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Abstract

Zinc Finger Protein 217 (ZNF217), a transcription factor and oncogene product, has been found to
dysregulate Bone Morphogenetic Protein (BMP) signaling and induce invasion in breast tumors. In this
study, the effect of BMP-2 or an active BMP-2 peptide, AISMLYLDEN, on the expression of ZNF217, BMP4
and CDK-inhibitor p21 gene, CDKN1A, was investigated in DPSCs during osteogenic differentiation and in
MCEF-7 breast cancer cells. BMP-2 peptide reduced the expression of ZNF217 during the first two weeks of
osteogenesis and increased the expression of CDKN1A after three weeks. BMP-2 and BMP-2 peptide
increased the expression of BMP4 during the first week. The same genes were monitored in MCF-7 after
treatment with BMP-2 or different concentrations of BMP-2 peptide. CDKN7A mRNA levels were 10-, 8-
and 6-fold higher respectively in MCF-7 cells treated with BMP-2 (100 ng/ml) or BMP-2 peptide (45.2 and
22.6 ng/ml) than in untreated MCF-7. BMP-2 peptide, at a concentration of 22.6 ng/ml reduced ZNF217
expression after 6 h and 12 h. BMP-2 reduced BMP4 expression to undetected levels within 24 h. At
appropriate concentrations, BMP-2 and the peptide AISMLYLDEN can be considered as a possible novel
therapeutic method in breast tumors with a metastatic tendency to the bones.

1. Introduction

Bone morphogenetic proteins, BMPs, are growth factors that belong to the TGF-8 superfamily. Initially,
they were found to induce the formation of bone and cartilage in animal models. However, in recent years,
it has been discovered that they regulate growth, differentiation and apoptosis of mesenchymal, epithelial
and neuronal cells as well as monocytes. In addition, it has been found that they are involved in the
morphogenesis of several tissue types and organs ['. BMPs bind to surface receptors of target cells,
BMPRs, and activate multiple signaling pathways, mainly the pathway of SMAD-1,-5 and - 8
transcription factors 12,

BMP-2 can trigger the differentiation of human mesenchymal stem cells (hMSCs) into osteoblasts Bl In
addition, it has been found to be involved in the proliferation and apoptosis of tumor cells =71 Through
its interaction with receptors BMPRIa/BMPRII, BMP-2 can trigger the SMAD pathway, which is the main
pathway that leads to pre-osteoblast and osteoblast differentiation of hMCSs, as well as SMAD-
independent pathways that involve MAP kinases. In the SMAD-dependent pathway, when BMP-2 forms a
complex with its receptors, the constitutively active tyrosine kinase BMPRII phosphorylates and activates
BMPRIa. The activated receptor BMPRIa phosphorylates SMAD-1, -5 or -8, which then forms a complex
with co-SMAD, SMAD-4. The complex is transported to the nucleus where it activates the expression of
several transcription factors that promote osteogenesis [2-8l. Subsequently, genes necessary for
osteogenesis, such as ALPL (alkaline phosphatase) are expressed and, a few weeks later, the
mineralization of the extracellular matrix commences. BMP-2 also activates MAPK pathways, which lead

to the expression of ALPL, SPP1 (osteopontin) and COL1A1/2 (type | collagen) =101,

ZNF217 is a transcription factor that belongs to the C,H,-type zinc-finger protein family. The ZNF2177

gene has been recognized as a proto-oncogene with important role in the occurrence and progression of
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breast, colorectal, stomach, cervical, prostate and lung cancer ['"- 121, It is already known that ZNF217 is a
component of a complex that contains the co-repressor CtBP1. CtBP1 is a co-repressor for many
transcriptional repressors in histone deacetylase complexes (HDACs) or deacetylate-independent histone
modifying complexes ['3 14l Although ZNF217 was initially recognized as a transcriptional suppressor,
recent studies also indicate its role in transcriptional activation. It has been found that in mouse
embryonic stem cells, ZFP217, the murine homologue of ZNF217, binds to promoters and enhancers of
pluripotency genes, such as NANOG and SOX2, and activates their expression, thus maintaining the cells

in their un-differentiated state [/,

In recent studies, it was demonstrated that ZNF217 triggers BMP signaling leading to metastasis of
breast cancer cells to bone. Increased ZNF2177 expression was observed in breast tumors that
metastasized to the bones, in comparison to hon-metastatic tumors and tumors that metastasized to
other tissues. In a breast cancer cell line, high levels of ZNF277 mRNA were also found to be correlated
with the deregulation of several genes that are involved in osteogenesis. Among them, BMP-2 and
repressors of BMP pathway were downregulated while BMP-4 and BMPRIa, BMPRIb and BMPRIl were
upregulated [6], These observations exhibit a possible positive feedback loop between ZNF277 and BMP-
4 expression, and a negative feedback loop between ZNF217 and BMP-2 expression. BMP-4 is
overexpressed in a variety of human tumors and cancer cells lines. Interestingly, the addition of BMP-4 in
breast cancer cell lines or the overexpression of its gene, has been shown to inhibit their proliferation, but
increase their invasive and metastatic potential ['7]. Treatment of MCF-7 breast cancer cells with BMP-2
has also been found to cause cell cycle arrest in G, phase by inducing the expression of CDK-inhibitor

The aim of this study was to investigate the effect of active dimeric BMP-2 or a short active decapeptide,
derived from its carboxyterminal domain, on the expression of ZNF217 in dental pulp stem cells (DPSCs)
during induced osteogenesis and in MCF-7 breast cancer cells. The BMP-2-derived peptide, AISMLYLDEN,
is a short part of the carboxyterminal region of human BMP-2 that has been previously found to induce
differentiation of hMSCs more effectively than the active dimeric BMP-2 (personal communication with
Dr. S. Karoulias). It was determined how BMP-2 and different concentrations of the active peptide affect
the expression of ZNF217, cell-cycle inhibitor p21 and BMP-4 in DPSCs, osteoblasts and MCF-7. In
addition, an effort was made to find if there is an optimal range of BMP-2 peptide concentration that can
reduce both the proliferative and the invasive potential of breast cancer cells.

