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Endocrine tumors are neoplasms originating from specialized hormone-secreting cells. They can develop as

sporadic tumors, caused by somatic mutations, or in the context of familial Mendelian inherited diseases.

Congenital forms, manifesting as syndromic or non-syndromic diseases, are caused by germinal heterozygote

autosomal dominant mutations in oncogenes or tumor suppressor genes.

inherited endocrine tumors  oncogenes  tumor suppressor genes  bone tissue

bone modeling  bone remodeling  skeletal clinical features

1. Introduction

The term “endocrine tumors” indicates a heterogeneous group of neoplasms originating from specialized hormone-

secreting cells and affecting the endocrine glands. Tumoral cells maintain their hormone-secreting ability

(functioning tumors; FTs) in a majority of cases, or, in a small portion of endocrine tumors, they lose the capability

of producing hormones (non-functioning tumors; NFTs).

Endocrine tumors can develop as sporadic cancers caused by somatic mutations or in the context of familial

Mendelian inherited diseases. Congenital forms are caused by germinal heterozygote autosomal dominant

mutations in oncogenes or tumor suppressor genes inherited from the affected parent, or, in extremely rare cases,

developed de novo at the embryo level. The genetic defect results mainly in a loss of cell growth control in target

endocrine cells, leading to tumor development.

Inherited endocrine tumors can be non-syndromic (the affected patient develops only a single endocrine tumor

during his/her lifetime) or syndromic (the patient develops multiple endocrine and non-endocrine tumors in different

organs during his/her lifetime) .

In addition to their specific endocrine and non-endocrine tumors, patients affected by some of these genetic

diseases can manifest alterations of bone and mineral metabolism, presenting both as pathognomonic skeletal

clinical features and/or non-specific bone and mineral metabolism alterations, which can be either secondary

complications of endocrine functioning primary tumors and/or a direct consequence of the gene mutation.

2. Genetic Determinants of Inherited Endocrine Tumors and
Bone
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Bone is a highly dynamic tissue, undergoing life-long remodeling, which is the result of a finely regulated balance

between osteoclast bone resorption and osteoblast bone formation   and which grants adaptation to external

forces, the completion of bone correct functions and the maintenance of skeletal and mineral metabolism health, as

well as self-repair after fractures.

In some patients affected by inherited endocrine tumors, the endocrine tumor-derived hormone excess is

responsible for the disturbance of the normal osteoclast–osteoblast balance and/or the alteration of correct skeletal

modeling and bone and mineral metabolism homeostasis, resulting in the secondary development of skeletal

alterations, premature bone mass loss, early onset osteoporosis and an increased risk of fragility fractures.

In some inherited endocrine tumors, a direct involvement of the inherited mutated gene in alterations of bone and

mineral metabolism, at cellular and molecular levels, is strongly suspected, being primarily responsible for the

development of specific pathognomonic primary skeletal abnormalities.

2.1. CDC73 Gene

The CDC73 (Cell Division Cycle 73) gene encodes the parafibromin, a transcription factor that is a core member of

the Polymerase-Associated Factor 1 (PAF1) complex, which regulates gene transcription and histone

modifications.

Droscha et al.  investigated the role of parafibromin in osteoblast differentiation and function by generating two

murine models bearing a germinal conditional homozygote deletion of the Cdc73 gene, one in Mesenchymal Stem

Cell (MSC) progenitors and the other in mature osteoblasts and osteocytes. Parafibromin was shown to be

mandatory for MSC differentiation and survival; the conditional complete loss of Cdc73 expression in MSCs

induced a high-rate apoptosis within the mesenchyme, blocking the correct organ development at embryo day

11.5. Conversely, the mice completely missing Cdc73 in osteoblasts and osteocytes were viable and lived well

beyond one year. Surprisingly, they manifested an overall significant increase in whole-body Bone Mineral Density

(BMD). Long bones appeared thicker and stronger. At the microarchitectural level, these bones were characterized

by large pores in the cortical bone area, undergoing an active bone remodeling associated with a significantly

increased mineral apposition rate. At the same time, the osteocytes in the cortical bone had a high rate of

apoptosis. The trabecular bone presented a significant increase in both osteoblast number and osteoid bone

volume, coupled with a significantly decreased number of osteoclasts on the bone surface. At transcriptional level,

the knockout of the Cdc73 gene led to a decrease in the expression of osteoblast-specific genes, mainly those

encoding collagen and bone matrix proteins. Taken together, these data suggest that parafibromin is necessary for

MSC survival and, at the same time, may act as a transcriptional repressor of activity of maturing osteoblasts,

having a possible direct role in the regulation of bone-forming cell differentiation and activity, and bone

homeostasis.

Ossifying fibromas are benign fibro-osseous neoplasms originating from pluripotent MSC and are capable of

forming mineralized bone tissue and cement. Although ossifying fibromas are part of the Hyperparathyroidism-Jaw
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Tumors (HPT-JT) syndrome, a direct role in the tumor development of either an haploinsufficiency or an aberrant

intracellular expression of parafibromin in bone-forming cells has not yet been clearly demonstrated. Recently,

Costa-Guda et al.  analyzed parafibromin expression and intracellular localization in nine sporadic human non-

syndromic ossifying fibromas. Four cases (44.4%) showed a complete absence of nuclear parafibromin

expression, one of them presenting an aberrant cytoplasmatic expression of the protein. The full sequence of the

CDC73 gene was available only for three cases, revealing the presence of one homozygote and one heterozygote

somatic inactivating mutation of the gene, both cases showing a complete absence of nuclear parafibromin

expression. Genomic DNA was not available for the performance of germline mutation screening.

The data from the above-described studies provided, both in an animal model and in humans, concordant evidence

that the loss of the nuclear expression of parafibromin in bone-forming cells may have an important, direct, role in

the pathogenesis of ossifying fibromas, confirming these skeletal neoplasms as a primary clinical manifestation and

direct consequence of the genetic defect in the CDC73 gene.

2.2. GCM2 Gene

The GCM2 (Glial Cells Missing Transcription Factor 2) gene encodes the Glial Cells Missing Homolog 2 (GCM2)

protein, a zinc finger-type transcription factor, which is essential for the correct embryonic development of

parathyroid glands. Recently, Yamada et al.  showed that the reduction in GCM2 expression is responsible for a

reduction in parathyroid cell proliferation, an increase in parathyroid cell apoptosis and an attenuation of

parathyroid function, demonstrating a key role of this protein in the maintenance, proliferation and activity of adult

parathyroids. Parathyroid glands are the principal actors of calcium homeostasis, and subsequently, of bone

mineralization. Thus, mutations of the GCM2 gene, which alter the normal development, maintenance and function

of these glands, have a repercussion on the mineralization of the extracellular matrix of bone tissue. In particular,

gain-of-function mutations are responsible for parathyroid hyperplasia/adenoma with a constant over-secretion of

Parathyroid Hormone (PTH) and hypercalcemia, resulting in increased osteoclast activity, a continuous release of

calcium ion from bone tissue and a subsequent reduction in mineralized bone mass, leading to early onset

osteopenia and osteoporosis with an enhanced praecox risk of fragility fractures.

2.3. APC Gene

The APC (Adenomatous Polyposis Coli) gene encodes the homonymous tumor suppressor protein, which acts as

a strong negative regulator of the Wnt signaling pathway by directly binding the key transducer of this pathway, the

β-catenin, and promoting its rapid degradation. In the absence of a Wnt signal, cytosolic β-catenin is degraded by

the ubiquitination/proteasome system upon its binding and phosphorylation to a multi-protein destruction complex

that comprises APC. The binding of Wnt to LRP5 or LRP6 results in the inactivation of the destruction complex and

the subsequent accumulation of the cytosolic β-catenin, favoring its nuclear translocation and the transcriptional

activation of Wnt target genes that leads to increased cell growth and reduced apoptosis. Mutated APC proteins

mimic the Wnt signal, leading to an increase in the cytosolic β-catenin and to the consequent β-catenin-dependent

induction of the expression of Wnt target genes. The efficiency of β-catenin downregulation by the destruction
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complex is compromised in the presence of a mutated APC protein, based on the site of the mutation. The

important role of the Wnt cascade in the regulation of osteogenesis and in the pathophysiology of a number of

skeletal diseases is now well-established , . Indeed, increased levels of the canonical Wnt/β-catenin signaling

inhibit the expression and activity of SRY-Box Transcription Factor 9 (SOX9) and stimulate the expression of Runt-

related Transcription Factor 2 (RUNX2), two commitment factors of chondrocyte and osteoblast differentiation,

respectively, decreasing chondrogenesis and promoting osteogenesis , .

