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Abstract

Mesenchymal stem cells (MSCs) are a promising resource for stem cell therapy for the treatment of different
neurodegenerative disorders. In particular, dental MSCs, given their origin from neural crest and their proneness
toward neuronal differentiation, may be more suitable for transplantation. However, if MSCs can undergo
spontaneous transformation and give rise to tumor is still debated. Data about transcriptional regulation of
oncogenes in MSCs following in vitro expansion are not available. In this work, we compared gene expression
levels of oncogenes in gingival-derived MSCs at passage number 10 and 41. We found that the expression of 22
oncogenes was abolished in gingival MSCs at passage number 41 compared to those at passage number 10, and
this may indicate a greater safety of high number passage MSCs.
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Introduction

Mesenchymal stem cells (MSCs) are plastic-adherent
cells, expressing CD105, CD73, and CD90, but no

CD45, CD34, CD14 or CD11b, CD79a or CD19, and HLA-
DR surface molecules. Moreover, they are able to differen-
tiate to osteoblasts, adipocytes, and chondroblasts in vitro
(Dominici et al., 2006).

MSCs can be isolated from different tissues: bone marrow
(BM) (Gnecchi and Melo, 2009), adipose tissue (Ghorbani
et al., 2014), dental tissue (Huang et al., 2009). In particular,
different population of MSCs were isolated from dental tis-
sues: postnatal dental pulp stem cells, stem cells from human
exfoliated deciduous teeth, periodontal ligament stem cells,
dental follicle progenitor cells, alveolar bone-derived MSCs,
stem cells from apical papilla, tooth germ progenitor cells,
and gingival MSCs (GMSCs) (Liu et al., 2015). MSCs are
receiving a lot of attention because they seem a promising
therapeutic approach for stem cell therapy in the treatment of
different neurologic diseases. Indeed, MSCs are able to dif-
ferentiate toward neuronal cells and secrete various cytokines
and growth factors with anti-inflammatory and neuroprotec-
tive effects (Glavaski-Joksimovic and Bohn, 2013; Laroni
et al., 2015; Martens et al., 2013; Xiao and Tsutsui, 2013).

It was reported that cranial neural crest cells are involved
in the formation of dental mesenchyme, dental papilla,
odontoblasts, dentine matrix, pulp, cementum, periodontal
ligaments, mandible, the articulating disc of temporoman-
dibular joint, and branchial arch nerve ganglia (Chai et al.,
2000) and the progenitor cells from the oral mucosa lamina
propria may be derived from neural crest cells (Davies et al.,
2010). In particular, it was observed that around 90% of
GMSCs are derived from neural crest cells and 10% are
from the mesoderm and those derived from neural crest
possessed a better ability to differentiate toward neural cells
compared to mesoderm-derived GMSCs (Xu et al., 2013).

Given that dental stem cells origin from neural crest, they
could possess properties similar to neural crest cells; indeed,
they express neural cell markers and may be more prone to
neurogenesis compared to BM-MSCs (Huang et al., 2009;
Isobe et al., 2016; Martens et al., 2013). Interestingly, also,
undifferentiated dental and oral-derived stem cells expressed
neural markers at basal levels, even if not exposed to neural
induction media. In particular, several types of dental MSCs
were reported to express mature neuronal markers such
as bIII-tubulin, nestin, neuronal nuclear antigen (NeuN),
microtubule-associated protein 2 (MAP2), and tyrosine hy-
droxylase (Heng et al., 2016).
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It was reported that GMSCs, compared to BM-MSCs, showed
a faster proliferation rate and even at higher passages maintained
MSC features, a stable morphology and a normal karyotype
(Fawzy El-Sayed and Dorfer, 2016; Tomar et al., 2010).

However, given that the first step before MSC trans-
plantation is their expansion in vitro, it is known that
long-term culture increased the risk of acquiring an altered
phenotype and genetic abnormalities; one of the main con-
cerns of stem cell therapy is the possible formation of tumor.

It was reported that several MSCs derived from animals
can undergo spontaneous transformation in culture (Miura
et al., 2006; Tolar et al., 2007). However, the question if
human MSCs can transform and give rise to tumor is still
controversial. Some studies indicating MSC transformation
after long-term culture (Rosland et al., 2009; Rubio et al.,
2005) were retired because MSCs used in these studies were
contaminated with tumor cells. However, while some studies
reported that human MSCs seemed to be genetically stable,
did not show chromosomal abnormalities after long-term
culture, and are not tumorigenic (Aguilar et al., 2007; Ber-
nardo et al., 2007), others showed that MSCs can undergo
transformation during culture expansion and give rise to
tumor after infusion (Berger et al., 2008; Pan et al., 2014).

In particular, the ability of GMSCs to induce tumor for-
mation in vivo was tested. With this aim, GMSCs at
passage 6 and 12 were injected subcutaneously into immu-
nocompromised mice, but no tumor formation was observed
in mice when examined for 3 months (Tomar et al., 2010).
Furthermore, 6 months after GMSC injection, no signs of
tumor growth were found (Santamaria et al., 2016).

However, no data about gene expression levels of onco-
genes in GMSCs during in vitro culture are available. The
aim of this work was the comparison of the oncogenetic
potential of GMSCs after 10 (GMSCs-p10) and 41 passages
(GMSCs-p41), evaluating oncogene or tumor marker ex-
pression levels, and to establish their safety and the proba-
bility of giving rise to tumor after transplantation.

Materials and Methods

Cell culture

GMSCs were isolated from gingival tissue biopsies from
five different donors without oral and systemic diseases. The
cytofluorimetric characterization of surface markers and
differentiation assays were performed as reported by Rajan
et al. (2017).

The GMSCs were cultured in monolayer in the medium
DMEM-High Glucose (SIGMA-ALDRICH, Co., USA) sup-
plemented with 10% fetal bovine serum (Sigma-Aldrich Co. Ltd)
at 37�C in a 5% CO2/95% air humidified atmosphere. Cells were
expanded for 41 passages. At this passage, GMSCs changed
morphology, acquiring a neuron-like morphology. Cells at pas-
sage number 10 and 41 were harvested to perform transcriptomic
analysis. The experiment was made in triplicate, using GMSCs
isolated from different donors not pooled together.

RNA sequencing and library preparation

Total RNA extraction was performed with Reliaprep
RNA Cell Miniprep System (Promega). RNA sequencing
libraries were prepared using the TruSeq RNA Access li-
brary kit (Illumina, Inc., San Diego, CA) following the

manufacturer’s instructions. RNA samples (50 ng of total
RNA) were fragmented at 94�C for 8 minutes in a thermal
cycler. Syntheses of first-strand cDNA were performed us-
ing random hexamers and SuperScript II Reverse Tran-
scriptase (Invitrogen) at 25�C for 10 minutes, 42�C for 15
minutes, and 70�C for 15 minutes. To generate the second
DNA strand, we have added 20 lL of thawed Second Strand
Marking Master Mix and 5 lL of Resuspension Buffer to
each sample and incubated at 16�C for 1 hour; the RNA
templates were removed and a second replacement strand was
generated by incorporation of dUTP (instead of dTTP, to keep
strand information) to obtain ds cDNA.

After that, to clean up the blunt-ended cDNA, AMPure XP
beads (Beckman Coulter) were used. The 3¢ ends of the cDNA
were then adenylated to make adaptor ligation easier in the
following step; for each sample, we have added 2.5lL Re-
suspension Buffer and 12.5 lL thawed A-Tailing Mix; the
samples were incubated at 37�C for 30 minutes, 70�C for 5
minutes, and in ice for 1 minute. The step of adaptor ligation
was performed adding the following for each sample: 2.5 lL
Resuspension Buffer, 2.5lL Ligation Mix, and 2.5 lL thawed
RNA Adapter Index (different for each sample), and incubat-
ing at 30�C for 10 minutes. The ligation reaction was stopped
by adding 5lL Stop Ligation Buffer for each sample.