2. Materials And Methods

2.1 Materials

The reagents that were used in this project are listed in Table 1. Disposable supplies were purchased from
ThermoFisher Scientific (USA), Kisker Biotech (Germany) and Sarstedt (Germany).
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Table 1

Cell culture, differentiation and staining assays

Dulbecco’'s Modified Eagle’s Medium (DMEM) (ThermoFisher Scientific, USA)
StemPro® Osteogenesis Kit

Fetal Bovine Serum (FBS)

Penicillin/streptomycin solution

Phosphate-Buffered Saline (PBS)

Trypsin /EDTA solution (Biosera, France)

Recombinant active human Bone Morphogenetic Protein-2, BMP-2 (Cusabio, USA)
BMP-2 peptide, AISMLYLDEN (Biomatik, Canada)

BCIR, CBH6BrCINOP4

NBT, C40H30N100 - 2Cl6

Alizarin Red S, C4HgO4

Formaldehyde, CH,0

Tris, C4H,1NO4

Hydrogen chloride, HCI

Sodium chloride, NaCl

Sodium hydrogen phosphate, Na,HPO,

Sodium dihydrogen phosphate dihydrate, NaH,PO, * 2H,0

Gene expression analysis

NucleoSpin® RNA Kit (Macherey-Nagel, Germany)

M-MuLV Reverse Transcriptase (Minotech Biotechnology (Enzyquest), Greece)
Oligo(dT)4g

dNTP mix

Dithiothreitol (DTT)

KAPA SYBR® FAST qPCR Kit Master Mix (2 X) ABI Prism™ (Sigma-Aldrich, USA)

Page 4/25




2.2. Culture and differentiation of DPSCs

Dental Pulp Stem Cells were kindly provided by Assistant Professor A. Bakopoulou from the School of
Dentistry, Aristotle University of Thessaloniki. The cells had been established from third molars of young
healthy donors, aged 18-24, with the enzymatic dissociation method described in Bakopoulou et al.
(2016) ['8] The samples had been collected in accordance to all the relevant guidelines and regulations
and had been approved by the Institutional Review Board of the Aristotle University of Thessaloniki (Nr.
66/18-06-2018). All the donors signed an informed consent form.

The cells were cultured in Dulbecco’s Modified Eagle's Medium (DMEM) supplemented with 10% v/v Fetal
Bovine Serum (FBS), 100 U/ml penicillin and 100 pg/ml streptomycin, at 37 °C and 5% CO,. When the
cells reached around 80% confluency, they were detached from the culture dish with 0.05% w/v
Trypsin/EDTA solution, counted and seeded in 6-well and 12-well plates at a density of 20,000 cells per
well. The cells were incubated overnight until they formed monolayers, then two groups of cells were
treated with either 50 ng/ml active dimeric human BMP-2 or 50 ng/ml BMP2 peptide in the culture
medium (Day 0). Three days later, DMEM was substituted by StemPro® Ostegenesis Complete Medium
in all groups except for a negative control group which was cultured in DMEM. The medium was
refreshed every three days. RNA was extracted on days 7, 14 and 21.

2.3 Culture and treatment of MCF-7 with BMP-2 and BMP-2 peptide
MCF-7 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% v/v

Fetal Bovine Serum (FBS), 100 U/ml penicillin and 100 pg/ml streptomycin, at 37 °C and 5% CO, until

they reached around 70-80% confluency. Then they were seeded in 6-well plates at a density of 10° cells
per well and were incubated overnight to form monolayers. Once attached, the cells were treated with
100 ng/ml active dimeric BMP-2 or different concentrations of BMP-2 peptide (45.2 ng/ml, 22.6 ng/ml
and 4.52 ng/ml). RNA was extracted 6 h, 12 h, 24 h and 48 h after treatment. For each time point, there
was also a negative control group, which was not treated with BMP-2 or BMP-2 peptide (untreated).

2.4 Total RNA extraction
Total RNA was extracted from DPSCs, osteoblasts and MCF-7 using the NucleoSpin® RNA kit. The
concentration of RNA in each sample was determined by measuring optical density at 260 nm.

2.5 Detection of Alkaline Phosphatase activity (Alkaline Phosphatase Assay)

The Alkaline phosphatase assay was performed on the 14th day of osteogenesis, on DPSCs that had
been seeded on 12-well plates at a density of 20,000 cells/well and treated with BMP-2 or BMP2 peptide.
The medium was removed and the cell monolayers were washed with 1 X PBS and then fixed in 10%
formalin solution (10% v/v formaldehyde, 0.4% w/v NaH,P0,.H,0, 0.65% w/v Na,HPO,) at room
temperature for a maximum of 60 seconds (to avoid irreversible inactivation of alkaline phosphatase).
Immediately afterwards, formalin was removed and the cells were washed twice with TWEEN® 20-PBS
solution (1 X PBS, 0.05% v/v Tween-20). TWEEN® 20-PBS was removed and the monolayers were
incubated in 1X Alkaline Phosphatase Solution (100 mM Tris-HCI pH 9.5, 100 mM NaCl and 5 mM MgCl,)
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that contained 0.45% v/v of each of the substrates NBT and BCIP, at 37 °C until areas with blue NBT
precipitate started to appear on the monolayers. The enzymatic activity was terminated by washing the
cells with TWEEN® 20-PBS solution. Finally, TWEEN® 20-PBS was removed and 1 X PBS was added in
all the wells. The cells were observed with a Nikon Eclipse TS-100 inverted optical microscope (objective
lenses: 10 X and 40 X, ocular lens: 10 X) and photographs of the stained monolayers were taken at 100 X
and 400 X magnification using a Nikon Coolpix P5100 camera.