Miclea et al.  created a conditional knockout mouse model for the Apc gene in Col2aI-expressing cells to

investigate whether this gene was involved in the lineage commitment of skeletal precursor cells. The homozygote

Apc-knocked out animals died perinatally due to severely impaired skeletogenesis, affecting both the axial and

appendicular bone segments. Analyses on homozygote embryos showed, in the Apc-knocked out cells, that the

complete absence of the Apc protein resulted in an accumulation of cytoplasmic β-catenin, which, subsequently,

translocated into the nucleus; highly elevated levels of β-catenin were found at all the sites of endochondral

ossification and within the chondrocyte nucleus. The cells lacked expression of both chondrogenic (i.e., Sox9) and

osteogenic markers (i.e., Col2aI), demonstrating that the conditional loss of functional Apc in skeletal precursors

inhibited mesenchymal cell condensation and chondrogenic differentiation. Conversely, the conditional

heterozygous inactivation of Apc did not interfere with embryonic skeletal development, postnatal growth or bone

acquisition. Heterozygote Apc-knocked out embryos, at various developmental stages, showed a normal spatio-

temporal expression of chondrogenic and osteogenic markers, and no detectable levels of β-catenin were found.

The micro-computed tomography of the distal femora performed in the heterozygote Apc-knocked out mice,

monitored for 12 weeks after birth, showed no significant difference compared to the wild type littermate mice in

BMD, trabecular bone volume fraction, trabecular number, trabecular thickness and trabecular separation.

Microscopical analysis of bones at 24 weeks after birth showed no important anomalies in the skull, ribs, vertebral

column and long bones. These data imply that the level of wild type Apc protein produced by a single functional

Apc allele is sufficient to grant the Apc-mediated appropriate β-catenin degradation and the correct Wnt-regulated

skeletal modeling.

The importance of the APC protein for the correct skeletogenesis has also been shown by Holmen et al. . The

mice with the conditional homozygote osteoblast-specific deletion of the Apc gene manifested growth retardation

and dramatic defects in bone development, characterized by severe osteopetrosis associated with disturbances in

bone architecture and composition, leading to mortality within two weeks after birth. At bone cell levels, the

depletion of the Apc gene in osteoblasts, and the subsequent deregulation of β-catenin signaling, caused a cell-

autonomous osteoblast defect and, at the same time, altered bone resorption, by dramatically reducing the number

of osteoblasts, as a consequence of the decreased expression of Receptor Activator of Nuclear Factor-κ B Ligand

(RANKL) and the increased expression of Osteoprotegerin (OPG).

Although variations in bone mass are not a clinical hallmark of Familial Adenomatous Polyposis (FAP), two studies

have shown a direct association between the presence of an APC mutation and BMD values in humans , . A

cross-sectional study on 30 FAP patients bearing a germinal heterozygote mutation of the APC gene showed a

significantly higher mean BMD at the lumbar spine, total hip, femoral neck and trochanter in FAP patients, with
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respect to age- and gender-matched healthy controls, in the presence of a balanced bone remodeling, as

displayed by the mean concentrations of procollagen type I N-terminal propeptide and β-crosslaps being within the

normal ranges .

Chew et al.  showed that individuals bearing a heterozygote deletion encompassing part of the APC gene had a

higher BMD at the forearm, spine and total hip compared to subjects with two wild type copies of the gene.

Primary osteomas develop as disease-specific clinical manifestations in a percentage of patients with FAP. These

benign bone tumors affect bone segments characterized by intramembranous ossification, an ossification process

in which mesenchymal cells differentiate directly into osteoblasts and deposit mineralized bone. APC mutations,

that are responsible for β-catenin accumulation and mimes the Wnt signaling, may suppress the chondrogenic

potential of the mesenchymal osteochondral progenitor cells, favoring osteoblast differentiation and

intramembranous ossification, and being, thus, directly responsible for the development of osteomas.

2.4. MEN1 Gene

The MEN1 (Multiple Endocrine Neoplasia type 1) gene encodes a nuclear scaffold protein named menin, which

controls gene expression, cell signaling, cell growth, DNA repair and histone modifications. A direct involvement of

menin in the regulation of osteogenesis has been widely demonstrated by in vitro and in vivo studies.

Wild type menin is required for the commitment, in vitro, of the pluripotential MSCs to the osteoblast lineage. The

specific menin inactivation by antisense oligonucleotides, in MSC progenitors, inhibits osteoblastogenesis by

blocking the Bone Morphogenetic Protein 2 (BMP2) transcriptional activity of Smad1/5 and, thus, antagonizing

Alkaline Phosphatase (ALP) activity and the expression of the key osteoblast transcription factor RUNX2, and of

the protein of the bone extracellular matrix-like type I collagen and Osteocalcin (OCN) . The inactivation of

menin has no effect on the expression of adipogenic and chondrogenic markers in MSCs induced to differentiate

into the adipocyte or the chondrocyte lineage, respectively. Conversely, menin inactivation in the murine

osteoblastic cell line MC3T3-E1 has been shown to not affect BMP2-stimulated ALP activity nor the expression of

RUNX2 and OCN, confirming the inductive role of menin in the commitment of osteoblast precursors, but not on

mature osteoblasts. In addition, the fact that the stable inactivation of menin in MC3T3-E1 cells increased ALP

activity, mineralization and the expression of type I collagen and OCN indicates that menin exerts an inhibitory role

in osteoblast later differentiation . In normal conditions, menin interacts physically and functionally with BMP2,

and with the BMP2 signaling molecules Smads 1/5, in still uncommitted MSCs, inducing their osteoblast

differentiation . After the osteogenic commitment, the interaction of menin with BMP2 and Smads 1/5 is lost, in

the differentiated osteoblasts, in which menin physically interacts with Smad3, positively regulating the

Transforming Growth Factor-β (TGFβ)/Smad3 pathway and negatively regulating the BMP2/Smad1/5- and the

RUNX2-induced transcriptional activities and, thus, leading to the inhibition of osteoblast late-stage differentiation

.
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The conditional homozygote knockout mice for the Men1 gene in mature osteoblasts showed significantly reduced

BMD compared to the wild type animals . Bone mass reduction affected both trabecular and cortical bone, with

significantly reduced trabecular bone volume and number, associated with an abnormal structure of trabeculae,

and significantly reduced cortical bone volume, surface and thickness. At the cellular levels, the mutated mice had

significantly reduced osteoblast and osteoclast numbers and increased osteocyte numbers, coupled with a reduced

mineral apposition rate. The isolated osteoblasts from the knockout mice showed a reduced expression of

osteoblast markers, together with an increased expression of both osteocyte markers and pro-apoptotic genes.

Conversely, a transgenic mouse model overexpressing menin in osteoblasts manifested a gain of bone mass,

increased bone volume and trabecular numbers, increased numbers of mature and active osteoblasts, increased

osteoblast differentiation markers (Runx2, OCN and type I collagen) and an enhanced ALP activity and mineral

apposition rate.

Liu et al.  confirmed that the conditional homozygote depletion of Men1 in the osteoblast lineage of mice caused

osteoporosis. The Men1 deficiency specifically induced in osteocytes, but not in early differentiated osteoblasts,

enhanced osteoclastogenesis (increased osteoclast numbers and surface) and bone porosity (reduction in the

number of trabeculae and increased trabecular separation) in vitro and in vivo. Osteocytes lacking Men1 showed

an enhanced secretion of C-X-C Motif Chemokine 10 (CXCL10), a known osteoclastogenesis-inducing factor.

