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A B S T R A C T

Adipose-derived stem cells (ADSCs) are multipotent mesenchymal stem cells that have the abil-
ity to differentiate into several cell types, including chondrocytes, osteoblasts, adipocytes, and
neural cells. Given their easy accessibility and abundance, they became an attractive source of
mesenchymal stem cells, as well as candidates for developing new treatments for reconstructive
medicine and tissue engineering. Our study identifies a new signaling pathway that promotes AD-
SCs osteogenic differentiation and links the lipid signaling enzyme phospholipase C (PLC)-β1 to
the expression of the cell cycle protein cyclin E. During osteogenic differentiation PLC-β1 expres-
sion varies concomitantly with cyclin E expression and we show that the two proteins interact.
These findings contribute to clarify the pathways involved in osteogenic differentiation and pro-
vide evidence to develop therapeutic strategies for bone regeneration.

1. Introduction

Adipose-derived stem cells (ADSCs) are multipotent mesenchymal cells, that show the ability of self-renewal and that can differ-
entiate into cells of mesodermal lineages, like adipocytes, chondrocytes, myocytes, and osteoblasts, as well as into cells of ectoder-
mal lineages, like neurocytes (Bunnell et al., 2008; Zuk et al., 2001). Given their differentiation ability, ADSCs represent important
therapeutic candidates for a wide range of diseases, such as stroke, inflammatory bowel disease, liver failure, cutaneous lesions and
osteoarthritis, and are key players for regenerative medicine (Bateman et al., 2018; Zimmerlin et al., 2013). Moreover, ADSCs are
easily accessible since they can be isolated from the stromal vascular fraction of adipose tissue collected through liposuction (Kern et
al., 2006) and are relatively more abundant than bone marrow mesenchymal stem cells (Hurley et al., 2018). Thanks to their ability
to differentiate into osteoblasts, ADSCs may represent an important therapeutic option for the treatment of bone defects and meta-
bolic diseases (Sancricca et al., 2010). Therefore, it is important to understand the signaling pathways involved in regulating ADSCs'
osteogenic differentiation.
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Osteogenic differentiation is a complex process that requires the action and integration of several signaling pathways and it is still
not completely elucidated. It involves transforming growth factor β (TGF-β)/bone morphogenic (BMP), Wnt, Hedgehog, Notch, and
fibroblast growth factor (FGF) pathways (Chen et al., 2016). The TGF-β signaling pathway can trigger both osteogenic and adipogenic
differentiation of mesenchymal stem cells depending on cytokines concentration in their microenvironment (Kang et al., 2009; Wu et
al., 2016). Several studies indicate that Wnt signaling promotes osteogenic differentiation by causing β-catenin translocation to the
nucleus (Clevers et al., 2014; Park et al., 2015; Yuan et al., 2016). Hedgehog pathway induces as well osteogenic differentiation and
it can cross-talk with BMP pathway (James et al., 2012; Kim et al., 2010; LI et al., 2015; Spinella-Jaegle et al., 2001). On the other
hand, Notch signaling has a dual role: it can inhibit osteogenic differentiation by interfering with Wnt signaling or it can be a positive
regulator by promoting BMP2 pathway (Deng et al., 2008; Shimizu et al., 2011). Finally, FGFs regulate osteogenic differentiation by
interacting with Wnt and TGF-β pathways (Eswarakumar et al., 2005; Jackson et al., 2006; Kratchmarova et al., 2005; Woei Ng et al.,
2007).

