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Abstract

Somatic genetic mutations in meningiomas are associated with histologic subtypes, anatomical
location, and grade. Concomitant hyperostosis occurs with some meningiomas and the
pathogenesis is not well understood. Cranial hyperostosis and meningiomas are common in
patients with Proteus syndrome, which is caused by a somatic activating mutation in AK71c.
49G>A. This same mutation has also been found in 6-9% of sporadic non-syndromic
meningiomas. Sixty-one patients with Proteus syndrome meeting clinical diagnostic criteria were
evaluated at the NIH from 1997 — 2014. Of these 61, 52 had a somatic activating mutation (c.
49G>A, p.Glul7Lys) in AKT1 confirmed from affected tissue samples. Photographs, physical
examination and/or autopsy, X-rays, CT and/or MRI scan of the head were reviewed in 29/52
patients. Of the 29 patients, the most common intracranial tumor was meningioma, all co-
localizing with cranial hyperostosis and diagnosed at younger ages than typical for isolated,
nonsyndromic meningiomas. These patients had progressive cranial overgrowth that consisted
primarily of diploic space expansion, and was characterized by unilateral, parasagittal, and frontal
bone involvement. We hypothesize that sporadic meningothelial and transitional subtype
meningiomas are a forme fruste or microform of Proteus syndrome, and activation of the AKT/
PI13K pathway drives hyperostosis in both non-syndromic and Proteus-related meningiomas.
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INTRODUCTION

Meningiomas are the one of the most common types of primary intracranial tumor in adults
in the general population [Pham et al., 2011]. Cranial hyperostoses have been reported to be
associated with sporadic meningiomas; however, the underlying mechanism is unclear
[Yilmaz et al., 2010]. While multiple genetic mutations have been identified in sporadic
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nonsyndromic meningiomas [Riemenschneider et al., 2006], the potential causative role of
specific genetic mutations with the co-occurrence of cranial hyperostosis and meningiomas
has not been well described.

Proteus Syndrome (PS), which is a highly variable disorder with asymmetric and
disproportionate overgrowth of the body, connective tissue nevi, epidermal nevi,
dysregulated adipose tissue, and vascular malformations is caused by a somatic activating
mutation in AK71 [Lindhurst et al., 2012]. Hyperostoses or bony overgrowths of the
cranium, maxilla, mandible, or auditory meatus occur frequently in patients with PS [Jamis-
Dow et al., 2004; Turner et al., 2004]. While the hyperostoses are described as asymmetrical
and patchy, the pattern of distribution of the cranial involvement has not been characterized
in detail. Meningiomas, astrocytomas and characteristic brain malformations have also been
reported in patients with PS [Gilbert-Barness et al., 2000]. Among patients confirmed to be
affected with PS, central nervous system (CNS) malformations occurred in 40% and
included neuronal formation and migration defects; astrocytomas, and meningiomas were
also reported in this study [Turner et al., 2004].

The purposes of the present study were to review the clinical findings of 29 patients with PS
having cranial overgrowth with or without CNS involvement, evaluate the pattern and
relationship of the brain findings and intracranial tumors, including meningiomas to the
overlying cranial hyperostosis, and discuss the potential pathogenetic mechanisms for these
findings.

MATERIALS AND METHODS

RESULTS

Sixty-one patients with PS were evaluated at the NIH from 1997 through 2014. They were
enrolled under the NHGRI IRB-approved protocol, 94-HG-0132, Phenotype and Etiology of
Proteus Syndrome and Related Overgrowth Disorders. All patients met clinical diagnostic
criteria [Biesecker et al., 1999], and 52 of 61 patients also had molecular confirmation of a
somatic AK71 mutation [Lindhurst et al., 2012]. The medical records of these 52 patients
including photographs, autopsy reports, skull radiographs, cerebral computed tomography,
and magnetic resonance imaging were reviewed. Of these 61 patients with PS, 29 had
confirmed cranial hyperostosis: 20/29 had cranial CT or MRI scans, which were reviewed by
neuroradiologists, and 9/29 had only cranial X-rays or autopsy findings. For the patients for
whom this was available, cross-sectional imaging (CT or MRI) of the head was reviewed for
the presence of intracranial findings. We then examined for patterns in the findings that
could be observed in multiple patients.