After the ligation of indexing adaptors, libraries were
cleaned up with AMPure XP beads. A first PCR amplifi-
cation step (15 cycles at the following thermal cycling
conditions: 98�C for 10 seconds, 60�C for 30 seconds, and
72�C for 30 seconds), adding 5 lL thawed PCR Primer
Cocktail and 25 lL thawed PCR Master Mix, was performed
to selectively enrich those DNA fragments that have adapter
molecules on both ends and to amplify the quantity of DNA
in the library. After the validation of the libraries using
Agilent Technologies 2100 Bioanalyzer, 200 ng of each
DNA library was combined. Fifty microliters Capture Tar-
get Buffer and 3.5 lL Coding Exome Oligos were added to
the libraries and the first hybridization was performed by 18
cycles in the following conditions: 1 minute of incubation,
starting at 94�C, and then decreasing 2�C per cycle.

After that, streptavidin-coated magnetic beads were used
to capture probes hybridized to the target regions. After
elution from the beads, the enriched libraries undergo a
second hybridization step to guarantee high specificity of the
capture regions and it was executed as follows: 18 cycles of
1 minute incubation starting at 94�C and decreasing 2�C for
each cycle. A second capture step using streptavidin-coated
beads was performed, and after that, two heated washes
were done to remove nonspecific binding from the beads.
Following elution from the beads, the enriched libraries
were cleaned up through AMPure XP beads. After that, the
second amplification was performed with 5 lL PCR Primer
Cocktail and 20 lL Enhanced PCR Mix for 10 cycles at the
following thermal cycling conditions: 98�C for 10 seconds,
60�C for 30 seconds, and 72�C for 30 seconds.

Libraries were cleaned up with AMPure XP beads. At the
end, libraries were quantified by the qPCR using KAPA Li-
brary Quantification Kit—Illumina/ABI Prism� (Kapa Bio-
systems, Inc., Wilmington, MA) and validated with the Agilent
High Sensitivity Kit on a Bioanalyzer. The size of the DNA
fragments was measured to be in the range of 200–650 bp and
peaked around 250 bp. Libraries were normalized to 12 pM
and subjected to cluster, and single read sequencing was
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performed for 150 cycles on a MiSeq instrument (Illumina,
Inc., San Diego, CA), following the protocol instructions. The
generated libraries were loaded for clustering on a MiSeq Flow
Cell v3 and sequenced with a MiSeq Instrument (Illumina).
The cluster density validation has been performed by the
software of the instrument during the run.

Data processing

Demultiplex reads into specific sample and groups of the
indexes were performed using CASAVA (version 1.8.2;
Illumina) software. The software RNA-Seq Alignment version
1.0.0 was used with its default parameters and each sample was
mapped against its reference sequences ‘‘Homo sapiens UCSC
hg19.’’ In particular, for the Read mapping the TopHat 2
(Bowtie 1) was used. The fragments per kilobase of exon per
million fragments mapped (FPKM) values were calculated for
each sample using the normalized read counts for each annotated
gene: ([1000 · read count] O [number of gene covered ba-
ses · number of mapped fragments in million]). Unmapped
reads were removed, mantaining only read pairs with both reads
aligned to the reference sequence ‘‘Homo sapiens UCSC hg19.’’
The comparison between two different samples was visualized
by a scatter plot of the LOG10 of the FPKM.

The statistical analysis on the read counts was performed
with the The Cufflinks Assembly & DE package version 2.0.0
to determine the proportion of differentially expressed genes
between GMSCs-p10 and GMSCs-p41 for a q-value <0.05.

For gene ontology (GO) analysis, the GO (http://
geneontology.org/) and GeneCards (www.genecards.org)
websites were used. Then, we investigated genes involved in
tumor processes, such as regulation of cell proliferation,
differentiation, death, and metabolic process, using the gene
query tool in ‘‘Ctd Database’’ (http://ctdbase.org/query
.go?type=gene&highlight=gene) (Davis et al., 2017) to
evaluate gene–disease associations and the section gene in
‘‘NCBI’’(https://www.ncbi.nlm.nih.gov/gene) (Brown et al.,
2015) to evaluate the diseases where they were involved. We
selected those genes with a direct correlation with tumors. To
screen those genes that influenced tumors in a negative way,
we used the ‘‘Tumor suppressor gene database’’ (https://
bioinfo.uth.edu/TSGene/index.html), using the gene query
tool (Zhao et al., 2016). To select tumor markers and onco-
genes and the tumors in which those genes were involved, we
analyzed genes with ‘‘Cancer Gene Marker Database’’ (Pra-
deepkiran et al., 2015) and ‘‘Cancer GeneticsWeb’’ (www
.cancerindex.org/geneweb) (Klonowska et al., 2016).

Immunocytochemistry

GMSCs-p10 and GMSCs-p41 were plated on coverslips
of 10 mm diameter (Thermo Scientific, Oberhausen, Ger-
many). When cells reached a confluence of about 80%–90%,
they were fixed with 4% paraformaldehyde for about 20
minutes and washed with phosphate-buffered saline (PBS, pH
7.5). Cells were incubated with 3% hydrogen peroxide
(H2O2) at room temperature for 15 minutes to block the en-
dogenous peroxidase activity, followed by three washes with
PBS. Nonspecific binding sites were blocked incubating cells
with horse serum +0.1% Triton X-100 for 20 minutes. Then,
cells were incubated overnight at 4�C with primary antibodies
against S100 (1:500; Dako), GFAP (1:100; Cell signalling),
and ErbB2 (1:500; Dako).

The following day, cells were incubated with the secondary
antibody biotinylated (1:200; Vector Laboratories,Burlingame,
CA) and streptavidin ABComplex-HRP (ABC-kit from Dako,
Glostrup, Denmark). The immunostaining was performed us-
ing the peroxidase substrate kit DAB (Vector Laboratories,
Burlingame, CA) (brown color, positive staining), whereas the
counterstaining was obtained by nuclear fast red (Vector La-
boratories) (pink background, negative staining). The im-
munocytochemical assay was repeated thrice and each
experimental group (GMSCs-p10 and GMSCs-p41) was
plated in duplicate. Images were captured using light mi-
croscopy (LEICA DM 2000 combined with LEICA ICC50
HD camera) with an objective of 40 · .

Results

First of all, genes expressed in GMSCs-p10 and GMSCs-
p41 were analyzed through GO analysis to understand in
which biological processes they were involved (Fig. 1). The
analysis showed that from the total of expressed genes, those
involved in common tumor processes were 12,113 in
GMSCs-p10 and 1500 in GMSCs-p41. Subsequently, we
investigated genes involved in general tumor processes
(regulation of cell proliferation, differentiation, death, and
metabolic process) using ‘‘Ctd Database,’’ ‘‘NCBI,’’and
‘‘Tumor suppressor gene database’’ websites. The analysis
showed that genes positively correlated with tumor were
10,137 expressed only in GMSCs-p10, 120 expressed only in
GMSCs-p41, 282 genes upregulated in GMSCs-p41, and 382
genes downregulated in GMSCs-p41 (Fig. 2A).

The GO processes in which they were involved are re-
ported in Table 1, and the main are cellular processes,
metabolic processes, regulation of cellular processes, and
cell differentiation. Instead, those genes that influenced tu-
mor in a negative way were 607 expressed only in GMSCs-
p10, 11 genes expressed only in GMSCs-p41, 51 genes
upregulated in GMSCs-p41, and 84 genes downregulated in
GMSCs-p41 (Fig. 2B). The GO processes in which genes
that negatively correlated with tumor were involved are
reported in Table 2, and the most represented are cellular
processes and cellular metabolic processes. To understand
which genes were tumor markers or oncogenes, we analyzed
them with ‘‘Cancer Gene Marker Database’’ and ‘‘Cancer
GeneticsWeb,’’ and focused our analysis on these genes. In
this work, we only evaluated gene expression levels, so we
focalized our attention on those genes reported to be aber-
rantly expressed in tumors.