Several studies have demonstrated that the lipid-signaling enzyme phospholipase C-β1 (PLC-β1) plays a fundamental role in murine
mesenchymal cells differentiation. PLC-β1 hydrolyses the signaling lipid phosphatidylinositol 4,5-bisphosphate (PI-4,5P2) to produce
2s messengers: inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG), that in turn modulate many downstream effectors (Rhee,
2001). PLC-β1-dependent signaling regulates a variety of cellular processes, like proliferation, differentiation, metabolism and mem-
brane trafficking, and its deregulation may lead to several pathologies, like chronic inflammation, atherosclerosis, metabolic syn-
dromes, and cancer (Faenza et al., 2005; Follo et al., 2015; Poli et al., 2013; Wymann and Schneiter, 2008). During 3T3-L1 adipogenic
differentiation, PLC-β1 is required for the early stage round of mitosis, called mitotic clonal expansion, and at later stages for main-
taining the differentiation state. Moreover, PLC-β1 is required for the regulation of the cell cycle proteins cyclin D3 and cdk4, involved
in the differentiation process (O'Carroll et al., 2009). During myogenic differentiation of the murine myoblast cell line C2C12, PLC-β1
expression increases at mRNA and protein level and its expression is required for the differentiation process to take place (Faenza et
al., 2003; Ramazzotti et al., 2008). Furthermore, its signaling pathway determines the activation mediated by c-jun of a specific cyclin
D3 promoter region and the consequent increase in cyclin D3 levels (Faenza et al., 2007). The second messenger IP3 generated by
PLC-β1 enzymatic activity is in turn the substrate of Inositol Phosphate Multikinase (IPMK), that produces higher phosphorylate inos-
itol species. The consequent increase in IP5 levels determines the nuclear translocation of β-catenin, resulting in cyclin D3 promoter
activation through c-jun (Ramazzotti et al., 2016a,b).

C2C12cell line represents a well-established model also for osteogenic transdifferentiation, following to BMP-2 administration
(Katagiri et al., 1994). During osteogenic differentiation, PLC-β1 expression increases and its silencing slows down the differentiation
process. Cyclin D3 appears not to be involved in osteogenic differentiation in response to PLC-β1 signaling pathway, since alteration of
PLC-β1 expression does not affect cyclin D3 levels. Moreover, miR-214, which inhibits C2C12 osteogenic differentiation by targeting
the transcription factor Osterix (Shi et al., 2013), was shown to down-regulate also PLC-β1 expression (G. Ramazzotti et al., 2016a,b).

Taken together these studies suggest that PLC-β1 could be involved also in human mesenchymal stem cell differentiation, there-
fore we decided to investigate its role in human ADSCs osteogenic differentiation hypothesizing that targeting this molecule could be
important for normalizing the differentiation processes in human diseases.

2. Material and methods

2.1. Cell culture, differentiation and retroviral transduction

ADSCs were purchased from ThermoFisher Scientific and cultured in Complete MesenPro RS medium (Gibco), in 37 °C incubator
with 5% CO2, as described in the manufacturer's protocol. Human embryonic kidney (HEK 293) cells were grown in DMEM supple-
mented with 10% fetal bovine serum (Sigma- Aldrich).

ADSCs were differentiated toward the osteogenic lineage by seeding 5×103 cells/cm2in a T75 flask and replacing the culture
medium after 2 days with Complete STEMPRO Osteogenesis Differentiation Medium (Gibco). After 14 and 21 days, cells were stained
with Alizarin Red S in order to detect the calcium deposits in the culture.

For adipogenic differentiation, 1×104 cells/cm2 were seeded in a T75 flask, and growth medium was replaced after 2 days with
Complete Adipogenesis Differentiation Medium (Gibco). After 14 and 21 days, cultures were processed for Oil Red O staining, to stain
lipids.

eEF1α and pLKO.1 retroviral vectors used for retroviral transduction were a generous gift from Dr. Nullin Divecha. The plasmid
code respectively for human Phospholipase C-β1 and for its shRNA. In order to produce the lentiviral particles, the day before trans-
fection HEK 293cells were seeded at 70% confluence in a 6-well plate. After 24h, the cells were transfected using a mixture of 1.14μg
of target DNA, 570ng of gag-pol coding vector, and 280ng of vsv-g coding vector, and 6μl of PEI in 100μl of OptiMEM (Gibco). The
mixture was added drop-wise to the cells and incubated overnight at 37 °C. Then, the overnight culture medium was replaced with
fresh DMEM medium supplemented with 5% heat-inactivated fetal bovine serum and penicillin-streptomycin. The lentivirus-contain-
ing medium was collected 24 and 48h after the transfection and filtered through a 0.45mm cellulose acetate filter. For the transduc-
tion, 1.8×105 ADSCs were plated per well in a 6-well plate the day before. On the day of the infection, the growth medium was
replaced with the lentivirus-containing medium supplemented with 10μl polybrene solution (0.5mg/ml) and the plates were cen-
trifuged for 30min at 2200rpm. Cells were returned to incubator and selected with 1μg/ml puromycin 48h after infection.
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2.2. RNA extraction, retrotranscription and real-time PCR

Total RNA was extracted from growing and differentiating ADSC cells, using RNeasy mini kit (Qiagen). RNA was quantified using
a Nanodrop spectrophotometer and cDNA was synthesized starting from 2μg of total RNA using 0.5μg of oligo (dT)18 primers, 20
U RiboLock™ RNase Inhibitor, 1mM dNTP mix and RevertAid H Minus Reverse Transcriptase (ThermoFisher). The reactions were
incubated following the manufacture's instruction.

