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Notch signaling pathway and gene expression profiles
during early in vitro differentiation of liver-derived
mesenchymal stromal cells to osteoblasts

Ksymena Urbanek'”, Marta Lesiak', Daniel Krakowian'®, Halina Koryciak-Komarska'’, Wirginia Likus?, Piotr Czekaj”,
Damian Kusz* and Aleksander L Sieror’

Notch signaling is a key signaling pathway for cell proliferation and differentiation. Therefore, we formulated a working
hypothesis that Notch signaling can be used to detect early osteoblastic differentiation of mesenchymal stromal cells.
Changes in expression and distribution of Notch 1, 2, 3, and Deltal in the cytoplasm and nuclei of rat liver-derived
mesenchymal stromal cells differentiating into osteoblasts were investigated, together with the displacement of
intracellular domains (ICDs) of the receptors. In addition, an oligonucleotide microarray was used to determine the
expression of genes known to be linked to selected signaling pathways. Statistically significant changes in the number of
cells expressing Notch1, Notch2, and Delta1, but not Notch3, and their activated forms were detected within 24 h of culture
under osteogenic conditions. Although the number of cells expressing Notch3 remained unchanged, the number of cells
with the activated receptor was significantly elevated. The number of cells positive for Notch3 was higher than that for the
other Notch receptors even after 48 h of differentiation; however, a smaller fraction of cells contained activated Notch3.
Culture mineralization was detected on day 4 of differentiation, and all analyzed receptors were present in the cells at that
time, but only Deltal was activated in twice as many cells than that before differentiation. Thus, the three analyzed
receptors and ligand can serve as markers of very early stages of osteogenesis in stromal cells. These early changes in
activation of the Notch signaling pathway were correlated with the transcription of several genes linked to osteogenesis,
such as Bmps, Mmps, and Egfr, and with the regulation of cell cycle and apoptosis.
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The field of regenerative medicine is witnessing the use of
pluripotent stem cells as potential candidates for engineering
various tissues or their fragments, including bone, for surgical
treatment.>? Stem cells have numerous advantages, but they
are most useful for organ and tissue regeneration due to their
high potential for proliferation and differentiation.>* How-
ever, there are also some risks related to these two features,
such as the potential of neoplastic transformation following
transplantation.>> Therefore, different options for the use of
stem cells in regeneration have been explored, including the

use of defined progenitors of specific cell lineages.®’
However, orchestrating the genetic programs in stem cells
for their differentiation to specific cell types requires perfect
understanding of mechanisms and signal transduction path-
ways governing these processes.

For the treatment of bone injury or bone disorders and
diseases, two major cell types are required. These include
osteoblasts that build the new bones at the site of injury and
osteoclasts that participate in bone turnover at the orthopedic
interfaces, for example, implant-bone interfaces.®® Here we
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have investigated the cellular changes occurring in adult
mesenchymal stromal cells during the early stages of
differentiation to osteoblasts.

The cells investigated here were mesenchymal stromal cells
from livers of adult rats that we had previously characterized
and described.!? These cells have the capabilities of transfor-
mation into non-hepatic cell lineages.!® They also differen-
tially express Notchl, 2, and 3 receptors and DII1 depending
on their age and physiological stage.! However, the exact
signaling mechanisms involved in the differentiation of liver-
derived mesenchymal stromal cells into osteoblasts need to be
investigated further.

A possible regulatory pathway for differentiation during
different stages of fetal development and in the postnatal life
of organisms involves Notch receptors.!»'? The Notch signal
transduction leads to differentiation of progenitor cells into
different cell lineages.!*> This signaling pathway is also
involved in the regulation of cell proliferation and response
to hypoxia, as well as in the induction of apoptosis and
formation of stem cell niche.!*!> In mammals, including
humans, four genes encoding Notchl, 2, 3, and 4 receptors
have been identified.!# In addition, five genes encoding Notch
receptor ligands have been reported, namely, Jaggedl, 2, and
3 and Delta-likel and 2 (DII1 and DII2).'*7'¢ Among Notch-
related pathways, the most extensively investigated is the one
involving Notchl and DIl1. Although the number of reports
on the role of other members of the Notch family has recently
increased, the relationship between these receptors and
ligands and the mechanisms of regulation of the Notch
signaling pathways are still poorly understood. Intracellular
regulation of Notch signaling occurs near the cell membrane
and then in the nucleus. This multilevel regulation directly
links the regulatory errors in Notch signaling to several
human disorders, such as developmental disorders, cardio-
vascular disorders and cancer.!”~!” The constitutively active
Notch signaling pathway usually acts in a pro-oncogenic
manner with the exception of a case reported by Koch and
Radtke,? where it was shown to suppress tumorigenesis.

