. [19, 24, 25] Although
fibro-osseous lesions are largely benign, a low-grade
osteosarcoma can also enter into the microscopic differ-
ential diagnosis. Finally, desmoplastic fibroma, though
defined as a purely fibrous tumor of bone, can nevertheless
contain a component of reactive or metaplastic bone and
may be difficult to differentiate from other fibro-osseous
lesions. The fibro-osseous lesions share significant mor-
phologic overlap especially on limited samples such that
definitive diagnosis can only be rendered in the context of
clinical and radiographic findings. In practice, even an
expert pathologist armed with histologic, clinical and
radiographic data may have difficulty categorizing these
lesions into specific types.

To date, little is known about the role of the Wnt/
B-catenin pathway in fibro-osseous lesions of the cranio-
facial complex. Recent evidence implicates upregulation of
Whnt/B-catenin signaling in fibrous dysplasia through Go
protein modulation [26]. Desmoplastic fibroma is a possi-
ble candidate for aberrant f-catenin accumulation because
of its morphologic similarity to desmoid fibromatosis of
soft tissue. However, a recent study has failed to show
nuclear accumulation of B-catenin or associated mutations
in desmoplastic fibroma [25]. Although, it should be noted
that the aforementioned study included very few cranio-
facial examples of desmoplastic fibroma.

Since alterations in B-catenin signaling, if any, among
the heterogeneous group of craniofacial fibro-osseous
lesions have not been determined, the objectives of this
study were to: (1) define the prevalence of abnormal
nuclear accumulation of B-catenin in a large number of
fibro-osseous lesions of the craniofacial bones, (2) correlate
[-catenin staining with APC and CTNNBI mutation status,
and (3) determine if PB-catenin staining has diagnostic
utility in this seemingly heterogeneous group of bone
lesions.

Methods
Case Selection
We identified 171 fibro-osseous tumors of the jaw and cra-

nial bones, in 163 patients, from the routine pathology and
consultation files of the authors. The diagnoses were
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confirmed by review of histologic, radiographic and clinical
variables based on standard diagnostic criteria [27]. Tumors
with overlapping features between two distinct diagnostic
entities, or in which consensus could not be reached between
the authors, were classified as fibro-osseous lesions, not
otherwise specified (NOS). Odontogenic tumors, low-grade
osteosarcoma, osteomyelitis and aneurysmal bone cyst were
excluded. The clinical records were searched for familial
adenomatous polyposis (FAP), or syndromes associated with
fibrous dysplasia (e.g. McCune—Albright).

Immunohistochemistry

Immunostaining was performed on formalin-fixed paraffin-
embedded (FFPE) tissue. An attempt was made in every
case to select a paraffin block that was not decalcified. If
only decalcified tissue was available, this fact was recorded.
Representative 4 pum sections were stained using the BD
Biosciences (San Jose, CA) clone 14B B-catenin antibody
(1:400) on a Leica (Buffalo Grove, IL) Bond III automated
immunostainer. Sections were scored independently (by
AEH and RJ,) blinded to the diagnoses, with consensus
reached on all discrepant results. A result was considered
positive if >10 % of tumor cells of both bone and fibrous
tissue demonstrated strong nuclear staining. Cytoplasmic
and membrane staining, if present, were scored as negative.
Appropriate positive and negative controls were used.

DNA Isolation, PCR and Sequencing

Genomic DNA was extracted from FFPE sections using the
QIAamp (QIAGEN, Valencia, CA) kit according to the
manufacturer’s methods. CTNNBI exon 3 and APC exon
15 were amplified in two and four separate fragments,
respectively (PCR primers listed in Table 1), in order to
maximize readable sequence from FPPE-tissue derived
DNA. The PCR reactions consisted of 2.5 mM MgCl,,