2.6 Staining of extracellular calcium deposits (Alizarin Red S Assay)

The Alizarin Red staining assay was performed on the 21st day of differentiation, on DPSCs that had
been seeded on 12-well plates at a density of 20000 cells/well and treated with BMP-2 or BMP2 peptide.
The medium was removed and the cells were washed with 1 X PBS and then fixed in 10% formalin
solution (10% v/v formaldehyde, 0.4% w/v NaH,P0,.H,0, 0.65% w/v Na,HPO,) at room temperature for
30 minutes. Afterwards, formalin was removed, the monolayers were washed twice with sterile distilled
H,0 and incubated in 2% w/v Alizarin Red S solution at room temperature for 25-45 minutes. Then, the
cells were washed multiple times with sterile distilled water to remove excess dye. The cells were
observed with a Nikon Eclipse TS-100 inverted optical microscope (objective lenses: 10 X and 40 X, ocular
lens: 10 X) and photographs of the stained monolayers were taken at 100 X and 400 X magnification
using a Nikon Coolpix P5100 camera.

2.7 cDNA synthesis

First-strand cDNA was synthesized from each total RNA sample with M-MuLV Reverse Transcriptase.
Each reaction was set up with 0.5 ng/ml RNA, 5 uM Oligo(dT),, and 500 uM of each dNTP. The mixture
was heated to 65 °C for 5 min to denature secondary structures of the RNA and the Oligo(dT),, and,
immediately, cooled on ice for T min. 200 U of Reverse transcriptase (RT), 1 X RT Bufferand 5 uM DTT
were added and the mixture was incubated at 25 °C for 5 min for efficient annealing of Oligo(dT),q on the
RNA templates. First-strand cDNA synthesis was performed at 37 °C for 1 h, then the enzyme was
inactivated at 70 °C for 15 min.

2.8 Real time gPCR

Relative quantification of gene expression against reference genes was performed on a StepOne™ Real
time PCR System (ThermoFisher Scientific, USA), using KAPA SYBR® FAST gPCR Kit Master Mix (2 X)
ABI PRISM™. Primers for ZNF217, BMP4, CDOKN1A, BGLAP and for reference gene RPLPO were purchased
from Eurofins Genomics, Germany, and ThermoFisher Scientific, USA. The sequences are listed in Table 2.
Each 10 pl-reaction was prepared with cDNA (1 pl), gene-specific forward and reverse primers (1 pmol of
each) and 1 X Master Mix. A Fast Program was selected for all reactions, with a universal primer
annealing temperature of 60 °C. The Ct values were analyzed on Microsoft Excel and the charts were
constructed on GraphPad Prism 8.
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Table 2

Primer Sequence (5’ to 3")
ZNF217forward ~ CAGCGAGGTCGATTCTCCAA
ZNF217reverse GGCCTTTTTCCTTCTAACGTCG
CDKNTAforward GCAGACCAGCATGACAGATTTC
CDKNTAreverse ~ ATGTAGAGCGGGCCTTTGAG
BMP4 forward GGAGGAGGAGGAAGAGCAGA
BMP4 reverse CCAGATGTTCTTCGTGGTGGA
BGLAP forward CCTCACACTCCTCGCCCTAT
BGLAP reverse TGCTTGGACACAAAGGCTGC
RPLPO forward AATGTGGGCTCCAAGCAGAT
RPLPO reverse TGAGGCAGCAGTTTCTCCAG

3. Results

3.1 BMP-2 peptide promotes the differentiation of DPSCs to osteoblasts more effectively than fulllength
BMP-2

In this study, DSPCs (Dental Pulp Stem Cells) were induced to differentiate into osteoblasts with active
dimeric human BMP-2 or BMP-2 peptide, a short peptide derived from its carboxyterminal region, that has
been shown to promote osteogenesis more effectively than the full-length protein (personal
communication with Dr. S. Karoulias). Four groups were tested: a) a negative control group, consisting of
untreated DPSCs cultured in DMEM, b) a positive control group, consisting of DPSCs that were induced to
differentiate with StemPro® Osteogenesis Complete Medium, c) DPSCs that were induced to differentiate
with Osteogenesis Medium and were also treated with 50 ng/ml active dimeric human BMP-2, and d)
DPSCs that were induced to differentiate with Osteogenesis Medium and were also treated with 50 ng/ml
BMP2 peptide.

During the formation of their extracellular matrix (approximately 7th to 14th day of osteogenesis),
proliferating osteoblasts exhibit high expression of the enzyme Alkaline Phosphatase (ALP). The
detection of its activity is used frequently as a marker of successful differentiation of hMSCs into
osteoblasts. ALP activity in the extracellular matrix of proliferating osteoblasts can be detected by
chromogenic reaction (NBT-BCIP staining). Fourteen days after the addition of growth factor BMP-2 or
BMP-2 peptide in the culture medium, ALP activity was detectable in all groups (Fig. 1a-d). However,
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increased activity was observed in cells that were induced with either BMP2 or peptide 3 (Fig. 1c,d)
compared to positive control cells (Fig. 1b), as indicated by multiple blue areas of reduced NBT. Negative
control cells exhibited the highest level of alkaline phosphatase activity, which was comparable to the
BMP2-treated and BMP-2 peptide-treated groups. The morphology of the positive control and the treated
groups was indicative of proliferating osteoblasts (oval-shaped), while negative control cells maintained
the elongated, fibroblast-like morphology that is typical of DPSCs.

At the final stage of osteogenic differentiation, osteoblasts form hydroxyapatite deposits in the
extracellular matrix (mineralization). On the 21st day of osteogenesis, when mineralization is complete,
successful bone tissue formation can be verified by staining the extracellular hydroxyapatite deposits
with Alizarin Red S, a dye that binds to calcium cations. The Alizarin Red Assay showed that both the
BMP-2-treated and BMP-2 peptide-treated cells exhibited higher concentration of calcium deposits
compared to positive control cells. The highest concentration was observed in cells treated with BMP-2
peptide (Fig. 1e-h).