Among the genes expressed only in GMSCs-p10, the analysis
showed that only 22 genes were tumor markers or oncogenes:
CD99, SEPT9, PDGFRA, EGFR, CDK4, PDGFRB, PML,
ERBB2, PLAT, ENO2, MUC1, PIP, KIT, S100A1, PDGFA,
ALK, ESR1, NTRK1, POMC, CHGA, GFAP, and NTRK2 (fold
change ‡0.5 log10, q-value FDR ‡0.5) (Table 3). These genes are
associated with the following tumor forms: acute myeloid leu-
kemia, astrocytoma, breast cancer, bladder cancer, colorectal
cancer, gastrointestinal tumors, gastrointestinal stromal tumor,
glioma and glioblastoma, nonsmall cell lung cancer (SCLC),
SCLC, anaplastic large cell lymphoma, malignant melanoma,
neuroblastoma, neuroectodermal cancer, neuroendocrine tu-
mors, osteosarcoma, ovarian cancers, pancreatic tumors, prostate
cancer, salivary gland cancer, skin cancer, testicular seminoma,
epithelial cancer, gastric cancer, and renal carcinoma.
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Only one tumor marker was expressed in GMSCs-p41:
NTRK3 (fold change ‡0.5 log10, q-value FDR ‡0.5) (Table
3), which codifies for tropomyosin-receptor-kinase (Trk) C
and associated with glioblastoma and neuroblastoma.

To confirm next-generation sequencing data, we performed
immunocytochemistry of S100, ErbB2, and GFAP. Im-
munocytochemical analysis showed that S100 and ErbB2
proteins were expressed only in GMSCs-p10, while GFAP was
expressed both in GMSCs-p10 and GMSCs-p41 (Fig. 3).

Discussion

Stem cell therapy seems promising to treat different
neurodegenerative diseases, where the pharmacotherapeutic
options are limited or not available. However, among the

risks linked with stem cell administration, one of the main is
risks tumor formation, given that stem cells are able to
replicate for an extended period of time. Some evidence
indicated the accumulation of karyotypic defects such as
aneuploidy or copy number defects in MSCs after long-term
culture, but after their transplantation in animal models, no
tumor growth was observed (Roemeling-van Rhijn et al.,
2013; Wang et al., 2013). However, information about on-
cogene expression in GMSCs is not available.

In this work, we aimed to establish GMSC safety, com-
paring oncogene and tumor marker expression in GMSCs-
p10 and GMSCs-p41. At first, through GO analysis, we se-
lected genes involved in tumor processes and divided them in
those influencing the tumor in a positive and negative way,
and for each group, we divided genes differentially expressed

FIG. 1. Gene ontology analysis of genes expressed in GMSCs-p10 and GMSCs-p41 and the main biological processes in
which they are involved. GMSCs, gingival mesenchymal stem cells.

FIG. 2. Genes correlated to
tumor process were divided
into those influencing tumor
in a positive (A) or negative
way (B). For each group,
genes were divided in those
expressed only in GMSCs-
p10 or GMSCs-p41, and
those upregulated or down-
regulated in GMSCs-p41.
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in GMSCs-p10 and GMSCs-p41. We examined the GO
processes for each group and we found that cellular processes
and cellular metabolic processes were the most represented.
Finally, we focused our attention on tumor markers and on-
cogenes. Our results showed that 22 genes were expressed
only in GMSCs-p10, while only NTRK3 was expressed ex-
clusively in GMSCs-p41.

Trk receptors are a family consisting of 3 transmembrane
receptor tyrosine kinases: TrkA, TrkB, and TrkC. TrKA and
TrkB are codified by NTRK1 and NTRK2, respectively.
Trks bind neurotrophins, and specifically, nerve growth
factor binds to TrkA, brain-derived nerve growth factor
(BDNF) and neurotrophin (NT)-4 bind to TrkB, and NT-3
binds to TrkC and with a lesser extent also to TrkA and
TrkB (Brodeur et al., 2009). The binding of neurotrophins to

Trk induces receptor dimerization and consequently the
activation of intracellular kinase signaling cascades that
regulate important processes in neuronal survival, synapse
development, and plasticity (Park and Poo, 2013; Reichardt,
2006). A study demonstrated that embryonic stem cells that
expressed TrkA or TrkC, but not TrkB, die when the re-
spective ligand was absent (Nikoletopoulou et al., 2010).

Moreover, it was reported that TrkB and TrkC activation
mediate proliferation as well as differentiation of embryonic
cortical precursors (Bartkowska et al., 2007). Over-
expression of TrkA in neural stem cells increased differen-
tiation into cholinergic neurons (Wang et al., 2015). In
particular, TrkC, which we found overexpressed in GMSCs-
p41, together with its ligand NT-3, takes part in the devel-
opment of the nervous system, the survival and proliferation

Table 1. Gene Ontology of Genes Differentially Expressed in GMSCs-p10
and GMSCs-p41, Positively Correlated with Tumor

Group Gene ontology group No. of genes involved

GMSCs-p10 (10,137 genes) Cell cycle phase transition 23
Cell cycle process 311
Cell death 146
Cell differentiation 1302
Cellular metabolic process 1788
Cellular process 2712
Metabolic process 2173
Regulation of cellular process 1682

GMSCs-p41 (120 genes) Cellular metabolic process 13
Cellular process 54
Metabolic process 22
Organic substance metabolic process 31

Common Genes GMSCs-p10 GMSCs-p41 (664 genes)
Downregulated GMSCs-p41 (382 genes) Regulation of cellular process 131

Single-organism cellular process 124
Cellular process 127

Upregulated GMSCs-p41 (282 genes) Cellular process 119
Metabolic process 163

GMSCs, gingival mesenchymal stem cells.

Table 2. Gene Ontology of Genes Differentially Expressed in GMSCs-p10
and GMSCs-p41, Negatively Correlated with Tumor

Group Gene ontology group No. of genes involved

GMSCs-p10 (607 genes) Cell cycle phase transition 3
Cell cycle process 27
Cell death 9
Cell differentiation 38
Cellular metabolic process 142
Cellular process 177
Metabolic process 94
Regulation of cellular process 117

GMSCs-p41 (11 genes) Cellular metabolic process 4
Cellular process 7

Common genes GMSCs-p10 GMSCs-p41
Downregulated GMSCs-p41 (84 genes) Regulation of cellular process 18

Single-organism cellular process 23
Cellular process 43

Upregulated GMSCs-p41 (51 genes) Cellular process 34
Metabolic process 17
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of neural precursor cells, neural differentiation and neuronal
survival, and showed an elevated expression during sy-
naptogenesis. Interestingly, neural crest cells, from which
GMSCs originate, expressed both the noncatalytic and cat-
alytic TrkC isoforms, and the binding of NT-3 induced their
proliferation and neuronal differentiation (Naito et al.,
2016).

Moreover, NT-3 throught TrkC receptor induced survival
and neuronal differentiation in neural stem cells (Lim et al.,
2007). Trks are expressed in neuroblastomas, and in par-
ticular, TrkA is highly expressed in biologically favorable
neuroblastomas, and high TrkA expression in primary
neuroblastomas is strongly predictive of a favorable out-
come and associated with favorable clinical features. On the

Table 3. Genes Expressed in GMSCs-p10 and GMSCs-p41 with Expression Levels,

Fold Change (Expressed in Log10), and Tumor Associated

Gene_id

Gene expression
level log10

(FPKM)
GMSCs-p10

Fold
change
log10 Description Tumor

CD99 3.08 -5.08 CD99 molecule Anaplastic large cell lymphoma, osteosarcoma,
astrocytoma large cell lymphoma,
osteosarcoma, astrocytoma, neuroectodermal
tumor, acute myeloid leukemia

SEPT9 2.96 -4.96 Septin 9 Colorectal cancer, breast cancer
PDGFRA 2.64 -4.64 Platelet-derived growth

factor receptor alpha
Glioma, gastrointestinal stromal tumors

EGFR 2.36 -4.36 Epidermal growth
factor receptor

Glioblastoma, neuroblastoma, breast cancer,
nonsmall cell lung cancer

CDK4 2.00 -4.01 Cyclin-dependent kinase 4 Glioblastoma, neuroblastoma, breast cancer
PDGFRB 1.79 -3.79 Platelet-derived growth

factor receptor beta
Glioma, bladder cancer

PML 1.73 -3.73 Promyelocytic leukemia Breast cancer, prostate cancer, acute
myelocytic leukemia

ERBB2 1.63 -3.63 erb-b2 receptor tyrosine
kinase 2

Breast tumor, gastrointestinal tumors

PLAT 1.28 -3.28 Plasminogen activator,
tissue type

Pancreatic cancer, colorectal cancer

ENO2 1.26 -3.26 Enolase 2 Small cell lung cancer, neuroendocrine
tumors, neuroblastoma