Table 1 PCR primers

CTGCTTTTCTTGGCTGTCTTTC
GGACTGAGAAAATCCCTGTTCC
ATTCTGGTGCCACTACCACAG
TCAACACTCACTATCCACAGTTCA
ACCTTCATCTAATGCCAAGAGG
GTCTGCTGGATTTGGTTCTAGG
TTGGAACTAGGTCAGCTGAAGA
ATGGTTTGTCCAGGGCTATCT
GCATTATAAGCCCCAGTGATCT
TGCTCTGATTCTGTTTCATTCC
ATAATGCCTCCAGTTCAGGAAA
AACTAACATGCTTTTGGGGTTG

CTNNB1_x3a_ver2_F
CTNNB1_x3a_ver2_R
CTNNB1_x3b_ver2_F
CTNNBI1_x3b_ver2_R
APC_x15a_ver2_F
APC_x15a_ver2_R
APC_x15b_ver2_F
APC_x15b_ver2_R
APC_x15c_ver2 F
APC_x15c_ver3_R
APC_x15d_ver3_F
APC_x15d_ver2_R
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0.1 mM dNTPs, 0.025 U of Platinum Taq polymerase
(Invitrogen, Carlsbad, CA), 2 % DMSO, 1X PCR Buffer,
200 M PCR primers and 10 ng of DNA template. A 2 puL
reaction was run in the following conditions: 95 °C x 5 min,
[94 °C x 20 s, 65 °C x 20 s (decreasing 0.5 °C per cycle),
72 °C x 45 s; 14 cycles], [94 °C x 20's, 58 °C x 20 s,
72 °C x 45 s; 35 cycles], 72 °C for 10 min. The PCR pro-
ducts were treated with 0.5 U of SAP and 0.5 U of Exol at
37 °C for 60 min, then inactivated at 90 °C for 15 min.

The PCR products were used as templates for the
sequencing reaction with BigDye Terminator (Applied
Biosystems, Foster City, CA) and the amplification prim-
ers. The sequencing reaction was cleaned up with X-Ter-
minator (Applied Biosystems) and analyzed on the 3730x1
DNA Analyzer (Applied Biosystems). The resulting
sequencing data are viewed through Sequencher (Gene-
Codes, Ann Arbor, MI) to genotype for variations.

Statistical Analysis

Fisher’s exact test with Bonferroni correction for multiple
comparisons was used to test for associations between
B-catenin nuclear staining and diagnosis, clinical parame-
ters and tissue decalcification status.

Results

Patient characteristics are summarized in Table 2. A total
of 171 tumors from 163 patients (median age = 32 years,
range 2-69; 48 male, 115 female) were included. No
patients had documented FAP but two patients had syn-
dromic fibrous dysplasia (one McCune—Albright, one with
polyostotic fibrous dysplasia without myxomas or preco-
cious puberty).

Nuclear B-catenin immunostaining (Fig. 1) was detected
in 34 (20 %) tumors. In positive tumors, the staining was
predominantly in the spindle cells occupying stroma
between seams of osteoid, bone or cementum. Conversely,
cells rimming or entrapped in matrix showed only mem-
brane staining or were negative for B-catenin. There was no
correlation between nuclear staining and patient age, gen-
der, or tissue decalcification status (p = 0.2, 0.17, 0.12,
respectively). Staining by tumor type is summarized in
Table 3. The only diagnostically significant finding was
absence of nuclear B-catenin in the fibrous dysplasias (4 %
positive) relative to the other diagnoses where staining was
more common (15-57 %; p = 0.0034). Among the fibro-
osseous lesion NOS category, no consistent morphologic
difference was noted between B-catenin positive compared
to negative cases. In patients who had multiple tumors
(either multifocal disease or primary and recurrence), sep-
arately tested for B-catenin, staining was concordant with

Table 2 Summary of patient characteristics

Age (years)

Median (range) 32 years (2-69 years)

Gender

Male (%) 48 (29)

Female (%) 115 (71)
Diagnosis No. of tumors® (%)
Fibrous dysplasia® 45 (26)

Ossifying fibroma 32 (19)
Cemento-osseous dysplasia 30 (18)
Desmoplastic fibroma 7 4)

Juvenile trabecular ossifying fibroma 53)
Fibro-osseous lesion NOS 52 (30)

