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Abstract

Ca?" is an important second messenger, and it is involved in many cellular processes such as cell
death and proliferation. The rise in intracellular Ca2* levels can be due to the generation of inositol
1,4,5-trisphosphate (InsP3), which is a product of phosphatidylinositol 4,5-bisphosphate (PIP,)
hydrolysis by phospholipases C (PLCs), that leads to Ca2* release from endoplasmic reticulum by
InsP3 receptors (InsP3R). Ca2* signaling patterns can vary in different regions of the cell and
increases in nuclear Ca2* levels have specific biological effects that differ from those of Ca2*
increase in the cytoplasm. There are PLCs in the cytoplasm and nucleus, but little is known about
the functions of nuclear PLCs. This work aimed to characterize phenotypically the human PLC&84
(hPLC84) in mesenchymal stem cells. This nuclear isoform of PLC is present in different cell
types and has a possible role in proliferative processes. In this work, hPLC84 was found to be
mainly nuclear in human adipose-derived mesenchymal stem cells (hASC). PLC84 knockdown
demonstrated that it is essential for hASC proliferation, without inducing cell death. An increase
of cells in G1, and a reduction of cells on interphase and G2/M in knockdown cells were seen.
Furthermore, PLC84 knockdown increased the percentage of senescent cells, p16/VK4A* and
p21¢PI mRNAs expression, which could explain the impaired cell proliferation. The results show
that hPLC&4 is in involved in cellular proliferation and senescence in hASC.
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1. Introduction

Ca?* is a versatile second messenger, and it is involved in many cellular processes, such as
muscular contraction, cell death and proliferation, egg fertilization, and secretion [1-4].
Although it is not fully established how Ca2* coordinates such diverse functions, there is
evidence that they may be regulated by the spatial patterns of Ca2* distribution [1]. The rise
in intracellular Ca2* levels can occur through the generation of inositol 1,4,5-trisphosphate
(InsP3), which is a product of phosphatidylinositol 4,5-bisphosphate (PIP,) hydrolysis by
phospholipases C (PLCs), leading to Ca?* release by InsP5 receptors (InsP3R) present in the
membrane of the endoplasmic reticulum [5, 6]. In turn, Ca2* activates sensor molecules, like
calmodulin, which modulate cellular activity [7]. This pathway is activated by G protein-
coupled receptors (GPCR), or by tyrosine kinase receptors (RTKSs), via PLCs.

Some events regulated by Ca?* occur specifically in the cell nucleus, and several pieces of
evidence indicate that cytosolic and nuclear Ca?* can regulate different cellular processes [4,
8-11]. Therefore, the nucleus must contain Ca2* stores and its signaling machinery.
Ryanodine and InsP3 receptors can be found in the nucleoplasmic reticulum [12-15]. In
addition, the nucleus contains enzymes and substrates necessary for the production of InsP3
[16]. Previous studies demonstrated the detection of PIP, in the nuclear envelope and
nucleoplasm [17, 18], as well as the presence of nuclear isoforms of PLCs, such as y1, p1,
61 and 84 [19]. These enzymes could be involved in primary nuclear Ca2* signaling since
activation of InsP3 receptors is the most implicated mechanism in the release of Ca2* from
the nucleus [20]. In mammals, phosphoinositide-specific phospholipases C (PI-PLCs; 1-
phosphatidyl-1D-myoinositol-4,5-bisphosphate inositoltrisphosphohydrolases) consist of a
protein family containing 13 isozymes, divided into 6 classes: B (1-4), v (1-2), 6 (1,3,4),
(1), G (1) e (1,2), according to their structures [21]. All PI-PLCs isozymes catalyze PIP,
cleavage, generating InsP3 and DAG, but each isozyme possesses unique physiological
functions [21]. Some PLC isozymes have been described within the nucleus in specific cell
types, such as PLCB1, PLCy1, PLC81, PLC84 and PLC( [19, 22]. The activity of these
nuclear PLCs has been related to the regulation of several cellular processes, including
proliferation and differentiation, and diseases, such as myelodysplastic syndromes (PLCB1),
neurological diseases (PLCy1) and infertility (PLCC and PLC81-4) [23], indicating the
importance of the study and characterization of these isozymes.

PLC&4 is a nuclear-localized phospholipase C isozyme that may be involved in proliferative
processes [22, 24, 25]. It was first purified from regenerating rat liver protein extracts [26],
and its gene was cloned by Liu and colleagues in 1996 [27] from a regenerating rat liver
cDNA library, indicating a possible role of PLC64 in cell proliferation. Furthermore, this
enzyme is abundantly expressed in the brain and testes of rats [24, 25]. Human PLC&4 gene
(hPLCS4) was cloned from an oligodendroglioma cDNA library, and it is located on the
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long arm of chromosome 2 in region 35 (2935; [28]). Despite its well-described
chromosomal location, studies of hPLC&4 protein are scarce.

Given the importance of phosphoinositide/Ca2* signaling in the cell nucleus, we aimed to
study PLC&84 function in standard cell culture condition. To do so, human adipose-derived
mesenchymal stem cells (hASC) were used as an experimental model [29]. These cells were
chosen for their proliferation capacity, being this cellular process probably involved in PLC
signaling. PLC&4 showed to be mainly nuclear in hASC. Knockdown of PLC84 induced cell
cycle arrest, and increased senescence, with increased p16/VK4A* and p21¢P? mRNAs
expression. Our results indicate that PLC84 is a nuclear protein that is involved in hASC
proliferation and senescence.