MUC1 1.19 -3.19 Mucin 1, cell surface
associated

Epithelial cancer, gastric cancer

PIP 0.95 -2.95 Prolactin-induced protein Breast cancer
S100A1 0.90 -1.96 S100 calcium binding

protein A1
Malignant melanoma, astrocytoma,

gastrointestinal stromal tumor, salivary
gland cancer, breast cancer, ovarian
cancer, renal carcinoma

PDGFA 0.86 -1.93 Platelet-derived growth
factor subunit A

Glioblastoma, Neuroblastoma

GFAP 0.8 -1.90 Glial fibrillary acidic protein Astrocytoma, glioblastoma
NTRK2 0.6 -1.78 Neurotrophic receptor

tyrosine kinase 2
Glioblastoma, neuroblastoma

ALK 0.54 -1.73 Anaplastic lymphoma
receptor tyrosine kinase

Anaplastic large cell lymphoma, nonsmall
cell lung cancer, glioblastoma, neuroblastoma

KIT 0.48 -1.68 KIT proto-oncogene
receptor tyrosine kinase

Gastrointestinal tumors, testicular seminoma,
melanoma, acute myeloid leukemia,
renal tumors

ESR1 0.27 -1.43 Estrogen receptor 1 Breast cancer
NTRK1 0.23 -1.36 Neurotrophic receptor

tyrosine kinase 1
Glioblastoma, neuroblastoma

POMC 0.17 -1.24 Proopiomelanocortin Small cell lung cancer, skin cancer
CHGA 0.13 -1.11 Chromogranin A Pancreatic tumors, neuroendocrine tumors,

prostate cancer, small cell lung cancer

Gene_id

Gene expression
level log10

(FPKM)GMSCs-p41
Fold

changelog10 Description Tumor

NTRK3 1.18 3.18 Neurotrophic receptor tyrosine kinase 3 Glioblastoma, neuroblastoma

The fold change is expressed considered base GMSCs-p10.

6 GUGLIANDOLO ET AL.



contrary, TrkB and its ligand BDNF are expressed at high
levels in unfavorable neuroblastoma cases and their ex-
pression is highly correlated with unfavorable biological
characteristics, such as invasion, metastasis, angiogenesis,
drug resistance, and unfavorable outcome (Brodeur et al.,
2009). In our experimental model, we observed the ex-
pression of NTRK1 and NTRK2 only in GMSCs-p10. In
neuroblastoma, TrkC is expressed mainly in favorable cases
(Brodeur et al., 2009).

Moreover, it was demonstrated that MSCs overexpressing
TrkC migrated to NT-3-enriched areas, with important im-
plications for MSC transplantation, since TrkC may func-
tion as a chemokine receptor, increasing both the number
of migrated MSCs and the migration distance (Chen et al.,
2013). Given that GMSCs-p41 showed an increased ex-
pression of TrkC compared to GMSCs-p10, we can suggest
that GMSCs-p41 may present this advantage in cell therapy.

Many cellular processes, such as cell proliferation, dif-
ferentiation, and migration, are regulated by growth factors
that bind and activate cell surface receptors, namely receptor
tyrosine kinases. Their activity is strictly controlled and
regulated. Overexpression, activity alterations, or aberrant
stimulation of these receptors could contribute to their
constitutive activation, causing alterations in the physio-
logical activities of cells, and may induce transformation
and tumor growth. In a variety of cancers, an aberrant ex-
pression or activation of the receptor tyrosine kinases EGFR
and PDGFR was reported. EGFR was involved in glio-
blastoma initiation and progression and receptor over-
expression, or gene amplification was observed in a high
percentage of glioblastoma cases (Azuaje et al., 2015).

After EGFR activation, downstream signaling cascades,
in particular KRAS/BRAF/ERK/MAPK and PI3K/AKT
pathways, are able to induce cell proliferation (Normanno
et al., 2006). EGFR is a member of the ErbB family of
proteins. The family includes also Her2 (Neu, ErbB2), Her3
(ErbB3), and Her4 (ErbB4). These receptors are also ex-
pressed in mesenchymal and neuronal cells and are involved
in different cancerous processes, including proliferation,
epithelial–mesenchymal transition, migration, and tumor
invasion, through the modulation of components of the ex-
tracellular matrix (Appert-Collin et al., 2015). According to
expression data, we observed the expression of ErbB2 pro-
tein only in GMSCs-p10.

PDGF family is formed by two receptors, PDGFR a and
b, encoded by PDGFRA and PDGFRB, respectively, and
four different ligands exist (PDGF-A, -B, -C, and -D).
Overexpression of PDGFR or of their ligands, resulting
from amplification, is frequent in gliomas, where PDGF
signaling causes tumor proliferation and survival (Calzolari
and Malatesta, 2010).

Another receptor tyrosine kinase is c-Kit, encoded by KIT
gene, that has been involved in cancer development. c-Kit,
which binds stem cell factor 1, plays a role in stem cell main-
tenance and differentiation. Indeed, it is expressed in stem cells
and cells with self-renewal potency, and progenitor cells. De-
regulation of c-Kit, mainly by overexpression and gain of
function mutations, has been detected in several human cancers,
even if, in several tumors, c-Kit overexpression was found
without mutations (Abbaspour Babaei et al., 2016). Moreover, it
was reported that c-Kit signaling may have a role in maintaining
the undifferentiated state of MSCs (Suphanantachat et al., 2014).

FIG. 3. Immunocytochemistry of ErbB2,
GFAP, and S100 proteins. ErbB2 protein
was expressed in GMSCs-p10 (A), but not
in GMSCs-p41 (B). Immunocytochemical
analysis showed that GFAP protein was
expressed both in GMSCs-p10 (C) and
GMSCs-p41 (D). S100 protein expression
was found in GMSCs-p10 (E), but not in
GMSCs-p41 (F).
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In our results, only GMSCs-p10 expressed EGFR, ERBB2,
PDGFRA, PDGFRB, PDGFA, and KIT, and given that these
receptors mediate proliferation signaling and are involved in
tumor growth, their absence could indicate a greater safety of
GMSCs-p41 cells.

Her2, together with estrogen (ER) and progesterone re-
ceptors are usually used for breast tumor subtyping. ESR1
encoded for ERa. ER is a nuclear hormone receptor that, when
bound to its ligand, acts as a transcription factor, able to
mediate cell growth signaling. Estrogens, binding these re-
ceptors, are able to influence breast cancer cell proliferation
and invasion (Platet et al., 2004). Moreover, ERa is known to
have a role in promoting adipose tissue-derived MSC pro-
liferation and migration (Zhang et al., 2016). In our study, we
observed the expression of ESR1 only in GMSCs-p10.

Another protein involved in breast cancer is prolactin-
induced protein, encoded by PIP gene. PIP is highly ex-
pressed and used as biomarker in breast cancers, where it is
able to promote invasion and cell cycle progression, and
regulate cell adhesion (Naderi, 2015). In our experimental
study, its expression was abolished in GMSCs-p41.

Chromogranin A (CgA) and enolase 2 (ENO2) are con-
sidered biomarkers for neuroendocrine tumors (Modlin
et al., 2016). ENO2 encoded the protein enolase 2, isoen-
zyme of the glycolytic enzyme enolase, also known as
neuron-specific enolase given that it is found in mature
neurons and cells of neuronal origin, where it is an index of
neural maturation. It is a tumor marker for SCLC. Increased
ENO2 levels in body fluids may indicate malignant prolif-
eration and can be useful in the diagnosis of neuroendocrine
tumors (Isgro et al., 2015).

CgA, encoded by CHGA gene, is a member of the granins,
acidic proteins present in great quantity in neuroendocrine
cells, and in some tumors. CgA is processed in different cell
types to give different active peptides, such as vasostatin,
pancreastatin, catestatin, and serpinins. CgA could play a role
in tumor angiogenesis, vascular structure, and permeability,
having protective effects on the endothelial barrier function.
Blood concentration of CgA increased in cancer patients,
even if high levels are found in patients with neuroendocrine
tumors or tumors with neuroendocrine differentiation, and in
patients with nonneuroendocrine tumors (Loh et al., 2012).