Gene expression was determined by using a probe-based real-time PCR method. We used FastStart Universal Probe Master (Roche)
and the following validated assays: PLC-β1 Hs.PT.58.24665550, ALP Hs.PT.56a.40555206, cyclin D3 Hs.PT.56a.3707837, GAPDH
Hs.PT.39a.22214836 (IDT); cyclin B1 Hs01030099_m1, and cyclin E Hs01025536_m1 (ThermoFisher).

The reactions were performed using the ABI PRISM 7300 real-time PCR instrument (Applied Biosystems) and the samples were
analyzed in triplicate. Gene expression was determined by using relative quantification and the ΔΔCt method. The results of different
sets of experiments were statistically analyzed by using GraphPad Prism version 3.02.

2.3. Flow cytometry and cell cycle analysis

In order to assess viral transduction efficiency, ADSCs were transduced with GFP encoding retrovirus and cells were tested for GFP
expression 48h after transduction. The fraction of GFP positive cells was measured by FACS analysis.

For cell cycle analysis, 5×105 cells were collected by centrifugation and washed in PBS twice. In order to fix and permeabilize
cells, the pellets were resuspended in ice-cold 70% ethanol and kept overnight at −20 °C. Fixed cells were washed in PBS twice and
resuspended in 400μl PBS containing 40μg/ml propidium iodide and 100μg/ml RNase A. The samples were incubated for 30minat
room temperature in the dark, and then FACS analysis was performed. For each analysis, at least 10,000 events were recorded.

Analyses were performed on a FC500 flow cytometer (Beckman Coulter) with the appropriate software (CXP, Beckman Coulter).

2.4. Western blot

Cells at different time points were lysed in M-PER extraction reagent supplemented with Halt protease inhibitor cocktail (Ther-
moFisher), following the manufacturer's instructions. Cell suspension was sonicated prior to the centrifugation step. Whole-cell
lysates were quantified with the BCA Protein Assay (Biorad). Fifty μg of whole-cell lysates were separated on Bolt 4–12% polyacry-
lamide-0.1% SDS gels (ThermoFisher), transferred to nitrocellulose membranes, proved with specific antibodies, and detected with
horseradish peroxidase-conjugated secondary antibody. The immunoreactive bands were visualized using an ECL enhanced chemilu-
minescence system (ThermoFisher) and visualized in a Kodak digital image station 2000R.

The expression of specific proteins was tested by using the following antibodies: anti-PLC-β1 (sc-9050) and anti-Osterix
(sc-393325) antibodies purchased from Santa Cruz Biotechnology, anti-Cyclin D3 (#2936) and anti-Cyclin E (#20808) antibodies
from Cell Signaling Technology, anti-β tubulin antibody (T7816) purchased from Sigma-Aldrich.

2.5. Co-immunoprecipitation

Cells were lysed at 4 °C for 30min in RIPA buffer supplemented with Halt protease inhibitor cocktail (ThermoFisher). 500μg of
cell lysate were incubated overnight at 4 °C with 2μg of anti-PLC-β1 antibody (sc-5291, Santa Cruz Biotechnology) followed by 1h
incubation with 20μl of protein A/G plus-agarose (Santa Cruz Biotechnology) at 4 °C. After 4 washing steps, samples were resolved
on Bolt 4–12% gel polyacrylamide (ThermoFisher) following the Western blot protocol.