Twenty-nine of 61 patients (48%) had evidence of cranial hyperostosis, and of those the age
range was two to 66 years with a median age of 16 years. There were 32 of 61 patients with
no evidence of cranial hyperostosis on examination or X-rays, and of those the age range
was two to 37 years with a median age of 14.5 years. There were no other appreciable
differences between those with and those without cranial hyperostosis. All 61 patients met
clinical diagnostic criteria for PS [Biesecker et al., 1999]. Figure 1 shows some of the
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patients with cranial overgrowth and its typical patterning. Frontal (N=18) or frontoparietal
(N=5) hyperostosis was present in 23/29 patients, and 6/29 (20%) also had occipital
hyperostosis. There were other less frequently involved areas of the cranium, including the
petrous portion of the temporal bone, sphenoid, occipital bone, and mandibular ramus.
Involvement was unilateral in 21/26 (80%). All were parasagittal. Progressive cranial
hyperostosis associated with brain compression was reported in two patients, but otherwise
hyperostoses typically extended extracranially. The cranial overgrowth was described as
being radiologically similar in appearance to fibrous dysplasia with widening of the diploic
compartment of the bone [Figure 2].

Meningiomas were identified in four patients. The ages of these patients were 9, 19, 24, and
34 years; two were males, and two were females. We found that two of the patients had more
than one meningioma. Figure 2 shows meningiomas in two of the patients. We observed
several interesting patterns regarding the location of the meningiomas within the cranial
compartment. Most were located near the frontal hyperostosis (4/5), originating near the
anterior falx (in 1/5) and dura of the skull base (2/5). Genetic testing was performed on the
meningioma and cranial bone in one patient, who had the typical c.49G>A AKT7T1 mutation
in the meningioma and the overlying cranial overgrowth (data not shown). The meningiomas
were of the meningothelial type, and were located at the base of the skull, around the lesser
and greater wings of the sphenoid. The overgrown frontoparietal bone along the left side of
the sagittal suture showed thickened bony trabeculae and a lamellar bone appearance similar
to an osteoma. The cranial overgrowth is radiographically similar to that of monostotic
cranial fibrous dysplasia. On review of the CT scans of the cranium, the affected, overgrown
regions have the appearance of fibroosseus tissue and on calculation of the Hounsfield unit
(HU), measurements were in the range of ~+110 to +115, which was less than cancellous
bone (+400), and dense bone (+1,000 to +3,000) and more than soft tissue [+40 to +80]. The
marrow space was enlarged, and on histopathologic examination, the marrow of the skull
was abnormal, being aplastic with <5% immature myeloid cells and replaced by fibrous-
fatty tissue [Figure 3]. Two other intracranial neoplasms were identified: two patients had a
hamartoma and one patient had a probable cavernous hemangioma.

Thirteen of 20 patients having CT and/or MRI scans of the head were found to have
structural brain abnormalities, including, hemimegalencephaly (HMEG), polymicrogyria,
heterotopias, porencephaly, septum pellucidum dysplasia, colpocephaly, enlarged ventricles
or white matter abnormalities, which included white matter cysts and decreased white
matter. Brain anomalies were preferentially located ipsilateral to the cranial hyperostosis in
10/13 (77%) patients.

DISCUSSION

Meningiomas are the most common primary intracranial tumor in adults with annual
incidence of 4.5 per 100,000 individuals, occurring more frequently in females
[Riemenschneider et al., 2006]. Childhood meningiomas account for ~3-4%, and are more
common in males [Bhat et al., 2014]. Meningiomas are also one of the more common
benign brain tumors in patients with PS [Turner et al., 2004]. However, in patients with PS,
the age of diagnosis of a meningioma is typically younger (<30 years) [Turner et al., 2004]
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than in the general population, where it is most commonly diagnosed between 40 to 70 years
of age [Simon et al., 2007]. Multiple meningiomas are common in patients with PS, whereas
solitary meningiomas are more common in the general population.