The Notch signaling pathway acts over short distances. It
involves interactions between neighboring cells, leading to
changes in the expression of Notch-related genes. An
extracellular Notch/ligand interaction first triggers proteolytic
cleavage of the Notch receptor and subsequent release of its
extracellular domain. Further signaling is facilitated by the
cleavage of intracellular polypeptide chain, called Notch IC
domain (ICD). Following the second cleavage, Notch ICD is
translocated to the nucleus.?! In the nucleus, the domain
interacts with DNA-binding transcription factors, such as
CBF-1, Su(H), and Lag-1 (CSL) that are the nuclear effectors
of the Notch signaling pathway.?? Thus, the cellular location
of Notch ICD can be monitored as an indicator of pathway
activation. In the nucleus, the Notch ICD, together with the
transcription co-activator Mastermind, forms a complex with
the CSL, which subsequently activates the transcription of
Notch signaling-related genes.??
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Numerous reports from studies involving the loss- and
gain-of-function for Notch signaling pathway partners
indicated that during early stages of osteogenesis in vivo,
Notch maintains mesenchymal stromal cells in an undiffer-
entiated stage and decreases osteoblast differentiation.!?
Therefore, here, we have investigated the expression of four
Notch receptor-encoding genes and two of their ligands, DIl1
and Jagged2, in liver-derived mesenchymal stromal cells
subjected to differentiation into osteoblasts in vitro. In
addition, we aimed to determine the Notch receptor that is
activated at very early stages of stem cell differentiation into
osteoblasts by monitoring Notchl, Notch2, Notch3, and DIII at
both mRNA and protein levels. Subsequently, the intracellular
translocation of Notchl, 2, and 3 ICDs was monitored.

MATERIALS AND METHODS

Isolation of Mesenchymal Stromal cells from Rat Livers
Approximately 2 g of liver tissues from healthy, 4-month-old,
Sprague-Dawley rats was excised and extensively washed in
PBS. Prior to organ collection, the animals were treated
according to the procedure accepted by the Local Ethical
Commission for Research Animal Use, No. 40/2007. Subse-
quently, each piece of liver tissue was separately minced and
incubated in alpha-MEM supplemented with collagenase
(2 mg/ml) at 37 °C for 60 min. Subsequently, the collagenase-
treated samples were trypsinized (10 mg/ml) for 45 min. After
the digestion was complete, each sample was suspended in
10 ml alpha-MEM, and the cells were recovered by centrifu-
gation at 500 g for 10 min. This step was repeated twice. The
cell pellet was suspended in 10ml of alpha-MEM and
centrifuged again to remove blood.

The cells were cultured until they reached ~80%
confluence and then detached with the use of trypsin/EDTA
(Sigma). The cells were recovered by centrifugation at 500 g
for 10 min and characterized by fluorescence-assisted flow
cytometry to detect cell surface antigens such as CD34, CD45,
CXCR4, and lineage aff T-cell receptor (Lin). Fluorescently
labeled antibodies against CD34 (Santa Cruz Biotechnology,
USA), CD45 (BioLegend), CXCR4 (BD Biosciences Pharmin-
gen), and Lin (FITC anti-rat aff T-cell receptor (R73), BD
Biosciences Pharmingen) were used. The cells of interest were
characterized by the presence of markers CXCR4 and CD34
and the lack of CD45 and Lin (Figure la). These cells were
considered liver-derived mesenchymal stromal cells (MSCs).

Culture of Liver-Derived MSCs

Cells were suspended in 10ml of MesenCult specialty
medium recommended for the culture of rodent mesench-
ymal stromal cells (StemCell Technologies, Canada) and
maintained for expansion in a Petri dishes in a humidified
atmosphere with 95% air and 5% CO, at 37 °C. At ~80%
confluence, the cells were dissociated from the culture surface
with a trypsin/EDTA mixture and split for further expansion
in larger culture vessels that were double in size. Cells for
immunostaining assays were plated in chamber glass slides
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Figure 1 Characterization of liver-derived mesenchymal stromal cells by phenotype and expression and localization of Notch receptors and ligands in
undifferentiated MSCs and during their differentiation to osteoblasts. (a) Detection of cell surface markers (CD34 and CXCR4) specific for pluripotent
rodent MSCs in undifferentiated liver-derived MSCs by flow cytometry. (b) Detection of mRNAs encoding the four Notch receptors and their three
ligands in the undifferentiated liver-derived MSCs. Lanes: M—DNA ladder; Notch 1, 2, 3, 4—products reflecting Notch1, 2, 3, and 4, respectively, Ligand,
D1, J1, J2—products reflecting DLL1, Jagged1 and 2, respectively. The numbers under the bands indicate the expected length of the PCR product. The
question mark denotes an unspecific product obtained for Jagged2. (c) Immunodetection and location of receptors: Notch1, 2, and 3 and ligand DII1 in
liver-derived MSCs differentiating to osteoblasts. The lowest panels show representative microphotographs of specimens with cells cultured under
osteoblastic differentiation conditions stained with Alizarin Red S to determine the content of calcium phosphate (Ca**). N.A—indicates that Alizarin
Red S staining was not performed for this time point. Arrows—cells with the detected antigen in the nucleus or in both the nucleus and cytoplasm.
Arrowheads—cells with the detected antigen exclusively in the cytoplasm. Scale bars indicate 100 um. MSCs, mesenchymal stromal cells.