Location No. of patients® (%)
Mandible 91 (57)
Maxilla 20 (13)
Frontal 14 (9)
Parietal 6 (4)
Temporal 3(2)
Skull NOS 8 (5)
Sphenoid 74
Ethmoid 2@
Clivus 2(1)
Orbit 6 4)
Mastoid 1(D)

NOS not otherwise specified

* One patient with McCune—-Albright syndrome and one patient with
polyostotic fibrous dysplasia

® Total number of lesions = 171

¢ Total number of patients = 163

the exception of one case: a mandibular cemento-osseous
dysplasia in a 30-year old woman that was positive on initial
resection, but negative in a recurrence 3 years later.

Of the 34 B-catenin positive tumors, sequence data was
interpretable in 23 tumors of which 15 contained single base
variants. In CTNNBI exon 3, only a single base substitution
was identified, a T-to-C transition, in an ossifying fibroma,
that corresponded to the silent third base in the Asp® codon.
In APC exon 15, one ossifying fibroma contained a G-to-C
transversion resulting in a predicted Glu'*'” — Gln amino
acid change. One desmoplastic fibroma contained a G-to-A
transition resulting in a premature stop codon at Asp'>°.
Silent G-to-A transitions at the third base of Tyr1493 in the
APC gene were identified in an additional 12 tumors. DNA
from the remaining 11 lesions (5 fibro-osseous lesion NOS,
3 desmoplastic fibroma, 2 ossifying fibroma, 1 cemento-
osseous dysplasia) could not be successfully PCR amplified
despite repeated attempts.
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Fig. 1 Representative histologic findings and nuclear B-catenin
immunopositivity in fibro-osseous lesions. The majority of fibrous
dysplasias (a, b) were negative for nuclear staining although
membrane staining in tumor cells was frequently present. Desmo-
plastic fibroma (¢, d), cemento-osseous dysplasia (e, f), ossifying

Discussion

In the present study, we demonstrate that nuclear -catenin
staining is present in a subset (20 %) of a diverse group of
fibro-osseous lesions. The findings are in keeping with the
wide range of soft tissue and bone tumors that can show at
least low-level nuclear B-catenin positivity [14]. However,
this nuclear B-catenin expression lacks the specificity to

@ Springer

fibroma (g, h), juvenile trabecular ossifying fibroma (i, j) more
frequently demonstrated nuclear staining. An example of a fibro-
osseous lesion, NOS that was also positive (k, 1). This example
contained areas similar to cemento-osseous dysplasia (shown) but
other areas mimicked fibrous dysplasia and ossifying fibroma

discriminate among the fibro-osseous lesions. The only
exception to this finding is the relative absence of -catenin
staining in fibrous dysplasias (4 %) compared to the other
lesions in which nuclear staining was more common. Thus,
positive nuclear B-catenin staining may be useful to help
exclude fibrous dysplasia when considering the differential
diagnosis of fibro-osseous lesions of the craniofacial bones.
The relative absence of B-catenin accumulation in fibrous
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Fig. 1 continued

dysplasia, including in two examples from polyostotic
forms was unexpected in light of the recent finding that
abnormal G,s proteins in fibrous dysplasia upregulate
B-catenin signaling [26]. The reason for this discrepancy is
unknown but may stem from what specifically is inter-
preted as a positive result. Although we did note cyto-
plasmic P-catenin staining in some stromal cells and
reactive osteoblasts in cases of fibrous dysplasia, similar to
the findings of Regard et al. [26], we only scored as
positive those lesions with unequivocal nuclear staining to
remain consistent with prior methods using this marker

[13-15, 25, 28-30]. The difference may also derive from
divergent pathogenic mechanisms between craniofacial, as
opposed to long bone, fibrous dysplasias. Alternatively,
there may be temporal changes in nuclear B-catenin
accumulation in fibrous dysplasia as the lesion progresses
and craniofacial tumors, given their superficial and cos-
metically obvious location, may come to clinical attention
sooner. Interestingly, we do note that the two P—catenin
positive fibrous dysplasias in our series were from patients
in their late 20 s whereas the majority of the remaining
cases presented in their early teens. We noted no
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Table 3 Summary of nuclear B-catenin immunohistochemistry in
fibro-osseous lesions