Intracranial meningiomas are dural-based with different locations and histopathological
types. Histologically, the fibrous and transitional meningioma subtypes had features similar
to the fibroblasts found in the deeper layers of the arachnoid, close to the subarachnoid
space. In contrast, the meningothelial subtype resembled the arachnoid cap cells of the outer
layers. Therefore, the differential leptomeningeal embryogenesis could result in the
predominance of one cell type (i.e., arachnoid cap cells and/or trabecular cells) in certain
locations [Lee et al., 2006].

While approximately 40-60% of sporadic meningiomas have A/F2mutations, there are a
subset of meningiomas that have been found to have mutations in AKT71 (c.49G>A,
p.Glul7Lys), [Briastianos et al., 2012; Clark et al., 2013; Sahm et al., 2013], which is the
same somatic mutation that is found in patients with Proteus syndrome [Lindhurst et al.,
2012]. El-Habr et al. [2014] found that 9% of 108 patients with sporadic meningioma had a
somatic AK71 mutation, similar to other reports [Briastianos et al., 2012; Clark et al., 2013].
Amongst 391 primary brain tumors and 1,046 tumors of the coverings of the central and
peripheral nervous system, AK71 (p.Glul7Lys) was exclusively seen in meningiomas and
occurred in 65 of 958 of these tumors (61 of 705 WHO grade | meningiomas) (p<0.0001,
Fisher’s exact test) [Brastianos et al., 2012]. Clark et al. [2013] found that in 38
meningiomas with the AK71 (¢c.49G>A, p.Glul7Lys) mutation, 66% (N=25) also had a co-
occurring 7TRAF7mutation. There is evidence that certain gene mutations are associated
with particular characteristics such as location and grade (aggressiveness/ severity, risk of
recurrence, invasiveness, and stroke risk) of meningiomas. Isolated sporadic meningiomas
with AK71 mutations tend to be of meningothelial and transitional histopathological
subtypes (compared to fibroblastic or atypical subtype with NF2 mutations), more
commonly are located at the medial skull base, are usually benign with chromosomal
stability (low malignant potential), and are classified as WHO grade | [Sahm et al., 2013].
The meningiomas in Proteus syndrome share these characteristics.

Hyperostoses are reported in 4.5 — 13% of isolated, sporadic meningiomas; however,
hyperostosis involving the cranial vault is rare [Yilmaz et al., 2010; Pieper et al., 1999;
Akutsu et al., 2004; Baek et al., 2008; Talachi et al., 2011]. In one study, hyperostosis was
identified in 6% of patients with meningioma. However, only 1.7% of cases had hyperostosis
of the vault, and of these, the frontoparietal region of the skull was predominantly affected,
more extensive on the outer table, and unilateral in distribution with 99% of the associated
meningiomas being the meningothelial type [Talachi et al., 2011]. The characteristics of the
sporadic meningiomas with hyperostosis in that study correspond to those seen in the
patients with PS presented herein.