3. Results

3.1. Pluripotency of ADSCs

In order to test ADSCs' ability to differentiate towards different lineages, cells were stimulated to differentiate into osteocytes and
adipocytes and analyzed after 14 and 21 days (Fig. 1). Alizarin Red S staining shows the presence of calcium deposits in the culture
and the comparison of the 14-days sample to the 21-days sample indicates an increase in extracellular matrix deposits over time.
Moreover, Oil Red O staining, that detects neutral lipids in lipid droplets, shows an increase in cytosolic lipid droplets in the samples
over time. Both these staining experiments demonstrate the pluripotency of ADSCs.

3.2. PLC-β1 expression in osteogenic differentiation

In order to understand if PLC-β1 expression varies during osteogenic differentiation, we tested samples at different time points,
that is after 7, 14, and 21 days of differentiation. Fig. 2 A shows that PLC-β1 expression is high in growing cells, it decreases dur-
ing the first two weeks of differentiation and afterwards it displays a marked increase. Alkaline phosphatase (ALP) was used as a
marker of osteogenic differentiation and it increases over time. The data collected by mRNA analysis were subsequently confirmed at
protein level (Fig. 2 B). Western blot analysis indicates that PLC-β1 expression is at first reduced until day 14 of differentiation, and
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Fig. 1. ADSCs pluripotency: differentiation to osteoblasts and adipocytes. (A) ADSCs cultured in growth medium; (B) ADSCs cultured in osteogenic medium for
14 and 21 days and stained with Alizarin Red; (C) ADSCs cultured in adipogenic medium for 14 and 21 days and stained with Oil Red O. Representative view using
bright field microscopy. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. PLC-β1 expression during ADSCs osteogenic differentiation. (A) PLC-β1 and phosphatase alkaline (ALP) expression was evaluated by real-time PCR in AD-
SCs kept in growing medium (GM) and after 7, 14 and 21 day-culture in osteogenic differentiation medium (respectively O7, O14 and O21). (B) PLC-β1 and Osterix
(OSX) expression was evaluated by Western blot in lysates form growing (GM) and differentiating ADSCs after 7, 14 and 21 day-culture in osteogenic differentiation
medium (respectively O7, O14 and O21). Tubulin was used as loading control. Data are representative of five independent sets of experiments.

then increases at day 21. Osteogenic differentiation was confirmed by the evaluation of Osterix (OSX) expression. Therefore, these
data suggest that PLC-β1 may be involved in the later stages of the differentiation process.

3.3. PLC-β1 overexpression promotes osteogenic differentiation

Next, we investigated the effects of PLC-β1overexpression and silencing on ADSCs osteogenic differentiation. Cells were trans-
duced by retroviral vectors achieving about 85% transduction efficiency, as assessed by FACS analysis (Fig. 3 A). After puromycin
selection, cells were differentiated for 7 days. At light microscope, PLC-β1 overexpressing cells (ov-β1) differ from silenced cells (si-β1)
(Fig. 3 B). PLC-β1-transduced cells show a more rod-shaped appearance than mock-transduced cells. Nonetheless, silenced cells show
a more polygonal shape compared to scramble-transduced (shx) cells. Both mock- and scramble-transduced cells strongly resemble
non-transduced ADSCs in shape in bright field microscopy. Besides, silenced cells could not be grown for longer than 2 weeks because
of massive cell death (data not shown). Furthermore, mRNA analysis displays a higher ALP expression in PLC-β1 overexpressing cells
compared to the control while silenced cells show a marked reduction in ALP expression in comparison with the control sample (Fig.
3 C). Taken together these data indicate that PLC-β1 contributes to the process of osteogenic differentiation.
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Fig. 3. Effects of PLC-β1 modulation on ADSCs osteogenic differentiation. (A) Evaluation of transduction efficiency by FACS analysis; (B) Evaluation of transducted
cells morphology under bright field microscopy: mock and shx represent the control samples to PLC-β1 overexpressing (ovPLC-β1) and PLC-β1 silenced (siPLC-β1) cells,
respectively; (C) PLC-β1 and ALP expression was evaluated by real-time PCR in transduced ADSCs after 7 day-culture in osteogenic differentiation. Data are represen-
tative of five independent sets of experiments. *, ° p<0.05 vs corresponding control sample.