(Lab-Tek Chamber Slide, NUNC, USA) at 2x10%/1.8 cm?
and cultured in MesenCult medium for 24 h. Subsequently,
the medium was replaced with the osteoblast differentiation
medium or control culture medium, and the cells were
cultured for 0, 1, 2, 3, 4, 6, 8, and 10 days. The media were
changed every other day.

Differentiation of Liver-Derived MSCs
MesenCult medium was replaced with specialty differentia-
tion media for osteoblasts (StemCell Technologies). The
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cultures were maintained for the indicated times in the
differentiating medium. For differentiation of liver-derived
MSCs to osteoblast, f-glycerophosphate (5 mM) with ascor-
bic acid was added from the beginning of differentiation and,
the medium was replaced every other day.

Evaluation of Expression of Notch Receptors and DII1 by
PCR in Control and Differentiating Liver-Derived MSCs

Total RNA was extracted from cells using RNeasy Mini kit
(Qiagen, Germany). The concentrations of mRNA were
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Table 1 List of primers specific for coding sequences for four NOTCH receptors and their three ligands

Detected mRNA product for Primer’'s name Primer’s sequence 5’ to 3’ Primer’s length Tm (°Q) Product’s length (bp)
NOTCH receptors NOTCH 1F cgcgcagggccagcagatgat 21-mer 66.0 407
NOTCH 1R gcaccccacagcccacaaagaaca 24-mer 65.6
NOTCH 2F tcaaggggagcaggaggaagaagt 24-mer 604 759
NOTCH 2R aggctgggaaagggtgataggttg 24-mer 604
NOTCH 3F ctggtgcgtcttgecgtca 19-mer 57.8 867
NOTCH 3R actggccaattcggtcaagacac 23-mer 589
NOTCH 4F fcagaccccgggcaaagagaca 22-mer 624 684
NOTCH 4R Cccccacagaagacggcagacatc 24-mer 64.5
NOTCH ligands DLL 1F agcccctgcaggaatggag 19-mer 56.3 411
DLL 1R aggtgggcaggtacaggagaaatc 24-mer 585
JAGGED 1F ggcgcccaatgctacaatc 19-mer 553 507
JAGGED 1R acgcgagtggcaggtttte 19-mer 550
JAGGED 2F gggcgctgcgggagacc 17-mer 61.0 803
JAGGED 2R ccgacggacagtggcattcaaa 22-mer 61.5

determined spectrophotometrically, and ~200ng of total
mRNA was used for reverse transcription. Single-stranded
c¢DNA was obtained using Enhanced AMV Reverse Tran-
scriptase (Sigma) and primed with Anchored Oligo (dT),;.
Subsequently, the RT-PCR product was subjected to PCR
using Taq polymerase using specific primers listed in Table 1.
The following conditions were applied for PCR. PCR was
carried out using 5pl of the RT products and Accu Taq
polymerase (Sigma) in a final volume of 50 pl. The samples
were denatured at 95 °C for 30 s, annealed at 56 or 70 °C for
30 s and extended at 72 °C for 1 min. The cycle of incubations
was repeated 40 times. The PCR products were identified after
electrophoresis in 1.2% agarose gels, and the obtained
products were verified by DNA sequencing using ABI Prism
310 DNA Analyser (Applied Biosystems).

Immunodetection of Notch Receptors and Ligand in
Liver-Derived MSCs Following Differentiation to
Osteoblasts

After incubation in osteogenic medium, cells were fixed for
20 min with 4% paraformaldehyde and subjected to detection
with appropriate antibodies. The cells were stained with
antibodies against ICDs for Notchl, 2, and 3 and for DIII (at
dilution 1:50). Since the antibodies detected the ICDs, it was
possible to discriminate the staining in the cytoplasm due to
newly synthetized or inactive form of Notch from ICDs that
had translocated in the nuclei upon activation following the
second cleavage of Notch receptors. The binding of each ICD
with its specific antibody was visualized by the detection of
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the corresponding secondary antibody. The secondary anti-
bodies against Notchl ICD and DIl1, which were conjugated
with horseradish peroxidase, were visualized from the brown
color of reaction product using DAB. The secondary
antibodies against ICD Notch2 and 3 ICDs, which were
conjugated with alkaline phosphatase (AP), were detected
from the blue color of the reaction product using BCIP/NBT.