Luzi et al.  showed that menin induces, in human MSCs induced in vitro to differentiated into osteoblast lineage,

the expression of the miR-26a, an osteogenesis-inhibitor microRNA that negatively regulates the expression of

SMAD1 during osteoblast differentiation of the MSCs , acting as a transcription factor and directly occupying the

miR-26a gene promoter. These data indicate the miR-26a-SMAD1 as an additional regulative pathway by which

menin inhibits the osteoblast late-stage differentiation of committed precursors.

Patients affected by MEN1 syndrome do not develop any primary bone affections, directly associated and derived

by MEN1 mutations. MEN1 patients have a higher risk of early onset osteoporosis, with respect to the general

population of the same age , attributed to primary hyperparathyroidism (PHPT) and other endocrine

dysfunctions typical of the syndrome. A direct role of MEN1 gene mutations in the premature bone mass loss has

not been demonstrated; however, given the fact that menin protein has been shown to be directly involved in the

regulation of osteoblastogenesis, a synergical pro-osteoporotic effect of menin haploinsufficiency in mesenchymal

stem cells and bone forming cells cannot be excluded.

2.5. RET Gene

The RET (REarranged during Transfection) gene encodes the homonym tyrosine kinase transmembrane receptor,

RET. Binding of the ligands stimulates RET receptor dimerization and the activation of downstream signaling

pathways, which play a role in cell survival, proliferation, differentiation and migration.

Patients affected by Multiple Endocrine Neoplasia type 2B (MEN2B) develop typical skeletal abnormalities, not

manifesting in the Multiple Endocrine Neoplasia type 2A (MEN2A) form.
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The murine embryonal fibroblast NIH 3T3 cell line expressing RET-MEN2B mutants or stimulated with the Glial Cell

Line-Derived Neurotrophic Factor (GDNF), a biological ligand of the RET receptor, showed a highly induced

expression of Stanniocalcin 1 (STC1) , a protein involved in early skeletal development and joint formation .

Conversely, the NIH 3T3 expressing RET-MEN2A mutants had no effect on the expression of STC1, suggesting

that the STC1 gene expression may have a role in the development of MEN2B-specific bone phenotype.

A comparison of the gene expression profile between the specimens of Medullary Thyroid Carcinoma (MTC) from

MEN2A and MEN2B patients showed that the malignant C cells of MEN2B MTCs expressed high levels of

Chondromodulin 1 (CHM1) , a secreted glycoprotein known to be a regulator of cartilage and bone growth that

is normally expressed in proliferating chondrocytes of the growth plates. Interestingly, all the MEN2B MTC patients

with skeletal abnormalities had high CHM1 expression, suggesting that the CHM1 aberrant expression in the

MEN2B MTC, in early infancy and childhood, could be responsible for alterations at the growth plates of developing

bones, leading to the skeletal abnormalities that characterize the MEN2B form of the syndrome.

In addition, GDNF, one of the major ligands of the RET receptor, has been shown in vitro to induce the migration of

Bone Marrow MSCs (BMMSCs) and stimulate osteogenesis . The pre-osteoclast conditioned medium was

demonstrated to contain GDNF that bound GFRα1 and recruited the co-receptor RET, inducing RET

phosphorylation in BMMSCs, resulting in cell migration and differentiation toward the osteoblast lineage. Inhibition

of the GDNF/GFRα1/RET signaling pathway blocked both BMMMSC migration and osteogenic differentiation.

These data indicate the existence of GDNF-mediated osteoclast-osteoblast crosstalk, which leads to BMMSC

migration and osteogenic differentiation via the activation of RET tyrosine kinase activity. Mutant RET receptors,

constitutively activated for their tyrosine kinase activity, could mimic this GDNF/GFRα1/RET signaling, being

responsible for the development of bone manifestations in MEN2B.

Multiple Endocrine Neoplasia type 2 (MEN2) is characterized by a strict genotype-phenotype correlation, not only

limited to endocrine tumor development but also to the displaying of pathognomonic skeletal abnormalities that

manifest only in patients with the MEN2B form. The RET mutations causing MEN2A affect the extracellular domain

of the receptor miming a constitutive binding with the ligand, while the mutations causing MEN2B are located in the

two intracellular tyrosine kinase domains of the receptor, resulting in a constitutively activated tyrosine kinase

activity; only the latter mutations are responsible for the development of typical skeletal features, presumably via

the specific induction of the overexpression of STC1 and CHM1 proteins. Conversely to all the other causative

genes of hereditary endocrine tumors, which are tumor suppressor genes, RET is a proto-oncogene, and a

monoallelic activating mutation is sufficient to alter the function of the receptor and lead to the development of the

clinical phenotype, including skeletal abnormalities.

2.6. CDKN1B Gene

The CDKN1B (Cyclin Dependent Kinase Inhibitor 1B) gene encodes the p27  cyclin-dependent kinase inhibitor

that binds to and prevents the activation of cyclin E-CDK2 and cyclin D-CDK4 complexes, negatively regulating the
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cell cycle progression at G1. Some in vitro and in vivo studies have indicated a possible involvement of p27  in

the regulation of osteoblast differentiation from mesenchymal precursors.

The in vitro culture of bone marrow-derived progenitors, established from mice with the homozygote deletion of the

Cdkn1b gene, showed that the complete ablation of p27  resulted in a precocious proliferation of these cells and

in an acceleration of their osteoblast differentiation, with respect to those of wild type littermate animals . In fact,

when the p27 -lacking bone progenitor cells were induced to differentiate into osteoblasts, they showed a higher

ALP positive staining, an increased number and size of the osteogenic colonies, and an earlier mineralization of

the extracellular matrix, compared with cultures from the wild type mice. In the proliferating osteoblast precursors

from the wild type mice, the levels of p27  were low, and they substantially increased during osteogenic

differentiation. The p27  null mice showed an increased size of long bone and an increased width of diaphyseal

cortical bone shafts compared to wild type littermates, with both the osteoblasts and osteoclasts on trabecular bone

surfaces of a normal appearance and a greater cellular density within the bone marrow.

Zhu et al.  showed that the homozygote p27 -null mice (p27  mice) presented an increased length of long

bones, size of epiphyses, BMD, trabecular bone volume, number of mature osteoblasts and of chondrocytes

positive for the proliferating cell nuclear antigen staining, as well as ALP-, type I collagen- and OCN-positive bone

areas. When a compound null mouse model bearing both the biallelic deletion of the Cdkn1b gene and the

homozygote mutation of the parathyroid hormone-related peptide (Pthrp) KI (p27 Pthrp KI mice) was analyzed, it

showed all the above listed bone and cartilage paraments being reduced with respect to the wild type mice but

increased with respect to the Pthrp KI mice. These data suggest that the complete depletion of p27  in the

homozygote Pthrp KI mice can partially rescue defects in skeletal growth and osteoblastic bone formation by

enhancing endochondral bone formation and osteogenesis. Given the fact that p27  directly interacts with the C-

terminal region of PTHrP, it is conceivable that the p27  pathway may act downstream to PTHrP in the regulation

of skeletal growth and development.

To date, very few clinical cases of Multiple Endocrine Neoplasia type 4 (MEN4) have been reported worldwide, and

targeted studies on bone complications in this syndrome are totally missing. As for MEN1, of which MEN4 is a

clinical phenocopy, the prematurely manifesting reduced bone mass is mainly attributed to PHPT, and it is thought

to manifest later in life and in a less severe degree, with respect to MEN1 patients, accordingly to a later onset and

milder PHPT that characterizes MEN4. A direct role of the p27  haploinsufficiency in altering bone metabolism in

MEN4 patients remains to be demonstrated.

2.7. PRKAR1A Gene

The PRKAR1A (Protein Kinase CAMP-Dependent Type I Regulatory Subunit α) gene encodes the type 1A

regulatory subunit of the tetrameric cAMP-dependent Protein Kinase A (PKA). While the inactivating mutations in

the PRKAR1A gene are responsible for Carney Complex (CNC), the gain-of-function mutations of this gene have

been identified in patients with acrodysostosis, a heterogeneous group of rare skeletal dysplasia , , suggesting

the possibility of a direct involvement of the PKA-regulated pathway in regulating bone modeling and/or
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remodeling, and presumably being responsible for the development of both chondrodysplasia and

osteochondromyxomas when deregulated.