The successful induction of osteogenesis was also verified by monitoring with qPCR the marker gene
BGLAPthat codes for bone ECM glycoprotein, osteocalcin (Fig. 2). The mRNA levels of BGLAPin
untreated DPSCs on the 7th Day of culture were set as the “reference levels”. In untreated cells, BGLAP
expression was diminished towards Day 21, by 33-fold, after a small rise (7-fold). Treatment with factors
included in the Osteogenesis medium increased the levels by 280-fold on Day 7, but a decline to reference
levels followed in the course of the weeks. However, treatment with BMP-2 increased the expression of
osteocalcin by 50-fold on Day 21 and BMP2 peptide by almost 500-fold, compared to reference levels.

3.2 Effect of BMP-2 and BMP-2 peptide on the expression of ZNF217, BMP4 and cell-cycle inhibitor p21
gene, CDKNT1A, in DPSCs and osteoblasts

The mRNA levels of ZNF217, BMP4 and cell-cycle inhibitor gene CDKN1A (p21) were monitored by real-
time gPCR on the 7th, 14th and 21st day after induction of osteogenesis with BMP2 or BMP-2 peptide.
Relative quantification against reference gene RPLPO was performed. In untreated DPSCs (negative
control), ZNF217 expression declined 2.5-fold by Day 14 and 6-fold by Day 21, compared to Day 7

(Fig. 3a). Induction of differentiation with Osteogenesis Medium caused a temporary 2-fold decrease on
Day 7, followed by a 4-fold increase on Day 14 and by a 4-fold decrease on the gene's mRNA levels.
However, treatment with BMP-2 diminished the expression of the gene in the proliferating osteoblasts
during the second week of differentiation. Treatment with BMP-2 peptide had almost immediate effect,
reducing the expression on Day 7 by almost 6-fold compared to reference levels. The expression returned
to almost reference levels upon Day 21. These results suggest that initial treatment of DPSCs with

50 ng/ml exogenous BMP-2 or BMP-2 peptide can profoundly impact the oncogene's expression during
the first two weeks of osteogenesis.

In untreated DPSCs, BMP-4 expression remained unchanged during the weeks. (Fig. 3b). Induction of

differentiation with osteogenesis medium was accompanied by an increase by 3- up to 6.5-fold in the

gene’s expression. Treatment with BMP-2 or BMP-2 peptide had an almost immediate and profound
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effect on BMP-4 mRNA levels. BMP-2-treated proliferating osteoblasts exhibited 57-fold increase in the
gene's expression on Day 7, compared to Day 7 untreated cells. BMP-2 peptide-treated proliferating
osteoblasts had an almost 1800-fold increase on the same day. In the BMP-2-treated group, the
expression dropped to the positive control group’s levels after three weeks (Day 21). However, the BMP-2
peptide-treated group seemed to regain a high BMP-4 expression level by Day 21 (24-fold). These results
suggest that initial treatment of DPSCs with exogenous BMP-2 may enhance the production of BMP-4
during the first week of osteogenic differentiation. However, similar treatment with 50 ng/ml BMP-2
peptide seems to impact the gene’s expression almost 17 times as much as BMP-2 and to cause a
second increase at the last stage of differentiation.

p21 is a cell-cycle inhibitor belonging to the Cip/Kip family of Cyclin-dependent kinase inhibitors. The
expression of its gene, CDKN1A, was quantified and correlated with the expression pattern of ZNF277 and
BMP-4. The mRNA levels of CDKN17A in untreated DPSCs on the 7th day of culture were set as “reference
levels” (Fig. 3c). In untreated cells, CDKN7A expression declined over the weeks, in a manner that
resembled ZNF217,15-fold by Day 14 and 24-fold by Day 21, compared to reference levels (Day 7). This
suggests that the DPSCs continued to multiply until Day 21, retaining their undifferentiated state. During
differentiation induced by the osteogenesis medium, CDKN7A mRNA levels decreased 3.3-fold compared
to reference levels on Day 7, increased up to reference level by Day 14 followed by a second, 6-fold,
decrease by Day 21. The evident increase in CDKN1TA mRNA levels compared to untreated DPSCs in
expected of the gradual entry of osteoblasts into a quiescent, differentiated state. Unexpectedly, in BMP-
2-treated cells, CDK7NA expression dropped up to 86-fold by Day 21. In BMP-2 peptide-treated cells,
CDKN1A expression dropped 14-fold on the 14th day but returned to the levels of the positive control in
the late stage of differentiation.

3.3 Effect of BMP-2 and BMP-2 peptide on the expression of ZNF217, BMP4 and cell-cycle inhibitor p21
gene, CDKN1A, in MCF-7 breast cancer cells

The mRNA levels of ZNF217, BMP4 and cell-cycle inhibitor gene CDKN1A (p21) were monitored by real-
time gPCR 6, 12, 24 and 48 hours after treatment with 100 ng/ml BMP2 or different concentrations of
BMP-2 peptide (45.2 ng/ml, 22.6 ng/ml and 4.52 ng/ml). The mRNA levels of ZNF2177in untreated MCF-
7 at 6 h of culture were set as the “reference levels” for ZNF277. Similarly, the mRNA levels of BMP4 and
CDKN1A in untreated MCF-7 at 6 h of culture were set as the reference levels for each of these genes,
respectively.

In untreated MCF-7 cells, ZNF277 mRNA levels quadrupled at 12 h compared to 6-h reference control
(Fig. 4a), then decreased at 24 h and 48 h. Treatment with BMP-2 caused only a 2-fold increase at 12 h,
but a 5-fold increase at 24 h, compared to reference levels. Therefore, BMP-2-treated MCF-7 seemed to
display induction of the oncogene's expression later than the untreated group. Treatment with 45.2 ng/ml
BMP-2 peptide caused an early 2-fold increase at 6 h, followed by 4-fold increase at 12 h before returning
to reference levels at 24 h. Finally, at 48 h, an increase was observed, compared to 48 h negative control.
The lowest concentration of BMP-2 peptide also seemed to have an upregulatory effect on ZNF2177that
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lasted until 48 hours later. However, an intermediate concentration of 22.6 ng/ml BMP-2 peptide had a
different effect. It slowed the upregulation that was observed in the untreated group at 12 h, causing only
3.5-fold increase at this time point. At 24 h, ZNF277 mRNA levels, decreased almost to reference level,
while the untreated group had a 2-fold increase at the same time point. Finally, at 48 h, the group treated
with 22.6 ng/ml BMP-2 peptide had approximately the same ZNF217 mRNA level as the untreated group.