To determine the ratio of positive cells to negative cells
for specific Notch ICDs or for DI, the mean values were
calculated based on the cell number by microscopic
observation. Cells were counted in triplicate, with a total of
1000 cells per count. The cells with ICDs in the cytoplasm
and nuclei were considered to harbor activated Notch
pathways. The cells positive for DIl were considered to be
potentially ready to interact with the cells positive for Notch
receptors.

Detection of Osteogenic Markers in Differentiating
Liver-Derived MSCs

Cells that had differentiated to osteoblasts were identified by
the detection of hydroxyapatites in culture by staining with
Alizarin Red S (AR-S). The amount of deposited calcium
phosphate was also assayed by a method described
previously.!® Briefly, at particular time points during
osteoblastic differentiation, the medium was removed, and
the cells were washed with PBS followed by fixation with ice-
cold 70% ethanol for at least 1 h. Following fixation, ethanol
was removed, and the fixed cells were rinsed with deionized
H,0 and stained with 40 mM AR-S (pH 4.2) for 10 min at
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room temperature. The cells were then rinsed five times with
H,0, followed by washing for 15min with PBS to reduce
unspecific AR-S binding. The samples were photographed
and immediately assayed. After the AR-S dye bound to
minerals, it was solubilized in 10% cetylpyridinium chloride
(CPC) in 10 mM sodium phosphate, pH 7.0, for 15 min at
25°C. The recovered AR-S was diluted 10 times in 10% CPC
solution, and the concentration of AR-S was determined by
measuring the absorbance of the sample at 562nm and
calculating the value using the formula obtained from the AR-
S standard curve.

Determination of Cell Numbers

The number of cells in culture was determined using the
metabolism of alamarBlue, which is a dye containing
resazurin as the active component.>#?> The alamarBlue assay
is based on oxidation-reduction processes occurring in cells.
The alamarBlue indicator is taken up by the cells and reduced
at a rate dependent on the growth and metabolic activity of
the cells. The reduced form of the dye is red and fluorescent,
which was measured using a Fluoroscan plate reader.
Fluorescence was monitored at 560 nm excitation wavelength
and 590 nm emission wavelength. In this study, the
alamarBlue reagent was added to the culture medium at a
final concentration 10% four hours prior to the assay. The
number of cells was calculated according to linear standard
curves prepared separately for rat liver-derived mesenchymal
stromal cells and for control osteoblasts (hFBO1.19 ATCC
CRL-11372) at densities ranging from 4000 to 80 000 cells per
well of 24-well plates. Fluorescence was measured using a
Fluoroscan plate reader Victor X5 (Perkin Elmer), and based
on the change in fluorescence reading with cell density, a
linear function was calculated for both types of cells.
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Gene Expression Profiling

A membrane-type oligonucleotide microarray (Rat Signalling
Pathway Detection PCR Array; SABiosciences, Qiagen, USA/
Germany) comprising sequences representing 113 receptor
genes, 7 housekeeping genes, 2 detection controls, and 6
blank and artificial sequences was used for the analysis of gene
expression profiles. Total mRNA was isolated from undiffer-
entiated liver-derived MSCs cultured for 1, 2, or 8 days in
proliferating medium and from stromal cells subjected to
differentiation for 1, 2, or 8 days. To purify the mRNA, an
ArrayGrade Total RNA Isolation Kit supplied by SABios-
ciences was used. The protocol for oligo microarray
processing was supplied by the manufacturer, and the
procedure recommended by the kit supplier was strictly
followed. The genes were grouped into 20 groups of known
signal transduction pathways (Supplementary Table S1).
Some genes in the array are common for more than one
group; therefore, the number of genes on the array and their
total number in functional groups differed.

Statistical Analysis

The results of quantitative assays are reported as the
means + standard deviations (s.d.). Statistical significance of
the differences for each Notch receptor (Notchl, 2, and 3)
and DIl ligand for the same time point and same receptor
and ligand during the differentiation process was calculated
using parametric one-way ANOVA for normal distribution,
followed by the Tukey-Kramer test. In case of non-
parametric distribution, Kruskal-Wallis range test was
applied, followed by the Steel-Dwass test. Prior to the above
analyses, normal distribution was verified using D’Agostino—
Pearson test.”® The homogeneity of variance was examined by
Bartlett’s test. The accepted level of statistical significance was
P<0.05. Statistical analyses were performed using Merlin

Table 2 Cell marker-based subpopulations of cells in the parental pool of liver-derived mesenchymal adherent stem cells®

CD45 Lin CD34 CXCR4 Total cell number in parental pool (%)
+ - + - + - + -
CD45 88 0 2124 559 2101 1322 2102 551 10 000 (100)
Percent of parental pool 09 0 212 6.6 21 13.2 21 55
Lin 28 0 2108 1357 2098 526
Percent of parental pool 0.3 0 211 136 211 53
CD34 25 0 2060 ° 7778
Percent of parental pool 02 0 21 77.8
CXCR4 79 0
Percent of parental pool 0.8 0

‘+’ and ‘=’ represent respectively the presence or absence of indicted cell surface antigen.