The heterozygote Prkar1a activating point mutation R368X knock-in mice (Prkar1a  mice) had

chondrodysplasia and peripheral acrodysostosis affecting the endochondral skeleton, which resulted in shorter

tails, shorter length and shorter forelimbs and hindlimbs, compared to their wild type littermates. Brachydactyly and

snout dysostosis were also present, and BMD and bone surface were both significantly reduced . The mutant

mice presented a striking delay in the mineralization of the cartilage and epiphyseal secondary ossification centers

of forelimb and hindlimb bones, accompanied by modifications in the proliferative and hypertrophic chondrocyte

layers. The data from this study showed the importance of the Prkar1a subunit of PKA in the correct regulation of

endochondral ossification; however, no defect in the endochondral bone development (i.e., no increased

proliferation or decreased chondrocyte differentiation) has been described in human CNC patients.

Conversely, the heterozygote knockout mice for the Prkar1a gene (Prkar1a  mice), which mimic the Prkar1a

subunit haploinsufficiency of the CNC, developed, in about 80% of cases, tumoral lesions on the tail vertebrae and

the sacroiliac region, which arise from cells of the osteoblast lineages  and present a histological and cytological

similarity to the osteochondromyxomas that develop in human CNC patients. As previously demonstrated in bone

tumors arising in human patients with a PRKAR1A mutation , tumoral osteoblasts from the Prkar1a  mice

showed a significantly elevated level of both a total and a free PKA enzyme.

Osteochondromyxomas are primary, extremely rare, benign bone tumors, manifesting prevalently within the CNC

syndrome, composed by a mix of chondroid and osteoid matrix. Data from the study of Pavel et al.  indicated

that this bone tumorigenesis is predominantly driven by an excessive activation of PKA signaling, as a direct

consequence to a PRKAR1A inactivating mutation.

2.8. PTEN Gene

The PTEN (Phosphatase and TENsin Homolog) gene encodes a phosphatidylinositol-3,4,5-trisphosphate 3-

phosphatase that negatively regulates the PI3K/AKT/mTOR signaling pathway and cell survival, proliferation and

migration. The PTEN/PI3K/AKT axis has been involved in embryonic bone development and fracture healing.

The conditional knockout of the Pten gene in osteoblasts of a mouse model resulted in an increased fracture

healing, with a larger and more ossified callus and an improvement of both the early intramembranous bone

formation and the later endochondral bone formation during the healing process , indicating that the inhibition of

PTEN may have a clinical application for enhancing fracture healing in cases of bone non-unions.

The mice with the homozygote conditional deletion of the Pten gene in osteoblasts showed a significantly

increased whole-body BMD, compared to wild type littermates, that progressively increased throughout life . The

mutant mice had a pronounced higher bone volume, both at the cortical and trabecular bone, with an increased

cortical thickness in the femur and with the trabeculae being thicker and less separated, than those of the controls.

These data suggest that the loss of Pten could influence bone formation via intramembranous ossification. At bone

R368X/+

[29]

+/−

[30]

[31] +/−

[30]

[32]

[33]



Bone in Inherited Endocrine Tumors | Encyclopedia.pub

https://encyclopedia.pub/entry/13688 10/20

cell levels, in vitro cultures of Pten-deficient osteoblasts showed a constitutive activation of Akt signaling and target

genes and a reduction in the apoptosis rate, with respect to wild type control osteoblasts.

The mice with the conditional homozygote deletion of the Pten gene in osteo-chondroprogenitor cells showed, as

did mouse mutants on the osteoblasts, a bone overgrowth, and confirmed the development of an increased

skeletal diameter, increased cortical thickness and enhanced number of trabeculae . The chondrocytes, within

bone growth plates, appeared disorganized, showing, compared to the control mice, a less well-defined

demarcation between the proliferative zone and the beginning of the prehypertrophic region. The primary

spongiosa exhibited increased numbers and sizes of disorganized trabeculae, and the nascent perichondrial bone

collar showed an accelerated hypertrophic osteoblast differentiation and an enhanced apposition of matrix proteins.

Taken together, these two studies show that PTEN is an important modulator in determining the extent of normal

cartilage and bone development and, thus, skeletal size. The PTEN function in chondrocytes is essential for

inhibiting dyschondroplasia. As a consequence, the loss of PTEN protein may have a direct pathogenic role in the

skeletal manifestations observed in patients with the Cowden/PTEN hamartoma tumor syndrome.

Bone morphogenetic protein 9 (BMP9) is one of the most efficacious osteogenic cytokines. PTEN has been

demonstrated, in vitro, to be downregulated by BMP9 during the osteoblast differentiation of mouse embryonic

fibroblasts . Some years later, Li et al.  demonstrated the existence of a reciprocal feedback between PTEN

and BMP9, showing a direct inhibitory action of PTEN on the osteogenic potential of BMP9, which resulted in the

inhibition of PI3K/AKT signaling. In vitro analyses showed that PTEN reduced the BMP9-induced osteogenic

differentiation of murine C3H10T1/2 MSCs by inhibiting both the mRNA and protein levels of Runx2 and OCN, and

by inhibiting ALP activity and mineralization. During osteoblastogenesis, the Wnt10b, a secreted protein member of

the canonical Wnt signaling, is upregulated by BMP9, acting as a bone formation promoter and a mediator of the

osteogenic potential of BMP9, and favoring the differentiation toward the osteogenic lineage at the expense of

adipogenesis. In the C3H10T1/2 cell line, Wnt10b was demonstrated to be able to partially reverse the inhibitory

effect of PTEN on BMP9-driven osteogenesis, suggesting that PTEN may inhibit the osteogenic potential of BMP9

by negatively regulating Wnt10b expression, with a mechanism that is still unclear .

A similar inverse association was also demonstrated between PTEN and BMP2  in the C3H10T1/2 cell line.

PTEN inhibited the BMP2-induced osteoblast differentiation of MSCs at the osteoblast lineage commitment level

and at the early and late stages of osteogenic differentiation, while BMP2 repressed PTEN expression, leading to

the activation of PI3K/AKT and to osteogenesis. PTEN was shown to inhibit the proliferation, but promote

apoptosis, of the C3H10T1/2 MSCs. The authors studied the role of the PTEN/PI3K/AKT signaling pathway in

ectopic calcification by establishing a specific animal model via the implantation of human recombinant BMP2 into

the muscle tissue of mice to induce soft tissue ossification. The inactivation of the PI3/AKT signaling, by PTEN,

markedly suppressed the BMP2-induced ectopic endochondral calcification of muscles .

Both these studies supported the notion that the activation of the PI3K/AKT signaling pathway is a key step for both

BMP2- and BMP9-induced osteoblastogenesis, bone formation and endochondral ossification. Therefore, the
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PTEN/PI3K/AKT axis represents a potential target for either favoring endochondral fracture repair or for the

molecular prevention/therapy of the heterotopic ossification of soft tissues.

2.9. NF1 Gene

The NF1 (Neurofibromin 1) gene encodes neurofibromin 1, a negative regulator of the Ras signal transduction

pathway.

Several studies have documented a decreased BMD in individuals with neurofibromatosis type 1 (NF1) , , ,

, , , suggesting that the NF1 haploinsufficiency may contribute to abnormal bone remodeling, either directly

or indirectly by aberrant Ras signaling, potentially predisposing NF1-affected individuals to skeletal abnormalities

and osteoporosis. Pathognomonic bone manifestations in NF1 syndrome are congenital and primary dysplasias,

implying a direct role of an NF1 defect in the alterations of both skeletal development and bone homeostasis. The

MSCs derived from Nf1  mice showed an impaired osteoblast differentiation, presumably as a direct

consequence of Nf1 protein haploinsufficiency . However, the somatic loss of heterozygosity at the NF1 locus,

found in bone cells from dysplasia and pseudoarthrosis of the tibia in NF1 patients, suggests that the biallelic loss

of NF1 function is likely to be required to cause the bone phenotype in human NF1 syndrome, and confirms that

the neurofibromin-Ras signal transduction pathway is directly involved in tibial bone dysplasia .