In untreated MCF-7, BMP-4 was downregulated 3-fold at 24 h compared to the 6-h reference level, but
then increased almost 5-fold between 24 h and 48 h. (Fig. 4b). Treatment with BMP-2 caused severe
downregulation of the BMP-4 gene at 24 h, when its mRNA levels were undetectable. However, between
24 h and 48 h, the expression increased, reaching the same levels as 48-h untreated cells. MCF-7 cells
that were treated with 45.2 ng/ml or 22.6 ng/ml BMP-2 peptide seemed to retain BMP-4 expression
approximately at reference levels during the first 24 hours and showed a 2.5-fold increase at 48 h. On the
contrary, MCF-7 treated with the lowest concentration of BMP-2 peptide, 4.52 ng/| (equimolar to

100 ng/ml BMP-2), showed 2-fold reduction in BMP-4 mRNA levels at 6 h, followed by gradual increase
that reached 4-fold the reference level at 48 h.

CDKN1A expression was monitored at 6 h, 12 h, 24 h and 48 h and was correlated with the expression of
ZNF217. In untreated MCF-7, CDKNTA mRNA levels dropped 334-fold at 24 h and returned to reference
levels at 48 h (Fig. 4c). However, treatment with 100 ng/ml BMP-2 or the higher concentrations of BMP-2
peptide seemed to lessen this downregulatory phenomenon. BMP-2-treated MCF-7 showed only 36-fold
reduction in CDKN1A expression at 24 h, MCF-7 treated with 45.2 ng/ml BMP-2 peptide showed 42-fold
and, those treated with 22.6 ng/ml Peptide 3, 54-fold reduction in CDKNTA mRNA levels at 24 h. Cells
treated with the lowest concentration of BMP-2 peptide (4.52 ng/ml) showed approximately 220-fold
downregulation of CDKN1A expression at 24 h. The MCF-7 groups that had been treated with BMP-2
peptide also showed a small reduction at 6 h (2-fold up to 7-fold), which was not observed in the BMP-2
treated group. It was also observed that the cells that had been treated with 4.52 ng/ml or 22.6 ng/ml had
a 3-fold increase in CDKN1A expression at 48 h, compared to reference levels, which was not observed in
the rest of the groups.

4. Discussion

In this study, we tried to determine how a key regulator of osteogenic differentiation, Bone Morphogenetic
Protein-2, and a short functional peptide from its carboxyterminal region, BMP-2 peptide, may affect the
expression of ZNF277in DPSCs that undergo osteogenic differentiation and in a breast cancer cell line,
MCF-7.

4.1 Osteogenic differentiation with BMP-2 and BMP-2 peptide

DPSCs were incubated in osteogenesis medium in the presence of either exogenous BMP-2 or BMP-2
peptide, an active decapeptide derived from the carboxyterminal region of BMP-2. Alkaline Phosphatase
and Alizarin Red Staining assays were performed on the 14th and the 21st day of osteogenesis

respectively, to verify the differentiation of DPSCs to osteoblasts and the formation of mineralized ECM.
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Additionally, the mRNA levels of osteocalcin-coding gene BGLAP, a marker of successful bone ECM
formation, were monitored by real-time gPCR in DPSCs and osteoblasts at three stages of differentiation,
on the 7th, 14th and 21st day. Alkaline phosphatase activity was detected (Fig. 1), which indicates that
differentiation of DPSCs was successful. The blue regions were more abundant in DPSCs that had been
treated with BMP-2 or BMP-2 peptide, compared to DPSCs that differentiated only in the presence of
osteogenesis medium. Abundant blue staining observed in the negative control DPSCs is possibly caused
by the presence of agents in the medium (DMEM) that reduced NBT to blue precipitate. The shape of the
cells that differentiated in osteogenesis medium and those that had been treated with BMP-2 or BMP-2
peptide became oblate in the course of osteogenesis, in contrast to undifferentiated DPSCs whose shape
remained elongated and spindle-shaped (Fig. 1).

The staining of calcium deposits in the extracellular matrix of osteoblasts with Alizarin Red S indicated
the successful mineralization of the excreted ECM on the 21st day of osteogenesis (Fig. 1). The cells that
were cultured in osteogenesis medium without exogenous factors exhibited few and spread red-stained
regions (hydroxyapatite deposits) in the extracellular matrix. On the contrary, the red regions were more
abundant in wells with DPSCs that had been differentiated under the effect of BMP-2 and the most
abundant in wells with DPSCs that had been treated with BMP-2 peptide. Additionally, the monitoring of
BGLAP expression in DPSC and osteoblasts indicated high production of osteocalcin in all the groups
that had been induced to differentiate, while negative control DPSCs maintained the lowest expression
throughout the 21 days (Fig. 2). The cells that had been treated with BMP-2 peptide showed the highest
expression of BGLAP, especially on the 7th and 21st day, which supports the findings that the short
peptide is a more efficient inducer of differentiation of DPSCs into osteoblasts than the full-length growth
factor.