2The numbers were calculated for 10* cells counted by the cytometer.

This subpopulation could include cells, which in addition to CD34 and CXCR4 markers, also did have CD45 or Lin or both these markers.
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Statistics Software?” and KyPlot, and the details are included
in Supplementary Materials.

RESULTS

Cultured Liver-Derived MSCs Were Not Homogenous
The cells obtained from rat livers under conditions optimized
for culturing mesenchymal stromal cells revealed the presence
of subpopulations characterized by different combinations of
cell surface markers known as stem cell markers (Figure la).
Analysis of the results from fluorescence-assisted flow
cytometry assay revealed the presence of ~21% of cells
positive for the markers CXCR4 and CD34, which are
markers specific for undifferentiated and uncommitted stem
cells (shaded boxes in Table 2). Cells positive for only one of
these two markers alone or in combination with different
markers accounted for ~42.3% of the parental pool. Cells
positive for the hematopoietic markers CD45 and Lin
accounted for 21.2%, whereas 6.6% of the parental pool
was composed of cells negative for these two markers. The
cells with only one of the two stem cell markers, ie, CD34 or
CXCR4, detected in combination with one of the two
hematopoietic markers represented ~21% each of the total
cells (Table 2). Therefore, we concluded that the tested cells
were a mixture of stromal cells containing progenitors of
various cell lineages. As the cells were attached to the culture
surface under conditions preferential for mesenchymal cells,
we did not sort them further into homogeneous populations.
Therefore, we accepted that all the cells were not osteoblast
precursors and thus may not differentiate to osteoblasts under
conditions used in this study.

Genes Encoding Notch Receptors and Their Ligands are
Differentially Expressed in Liver-Derived MSCs
Qualitative analysis of the PCR products with specific primers
for Notchl, 2, 3, and 4 as well as for their ligands, DIlI, and
Jaggedl and 2, revealed their differential expression patterns
in the liver-derived MSCs (lanes marked: Notch, 1, 2, 3, and 4
in Figure 1b). Particularly, Notch4 was undetectable in these
cells. In addition, the expression of DIII but not that of
Jaggedl (and only an unspecific product for Jagged? marked
with ‘? in Figure 1b) could be detected in the liver-
derived MSCs (lanes marked: Ligand, D1, J1, and J2 in
Figure 1b).

Liver-Derived MSCs Expressed Three Notch Receptors
and the Ligand DII1

Detection with specific antibodies against ICDs of Notchl, 2,
and 3 receptors and DIl ligand in liver-derived MSCs
revealed the presence of receptors and ligand both prior to
and following culture in the osteoblast differentiating
medium regardless of the incubation time (Figure lc).
Notch4 and Jaggedl and 2 were undetectable at both mRNA
and protein levels. The detected ICDs differed in terms of
their intracellular location and their corresponding type of
Notch ligands. However, not all the cells revealed the presence
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of these antigens. Some cells did not react at all with
particular antibodies, whereas some cells revealed the
presence of a particular antigen exclusively in the nucleus
or cytoplasm (indicated by arrows or arrowheads, respec-
tively, in Figure Ic). Finally, in some cells, the detected
antigens were present both in the nucleus and cytoplasm
(Figure 1c). However, we cannot exclude that the possibility
that cells not expressing a particular Notch receptor or ligand
expressed a different Notch receptor, as multiple immunos-
tainings were not performed due to the lack of differently
tagged primary antibodies when this study was performed, as
well as the lack of suitable secondary antibodies conjugated
with distinct tags or enzymes.