A transcriptome profiling of bone cells, derived from a tibial pseudoarthrosis of a NF1 patient, showed that EREG

and EGFR1 genes, encoding, respectively, epiregulin and its receptor Epidermal Growth Factor Receptor 1, were

among the NF1-deficiency-associated top up-regulated genes . An over-expression of the epiregulin gene and

protein was shown in human bone cells bearing NF1 double hit mutations . A three-time over-expression of

epiregulin was also confirmed in Nf1-deficient mouse bone marrow stromal cells, with respect to wild type controls,

both at the mRNA and protein levels, showing that this molecular signature is conserved among mice and humans,

and it may have a direct role in the bone abnormalities of the NF1 syndrome.

The study of the role of NF1 inactivating mutations in bone modeling and remodeling in vivo is difficult since the

homozygote Nf1  mice die in utero before bone formation can be studied, and heterozygote Nf1  mice have

been shown to not manifest any bone phenotypes.

Kuorilehto et al.  studied Nf1 gene and protein expression profiles in bone tissues from Nf1  and wild type mice

at 12.5–15.5 embryonic days and in adulthood. Nf1 mRNA and protein were both high expressed in resting,

maturation and hypertrophic chondrocytes at the growth plates. The expression patterns of Nf1 mRNA and protein

in the growth plate cartilages of femora and tibias of adult mice were similar to those observed in the embryonic

counterparts. The synovial cartilage also resulted as positive for Nf1 mRNA and protein expression. The

osteoclasts, osteoblasts and osteocytes in the periosteum of the adult animals all appeared strongly positive for

neurofibromin protein expression. No differences were found for neurofibromin expression between the mutant and

wild type animals, both at embryo levels and adulthood, being consistent with the absence of skeletal abnormalities

in the heterozygote Nf1 mutant mice. A neurofibromin-mirroring negative labeling for the phosphorylated p44/42
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MAPK complex, as the result of the Ras pathway activation and the consequent p42 and p44 MAPK

phosphorylation, was found in proliferative, maturing and synovial cartilages of both the Nf1-deficient and wild type

skeletal tissues from the embryonic and adult mice. The hyperthropic chondrocytes of the Nf1  embryos

presented a high expression of phosphorylated p44/42 MAPK, suggesting that the activation of the Ras-MAPK

pathway, resulting from NF1 protein haploinsufficiency, may be involved in the development of congenital skeletal

dysplasias in NF1 patients.

Kolanczyk et al.  generated a mouse model bearing the heterozygote conditional inactivation of the Nf1 gene in

undifferentiated MSCs of the developing limb skeleton (Nf1  mice). Similar to NF1-affected patients, the Nf1

mice showed retarded and reduced bone growth and abnormal growth plates and manifested the anterolateral

bowing of the tibia that started in the uterus, was already present at birth, and progressively worsened after two

weeks of age. The affected bones were characterized by a decreased calcium content and the increased porosity

of the cortical areas. The in vitro analysis of osteoblast precursors extracted from Nf1  mice, and induced to

differentiate into osteoblasts, showed a significant reduction in both ALP activity and extracellular matrix

mineralization, with respect to those from wild type littermates. Mutant osteoblasts showed a strong induction of

osteopontin, a marker of the early differentiation stage and a known inhibitor of calcification, and a reduction in the

expression of integrin-binding sialoprotein and OCN, two markers of the terminally differentiated mature

osteoblasts. Therefore, the loss of Nf1 function in osteoblast precursors resulted in an accumulation of

incompletely differentiated osteoblasts and, ultimately, in abnormal bone formation. In addition, the Nf1  mice

manifested cartilaginous fusions of the hip joints in all the mutated animals, varying from partial to complete

fusions, a phenotype that is not observed in NF1 syndrome. The joints from the wild type animals showed a normal

nuclear distribution of Sox9, an essential regulator of chondrocyte differentiation from precursors, at embryonic day

13.5, with a shift of Sox9 localization to the cytoplasm at 14.5 embryonic days, which reduced chondrocyte activity

and favored correct bone growth. Conversely, the Sox9 nuclear localization persisted in the cartilage joint cells

from the Nf1  mice, leading them to remain active chondrocytes, concurring with the joint fusion .

The data from the studies described above confirmed NF1 as an important modulator of skeletal development and

growth; somatic loss of the wild type protein in osteoprogenitor cells is presumably a key step in the development

of NF1-associated bone phenotypes.

2.10. TSC1 and TSC2 Genes

The TSC1 (Tuberous Sclerosis 1) gene encodes for hamartin, a protein that plays a key role in the regulation of

cell adhesion, while the TSC2 (Tuberous Sclerosis 2) gene encodes for tuberin, a GTPase-activating protein that

regulates the GTP binding and hydrolyzing activity of the Ras protein superfamily, helping to regulate cell growth,

proliferation and differentiation. These two proteins bind to each other, via their respective coiled-coil domains, to

form an intracellular hamartin-tuberin complex that negatively regulates the Mammalian Target of Rapamycin

Complex 1 (mTORC1) signaling, which is a major regulator of anabolic cell growth. Disruption of the hamartin-

tuberin complex, through the loss (inactivating mutations) of either the TSC1 or TSC2 gene, results in a constitutive

activation of mTORC1.

+/−

[49]

Prx1 Prx1

Prx1

Prx1

Prx1 [49]



Bone in Inherited Endocrine Tumors | Encyclopedia.pub

https://encyclopedia.pub/entry/13688 13/20

In recent decades, few studies have investigated the role of mTORC1 signaling in bone cells. Unfortunately,

homozygote knockout mice, either for Tsc1 or Tsc2 genes, present an early embryonic lethality that prevents the

possibility to study the molecular mechanisms by which the dysregulated mTORC1 signaling affects postnatal

skeletal development and bone metabolism.

Fang et al.  generated a conditional knockout mouse model selectively lacking both copies of the Tsc1 gene in

Neural Crest-Derived Cells (NCDCs), which normally contribute to the formation of a majority of craniofacial bones.

The mutated animals manifested a spectrum of sclerotic craniofacial bone lesions (thickened frontal calvaria,

zygomatic bones and nasal bones), comparable to the patients affected by Tuberous Sclerosis Complex (TSC); no

increase in the parietal bones of mesodermic origin was found. The Tsc1 deletion-caused mTORC1 hyperactivation

in NCDCs led to an enhanced proliferation of the osteoprogenitor pool at an early postnatal stage, associated with

an increased bone formation rate and elevated mineral apposition rate. No effect of mTORC1 signaling was

exerted on the number and activity of osteoclasts. The mouse heterozygote for the conditional Tsc1 deletion had a

similar bone thickness to the wild type littermates, indicating that the Tsc1 haploinsufficiency alone does not affect

the osteogenic differentiation of NCDCs.

When the conditional homozygote deletion of the Tsc1 gene is induced in Osterix-positive cells, mutant mice show

a significantly decreased trabecular bone mass, associated with contemporary reduced osteoblastogenesis and

enhanced osteoclastogenesis, and with increased adiposity of the bone marrow . At the bone cell level,

hamartin-deficient murine bone marrow stromal cells showed decreased proliferation, reduced early and terminal

osteoblast differentiation and increased adipogenic differentiation. Main master osteoblastic transcription factors

(Runx2 and Osterix) and osteoblast differentiation markers (ALP, Col1a1 and bone sialoprotein) all showed a

decreased mRNA expression, while the expression of master adipogenic transcription factors resulted increased

(i.e., peroxisome proliferator-activated receptor γ, fatty acid binding protein 4, adiponectin, enhancer-binding

protein α and zinc finger protein 423) . Tsc1 deletion in Osterix-positive cells led to an mTORC1-dependent

downregulation of the Wnt/β-catenin signaling by decreasing the total and active β-catenin protein levels via the

non-canonical Notch1-mediated GSK3-independent active β-catenin degradation, which resulted in a decreased

mRNA expression of the Wnt/β-catenin target genes.