POMC, encoded proopiomelanocortin, is mainly ex-
pressed in the pituitary, hypothalamus, and skin, and is also
found in neuroendocrine cells of the lung. It is the pre-
cursor of melanocortins, such as melanocyte stimulating
hormones and adrenocorticotropin (Millington, 2006). In
SCLC patients, high circulating levels of the neuroendocrine
marker POMC correlate with a lower survival rate and liver
metastasis (Stovold et al., 2013). The absence of CgA,
ENO2, and POMC in GMSCs-p41 may indicate a greater
safety of these cells and a lower probability of giving rise to
neuroendocrine tumors.

Some proteins play a role in cancer causing an abnormal
proliferation of cells. The S100 family is formed by calcium
binding proteins and have been involved in different stages of
tumor formation and progression. In particular, S100A1 has
been implicated in the dysregulation of proliferation (Chen
et al., 2014). Some data showed that it is overexpressed in
breast, ovarian, and renal carcinoma, indicating it could be a
marker for these tumors (Funahashi et al., 1998; Hibbs et al.,
2004; Li et al., 2007). Moreover, it was suggested that both

S100A1 and KIT may be used as markers for the differen-
tiation of common subtypes of renal tumors (Li et al.,
2005). Immunocytochemical analysis confirmed next-gen-
eration sequencing results, given that only GMSCs-p10 ex-
pressed S100 protein, indicating the lack of this tumor marker
in GMSCs-p41. Cyclin-dependent kinase (CDK) 4, together
with CDK6, plays a role in the regulation of cell proliferation,
inducing the progression of cell cycle into the S phase.

During G1 phase, both CDKs are regulated by the inter-
action with D-type cyclins. CDK4 acts phosphorylating pRB
(Kato et al., 1993). pRB binds the E2F transcription factor,
limiting the transcription of cell cycle genes, but when pRB
is phosphorylated by CDK4/6, it releases E2F, which in turn
activates the transcription of genes required for initiation of
S phase (Burkhart and Sage, 2008). It is known that this
pathway is activated in a variety of cancers, and selective
CDK4/6 inhibitors were developed as therapeutic strategy
(Sherr et al., 2016). In this work, CDK4 was expressed only
in GMSCs-p10.

Tissue plasminogen activator (tPA) is encoded by the
gene PLAT and it acts by converting inactive plasminogen
into active plasmin. tPA may be involved in tumor invasion
and migration, given its role in the degradation of extra-
cellular matrix (Wang et al., 2003). Indeed, t-PA expression
was reported in different cancers, where t-PA is also able to
induce proliferation. It was showed that tPA, through the
proteolytical activation of plasmin, MMP-9, and EGF, in-
duces the activation of the EGFR and increases proliferation
through ERK1/2 kinases in pancreatic cancer cells (Hurtado
et al., 2007). Mucin 1, encoded by MUC1, is a transmem-
brane glycoprotein, whose function in healthy tissues is the
protection of the epithelia, creating a physical barrier.

Elevated MUC1 expression was observed in different
tumor types and is higher during metastatic progression
(Horm and Schroeder, 2013). Moreover, an aberrant glyco-
sylated MUC1 is overexpressed in different human epithelial
cancers (Lau et al., 2004) and seems to play a role in the
progression of the disease. The tumor-associated MUC1
protein showed biochemical features, cellular distribution,
and function different from the normal one. MUC1 mediates
the production of growth factors such as PDGF-A and PDGF-
B inducing proliferation, has a role in metastatic progression,
and interacts with other transmembrane proteins, including
ICAM-1 and the EGFR (Horm and Schroeder, 2013). On
these bases, the absence of both PLAT and MUC1 in GMSCs-
p41, involved in tumor proliferation, invasion, and progres-
sion, could indicate a greater security of GMSCs-p41.

ALK is a receptor tyrosine kinase initially discovered in an-
aplastic large cell lymphoma (ALCL) as fusion protein together
with nucleophosmin (Morris et al., 1994), where its kinase do-
main is constitutively activated, inducing oncogenesis, through
the activation of the downstream pathways. Indeed, it is able to
activate numerous signaling pathways, including PI3K-AKT,
MEKK2/3-MEK5-ERK5, JAK-STAT, and MAPK pathways,
and was involved in different human tumors (Hallberg and
Palmer, 2016). It was reported that ALK is overexpressed in
human glioblastoma and the oncogenic pathway that is involved
was mediated by the activation of PI3-kinase/AKT. Moreover,
ALK depletion reduced tumor growth and increased survival
(Powers et al., 2002). Overexpression of ALK was correlated
with poor prognosis in patients with neuroblastoma (Passoni
et al., 2009).
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Moreover, ALK is involved in the transcription of the
oncogene MYCN through the pathway ALK/PI3K/PKB/
MEKK3/MEK5/ERK5 in neuroblastoma (Umapathy et al.,
2014). It was observed that CD99, a cell surface glycoprotein,
was expressed frequently in ALK-positive ALCL (Sung et al.,
2005). CD99 is involved in leukocyte migration, T cell adhe-
sion, ganglioside GM1 and transmembrane protein transport,
and T cell death by a caspase-independent pathway. CD99
could act as an oncosuppressor in osteosarcoma (Manara et al.,
2006), but CD99 was shown to be upregulated in astrocyto-
mas, where it can enhance the infiltrative ability (Urias et al.,
2014). In this work, we found the absence of these markers in
GMSCs-p41.

GFAP codifies for the glial fibrillary acidic protein, a
major intermediate filament protein expressed by mature
astrocytes and in neural stem cells, and also expressed in
astroglial tumors, including astrocytoma and glioblastoma
multiforme. GFAP is detectable in the serum of many pa-
tients with glioblastoma multiforme and correlates with tu-
mor volume and tumor necrosis volume ( Jung et al., 2007).
Our next-generation analysis indicated GFAP expression
only in GMSCs-p10; however, immunocytochemical anal-
ysis showed the expression of GFAP protein in GMSCs at
both passages. The expression of GFAP may be explained
taking into account the neural crest origin of the cells and
their neural differentiation potential considering that dental
stem cells may express neuroglia markers even when not
exposed to neural induction media (Heng et al., 2016).

SEPT9 encoded a member of the septin family, cytoskel-
eton proteins, which have a role in different physiological
processes, including cytokinesis, chromosome segregation,
DNA repair, migration, and apoptosis, but their deregulation
has been found in different cancers, suggesting their in-
volvement in tumorigenesis. In particular, SEPT9 was over-
expressed in several tumors (Connolly et al., 2011a). DNA
hypermethylation in the promoter of SEPT9 is considered a
biomarker of colorectal cancer (Rasmussen et al., 2016).
Moreover, SEPT9 was overexpressed and may be an onco-
gene in breast tumorigenesis (Connolly et al., 2011b). In our
work, SEPT9 expression was observed only in GMSCs-p10.

The promyelocytic leukemia (PML) protein has been
considered a tumor suppressor for a long time, but recent
data indicated it may have a more complex role. PML was
considered a tumor suppressor given that it was able to
regulate the p53 activity and p53-mediated cellular pro-
cesses. Interestingly, recent findings reported that PML was
able to promote cell growth with benefits for tumor cells
(Gamell et al., 2014). In particular, a subset of breast can-
cers showed higher PML levels compared to normal breast
epithelium, and higher levels of PML expression were
correlated with early tumor recurrence and poor prognosis
(Carracedo et al., 2012). In addition, it was observed that
PML was able to induce tumor progression and invasion of
prostate cancer through the induction of TGF-b signaling
(Buczek et al., 2016). However, we found PML gene ex-
pression only in GMSCs-p10.

In conclusion, in our study genes associated with different
tumor processes, such as cell proliferation and also invasion,
and tumor markers were turned off in GMSCs-p41 com-
pared with GMSCs-p10. These data may suggest that long-
term cultured MSCs may be safer, but further research on
their potential for stem cell therapy are necessary.

Acknowledgments

This study was supported by current research fund 2016,
Ministry of Health, Italy.

Author Disclosure Statement

The authors declare that no conflicting financial interests
exist.

References

Abbaspour Babaei, M., Kamalidehghan, B., Saleem, M., Huri,
H.Z., and Ahmadipour, F. (2016). Receptor tyrosine kinase
(c-Kit) inhibitors: A potential therapeutic target in cancer
cells. Drug Des. Dev. Ther. 10, 2443–2459.