4.2 ZNF217 is downregulated after treatment of DPSCs with BMP-2 peptide

The expression of transcription factor gene ZNF277 was monitored during the differentiation of DPSCs to
osteoblasts (Fig. 3a). Untreated DPSCs showed gradual downregulation of ZNF2177 expression over the
weeks (2.5-fold down on Day 14 and 6-fold down on Day 21). Positive control cells (DPSCs that
differentiated only under the effect of factors contained on the osteogenesis medium) exhibited 4-fold
upregulation of ZNF277 on Day 14, during their proliferative stage. This was followed by 8-fold decline by
Day 21, when mineralization of the ECM was complete. Interestingly, treatment of DPSCs with 50 ng/ml
dimeric human BMP-2 at the beginning of their differentiation process, had an upregulatory effect on
ZNF217on Day 7, which was followed by gradual downregulation, up to 3-fold by Day 21. On the
contrary, treatment with 50 ng/ml BMP-2 peptide seemed to have an early and strong downregulatory
effect on the gene's expression (6-fold down on Day 7). Considering the observations about the different
signaling induced by BMP-2 and BMP-2 peptide, it is possible that the short peptide avoids and/or
inhibits pathways that would otherwise lead to upregulation of ZNF2177, as observed in positive control
and BMP-2-treated cells, or activates pathways that suppress the gene’s transcription.

CDKN1A mRNA levels were quantified and studied alongside ZNF2177,to assess the effect that BMP-2
and BMP-2 peptide may have on cell division during osteogenesis. The product of CDKN7A, p21, known
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to bind to and inhibit E-CDK2 and A-CDK2 during G; and S phases, causing cell cycle arrest in G4, in case
of DNA damage and other types of cellular stress. However, it has also been shown that p21 increases
normally in response to mitogenic signaling, through the ERK pathway, to form complexes with D-CDK-
4/6. The binding activates the D-CDKs and promotes G, progression, while at the same time it alleviates
the negative control on CDK2 complexes, which are responsible for the progression of S phase. In
response to cellular stress, CDKN1A expression is induced in a p53-dependent manner and high levels of
the protein accumulate, thus inhibiting CDK2 complexes and preventing the progression of S-phase and
DNA replication [19=2"], Several studies, which will be discussed in the following section, have shown that
BMP-2 reduces the production of p21 in breast cancer cells and causes cell cycle arrest. However, the
effect of BMP-2 on this critical cell cycle regulator has not yet been studied in healthy mesenchymal cells
during osteoblastic differentiation. In the investigation presented herein, CDKN1A expression declined
over the weeks in untreated DPSCs, up to 24-fold compared to reference levels (Fig. 3c), indicating that
the cells continued to proliferate. The induction of osteogenesis in positive control cells was
accompanied by evident increase in p21 mRNA levels after the first week, as expected, indicating the
gradual entry into a differentiated state. Interestingly, treatment with BMP-2 was associated with
dramatic drop in CDKNTA mRNA levels, especially towards the final stage of osteogenesis (Day 21), when
they were 14 times lower than those of the positive control on Day 21. This is in contrast with what has
been observed in cancer cell lines, both in published studies and in this investigation, as will be discussed
later on [416.:22.23] On the other hand, BMP-2 peptide-treated cells exhibited downregulation of CDKN7A
during the first weeks, but, by Day 21, the mRNA levels increased and became equal to Day 21-positive-
control levels. Therefore, it seems that BMP-2 and the peptide act similarly during the first 7 days of
osteogenesis, but different signaling networks probably begin to affect the expression of p21 in the
weeks that follow.

It is interesting, that in BMP-2-treated DPSCs, upregulation of ZNF277 on Day 7 preceded the
downregulation of CDKNTA on Days 14 and 21. Similarly, ZNF217in BMP-2 peptide-treated cells,
downregulation of ZNF2177in BMP-2 peptide-treated cells preceded the increase in CDKN7TA mRNA levels
on Day 21. ZNF217 has been found to form a complex with the ubiquitin-ligase that regulates the
stability of p53, Mouse Double Minute homolog-2 (MDM2), and, as a result, the transcription of the
CDKN1A gene. Possible ZNF217 binding sites have also been found in silico in the promoter of CDKNTA
241 Therefore, ZNF217 may act directly and/or indirectly as a negative regulator of CDKN1A expression in
osteoblasts. Treatment with BMP-2 or BMP-2 peptide at the beginning of the differentiation process
seems to affect the interplay between ZNF217 and p21 profoundly.

BMP-4 is a major regulator of osteoblastic differentiation and is known to act through the same receptors
as BMP-2 [. 251 while, in untreated DPSCs and positive control cells, BMP-4 expression remained
relatively low, in BMP-2-treated and BMP-2 peptide-treated cells there was significant upregulation of the
BMP4 gene during the first week of differentiation (Fig. 3b). Especially, in the case of BMP-2 peptide,
BMP4 mRNA levels increased almost 1800-fold by Day 7 and dropped to reference levels by Day 14,
before increase again 24-fold by Day 21. Evidently, BMP-2 peptide is a potent promoter of osteogenesis,
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increasing the production of another Bone Morphogenetic factor early in the differentiation process and
keeping it at relatively high levels even after the mineralization process has begun.

4.3 BMP-2 or BMP-2 peptide can increase CDKN1A expression and maintain low ZNF217 and BMP4
mRNA levels in MCF-7 breast cancer cells

The results of several studies on breast cancer cell lines and breast tumors with metastatic potential to
the bone suggest an interplay among BMP signaling, ZNF217 and p21, which affects the proliferation
and metastasis of the cells. Overexpression of BMP4 or exogenous addition of the protein in breast
cancer cell lines, including MCF-7 and MDA-MB-231, has been shown to cause growth arrest and increase
migration and invasion. Inhibition of BMP-4 signaling via BMP4 siRNA or noggin, reduces migration and
invasion of these cells ['7]. Overexpression of BMP4 has been associated with high probability of relapse
in patients with breast tumors [26]. It has also been found that administration of BMP-4 to mice increases
the probability of the emergence of metastatic tumors to the bone [271. On the other hand, BMP-2 has been
associated with cell cycle arrest and inhibition of invasion of breast cancer cells. It has been found that
BMP2is downregulated during the first stages of malignant transformation of stem cells and
downregulation of BMPZ2 in patients with primary breast tumors has associated with poor prognosis [22,
231 MTT and immunoblotting assays have demonstrated that BMP-2 inhibits estradiol-induced
proliferation of MCF-7 cells, by inducing the production of p21, which leads to inactivation of CDK-2 and
hypophosphorylation of Rb 4. A recent study has shown that MDA-MB-231 breast cancer cells that
overexpress ZNF217 show significant downregulation of BMPZ2 and upregulation of BMP4, of BMP-
receptor genes BMPR1A, BMPR1B and BMPRIl and of the target genes of BMP-SMAD signaling, /D and
RUNX, compared to MDA-MB-231 that do not overexpress ZNF277 016,