A further piece in the understanding of the role of the TSC1 gene in bone metabolism was recently shown by Liu et

al. . By using a mouse model with the conditional homozygote deletion of the Tsc1 gene in osteocytes, the

authors showed that the constitutive activation of the mTORC1 signaling in osteocytes enhanced RANKL

expression, leading to osteoclast formation, and, at the same time, markedly reduced the expression of sclerostin,

a secreted glycoprotein that strongly inhibits osteoblast differentiation and bone formation, via the upregulation of

Sirt1, a histone deacetylase repressor of the sclerostin gene expression. As a consequence, the mutated mice

manifested osteosclerosis with enhanced bone formation and increased BMD.

One study investigated, in vivo and in vitro, the effect of the biallelic Tsc2 depletion in murine osteoblasts, showing

that the Tsc2 deficiency-induced mTORC1 activation caused the accumulation of disorganized bone tissue as a
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consequence of an excessive number of active osteoblasts, indicating that tuberin is required for normal osteoblast

differentiation .

Sclerotic bone lesions (SBLs), presumably originating from cells of the neural crest, are a common skeletal

manifestation in patients affected by Tuberous Sclerosis (TSC) syndromes. They manifest in about 84% of mutated

patients (47.2% with mutated TSC1 gene and 52.8% with mutated TSC2 gene), but only in 14% of patients without

TSC1 or TSC2 mutations , suggesting that the inactivation of the hamartin-tuberin complex, and the subsequent

hyper-activation of mTOR signaling, may have a direct role in the development of SBLs, as the studies described

above also appear to confirm.

References

1. Alexander T. Deng; Louise Izatt; Inherited Endocrine Neoplasia— A Comprehensive Review from
Gland to Gene. Current Genetic Medicine Reports 2019, 7, 102-115, 10.1007/s40142-019-00166-
7.

2. H K Datta; Wan-Fai Ng; J A Walker; S P Tuck; S S Varanasi; The cell biology of bone metabolism.
Journal of Clinical Pathology 2008, 61, 577-587, 10.1136/jcp.2007.048868.

3. Casey J. Droscha; Cassandra R. Diegel; Nicole J. Ethen; Travis A. Burgers; Mitchell J. McDonald;
Kevin A. Maupin; Agni S. Naidu; Pengfei Wang; Bin T. Teh; Bart O. Williams; et al. Osteoblast-
specific deletion of Hrpt2/Cdc73 results in high bone mass and increased bone turnover. Bone
2017, 98, 68-78, 10.1016/j.bone.2016.12.006.

4. Jessica Costa-Guda; Chetanya Pandya; Maya Strahl; Patricia Taik; Robert Sebra; Rong Chen;
Andrew V Uzilov; Andrew Arnold; Parafibromin Abnormalities in Ossifying Fibroma. Journal of the
Endocrine Society 2021, 5, bvab087, 10.1210/jendso/bvab087.

5. Taku Yamada; Norifumi Tatsumi; Akane Anraku; Hideaki Suzuki; Sahoko Kamejima; Taketo
Uchiyama; Ichiro Ohkido; Takashi Yokoo; Masataka Okabe; Gcm2 regulates the maintenance of
parathyroid cells in adult mice. PLOS ONE 2019, 14, e0210662, 10.1371/journal.pone.0210662.

6. Carmen E. Macsai; Bruce K. Foster; Cory J. Xian; Roles of Wnt signalling in bone growth,
remodelling, skeletal disorders and fracture repair. Journal of Cellular Physiology 2008, 215, 578-
587, 10.1002/jcp.21342.

7. Takuo Kubota; Toshimi Michigami; Keiichi Ozono; Wnt signaling in bone metabolism. Journal of
Bone and Mineral Metabolism 2009, 27, 265-271, 10.1007/s00774-009-0064-8.

8. Haruhiko Akiyama; Jon P. Lyons; Yuko Mori-Akiyama; Xiaohong Yang; Ren Zhang; Zhaoping
Zhang; Jian Min Deng; Makoto M. Taketo; Takashi Nakamura; Richard R. Behringer; et al.Pierre

[53]

[54]



Bone in Inherited Endocrine Tumors | Encyclopedia.pub

https://encyclopedia.pub/entry/13688 15/20

D. McCreaBenoit De Crombrugghe Interactions between Sox9 and -catenin control chondrocyte
differentiation. Genes & Development 2004, 18, 1072-1087, 10.1101/gad.1171104.

9. Tripti Gaur; Christopher Lengner; Hayk Hovhannisyan; Ramesh A. Bhat; Peter V. N. Bodine; Barry
S. Komm; Amjad Javed; Andre J. van Wijnen; Janet L. Stein; Gary S. Stein; et al.Jane B. Lian
Canonical WNT Signaling Promotes Osteogenesis by Directly Stimulating Runx2 Gene
Expression. Journal of Biological Chemistry 2005, 280, 33132-33140, 10.1074/jbc.m500608200.

10. Razvan L Miclea; Marcel Karperien; Cathy Aj Bosch; Geertje Van Der Horst; Martin A Van Der
Valk; Tatsuya Kobayashi; Henry M Kronenberg; Georges Rawadi; Pinar Akçakaya; Clemens Wgm
Löwik; et al.Riccardo FoddeJan Maarten WitEls C Robanus-Maandag Adenomatous polyposis
coli-mediated control of β-catenin is essential for both chondrogenic and osteogenic differentiation
of skeletal precursors. BMC Developmental Biology 2008, 9, 26-26, 10.1186/1471-213x-9-26.

11. Sheri L. Holmen; Cassandra R. Zylstra; Aditi Mukherjee; Robert E. Sigler; Marie-Claude Faugere;
Mary L. Bouxsein; Lianfu Deng; Thomas L. Clemens; Bart Williams; Essential Role of β-Catenin in
Postnatal Bone Acquisition. Journal of Biological Chemistry 2005, 280, 21162-21168, 10.1074/jbc.
m501900200.

12. Razvan L Miclea; Marcel Karperien; Alexandra M Langers; Els C Robanus-Maandag; Antoon Van
Lierop; Bernies Van Der Hiel; Marcel P Stokkel; Bart E Ballieux; Wilma Oostdijk; Jan M Wit; et
al.Hans F VasenNeveen A Hamdy APC mutations are associated with increased bone mineral
density in patients with familial adenomatous polyposis. Journal of Bone and Mineral Research
2010, 25, 2624-2632, 10.1002/jbmr.153.

13. Shelby Chew; Zari Dastani; Suzanne J. Brown; Joshua R. Lewis; Frank Dudbridge; Nicole
Soranzo; Gabriela L. Surdulescu; J. Brent Richards; Tim D. Spector; Scott G. Wilson; et al. Copy
number variation of the APC gene is associated with regulation of bone mineral density. Bone
2012, 51, 939-943, 10.1016/j.bone.2012.07.022.

14. Hideaki Sowa; Hiroshi Kaji; Lucie Canaff; Geoffrey N. Hendy; Tatsuo Tsukamoto; Toru Yamaguchi;
Kohei Miyazono; Toshitsugu Sugimoto; Kazuo Chihara; Inactivation of Menin, the Product of the
Multiple Endocrine Neoplasia Type 1 Gene, Inhibits the Commitment of Multipotential
Mesenchymal Stem Cells into the Osteoblast Lineage. Journal of Biological Chemistry 2003, 278,
21058-21069, 10.1074/jbc.m302044200.

15. Hideaki Sowa; Hiroshi Kaji; Geoffrey N. Hendy; Lucie Canaff; Toshihisa Komori; Toshitsugu
Sugimoto; Kazuo Chihara; Menin Is Required for Bone Morphogenetic Protein 2- and
Transforming Growth Factor β-regulated Osteoblastic Differentiation through Interaction with
Smads and Runx2. Journal of Biological Chemistry 2004, 279, 40267-40275, 10.1074/jbc.m40131
2200.

16. Hiroshi Kaji; Lucie Canaff; Jean-Jacques Lebrun; David Goltzman; Geoffrey N. Hendy;
Inactivation of menin, a Smad3-interacting protein, blocks transforming growth factor type



Bone in Inherited Endocrine Tumors | Encyclopedia.pub

https://encyclopedia.pub/entry/13688 16/20

signaling. Proceedings of the National Academy of Sciences 2001, 98, 3837-3842, 10.1073/pnas.
061358098.