Previously suggested potential causative mechanisms for the hyperostosis that accompanies
some meningiomas have included a reactive process of the bone to the meningioma or
meningeal tumor cell invasion into bone; however, the mechanisms are unclear [Yilmaz et
al., 2010; Pieper et al., 1999; Akutsu et al., 2004; Baek et al., 2008; Talachi et al., 2011]. We
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propose two additional models for the presence of cranial hyperostosis with meningioma.
One is that the hyperostosis is a cell autonomous event with a somatic mutation in the
involved cranium and in the meningioma that represents a microform or forme fruste of
Proteus syndrome [Wee et al., 2014]. This model of a discrete mutation of AK7Z in dura and
cranium, derived from the same cells of the membranous neurocranium, is plausible in light
of Proteus syndrome, which consists of multi-systemic, but mosaic abnormalities, including
meningiomas, being caused by somatic mutations in multiple cell types. Proteus syndrome
represents an example of a simple, single gene mosaic overgrowth disorder in a spectrum of
genomic perturbation with meningioma and cranial hyperostosis - both manifestations of
Proteus syndrome representing a limited, localized somatic mutation of the same gene,
namely AKT71[Wee et al., 2014]. Two, that the meningioma causes release of agents/ factors
that lead to changes in the cells of the cranial bone causing hyperostosis, i.e., there is an
autocrine signaling from the meningioma. There is evidence showing that there is increased
expression of other growth factors, their receptors, and respective kinases in meningiomas,
such as epidermal growth factor receptor, which is widely expressed on meningioma cells
and tumors. Further, meningioma cells are capable of autocrine expression of the ligands of
the epidermal growth factor receptor, such as TGR-alpha and EGF, associated with
aggressive growth [Riemenschneider et al., 2006]. In this model, the meningioma with
AKTI mutations would potentially lead to increased expression of downstream growth
factors in the AKT/PI3K signaling pathway [El-Habr et al., 2014; Johnston et al., 2010].
Both models have implications for potential therapeutic interventions.

We hypothesize that somatic AK71 mutations in tumors and surrounding tissue cause the
hyperostosis observed with a subset of non-syndromic meningiomas. This would have
interesting etiologic implications for hyperostosis with meningiomas. These results further
demonstrate the utility of studying rare disorders as they can identify pathogenetic
mechanisms that may be relevant for common disease.

Cranial overgrowth in patients with PS consists primarily of expansion of the marrow or
diploe with an appearance similar to monostotic cranial fibrous dysplasia. We found that the
frontal bone is most commonly involved in the cranial overgrowth in patients with PS.
Associated structural brain abnormalities in patients with PS are typically neuronal
migration and organization defects that co-localize with the cranial overgrowth.
Meningiomas are the most common intracranial tumor in PS, and are associated with a
characteristic pattern of cranial hyperostosis, which is found in some sporadic, isolated
meningiomas. We hypothesize that somatic AK7Z mutations also cause the hyperostosis
observed with these non-syndromic meningiomas. Understanding the genetic and molecular
mechanisms by which meningiomas and their associated findings develop by studying rare
diseases, like Proteus syndrome, may provide insight into the natural history of these tumors
and help direct management and potential therapeutic approaches. Indeed, we hypothesize
that sporadic meningothelial and transitional subtype meningiomas are a forme fruste or
microform of Proteus syndrome.
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Figure 1.
Typical patterning of cranial hyperostosis in four individuals with Proteus syndrome. The

pattern is predominantly unilateral, parasagittal, and involves the frontal and/or parietal
bones. (A) 4 year old girl; (B) 2 year 5 month old girl; (C) 3 year 5 month old boy; (D) 6
year 10 month old boy.
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Figure2.
33 year old with PS, (A) (1) Axial and (2) sagittal views on the MRI scan shows

hyperostosis crossing the midline, predominantly involving the right side, meningiomas
(thin arrows), and (3) another axial view shows one cavernoma or capillary telangiectasia
(circled). 34 year old with PS, (B) MRI scan shows left frontal bone hyperostosis (double
arrows) with adjacent meningioma (thin arrow); there is second meningioma (triple arrows)
without hyperostosis adjacent to the sphenoid bone.
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Figure 3.
Histopathology from the autopsy of one of the patients with PS. The top panel (A)

demonstrates a meningothelial type meningioma, which was located at the base of the skull,
and adjacent to the lesser wing and greater wings of the sphenoid bone. The lower panel (B)
shows the overgrown frontoparietal bone along the left side of the sagittal suture and
adjacent to the meningioma shows thickened bony trabeculae, lamellar bone appearance
similar to an osteoma, and abnormal marrow.
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