Diagnosis No. of cases Nuclear
(Total = 171) B-catenin
staining
(%)
Fibrous dysplasia 45 24
Ossifying fibroma 32 8 (25)
Cemento-osseous dysplasia 30 10 (30)
Desmoplastic fibroma 4 (57)
Juvenile trabecular ossifying fibroma 5 2 (40)
Fibro-osseous lesion NOS 52 8 (15)

NOS not otherwise specified

morphologic differences between P-catenin positive and
negative fibrous dysplasias.

A number of neoplasms have been shown to harbor
somatic CTNNB1 or APC gene mutations leading to upreg-
ulation of the Wnt/B-catenin pathway. For example, sporadic
desmoid tumors contain CTNNBI exon 3 mutations involv-
ing codons 33, 34,37, 41 or 45 [31]. By contrast, mutations in
exon 15 of the APC gene can be seen in familial forms of
desmoid tumors and other neoplasms [10, 32]. Mutations in
this region may result in a truncated APC protein that resists
proteasomal degradation [33]. In the present study, despite
nuclear B-catenin expression, there were no missense or
nonsense mutations in exon 3 of CTNNBI. In exon 15 of the
APC gene, we identified two non-synonymous mutations,
one of which would result in a predicted truncation of the
protein at amino acid 1535 in a desmoplastic fibroma.
However, the majority of lesions with nuclear B-catenin
staining were either wild-type or harbored only silent
mutations. Combined with the fact that none of the patients
with B-catenin positive tumors had a history of FAP, it is not
likely that B-catenin overexpression and nuclear localization
are due to APC exon 3 or CTNNBI exon 15 mutation in fibro-
osseous lesions of the craniofacial bones.

A limitation of this study is that we were unable to obtain
meaningful sequence data from all lesions with nuclear
B-catenin staining. Although we did demonstrate that
decalcification did not significantly affect immunohisto-
chemistry it is possible that processing techniques, espe-
cially decalcification, deteriorated DNA quality. We
attempted to minimize the effects of highly fragmented DNA
by designing primers to produce relatively short amplicons.
Nevertheless, in five (46 %) of the non-informative cases,
only acid-decalcified tissue was available, which is known to
affect DNA quality [34]. The distribution of diagnoses is
approximately the same in the lesions which yielded mean-
ingful sequence as in the group which did not, so the limi-
tation is not likely to affect our conclusions.

@ Springer

As in prior studies, we sequenced only exon 3 and exon
15 of CTNNBI and APC genes respectively [13, 14, 17, 25,
30, 35]. Although most studies suggest that tumor-pro-
moting mutations map to these two exons, we cannot
exclude the possibility that mutations in other exons, or in
noncoding regions, may contribute to the aberrant nuclear
accumulation of B-catenin in fibro-osseous lesions of the
craniofacial skeleton. Whether the immunohistochemical
expression of [-catenin in craniofacial fibro-osseous
lesions is driven by such mutations, by epigenetic mecha-
nisms or by alterations in other steps in the Wnt/B-catenin
pathway remains to be determined.

In summary, nuclear staining for B-catenin is present in
fibro-osseous lesions of the craniofacial skeleton impli-
cating the Wnt/B-catenin pathway in the pathogenesis of a
subset of these lesions. With the exception of fibrous
dysplasia, in which nuclear staining is rare, the remaining
categories of fibro-osseous lesions show similar incidences
of nuclear B-catenin positivity. Thus, the finding of nuclear
B-catenin immunostaining has limited utility in discrimi-
nating among the other entities. The molecular mecha-
nisms underlying nuclear B-catenin accumulation in the
positive tumors are unlikely to be mediated by CTNNBI
exon 3 or APC exon 15 gene mutations in most cases.
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