3.4. Evaluation of cyclins expression during ADSC osteogenic differentiation

Since we have previously demonstrated that PLC-β1 expression varies with and affects cyclin D3 expression in a different cellular
model (Faenza et al., 2007), we investigated the expression of cyclin B1, D3 and E in ADSC osteogenic differentiation. Real-time PCR
analysis of ADSCs collected after 7, 14 and 21 days of differentiation shows a gradual decrease of cyclin B1 expression during differ
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entiation. Cyclin D3 displays an initial limited increase followed by a steady reduction. Meanwhile, cyclin E expression is reduced
at first and then markedly increased (Fig. 4 A). Therefore cyclin E expression pattern matches PLC-β1 expression during osteogenic
differentiation. These data were confirmed by Western blot analysis of sample collected respectively after 7, 14 and 21 days of dif-
ferentiation (Fig. 4 B). Again PLC-β1 and cyclin E expression varies following the same pattern: an initial reduction followed by a
marked increase.

The samples were also analyzed for cell cycle distribution. Cell cycle analysis indicates that during the first week of osteogenic
differentiation there is a reduction in the G2/M phase population. During the second week of differentiation, we observed still a de-
crease in G2/M phase but on the third week, we detected an increase in G2/M phase, matching PLC-β1 and cyclin E variations in
expression.

3.5. PLC-β1 and cyclin E co-immunoprecipitate

Since PLC-β1 and cyclin E trend of expression follows the same pattern during osteogenic differentiation of ADSC, we investigated
whether the two proteins co-immunoprecipitate. PLC-β1 was immunoprecipitated in samples from ADSCs differentiated for 21 days
and Western blot was used to check for cyclin E co-immunoprecipitation. Fig. 5 shows that the two proteins co-immunoprecipitate,
therefore they physically interact. Moreover, the binding between PLC-β1 and cyclin E becomes more prominent as the differentiation
process proceeds, as co-immunoprecipitation in samples differentiated for 14 days is almost undetectable (data not shown).

Fig. 4. Cyclins expression during osteogenic differentiation. (A) PLC-β1, cyclin B1, cyclin D3 and cyclin E expression was evaluated by real-time PCR in ADSCs kept
in growing medium (GM) and after 7, 14 and 21 day-culture in osteogenic differentiation medium (respectively O7, O14 and O21). (B) PLC-β1, cyclin D3, and cyclin E
expression was evaluated by Western blot in lysates from growing (GM) and differentiating ADSCs after 7, 14 and 21 day-culture in osteogenic differentiation medium
(respectively O7, O14 and O21). Tubulin was used as loading control. (C) Cell cycle analysis of growing (GM) and differentiating ADSCs at different time points (7, 14
and 21 day-culture). Data are representative of five independent sets of experiments.
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Fig. 5. PLC-β1 and cyclin E co-immunoprecipitate. PLC-β1 was immunoprecipitated in lysates of ADSCs differentiated for 21 days (O21), and samples were probed
with anti-cyclin E antibody. Lysate incubated with protein A/G only was used as negative control (pA/G). Data are representative of three independent sets of experi-
ments.

4. Discussion

ADSCs are mesenchymal stem cells that can differentiate into different cell types, including osteoblasts, under specific growth con-
ditions (Pittenger et al., 1999). So far, the molecular mechanisms underlying lineage differentiation have been investigated but are not
completely understood yet limiting further development of ADSC-based clinical applications. Therefore, it is critical to gain a better
understanding of the molecular mechanisms regulating the osteogenic differentiation of ADSCs. Several studies on cell lines showed
that PLC-β1 plays a central role in cell differentiation processes, particularly in the muscle-skeletal system. Indeed, both myogenesis
and osteogenesis are characterized by a marked increase in PLC-β1 expression and these processes are both inhibited by PLC-β1 silenc-
ing. This suggests that PLC-β1 can be involved also in mesenchymal stem cell differentiation, so that targeting this molecule could be
crucial for normalizing the differentiation processes in different bone conditions. In a previous study, we demonstrated that osteogenic
transdifferentiation of C2C12cells in response to BMP-2 stimulation is characterized by a marked increase in nuclear PLC-β1 expres-
sion (Ramazzotti et al., 2016a,b). Moreover, we reported previously that in insulin-stimulated C2C12 myoblasts, PLC-β1 expression
is increased and is important for the up-regulation of myogenic markers during myogenic differentiation (Faenza et al., 2007). In the
present study, we show that PLC-β1 is already highly expressed in proliferating ADSCs and that during the early stages of osteogenic
differentiation the levels of PLC-β1 decrease. These data are in contrast with our previous observations on myogenic differentiation
but to some extent, they agree with our study on myotonic dystrophy. Myoblasts obtained from biopsies of patients affected by type
2 myotonic dystrophy are characterized by high levels of expression of PLC-β1 during the proliferation phase followed by a strong
decrease in the expression of PLC-β1 during the differentiation process (Faenza et al., 2012).