17. Ippei Kanazawa; Lucie Canaff; Jad Abi-Rafeh; Aarti Angrula; Jingjing Li; Ryan C. Riddle; Iris
Boraschi-Diaz; Svetlana V. Komarova; Thomas L. Clemens; Monzur Murshed; et al.Geoffrey N.
Hendy Osteoblast Menin Regulates Bone Mass in Vivo. Journal of Biological Chemistry 2015,
290, 3910-3924, 10.1074/jbc.m114.629899.

18. Peng Liu; Sooyeon Lee; Jeanette Knoll; Alexander Rauch; Susanne Ostermay; Julia Luther;
Nicole Malkusch; Ulf Lerner; Mario Zaiss; Mona Neven; et al.Rainer WittigMartina RaunerJean-
Pierre DavidPhilippe BertolinoChang X ZhangJan P Tuckermann Loss of menin in osteoblast
lineage affects osteocyte–osteoclast crosstalk causing osteoporosis. Cell Death & Differentiation
2017, 24, 672-682, 10.1038/cdd.2016.165.

19. Ettore Luzi; Francesca Marini; Isabella Tognarini; Gianna Galli; Alberto Falchetti; Maria Luisa
Brandi; The Regulatory Network Menin-MicroRNA 26a As a Possible Target for RNA-Based
Therapy of Bone Diseases. Nucleic Acid Therapeutics 2012, 22, 103-108, 10.1089/nat.2012.034
4.

20. Ettore Luzi; Francesca Marini; Silvia Carbonell Sala; Isabella Tognarini; Gianna Galli; Maria Luisa
Brandi; Osteogenic Differentiation of Human Adipose Tissue-Derived Stem Cells Is Modulated by
the miR-26a Targeting of the SMAD1 Transcription Factor. Journal of Bone and Mineral Research
2007, 23, 287-295, 10.1359/jbmr.071011.

21. John R. Burgess; Ruben David; Timothy M. Greenaway; V. Parameswaran; Joseph J. Shepherd;
Osteoporosis in Multiple Endocrine Neoplasia Type 1. Archives of Surgery 1999, 134, 1119-1123,
10.1001/archsurg.134.10.1119.

22. Tsuyoshi Watanabe; Masatoshi Ichihara; Mizuo Hashimoto; Keiko Shimono; Yoshie Shimoyama;
Tetsuro Nagasaka; Yoshiki Murakumo; Hideki Murakami; Hideshi Sugiura; Hisashi Iwata; et
al.Naoki IshiguroMasahide Takahashi Characterization of Gene Expression Induced by RET with
MEN2A or MEN2B Mutation. The American Journal of Pathology 2002, 161, 249-256, 10.1016/s0
002-9440(10)64176-4.

23. S E Stasko; G F Wagner; Possible roles for stanniocalcin during early skeletal patterning and joint
formation in the mouse. Journal of Endocrinology 2001, 171, 237-248, 10.1677/joe.0.1710237.

24. Sanjay Jain; Mark A. Watson; Mary K. DeBenedetti; Yuji Hiraki; Jeffrey F. Moley; Jeffrey Milbrandt;
Aurélie Bardin; Pascale Hoffmann; Nathalie Boulle; Dionyssios Katsaros; et al.Françoise
VignonPascal PujolGwendal Lazennec Expression Profiles Provide Insights into Early Malignant
Potential and Skeletal Abnormalities in Multiple Endocrine Neoplasia Type 2B Syndrome Tumors.
Cancer Research 2004, 64, 3907-3913, 10.1158/0008-5472.can-03-3801.

25. Sol Yi; JiHee Kim; Jihee Kim & Soo Young Lee; GDNF secreted by pre-osteoclasts induces
migration of bone marrow mesenchymal stem cells and stimulates osteogenesis. BMB Reports



Bone in Inherited Endocrine Tumors | Encyclopedia.pub

https://encyclopedia.pub/entry/13688 17/20

2020, 53, 646-651, 10.5483/bmbrep.2020.53.12.199.

26. H Drissi; D Hushka; F Aslam; Q Nguyen; E Buffone; A Koff; A Van Wijnen; J B Lian; J L Stein; G S
Stein; et al. The cell cycle regulator p27kip1 contributes to growth and differentiation of
osteoblasts.. Cancer Research 1999, 59, 3705–3711.

27. Min Zhu; Jing Zhang; Zhan Dong; Rong Wang; Andrew Karaplis; David Goltzman; Dengshun
Miao; Ying Zhang; The p27 Pathway Modulates the Regulation of Skeletal Growth and
Osteoblastic Bone Formation by Parathyroid Hormone-Related Peptide. Journal of Bone and
Mineral Research 2015, 30, 1969-1979, 10.1002/jbmr.2544.

28. Agnès Linglart; Christine Dos Santos Menguy; Alain Couvineau; Colette Auzan; Yasemin Gunes;
Mathilde Cancel; Emmanuelle Motte-Signoret; Graziella Pinto; Philippe Chanson; Pierre
Bougnères; et al.Eric ClauserCaroline Silve RecurrentPRKAR1AMutation in Acrodysostosis with
Hormone Resistance. New England Journal of Medicine 2011, 364, 2218-2226, 10.1056/nejmoa1
012717.

29. Catherine Le Stunff; Francoise Tilotta; Jérémy Sadoine; Dominique Le Denmat; Claire Briet;
Emmanuelle Motte-Signoret; Eric Clauser; Pierre Bougnères; Catherine Chaussain; Caroline
Silve; et al. Knock-In of the Recurrent R368X Mutation of PRKAR1A that Represses cAMP-
Dependent Protein Kinase A Activation: A Model of Type 1 Acrodysostosis. Journal of Bone and
Mineral Research 2016, 32, 333-346, 10.1002/jbmr.2987.

30. Emilia Pavel; Kiran Nadella; William H. Towns; Lawrence S. Lawrence S.; Mutation of Prkar1a
Causes Osteoblast Neoplasia Driven by Dysregulation of Protein Kinase A. Molecular
Endocrinology 2008, 22, 430-440, 10.1210/me.2007-0369.

31. Lawrence S. Kirschner; J. Aidan Carney; Svetlana Pack; Susan E. Taymans; Christoforos
Giatzakis; Yee Sook Cho; Yoon S. Cho-Chung; Constantine A. Stratakis; Mutations of the gene
encoding the protein kinase A type I-α regulatory subunit in patients with the Carney complex.
Nature Genetics 2000, 26, 89-92, 10.1038/79238.

32. Travis A. Burgers; Martin F. Hoffmann; Caitlyn J. Collins; Juraj Zahatnansky; Martin A. Alvarado;
Michael R. Morris; Debra L. Sietsema; James J. Mason; Clifford B. Jones; Heidi-Lynn Ploeg; et
al.Bart O. Williams Mice Lacking Pten in Osteoblasts Have Improved Intramembranous and Late
Endochondral Fracture Healing. PLoS ONE 2013, 8, e63857, 10.1371/journal.pone.0063857.

33. X. Liu; K. J. Bruxvoort; C. R. Zylstra; J. Liu; R. Cichowski; M.-C. Faugere; M. L. Bouxsein; C.
Wan; B. O. Williams; T. L. Clemens; et al. Lifelong accumulation of bone in mice lacking Pten in
osteoblasts. Proceedings of the National Academy of Sciences 2007, 104, 2259-2264, 10.1073/p
nas.0604153104.

34. Alice Fiona Ford-Hutchinson; Zenobia Ali; Suzen Elizabeth Lines; Benedikt Hallgrimsson; Steven
Kyle Boyd; Frank Robert Jirik; Inactivation of Pten in Osteo-Chondroprogenitor Cells Leads to



Bone in Inherited Endocrine Tumors | Encyclopedia.pub

https://encyclopedia.pub/entry/13688 18/20

Epiphyseal Growth Plate Abnormalities and Skeletal Overgrowth. Journal of Bone and Mineral
Research 2007, 22, 1245-1259, 10.1359/jbmr.070420.