Aguilar, S., Nye, E., Chan, J., Loebinger, M., Spencer-Dene, B.,
Fisk, N., Stamp, G., Bonnet, D., and Janes, S.M. (2007).
Murine but not human mesenchymal stem cells generate
osteosarcoma-like lesions in the lung. Stem Cells. 25, 1586–
1594.

Appert-Collin, A., Hubert, P., Cremel, G., and Bennasroune, A.
(2015). Role of ErbB receptors in cancer cell migration and
invasion. Front. Pharmacol. 6, 283.

Azuaje, F., Tiemann, K., and Niclou, S.P. (2015). Therapeutic
control and resistance of the EGFR-driven signaling network
in glioblastoma. Cell Commun. Signal. 13, 23.

Bartkowska, K., Paquin, A., Gauthier, A.S., Kaplan, D.R., and
Miller, F.D. (2007). Trk signaling regulates neural precursor
cell proliferation and differentiation during cortical develop-
ment. Development 134, 4369–4380.

Berger, M., Muraro, M., Fagioli, F., and Ferrari, S. (2008).
Osteosarcoma derived from donor stem cells carrying the
Norrie’s disease gene. N. Engl. J. Med. 359, 2502–2504.

Bernardo, M.E., Zaffaroni, N., Novara, F., Cometa, A.M.,
Avanzini, M.A., Moretta, A., Montagna, D., Maccario, R.,
Villa, R., Daidone, M.G., Zuffardi, O., and Locatelli, F.
(2007). Human bone marrow derived mesenchymal stem cells
do not undergo transformation after long-term in vitro culture
and do not exhibit telomere maintenance mechanisms. Cancer
Res. 67, 9142–9149.

Brodeur, G.M., Minturn, J.E., Ho, R., Simpson, A.M., Iyer, R.,
Varela, C.R., Light, J.E., Kolla, V., and Evans, A.E. (2009).
Trk receptor expression and inhibition in neuroblastomas.
Clin. Cancer Res. 15, 3244–3250.

Brown, G.R., Hem, V., Katz, K.S., Ovetsky, M., Wallin, C.,
Ermolaeva, O., Tolstoy, I., Tatusova, T., Pruitt, K.D., Ma-
glott, D.R., and Murphy, T.D. (2015). Gene: A gene-centered
information resource at NCBI. Nucleic Acids Res. 43(Data-
base issue), D36–D42.

Buczek, M.E., Miles, A.K., Green, W., Johnson, C., Boocock,
D.J., Pockley, A.G., Rees, R.C., Hulman, G., van Schalkwyk,
G., Parkinson, R., Hulman, J., Powe, D.G., and Regad, T.
(2016). Cytoplasmic PML promotes TGF-beta-associated
epithelial-mesenchymal transition and invasion in prostate
cancer. Oncogene 35, 3465–3475.

Burkhart, D.L., and Sage, J. (2008). Cellular mechanisms of
tumour suppression by the retinoblastoma gene. Nat. Rev.
Cancer 8, 671–682.

Calzolari, F., and Malatesta, P. (2010). Recent insights into
PDGF-induced gliomagenesis. Brain Pathol. 20, 527–538.

Carracedo, A., Weiss, D., Leliaert, A.K., Bhasin, M., de Boer,
V.C., Laurent, G., Adams, A.C., Sundvall, M., Song, S.J., Ito,
K., Finley, L.S., Egia, A., Libermann, T., Gerhart-Hines, Z.,
Puigserver, P., Haigis, M.C., Maratos-Flier, E.,Richardson,
A.L., Schafer, Z.T., and Pandolfi, P.P. (2012). A metabolic

ONCOGENES IN EXPANDED GINGIVAL STEM CELLS 9



prosurvival role for PML in breast cancer. J. Clin. Invest. 122,
3088–3100.

Chai, Y., Jiang, X., Ito, Y., Bringas, P., Jr., Han, J., Rowitch,
D.H., Soriano, P., McMahon, A.P., and Sucov, H.M. (2000).
Fate of the mammalian cranial neural crest during tooth and
mandibular morphogenesis. Development 127, 1671–1679.

Chen, H., Xu, C., Jin, Q., and Liu, Z. (2014). S100 protein
family in human cancer. Am. J. Cancer Res. 4, 89–115.

Chen, Y.F., Zeng, X., Zhang, K., Lai, B.Q., Ling, E.A., and
Zeng, Y.S. (2013). Neurotrophin-3 stimulates migration of
mesenchymal stem cells overexpressing TrkC. Curr. Med.
Chem. 20, 3022–3033.

Connolly, D., Abdesselam, I., Verdier-Pinard, P., and Mon-
tagna, C. (2011a). Septin roles in tumorigenesis. Biol. Chem.
392, 725–738.

Connolly, D., Yang, Z., Castaldi, M., Simmons, N., Oktay,
M.H., Coniglio, S., Fazzari, M.J., Verdier-Pinard, P., and
Montagna, C. (2011b). Septin 9 isoform expression, locali-
zation and epigenetic changes during human and mouse
breast cancer progression. Breast Cancer Res. 13, R76.

Davies, L.C., Locke, M., Webb, R.D., Roberts, J.T., Langley,
M., Thomas, D.W., Archer, C.W., and Stephens, P. (2010). A
multipotent neural crest-derived progenitor cell population is
resident within the oral mucosa lamina propria. Stem Cells
Dev. 19, 819–830.

Davis, A.P., Grondin, C.J., Johnson, R.J., Sciaky, D., King,
B.L., McMorran, R., Wiegers, J., Wiegers, T.C., and Mat-
tingly, C.J. (2017). The comparative toxicogenomics data-
base: Update 2017. Nucleic Acids Res. 45(D1):D972–D978.

Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, I.,
Marini, F., Krause, D., Deans, R., Keating, A., Prockop, D.,
and Horwitz, E. (2006). Minimal criteria for defining multi-
potent mesenchymal stromal cells. The International Society
for Cellular Therapy position statement. Cytotherapy 8,
315–317.

Fawzy El-Sayed, K.M., and Dorfer, C.E. (2016). Gingival
mesenchymal stem/progenitor cells: A unique tissue engi-
neering gem. Stem Cells Int. 2016, 7154327.

Funahashi, H., Koshikawa, T., Ichihara, S., Ohike, E., and
Katoh, K. (1998). Different distributions of immunoreactive
S100-alpha and S100-beta protein expression in human breast
cancer. J. Surg. Oncol. 68, 25–29.

Gamell, C., Jan Paul, P., Haupt, Y., and Haupt, S. (2014). PML
tumour suppression and beyond: Therapeutic implications.
FEBS Lett. 588, 2653–2662.

Ghorbani, A., Jalali, S.A., and Varedi, M. (2014). Isolation of
adipose tissue mesenchymal stem cells without tissue de-
struction: A non-enzymatic method. Tissue Cell. 46, 54–58.

Glavaski-Joksimovic, A., and Bohn, M.C. (2013). Mesenchy-
mal stem cells and neuroregeneration in Parkinson’s disease.
Exp. Neurol. 247, 25–38.

Gnecchi, M., and Melo, L.G. (2009). Bone marrow-derived
mesenchymal stem cells: Isolation, expansion, characteriza-
tion, viral transduction, and production of conditioned me-
dium. Methods Mol. Biol. 482, 281–294.

Hallberg, B., and Palmer, R.H. (2016). The role of the ALK
receptor in cancer biology. Ann. Oncol. 27 Suppl 3, iii4–iii15.

Heng, B.C., Lim, L.W., Wu, W., and Zhang, C. (2016). An
overview of protocols for the neural induction of dental
and oral stem cells in vitro. Tissue Eng. Part B Rev. 22,
220–250.

Hibbs, K., Skubitz, K.M., Pambuccian, S.E., Casey, R.C.,
Burleson, K.M., Oegema, T.R., Jr., Thiele, J.J., Grindle, S.M.,
Bliss, R.L., and Skubitz, A.P. (2004). Differential gene ex-

pression in ovarian carcinoma: Identification of potential
biomarkers. Am. J. Pathol. 165, 397–414.

Horm, T.M., and Schroeder, J.A. (2013). MUC1 and metastatic
cancer: Expression, function and therapeutic targeting. Cell
Adh. Migr. 7, 187–198.