Moreover, our data show a transient decrease in PLC-β1 expression, followed by an induction after 21 days of differentiation. Sev-
eral studies on erythropoiesis suggest that PLC-β1 promotes cell proliferation by controlling the G1/S transition of the cell cycle and
that its down regulation is required for the cells to exit the cell cycle and differentiate (Bavelloni et al., 2014; Faenza et al., 2000;
M.Y. Follo et al., 2012a,b; Mongiorgi et al., 2016). Actually, the role of PLC-β1 in cell proliferation and differentiation is controversial.
Different cellular models, diverse for lineage derivation and species of origin, display different roles for PLC-β1 in modulating the pro-
liferation or the differentiation process. In HL-60 human promyelocytic leukaemia cells, PLC-β1 activity peaks at late G1 phase and at
G2/M transition and it is necessary for cell cycle progression (Lukinovic-Skudar et al., 2005), and in Ba/F3 pro-B-lymphoblastic cells
PLC-β1 promotes cell proliferation and resistance to cell death (Piazzi et al., 2015). However, in K562 human erythroleukemia cells
PLC-β1 overexpression determines a prolonged S phase of the cell cycle and a delay in cell proliferation (Poli et al., 2016, 2013). In-
deed, PLC-β1 expression is reduced during erythroid differentiation of Friend murine erythroleukemia cells and in normal CD34 + cells
(Cocco et al., 2016; M Y Follo et al., 2012a,b; Ratti et al., 2018). On the other hand, PLC-β1 expression increases during myogenic
and osteogenic differentiation of C2C12cells, as already discussed above (Faenza et al., 2004; Ramazzotti et al., 2016a,b, 2017). Fi-
nally, in adipogenic differentiation of 3T3-L1 mouse embryonic fibroblasts PLC-β1 shows a dual role: its expression increases during
the early round of mitosis, the mitotic clonal expansion, and later in order to maintain the differentiation state. The early increase
in PLC-β1 activity and expression was observed as soon as 5min after the stimulus to differentiate and then a second peak was seen
after day 2 of differentiation (O'Carroll et al., 2009). Therefore, we propose that PLC-β1 might have a dual role also during osteogenic
differentiation.

Furthermore, previous observations indicated that the cyclin D3/cdk4 complex is a downstream target of PLC-β1 signaling during
myogenic differentiation (Faenza et al., 2007, 2004). Here we show that cyclin D3 expression is not increased during ADSC osteogenic
differentiation as compared to proliferating cells. Nevertheless, these data are in agreement with previous results indicating that cy-
clin D3 levels did not increase in response to BMP-2 induced osteogenic differentiation (G. Ramazzotti et al., 2016a,b). Therefore, our
study provides more evidences that cyclin D3 has an important role in promoting myogenic differentiation but it is not involved in
promoting osteogenic differentiation.

Besides, not only cyclin E displays a constitutively high expression level in proliferating ADSCs but also its expression pattern
varies following PLC-β1 expression, showing an initial reduction followed by a marked increase. Our results present that the two pro-
teins co-immunoprecipitate hence they physically interact. Cyclin E has already been linked to PLC-β1 activity in relation to S-phase
progression in Ba/F3 pro-B-lymphoblastic cells after H2O2 treatment (Piazzi et al., 2015). The authors show that PLC-β1 overexpres-
sion upregulates cyclin E expression and promotes cell cycle progression.
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5. Conclusion

The emerging feature from our study hints at a new pathway leading to osteogenic differentiation that links PLC-β1 signaling to
the expression of cyclin E. Further investigations are required to define all the molecular mechanisms underlying PLC-β1 signaling in
osteogenic differentiation, and to determine if the interaction between PLC-β1 and cyclin E is direct or if it requires mediators yet to
be identified.
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