Quantitative Changes in Cell Numbers with Active and
Inactive Notch Pathways

The number of cells expressing Notchl, 2, and 3 receptors
and DII1 ligand at different time point during differentiation
is presented in Supplementary Materials (Supplementary
Tables S2-S4). Analyses of the number of cells with the
presence of Notchl, 2, and 3 receptors or DII1 ligand revealed
the number of cells with Notch1 receptor had doubled by the
first day of differentiation (P<0.05) (Supplementary Table
S2). In addition, the number of cells expressing Notch2
receptor and DIII ligand increased by two-fold (P<0.001)
and three-fold (P<0.001), respectively (Supplementary Table
S2). The number of cells containing these antigens in the
nuclei (filled boxes in Figure 2a) increased 4, 10, and 11 times
(P<0.001) (Supplementary Table S3), indicating that there
was an activation of the Notch signal transduction. Although,
the number of cells expressing Notch3 receptor was almost
unchanged on day 1 of differentiation (Supplementary
Table S2), the number of cells containing Notch3 ICD in
the nuclei (filled boxes in Figure 2a) was elevated by 11-fold
(P<0.001) (Supplementary Table S3).

On day 2 of differentiation, the number of cells expressing
Notchl, 2, and 3 receptors and DIII ligand returned to the level
of the control, but the number of cells expressing Notch3,
remained unchanged (Supplementary Table S2). In all cases,
the number of cells with ICDs of the factors in the nuclei
returned to control values (Figure 2a,Supplementary Table S3).
On days 3 and 4 of differentiation, the receptors could only be
detected in a relatively small fraction of cells. However, on day
4 of differentiation, the number of cells expressing the ligand
was again comparable to the number on day 1 of differentia-
tion. In addition, on day 4, the first signs of mineralization
could be detected (lowest panel in Figure 1lc,Supplementary
Table S2 and curve in Figure 2a). On day 6 of differentiation,
the number of cells with Notchl receptors, both cytoplasmic
and nuclear, returned to the values observed on day 1.
However, the number of cells with the other analyzed recep-
tors and ligand were lower than that in the control cells
(Notch2—P < 0.001, Notch3—P<0.05, DII1—P<0.001, and
in the nuclei—P<0.01) (Figure 2a, Supplementary Tables S2
and S3). The number of cells with ICDs of DIl in the
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Figure 2 Fractions of cells with activated Notch signaling pathway during early differentiation of liver-derived MSCs to osteoblasts and detection of
minerals in cultures. (@) Quantitation of cells expressing Notch1, 2, and 3 (N1, N2, and N3) and DII1 (D) presented as ratio of cells that express the
detected antigen to cells that do not (Supplementary Tables S2-S4). Distribution of Notch intracellular domains and DII1 between the cytoplasm
(open boxes) and nuclei (filled boxes) presented as percentage in the fraction of cells expressing the detected antigen. (b) Expression patterns of
Notch1, 2, and 3 and DII1 following agarose gel electrophoresis of PCR products with the use of primers listed in Table 1. The curve in the graph
represents changes in mineral content (right axis) in the cultures during osteoblastic differentiation. Symbols: M—DNA ladder, Notch: 1—Notch1,
2—Notch2, 3—Notch3, D—DII1 ligand. The indicated standard deviation on the histograms represent the ratios of the number of cells that are
positively stained for the receptors and ligand to the number of cells that are negatively stained. MSCs, mesenchymal stromal cells.

cytoplasm was unchanged in comparison to that of control
cells only on day 4. On day 8, when the production of minerals
has begun to peak (Figure 2a, Supplementary Table S2), the
number of cells with all analyzed receptors and the ligand was
elevated once again. However, the increase was statistically
significant only for Notch2, Notch3, and DIl (P<0.001 for
all) (Supplementary Table S4).

The results obtained from the immunodetection of Notch
receptors and ligand DIl1 were correlated with the pattern of
expression obtained using agarose gel electrophoresis of the
PCR products (Figure 2b). Although, PCR is not quantitative,
the weak signal for Notch3 in the total pool of cells following
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culture in MesenCult and under osteoblastic conditions could
have resulted from the lower efficiency of PCR.

Liver-Derived MSCs Varied in Gene Expression Patterns
During Early Stages of Their Differentiation to
Osteoblasts

Statistically significant differences in gene expression levels
were detected for 12 genes. On day 1 of cell culture in the
osteogenic medium, seven genes displayed differential
expression at statistically significant levels. However, none
of these genes could be regarded as specific markers of
osteogenesis (Figure 3, Supplementary Table S1). The seven
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Figure 3 Correlation analysis of expression patterns of genes related to
signal transduction pathways using oligonucleotides microarrays on cells
cultured in proliferating or differentiating culture medium with increasing
duration of culture. Gene names and their reference numbers are
provided in Supplementary Table S1. The lines on the graphs mark the
range of differences in expression that is not statistically significant.
Genes located outside the marked area differed in expression, and the
difference was statistically significant.

genes that were differentially expressed in the stromal cells on
day 1 still showed this trend on day 2, but the difference was
not statistically significant except for Pten (Phosphatase and
tensin homolog). Expression of Pten was significantly higher
in cells cultured under osteogenic conditions. Pten is
postulated to have a putative role in the regulation of
phosphoinositide 3-kinase- and Akt-mediated inhibition of
apoptosis. After 8 days of culture in the osteogenic medium,
10 genes were expressed at elevated levels and the differences
were statistically significant. Five of these genes showed
statistically significant differences in expression by day 1.
However, four of these genes did not differ in their levels of
expression. The gene Bmp2 was the only one whose
expression was not detected after 1 and 2 days of differentia-
tion, but its expression was significantly elevated in
osteoblasts on day 8 (Figure 3). In addition, Bmp4, whose
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encoded product is known to interact with Bmp2 to form a
heterodimer, displayed a trend toward elevated expression on
day 8 of culture in the osteogenic medium (Figure 3).