Huang, G.T., Gronthos, S., and Shi, S. (2009). Mesenchymal
stem cells derived from dental tissues vs. those from other
sources: Their biology and role in regenerative medicine. J.
Dent. Res. 88, 792–806.

Hurtado, M., Lozano, J.J., Castellanos, E., Lopez-Fernandez,
L.A., Harshman, K., Martinez, A.C., Ortiz, A.R., Thomson,
T.M., and Paciucci, R. (2007). Activation of the epidermal
growth factor signalling pathway by tissue plasminogen ac-
tivator in pancreas cancer cells. Gut 56, 1266–1274.

Isgro, M.A., Bottoni, P., and Scatena, R. (2015). Neuron-
specific enolase as a biomarker: Biochemical and clinical
aspects. Adv. Exp. Med. Biol. 867, 125–143.

Isobe, Y., Koyama, N., Nakao, K., Osawa, K., Ikeno, M., Ya-
manaka, S., Okubo, Y., Fujimura, K., and Bessho, K. (2016).
Comparison of human mesenchymal stem cells derived
from bone marrow, synovial fluid, adult dental pulp, and
exfoliated deciduous tooth pulp. Int. J. Oral Maxillofac. Surg.
45, 124–131.

Jung, C.S., Foerch, C., Schanzer, A., Heck, A., Plate, K.H.,
Seifert, V., Steinmetz, H., Raabe, A., and Sitzer, M. (2007).
Serum GFAP is a diagnostic marker for glioblastoma multi-
forme. Brain 130(Pt 12), 3336–3341.

Kato, J., Matsushime, H., Hiebert, S.W., Ewen, M.E., and Sherr,
C.J. (1993). Direct binding of cyclin D to the retinoblastoma
gene product (pRb) and pRb phosphorylation by the cyclin D-
dependent kinase CDK4. Genes Dev. 7, 331–342.

Klonowska, K., Czubak, K., Wojciechowska, M., Handschuh,
L., Zmienko, A., Figlerowicz, M., Dams-Kozlowska, H., and
Kozlowski, P. (2016). Oncogenomic portals for the visuali-
zation and analysis of genome-wide cancer data. Oncotarget
7, 176–192.

Laroni, A., de Rosbo, N.K., and Uccelli, A. (2015). Mesench-
ymal stem cells for the treatment of neurological diseases:
Immunoregulation beyond neuroprotection. Immunol. Lett.
168, 183–190.

Lau, S.K., Weiss, L.M., and Chu, P.G. (2004). Differential
expression of MUC1, MUC2, and MUC5AC in carcinomas of
various sites: An immunohistochemical study. Am. J. Clin.
Pathol. 122, 61–69.

Li, G., Barthelemy, A., Feng, G., Gentil-Perret, A., Peoc’h, M.,
Genin, C., and Tostain, J. (2007). S100A1: A powerful
marker to differentiate chromophobe renal cell carcinoma
from renal oncocytoma. Histopathology 50, 642–647.

Li, G., Gentil-Perret, A., Lambert, C., Genin, C., and Tostain, J.
(2005). S100A1 and KIT gene expressions in common sub-
types of renal tumours. Eur. J. Surg. Oncol. 31, 299–303.

Lim, M.-S., Nam, S.-H., Kim, S.-J., Kang, S.-Y., Lee, Y.-S., and
Kang, K.-S. (2007). Signaling pathways of the early differ-
entiation of neural stem cells by neurotrophin-3. Biochem.
Biophys. Res. Commun. 357, 903–909.

Liu, J., Yu, F., Sun, Y., Jiang, B., Zhang, W., Yang, J., Xu,
G.T., Liang, A., and Liu, S. (2015). Concise reviews: Char-
acteristics and potential applications of human dental tissue-
derived mesenchymal stem cells. Stem Cells 33, 627–638.

Loh, Y.P., Cheng, Y., Mahata, S.K., Corti, A., and Tota, B.
(2012). Chromogranin A and derived peptides in health and
disease. J. Mol. Neurosci. 48, 347–356.

Manara, M.C., Bernard, G., Lollini, P.L., Nanni, P., Zuntini, M.,
Landuzzi, L., Benini, S., Lattanzi, G., Sciandra, M., Serra, M.,

10 GUGLIANDOLO ET AL.



Colombo, M.P., Bernard, A., Picci, P., and Scotlandi, K.
(2006). CD99 acts as an oncosuppressor in osteosarcoma.
Mol. Biol. Cell. 17, 1910–1921.

Martens, W., Bronckaers, A., Politis, C., Jacobs, R., and Lam-
brichts, I. (2013). Dental stem cells and their promising role
in neural regeneration: An update. Clin. Oral Investig. 17,
1969–1983.

Millington, G.W. (2006). Proopiomelanocortin (POMC): The
cutaneous roles of its melanocortin products and receptors.
Clin. Exp. Dermatol. 31, 407–412.

Miura, M., Miura, Y., Padilla-Nash, H.M., Molinolo, A.A., Fu,
B., Patel, V., Seo, B.-M., Sonoyama, W., Zheng, J.J., Baker,
C.C., Chen, W., Ried, T., and Shi, S. (2006). Accumulated
chromosomal instability in murine bone marrow mesenchy-
mal stem cells leads to malignant transformation. Stem Cells
24, 1095–1103.

Modlin, I.M., Bodei, L., and Kidd, M. (2016). Neuroendocrine
tumor biomarkers: From monoanalytes to transcripts and al-
gorithms. Best Pract. Res. Clin. Endocrinol. Metab. 30, 59–77.

Morris, S.W., Kirstein, M.N., Valentine, M.B., Dittmer, K.G.,
Shapiro, D.N., Saltman, D.L., and Look, A.T. (1994). Fusion
of a kinase gene, ALK, to a nucleolar protein gene, NPM, in
non-Hodgkin’s lymphoma. Science 263, 1281–1284.

Naderi, A. (2015). Prolactin-induced protein in breast cancer.
Adv. Exp. Med. Biol. 846, 189–200.

Naito, Y., Lee, A.K., and Takahashi, H. (2016). Emerging roles
of the neurotrophin receptor TrkC in synapse organiza-
tion. Neurosci. Res. [Epub ahead of print]; DOI: 10.1016/
j.neures.2016.09.009.

Nikoletopoulou, V., Lickert, H., Frade, J.M., Rencurel, C.,
Giallonardo, P., Zhang, L., Bibel, M., and Barde, Y.-A.
(2010). Neurotrophin receptors TrkA and TrkC cause neu-
ronal death whereas TrkB does not. Nature 467, 59–63.

Normanno, N., De Luca, A., Bianco, C., Strizzi, L., Mancino,
M., Maiello, M.R., Carotenuto, A., De Feo, G., Caponigro, F.,
and Salomon, D.S. (2006). Epidermal growth factor receptor
(EGFR) signaling in cancer. Gene 366, 2–16.

Pan, Q., Fouraschen, S.M.G., de Ruiter, P.E., Dinjens, W.N.M.,
Kwekkeboom, J., Tilanus, H.W., and van der Laan, L.J.W.
(2014). Detection of spontaneous tumorigenic transformation
during culture expansion of human mesenchymal stromal
cells. Exp. Biol. Med. 239, 105–115.

Park, H., and Poo, M.-M. (2013). Neurotrophin regulation of
neural circuit development and function. Nat. Rev. Neurosci.
14, 7–23.

Passoni, L., Longo, L., Collini, P., Coluccia, A.M.L., Bozzi, F.,
Podda, M., Gregorio, A., Gambini, C., Garaventa, A., Pistoia,
V., Del Grosso, F., Tonini, G.P., Cheng, M., Gambacorti-
Passerini, C., Anichini, A., Fossati-Bellani, F., Di Nicola, M.,
and Luksch, R. (2009). Mutation-independent anaplastic
lymphoma kinase overexpression in poor prognosis neuro-
blastoma patients. Cancer Res. 69, 7338–7346.

Platet, N., Cathiard, A.M., Gleizes, M., and Garcia, M. (2004).
Estrogens and their receptors in breast cancer progression: A
dual role in cancer proliferation and invasion. Crit. Rev.
Oncol. Hematol. 51, 55–67.