35. Jun Huang; Shuang-Xue Yuan; Dong-Xu Wang; Qiu-Xiang Wu; Xing Wang; Chang-Jun Pi; Xiang
Zou; Liang Chen; Liang-Jun Ying; Ke Wu; et al.Jun-Qing YangWen-Juan SunZhong-Liang
DengBai-Cheng He The role of COX-2 in mediating the effect of PTEN on BMP9 induced
osteogenic differentiation in mouse embryonic fibroblasts. Biomaterials 2014, 35, 9649-9659, 10.1
016/j.biomaterials.2014.08.016.

36. Fu-Shu Li; Pei-Pei Li; Ling Li; Yan Deng; Ying Hu; Bai-Cheng He; PTEN Reduces BMP9-Induced
Osteogenic Differentiation Through Inhibiting Wnt10b in Mesenchymal Stem Cells. Frontiers in
Cell and Developmental Biology 2021, 8, 608544, 10.3389/fcell.2020.608544.

37. Jun Dong; Xiqiang Xu; Qingyu Zhang; Zenong Yuan; Bingyi Tan; Critical implication of the
PTEN/PI3K/AKT pathway during BMP2-induced heterotopic ossification. Molecular Medicine
Reports 2021, 23, 1-1, 10.3892/mmr.2021.11893.

38. T. Illés; V. Halmai; T. De Jonge; J. Dubousset; Decreased Bone Mineral Density in
Neurofibromatosis-1 Patients with Spinal Deformities. Osteoporosis International 2001, 12, 823-
827, 10.1007/s001980170032.

39. Kutluhan Yilmaz; Meral Ozmen; Suleyman Bora Goksan; Nurten Eskiyurt; Bone mineral density in
children with neurofibromatosis 1. Acta Paediatrica 2007, 96, 1220-1222, 10.1111/j.1651-2227.20
07.00401.x.

40. T. Kuorilehto; M. Poyhonen; R. Bloigu; J. Heikkinen; K. Väänänen; Juha Peltonen; Decreased
bone mineral density and content in neurofibromatosis type 1: Lowest local values are located in
the load-carrying parts of the body. Osteoporosis International 2004, 16, 928-936, 10.1007/s0019
8-004-1801-4.

41. Marga Lammert; Martin Kappler; Victor-Felix Mautner; Kurt Lammert; Stephan Störkel; Jan
Friedman; Derek Atkins; Decreased bone mineral density in patients with neurofibromatosis 1.
Osteoporosis International 2005, 16, 1161-1166, 10.1007/s00198-005-1940-2.

42. David A. Stevenson; Laurie J. Moyer-Mileur; Mary Murray; Hillarie Slater; XiaoMing Sheng; John
C. Carey; Bukhosi Dube; David H. Viskochil; Bone Mineral Density in Children and Adolescents
with Neurofibromatosis Type 1. The Journal of Pediatrics 2007, 150, 83-88, 10.1016/j.jpeds.2006.
10.048.

43. Sukhdeep Dulai; Julie Briody; Aaron Schindeler; Kathryn N. North; Christopher T. Cowell; David
G. Little; Decreased Bone Mineral Density in Neurofibromatosis Type 1. Journal of Pediatric
Orthopaedics 2007, 27, 472-475, 10.1097/01.bpb.0000271310.87997.ae.

44. Xiaohua Wu; Selina A. Estwick; Shi Chen; Menggang Yu; Wenyu Ming; Todd D. Nebesio; Yan Li;
Jin Yuan; Reuben Kapur; David Ingram; et al.Mervin YoderFeng-Chun Yang Neurofibromin plays



Bone in Inherited Endocrine Tumors | Encyclopedia.pub

https://encyclopedia.pub/entry/13688 19/20

a critical role in modulating osteoblast differentiation of mesenchymal stem/progenitor cells.
Human Molecular Genetics 2006, 15, 2837-2845, 10.1093/hmg/ddl208.

45. David A. Stevenson; Holly Zhou; Shadi Ashrafi; Ludwine M. Messiaen; John C. Carey; Jacques L.
D’Astous; Stephen D. Santora; David H. Viskochil; Double Inactivation of NF1 in Tibial
Pseudarthrosis. The American Journal of Human Genetics 2006, 79, 143-148, 10.1086/504441.

46. Nandina Paria; Tae-Joon Cho; In Ho Choi; Nobuhiro Kamiya; Kay Kayembe; Rong Mao; Rebecca
L. Margraf; Gerlinde Obermosser; Ila Oxendine; David W. Sant; et al.Mi Hyun SongDavid A.
StevensonDavid H. ViskochilCarol A. WiseHarry K.W. KimJonathan J Rios Neurofibromin
deficiency-associated transcriptional dysregulation suggests a novel therapy for tibial
pseudoarthrosis in NF1.. Journal of Bone and Mineral Research 2014, 29, 2636-42, 10.1002/jbmr.
2298.

47. S.E. Tahaei; G. Couasnay; Y. Ma; N. Paria; J. Gu; Benjamin Lemoine; X. Wang; J.J. Rios; F.
Elefteriou; The reduced osteogenic potential of Nf1-deficient osteoprogenitors is EGFR-
independent. Bone 2017, 106, 103-111, 10.1016/j.bone.2017.10.012.

48. Tommi Kuorilehto; Marja Nissinen; Jussi Koivunen; M Douglas Benson; Juha Peltonen; NF1
Tumor Suppressor Protein and mRNA in Skeletal Tissues of Developing and Adult Normal Mouse
and NF1-Deficient Embryos. Journal of Bone and Mineral Research 2004, 19, 983-989, 10.1359/j
bmr.040130.

49. Mateusz Kolanczyk; Nadine Kossler; Jirko Kühnisch; Liron Lavitas; Sigmar Stricker; Ulrich
Wilkening; Inderchand Manjubala; Peter Fratzl; Ralf Spörle; Bernhard G. Herrmann; et al.Luis F.
ParadaUwe KornakStefan Mundlos Multiple roles for neurofibromin in skeletal development and
growth. Human Molecular Genetics 2007, 16, 874-886, 10.1093/hmg/ddm032.

50. Fang Fang; Shaogang Sun; Li Wang; Jun-Lin Guan; Marco Giovannini; Yuan Zhu; Fei Liu; Neural
Crest-Specific TSC1 Deletion in Mice Leads to Sclerotic Craniofacial Bone Lesion.. Journal of
Bone and Mineral Research 2015, 30, 1195-205, 10.1002/jbmr.2447.

51. Han Kyoung Choi; Hebao Yuan; Fang Fang; Xiaoxi Wei; Lu Liu; Qing Li; Jun-Lin Guan; Fei Liu;
Tsc1 Regulates the Balance Between Osteoblast and Adipocyte Differentiation Through
Autophagy/Notch1/β-Catenin Cascade. Journal of Bone and Mineral Research 2018, 33, 2021-
2034, 10.1002/jbmr.3530.

52. Wen Liu; Zhenyu Wang; Jun Yang; Yongkui Wang; Kai Li; Bin Huang; Bo Yan; Ting Wang;
Mangmang Li; Zhipeng Zou; et al.Jian YangGuozhi XiaoZhong-Kai CuiAnling LiuXiaochun Bai
Osteocyte TSC1 promotes sclerostin secretion to restrain osteogenesis in mice. Open Biology
2019, 9, 180262, 10.1098/rsob.180262.

53. Ryan C. Riddle; Julie L. Frey; Ryan E. Tomlinson; Mathieu Ferron; Yuanyuan Li; Douglas J.
DiGirolamo; Marie-Claude Faugere; Mehboob A. Hussain; Gerard Karsenty; Thomas L. Clemens;



Bone in Inherited Endocrine Tumors | Encyclopedia.pub

https://encyclopedia.pub/entry/13688 20/20

et al. Tsc2 Is a Molecular Checkpoint Controlling Osteoblast Development and Glucose
Homeostasis. Molecular and Cellular Biology 2014, 34, 1850-1862, 10.1128/mcb.00075-14.

54. Susana Boronat; Ignasi Barber; Elizabeth Anne Thiele; Sclerotic bone lesions in tuberous
sclerosis complex: A genotype-phenotype study. American Journal of Medical Genetics Part A
2017, 173, 1891-1895, 10.1002/ajmg.a.38260.

Retrieved from https://encyclopedia.pub/entry/history/show/32102