DISCUSSION

To regulate the process of bone formation by newly developed
strategies, it is necessary to understand the mechanisms
involved in the process of osteogenesis and bone repair.
Therefore, here, we have investigated the Notch signaling
pathway, which is the key regulator of cell fate decisions in
prenatal skeletal development and is active during adult tissue
renewal. Previous studies by others have revealed that
attenuated Notch signaling enhances osteoclastogenesis and
bone resorption in vitro and in vivo by a combination of
molecular mechanisms.!? Deletion of NOTCHI, 2, and 3 in
bone marrow macrophages, which are osteoclast precursors,
directly promotes their commitment to the osteoclast lineage
mediated by macrophage colony-stimulating factor and
RANKIL, leading to enhanced differentiation in response to
low doses of either cytokine.!? Presentation of the NOTCH
ligand, JAGGEDI, abrogates the capacity of wild-type bone
marrow macrophages to differentiate into osteoclasts. Alto-
gether, these data demonstrate that NOTCH suppresses
osteoclastogenesis via ligand-mediated receptor activation.
Although NOTCH1 and NOTCHS3 collaborate in regulating
osteoclast formation, NOTCH1 is the dominant paralog. In
addition, NOTCH]1 deficiency indirectly promotes osteoclas-
togenesis by enhancing the ability of osteoblast lineage cells to
stimulate osteoclastogenesis by decreasing the osteoprotegerin
(Opg)/RANKL expression ratio. Thus, NOTCHI acts as
an inhibitor of bone resorption, exerting its effect both
directly on osteoclast precursors and indirectly via osteoblast
lineage cells.

In this study, we showed that mesenchymal stromal cells
isolated from livers of young rats are a mixed population of
adherent cells positive for markers that are specific for
nonhematopoietic stem cells. In addition, the cells lack
markers that are specific for non-adherent hematopoietic
precursors. Previously, we reported that the population was
also positive for Thyl and CD34. CD34 is considered by some
investigators to be a specific marker for hematopoietic
precursors. On the other hand, a large number of reports
indicates that CD34 is a marker that is present on both
hematopoietic and non-hematopoietic precursors isolated
from various tissues"?®? including livers in rodents.’® Thus,
in this study, we further characterized a set of markers specific
for mesenchymal stromal cells, indicating that there is a
population of multipotent cells giving rise to progenitors of
different cell types, including osteoblasts. Analysis of the flow
cytometry results indicated that the parental pool of liver-
derived mesenchymal stromal cells was a mixture of cells at
different stages of partial commitment. The cells regarded as
pluripotent stem cells expressing a combination of surface
antigens CD45 /Lin ~/CD34"/CXCR4" was a minor cell
fraction in the parental pool studied here. The presence of a
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population of cells positive for CD45 indicated that some cells
had already acquired a hematopoietic fate and differentiated
into hematopoietic progenitors. Thus, the cells were no longer
multipotent stem cells. This mixture of pre-committed cells,
prior to culture under osteogenic conditions, could explain
the observation that not all cells expressed the same
phenotype represented by the expression of Notch receptors
and the DII1 ligand. Another possible explanation of this
phenomenon could be that the culture was not synchronized
in cell cycle, metabolic activity, or cell-type commitment.
The results from the detection of gene expression of Notch
receptors DII1 and Jagged2 revealed that in the liver-derived
MSCs, only the expression of Notchl, 2, and 3 and DIlI was
detected. Under the conditions examined in this study, the
expression of Notch4 and Jaggedl and 2 was not detected.
Therefore, only these four players of the Notch signaling
pathway were further investigated over the course of
osteogenic differentiation. Although the Notch3 receptor
was present in more than 50% of the cells prior to the culture
under osteogenic conditions, it was localized mostly in the
cytoplasm; therefore, we speculate that Notch3 was in an
inactive state. On day 1 of culture in the osteogenic medium,
the presence of the Notch1 receptor, DIII ligand, and Notch2
receptor could be detected in 25%, 30% and ~ 50% of the
cells, respectively. The number of cells with Notch3 receptor
was lower than that prior to differentiation, but the other two
Notch receptors and DII1 were detected in the nuclei of more
than 70% and more than 80% of cells, respectively. These
results indicate that the activation of the three analyzed
receptors is important for the initiation of osteogenic
differentiation of liver-derived MSCs. The Notch3 receptor
likely has a role over a longer period of time for long
osteogenic differentiation, since the number of cells expres-
sing this receptor was elevated on day 2 of differentiation.
The analysis of gene expression profiles during osteoblastic
differentiation revealed a group of genes that were upregu-
lated over the time of differentiation. Elevated expression of
Pten during early osteogenesis could be linked to Notch
signaling. Pten plays central role as a tumor suppressor and is
best characterized for its role as a lipid phosphatase that acts
to oppose the activation of the PI3K/Akt pathway.’l3 It is
known that Pten is regulated by the Notchl signaling
pathway.?>* It has also been shown that Pten is regulated
transcriptionally by the Notch1 signaling pathway through the
transcription factor Cbf1.%>> The concentration of Pten is also
increased by Bmp2.>® Bmp2 treatment in MCF-7 cells has
been shown to cause a decrease in cellular proliferation,
resulting in elevated levels of Pten due to its decreased
association with proteins in the ubiquitin degradation path-
way. Activation of Bmp type-1 receptor has been recently
demonstrated to stimulate targeted degradation of Smad1.%”
Pten expression is regulated at the transcriptional level by a
set of transcriptional factors, including Tp53, and at the
posttranscriptional level by protein localization, modification,
and degradation.’® Although both Pten and Tp53 genes are
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frequently mutated in a variety of human cancers, their
mutations are usually mutually exclusive.’® Recent evidence
suggests that Pten expression is activated by Tp53%° and that
they can physically interact.*! It was also shown that Pten
upregulates its own expression by stabilizing Tp53 through a
phosphatase independent mechanism.*? In our study, expres-
sion of both Tp53 and Pten was significantly elevated on day 8
of osteoblastic differentiation of liver-derived mesenchymal
stromal cells.