Powers, C., Aigner, A., Stoica, G.E., McDonnell, K., and
Wellstein, A. (2002). Pleiotrophin signaling through ana-
plastic lymphoma kinase is rate-limiting for glioblastoma
growth. J. Biol. Chem. 277, 14153–14158.

Pradeepkiran, J.A., Sainath, S.B., Kumar, K.K., Balasu-
bramanyam, L., Prabhakar, K.V., and Bhaskar, M. (2015).
CGMD: An integrated database of cancer genes and markers.
Sci. Rep. 5, 12035.

Rajan, T.S., Scionti, D., Diomede, F., Grassi, G., Pollastro, F.,
Piattelli, A., Cocco, L., Bramanti, P., Mazzon, E., and Tru-
biani, O. (2017). Gingival stromal cells as an in vitro model:
Cannabidiol modulates genes linked with amyotrophic lateral
sclerosis. J. Cell. Biochem. 118, 819–828.

Rasmussen, S.L., Krarup, H.B., Sunesen, K.G., Pedersen, I.S.,
Madsen, P.H., and Thorlacius-Ussing, O. (2016). Hy-
permethylated DNA as a biomarker for colorectal cancer: A
systematic review. Colorectal Dis. 18, 549–561.

Reichardt, L.F. (2006). Neurotrophin-regulated signalling path-
ways. Philos. Trans. R. Soc. Lond. B Biol. Sci. 361, 1545–1564.

Roemeling-van Rhijn, M., de Klein, A., Douben, H., Pan, Q.,
van der Laan, L.J., Ijzermans, J.N., Betjes, M.G., Baan, C.C.,
Weimar, W., and Hoogduijn, M.J. (2013). Culture expansion
induces non-tumorigenic aneuploidy in adipose tissue-derived
mesenchymal stromal cells. Cytotherapy 15, 1352–1361.

Rosland, G.V., Svendsen, A., Torsvik, A., Sobala, E., McCor-
mack, E., Immervoll, H., Mysliwietz, J., Tonn, J.-C., Gold-
brunner, R., Lonning, P.E., Bjerkvig, R., and Schichor, C.
(2009). Long-term cultures of bone marrow-derived human
mesenchymal stem cells frequently undergo spontaneous
malignant transformation. Cancer Res. 69, 5331–5339.

Rubio, D., Garcia-Castro, J., Martin, M.C., de la Fuente, R.,
Cigudosa, J.C., Lloyd, A.C., and Bernad, A. (2005). Spon-
taneous human adult stem cell transformation. Cancer Res.
65, 3035–3039.

Santamaria, S., Sanchez, N., Sanz, M., and Garcia-Sanz, J.A.
(2016). Comparison of periodontal ligament and gingiva-
derived mesenchymal stem cells for regenerative therapies.
Clin. Oral Investig. [Epub ahead of print]. DOI: 10.1007/
S00786-016-1867-3

Sherr, C.J., Beach, D., and Shapiro, G.I. (2016). Targeting
CDK4 and CDK6: From discovery to therapy. Cancer Discov.
6, 353–367.

Stovold, R., Meredith, S.L., Bryant, J.L., Babur, M., Williams,
K.J., Dean, E.J., Dive, C., Blackhall, F.H., and White, A.
(2013). Neuroendocrine and epithelial phenotypes in small-
cell lung cancer: Implications for metastasis and survival in
patients. Br. J. Cancer 108, 1704–1711.

Sung, C.O., Ko, Y.H., Park, S., Kim, K., and Kim, W. (2005).
Immunoreactivity of CD99 in non-Hodgkin’s lymphoma:
Unexpected frequent expression in ALK-positive anaplastic
large cell lymphoma. J. Korean Med. Sci. 20, 952–956.

Suphanantachat, S., Iwata, T., Ishihara, J., Yamato, M., Okano,
T., and Izumi, Y. (2014). A role for c-Kit in the maintenance
of undifferentiated human mesenchymal stromal cells. Bio-
materials 35, 3618–3626.

Tolar, J., Nauta, A.J., Osborn, M.J., Panoskaltsis Mortari, A.,
McElmurry, R.T., Bell, S., Xia, L., Zhou, N., Riddle, M.,
Schroeder, T.M., Westendorf, J.J., McIvor, R.S., Hogen-
doorn, P.C.W., Szuhai, K., Oseth, L., Hirsch, B., Yant, S.R.,
Kay, M.A., Peister, A., Prockop, D.J., Fibbe, W.E., and
Blazar, B.R. (2007). Sarcoma derived from cultured mesen-
chymal stem cells. Stem Cells 25, 371–379.

Tomar, G.B., Srivastava, R.K., Gupta, N., Barhanpurkar, A.P.,
Pote, S.T., Jhaveri, H.M., Mishra, G.C., and Wani, M.R.
(2010). Human gingiva-derived mesenchymal stem cells are
superior to bone marrow-derived mesenchymal stem cells for
cell therapy in regenerative medicine. Biochem. Biophys.
Res. Commun. 393, 377–383.

Umapathy, G., El Wakil, A., Witek, B., Chesler, L., Da-
nielson, L., Deng, X., Gray, N.S., Johansson, M., Kvarn-
brink, S., Ruuth, K., Schonherr, C., Palmer, R.H., and
Hallberg, B. (2014). The kinase ALK stimulates the kinase

ONCOGENES IN EXPANDED GINGIVAL STEM CELLS 11



ERK5 to promote the expression of the oncogene MYCN in
neuroblastoma. Sci. Signal. 7, ra102.

Urias, U., Marie, S.K., Uno, M., da Silva, R., Evagelinellis,
M.M., Caballero, O.L., Stevenson, B.J., Silva, W.A., Jr.,
Simpson, A.J., and Oba-Shinjo, S.M. (2014). CD99 is upre-
gulated in placenta and astrocytomas with a differential
subcellular distribution according to the malignancy stage.
J. Neurooncol. 119, 59–70.

Wang, L., He, F., Zhong, Z., Lv, R., Xiao, S., and Liu, Z.
(2015). Overexpression of NTRK1 promotes differentiation
of neural stem cells into cholinergic neurons. Biomed. Res.
Int. 2015, 857202.

Wang, X., Lee, S.R., Arai, K., Lee, S.R., Tsuji, K., Rebeck,
G.W., and Lo, E.H. (2003). Lipoprotein receptor-mediated
induction of matrix metalloproteinase by tissue plasminogen
activator. Nat. Med. 9, 1313–1317.

Wang, Y., Zhang, Z., Chi, Y., Zhang, Q., Xu, F., Yang, Z.,
Meng, L., Yang, S., Yan, S., Mao, A., Zhang, J., Yang, Y.,
Wang, S., Cui, J., Liang, L., Ji, Y., Han, Z.B., Fang, X., and
Han, Z.C. (2013). Long-term cultured mesenchymal stem
cells frequently develop genomic mutations but do not un-
dergo malignant transformation. Cell Death Dis. 4, e950.

Xiao, L., and Tsutsui, T. (2013). Human dental mesenchymal
stem cells and neural regeneration. Hum. Cell 26, 91–96.

Xu, X., Chen, C., Akiyama, K., Chai, Y., Le, A.D., Wang, Z.,
and Shi, S. (2013). Gingivae contain neural-crest- and
mesoderm-derived mesenchymal stem cells. J. Dent. Res. 92,
825–832.

Zhang, W., Schmull, S., Du, M., Liu, J., Lu, Z., Zhu, H., Xue,
S., and Lian, F. (2016). Estrogen receptor alpha and beta in
mouse: Adipose-derived stem cell proliferation, migration,
and brown adipogenesis in vitro. Cell Physiol Biochem. 38,
2285–2299.

Zhao, M., Kim, P., Mitra, R., Zhao, J., and Zhao, Z. (2016).
TSGene 2.0: An updated literature-based knowledgebase for
tumor suppressor genes. Nucleic Acids Res. 44(D1), D1023–
D1031.

Address correspondence to:
Emanuela Mazzon

IRCCS Centro Neurolesi ‘‘Bonino-Pulejo’’
Via Provinciale Palermo

Contrada Casazza
Messina 98124

Italy

E-mail: emazzon.irccs@gmail.com

12 GUGLIANDOLO ET AL.