In this study, it was attempted to determine how BMP-2 and BMP-2 peptide affect the expression of
ZNF217, CDKN1A and BMP4in MCF-7 at different time points and if there is an optimal range of BMP-2
peptide concentration that can reduce both the proliferative and the invasive potential of breast cancer
cells. In this investigation, MCF-7 that had been treated with BMP-2 or different concentrations of BMP-2
peptide in the culture medium exhibited increased CDKN17A expression compared to untreated MCF-7
(Fig. 4c). The expression pattern was similar; CDKN7A mRNA levels decreased at 24 h and increased
again up to reference levels at 48 h. The population doubling time for MCF-7 cultures is approximately
29 h 28], Therefore, there seems to be a fluctuation in p21 levels along the phases of the cell cycle, which
is affected by the signaling induced by BMP-2 and BMP-2 peptide. MCF-7 treated with 100 ng/m| BMP-2
had almost 10 times higher CDKNTA mRNA levels at 24 h than untreated cells. Similarly, MCF-7 treated
with 45.2 ng/ml or 22.6 ng/ml BMP-2 peptide had 8 times higher and 6 times higher CDKN7TA mRNA
levels than untreated cells at 24 h, respectively. Treatment with low concentration of BMP-2 peptide
(4.52 ng/ml, equimolar to 100 ng/ml BMP-2) had a small upregulatory effect on CDKN7A at 24 h, but
caused 3-fold upregulation of CDKN7A at 48 h compared to 48 h-untreated cells. 3-fold upregulation at
48 h was also observed in MCF-7 treated with 22.6 n/ml BMP-2 peptide. It seems that BMP-2 at a
concentration of 100 ng/ml and BMP-2 peptide concentrations that are 5 times (22.6 ng/ml) or 10 times
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(45.2 ng/ml) the molarity of 100 ng/ml BMP-2 upregulate the expression of CDKN1A, 24 h after their
addition to the in vitro culture. At a concentration of 22.6 ng/ml, BMP-2 peptide can promote further
upregulation of the CDK inhibitor after the first 24 h.

The expression of oncogene ZNF2177in untreated cells increased 4-fold at 12 h, then began to decrease
until it reached 1.6-fold the reference level at 48 h (Fig. 4a). Treatment with BMP-2 was associated with a
later increase in ZNF217 expression (5-fold upregulation at 24 h). However, BMP-2 peptide, at the
concentration of 22.6 ng/ml, reduced the mRNA levels at 12 h, 24 h and 48 h, while keeping p21 levels
higher, as discussed previously.

BMP4 mRNA levels in untreated MCF-7 decreased 3-fold at 24 h, then increased up to 2-fold the reference
level at 48 h (Fig. 4b). In BMP-2 treated MCF-7, BMP4 expression followed a similar pattern, but
decreased to undetectable levels at 24 h. On the other hand, BMP-2 peptide altered the expression pattern
of BMP4, in a concentration-dependent manner. The cells that had been treated with 45.2 ng/ml or

22.6 ng/ml BMP-2 peptide did not exhibit the downregulatory effect at 24 h which was observed in
untreated and in BMP-2-treated MCF-7. Moreover, at 48 h, they exhibited 50% higher BMP4 mRNA levels
than untreated and in BMP-2-treated MCF-7. Treatment with low concentration of BMP-2 peptide caused
an early downregulation at 6 h, followed by increase to reference levels at 12 h, 50% decrease at 24 h and
4-fold increase at 48 h.

Therefore, it is apparent that equimolar concentrations of BMP-2 and of BMP-2 peptide do not affect key
genes of cell proliferation and BMP signaling similarly in MCF-7 cells. However, both BMP-2 and BMP-2
peptide, at higher concentrations, can alter the expression of certain genes, to slow cell division and
possibly the BMP-4-dependent invasive potential. The results of this study show that BMP-2 can increase
the expression of CDK inhibitor p21 gene, CDKN17A, and decrease the expression of BMP4, whose product
is associated with increased invasive potential and metastasis of breast cancer cells to the bone.
However, it is not as efficient in reducing ZNF2177 expression. BMP-2 peptide, at a concentration of

22.6 ng/ml, can increase the expression of CDKN1A, while reducing the expression of oncogene ZNF2177.
Contrary to BMP-2, it has a small upregulatory effect on BMP4.

5. Conclusions

Altogether, these results show that BMP-2 and the active peptide AISMLYLDEN can affect key genes of
cell-cycle regulation and of BMP signaling when administered to healthy stem cells undergoing
osteogenic differentiation and to MCF-7 cancer cells. The BMP-2 peptide downregulates the expression of
oncogene ZNF217 during the first two weeks of osteogenic differentiation, while successfully promoting
the differentiation of DPSCs and the formation of mineralized bone ECM. Also, both BMP-2 and the
peptide, in a concentration-dependent manner, downregulate ZNF277 and upregulate the cell-cycle
inhibitor p21 gene in less than 48 hours after being added to MCF-7 cultures. BMP-2 reduces to
undetected levels the expression of invasion-associated factor BMP4 in MCF-7 cultures within 24 h.
Administration of the BMP-2 peptide at the appropriate concentration or of a combination of BMP-2 and
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BMP-2 peptide could be considered and studied further as a therapeutic method in breast tumors with a
metastatic tendency to the bones.
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Figure 1