The other genes that were upregulated on day 8 of
osteogenesis such as Hspcal3 (Heat shock protein 90 kDa
alpha (cytosolic), class A member 2—Hsp90AA2) and Hspbl
(Heat shock 27 kDa protein 1) are known as chaperones for
various proteins. Cebpb is CCAAT/enhancer binding protein
beta (C/Ebp), which is a bZip transcription factor that binds
as a homodimer to certain DNA regulatory regions or as a
dimer with other regulatory proteins. This protein can bind
the promoter and upstream element and stimulate the
expression of collagen type I gene, which is a major protein
in the bone matrix.

Rbp2 is an abundant protein present in the small intestinal
epithelium. It is thought to participate in the uptake and/or
intracellular metabolism of vitamin A, which is a fat-soluble
vitamin necessary for growth, reproduction and differentia-
tion. Bax, which was found to be statistically significantly
upregulated in our study, is linked to proapoptotic regulation
via the mitochondrial pathway. In our study, the expression
of Fos was also statistically significantly up-regulated on day 8.
This gene encodes a leucine zipper protein, which can
dimerize with proteins of the JUN family, thereby forming the
transcription factor complex AP-1 to regulate cell prolifera-
tion, differentiation, and transformation. The last gene that
was detected to be upregulated by the array during osteogenic
differentiation of liver-derived MSCs was epidermal growth
factor receptor (Egfr). The protein product of this gene is a
transmembrane glycoprotein receptor, which upon binding of
epidermal growth factor, dimerizes and leads to the induction
of cell proliferation.

In conclusion, we have determined that for the osteogenic
differentiation of liver-derived mesenchymal stromal cells, a
coordinated induction of the expression of Notchl, 2, and 3 and
DIII genes is critical. The mechanism for the role of Notchl
during early stages of osteogenic differentiation might involve
known regulators of the cell cycle and apoptosis, namely, Pten/
Tp53/Rbp2 and Bax, respectively, and factors involved in
proliferation and differentiation, namely, Egfr and BMP2,
respectively. Finally, chaperones such as Hspbl and Hspcal3
were also expressed at higher levels on day 8 of osteoblastic
differentiation. The expression of Notchl is upregulated by
Tp53, but signaling through the Notch1 receptor downregulates
the expression of Tp53.4>* Thus, Tp53 could be a direct link
between Notchl signaling and cell cycle regulation in slowing
down the proliferation of differentiating cells.

In summary, we have identified differential expression and
activation of the three Notch receptors and their ligand D111
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during early osteogenic differentiation accompanied by
significant differences in gene expression profiles during the
early stages of stem cell differentiation toward osteoblasts in
comparison with undifferentiated stem cells.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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