Staining assays for the verification of osteogenesis. (a-d): Alkaline Phosphatase Assay performed on the
14th day of osteogenesis, for the verification of successful differentiation of DPSCs into osteoblasts. a)
Untreated DPSCs in DMEM (negative control), b) DPSCs in Osteogenesis Medium (positive control), ¢)
BMP-2-treated DPSCs in Osteogenesis Medium, d) BMP-2 peptide-treated DPSCs in Osteogenesis
Medium. Reduced NBT precipitate was observed in all groups. Left: 100 X magnification, right: 400 X
magnification. (e-h): Alizarin Red Assay performed on the 21st day of osteogenesis, for the verification of
successful mineralization of the extracellular matrix. €) Untreated DPSCs in DMEM (negative control), f)
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DPSCs in Osteogenesis Medium (positive control), g) BMP-2-treated DPSCs in Osteogenesis Medium, h)
Peptide 3-treated DPSCs in Osteogenesis Medium. Positive control DPSCs, BMP2-treated and BMP-2
peptide-treated DPSCs differentiated successfully into osteoblasts. Left: 100 X magnification, right: 400 X
magnification.

Figure 1

Staining assays for the verification of osteogenesis. (a-d): Alkaline Phosphatase Assay performed on the
14th day of osteogenesis, for the verification of successful differentiation of DPSCs into osteoblasts. a)
Untreated DPSCs in DMEM (negative control), b) DPSCs in Osteogenesis Medium (positive control), ¢)
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BMP-2-treated DPSCs in Osteogenesis Medium, d) BMP-2 peptide-treated DPSCs in Osteogenesis
Medium. Reduced NBT precipitate was observed in all groups. Left: 100 X magnification, right: 400 X
magnification. (e-h): Alizarin Red Assay performed on the 21st day of osteogenesis, for the verification of
successful mineralization of the extracellular matrix. €) Untreated DPSCs in DMEM (negative control), f)
DPSCs in Osteogenesis Medium (positive control), g) BMP-2-treated DPSCs in Osteogenesis Medium, h)
Peptide 3-treated DPSCs in Osteogenesis Medium. Positive control DPSCs, BMP2-treated and BMP-2
peptide-treated DPSCs differentiated successfully into osteoblasts. Left: 100 X magnification, right: 400 X
magnification.
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Figure 2

Fold change (FC) of BGLAP mRNA levels of osteoblasts compared to Day 7 Untreated DPSCs. Untreated:
DPSCs cultured in DMEM, without factors that promote differentiation, Osteo: DPSCs treated with Stem
Pro Osteogenesis Medium, Osteo + BMP-2: DPSCs treated with Stem Pro Osteogenesis Medium and 50
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ng/ml BMP-2, Osteo + peptide: DPSCs treated with Stem Pro Osteogenesis Medium and 50 ng/ml BMP-2
peptide.
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Figure 2

Fold change (FC) of BGLAP mRNA levels of osteoblasts compared to Day 7 Untreated DPSCs. Untreated:
DPSCs cultured in DMEM, without factors that promote differentiation, Osteo: DPSCs treated with Stem
Pro Osteogenesis Medium, Osteo + BMP-2: DPSCs treated with Stem Pro Osteogenesis Medium and 50
ng/ml BMP-2, Osteo + peptide: DPSCs treated with Stem Pro Osteogenesis Medium and 50 ng/ml BMP-2
peptide.
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Figure 3

Fold change of ZNF217 (a), BMP-4 (b) and CDKN1A (c) mRNA levels in DPSCs and osteoblasts at 7, 14
and 21 days after induction of osteogenesis. Untreated: DPSCs cultured in DMEM, without factors that
promote differentiation, Osteo: DPSCs treated with Stem Pro Osteogenesis Medium, Osteo + BMP-2:
DPSCs treated with Stem Pro Osteogenesis Medium and 50 ng/ml BMP-2, Osteo + peptide: DPSCs

treated with Stem Pro Osteogenesis Medium and 50 ng/ml BMP-2 peptide. The mRNA levels of untreated

DPSCs at 7 days were determined as the reference levels in all of the cases, a, b and c.
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Figure 3

Fold change of ZNF217 (a), BMP-4 (b) and CDKN1A (c) mRNA levels in DPSCs and osteoblasts at 7, 14
and 21 days after induction of osteogenesis. Untreated: DPSCs cultured in DMEM, without factors that
promote differentiation, Osteo: DPSCs treated with Stem Pro Osteogenesis Medium, Osteo + BMP-2:
DPSCs treated with Stem Pro Osteogenesis Medium and 50 ng/ml BMP-2, Osteo + peptide: DPSCs

treated with Stem Pro Osteogenesis Medium and 50 ng/ml BMP-2 peptide. The mRNA levels of untreated

DPSCs at 7 days were determined as the reference levels in all of the cases, a, b and c.
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Figure 4

Fold change of ZNF217 (a), BMP-4 (b) and CDKN1A (c) mRNA levels at 6 h, 12 h, 24 h and 48 h after
treatment of MCF-7 cultures with 100 ng/ml BMP-2 or different concentrations (45.2 ng/ml, 22.6 ng/ml
and 4.52 ng/ml) BMP-2 peptide. The mRNA levels of untreated MCF-7 at 6 h were determined as the
reference levels in all of the cases, a, b and c. The concentration of 4.52 ng/ml BMP-2 peptide is

equimolar to 100 ng/ml BMP-2.
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Fold change of ZNF217 (a), BMP-4 (b) and CDKN1A (c) mRNA levels at 6 h, 12 h, 24 h and 48 h after
treatment of MCF-7 cultures with 100 ng/ml BMP-2 or different concentrations (45.2 ng/ml, 22.6 ng/ml
and 4.52 ng/ml) BMP-2 peptide. The mRNA levels of untreated MCF-7 at 6 h were determined as the
reference levels in all of the cases, a, b and c. The concentration of 4.52 ng/ml BMP-2 peptide is

equimolar to 100 ng/ml BMP-2.
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