2. Materials and Methods

2.1. hASC isolation and culture

Human adipose-derived mesenchymal stem cells (hASC) were obtained from the
subcutaneous adipose tissue removed during liposuction surgeries or abdominoplasties. The
samples were donated freely by lipoplasty surgery patients according to the regulations
approved by the “Universidade Federal de Minas Gerais’s Research Ethics Committee’
(CAAE: 55698116.2.0000.5149). Cell extraction was carried out as described by Zuk and
colleagues (2001) [29]. The tissue was washed twice using a phosphate-buffered saline
solution (PBS, pH 7.4) to remove residual blood, centrifuged at 300 x g, 7 minutes, at 25°C
and then digested using 0.1% (w/v) type I collagenase (Sigma-Aldrich, St. Louis, MO,
USA) for 60 minutes at 37°C. The solution was centrifuged at 300 x g for 10 minutes at
25°C, the precipitate was resuspended in complete Dulbecco’s Modified Eagle’s Medium
(DMEM medium, Sigma-Aldrich) containing 10% fetal bovine serum (FBS; Thermo Fisher
Scientific, Waltham, MA, USA) and 1% penicillin/streptomycin (PS; Sigma-Aldrich) and
transferred to T25 culture flasks (Sarstedt, Nimbrecht, Germany), kept in a humidified
atmosphere at 37°C and 5% CO». Cell media was replaced every 3 days. Passages 3 and 4
were used for performing the assays.

2.2. Immunofluorescence

Stem cells were plated at a concentration of 2 x 10° cells per plate, in 6-well plates
containing coverslips. After a 24 hour cultivation, cells were fixed, incubated with rabbit
polyclonal primary antibody anti-PLC&4 antibody (1:200, Santa Cruz Biotechnology,
Dallas, TX, USA), and anti-rabbit 1gG secondary antibody conjugated to Alexa Fluor® 488
(1:500, Thermo-Fisher Scientific). Coverslips were assembled using SlowFade Gold
Antifade with DAPI (Thermo-Fisher Scientific). Fluorescence images were obtained using
confocal microscope Zeiss 5 LIVE (Carl Zeiss, Jena, Germany), at “Centro de Aquisi¢do e
Processamento de Imagens do ICB/UFMG” (CAPI), using 405 and 488 nm lasers for DAPI
and Alexa Fluor® 488 excitations, respectively. The 63x immersion objective lenses, 1.4
numerical aperture was used, and the pinhole was kept near 1 Airy unit. Images were
analyzed by /mage Browser or ZEN software (Carl Zeiss). At least three assays were
performed.
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2.3. siRNA transfection

The knockdown of human PLC84 was achieved using siRNA ON-TARGE Tplus
SMARTpool (84812), sSIRNA J-005065-01 (Dharmacon/Thermo Scientific; target
sequences: CAAGAAGUUCAGCGGUUAU, GCUCAAUCCCAUACCGACA,
GACCAAUGGCUGAGCGAUU, CAACAAGGUUACCGCCACA). Scrambled siRNA
SIGENOME Non-targeting siRNA pool #2 (Dharmacon/Thermo Scientific; target sequences:
UAAGGCUAUGAAGAGAUAC, AUGUAUUGGCCUGUAUUAG,
AUGAACGUGAAUUGCUCAA, UGGUUUACAUGUCGACUAA) was used as a control.
Cells were transfected using Lipofectamine RNAIMAX (Thermo-Fisher Scientific).
Lipofectamine alone, or 25 nM siRNA were diluted in the minimal medium Opti-MEM
(Thermo-Fisher Scientific), incubated for 5 minutes, then combined 1:1 and incubated for 20
minutes. The lipofectamine-siRNA complex was added to resuspended cells (the number of
cells and the medium volume varied according to each assay). The cells were kept at 37°C,
5% COy, in Opti-MEM for 5 hours for cell adhesion after which the medium was replaced
by complete DMEM, and the cells maintained at 37°C, 5% CO,, for the duration for each
assay.

2.4. Quantitative Real-Time PCR (qPCR)

RNA was extracted with TRIzol reagent (Thermo-Fisher Scientific), according to the
manufacturer recommendations. RNA samples were treated using DNAse RQ1 (Promega,
Madison, WI, USA) and reverse transcription reactions were performed using High-capacity
cDNA Reverse Transcription Kit (Thermo-Fisher Scientific) with random primers. Primers
were designed for PLC54 (accession number on GenBank: NM_032726; hPLCd4 forward
(F): 5’-AGGTGGATGTATGGGATGGACC-3’; hPLCd4 reverse (R): 5°-
GGGTAGTCTGATGTCTGGAAGG-3’), RPL13A (GenBank accession number:
AB082924; RPL13A F: 5’-TATGAGTGAAAGGGAGCC-3’; RPL13A R: 5’-
ATGACCAGGTGGAAAGTC-3’), p21 (GenBank accession number: NM_000389.4; p21
CDKNI1A (1) Fw: 5’-CTGTCTTGTACCCTTGTGCCT-3’; p21 CDKN1A (1) Rv: 5’-
AATCTGTCATGCTGGTCTGCC-3") and p16 (GenBank accession number: NM_000077.4;
pl6 CDKN2A (1) Fw: 5’-GAGCAGCATGGAGCCTTCG-3’; p16 CDKN2A (1) Rv: 5°-
CGTAACTATTCGGTGCGTTGG-3’) genes, using Primer-BLAST [30]. Primers for
GAPDH (GenBank accession number: NM_001256799) were designed by Thibeaux and
colleagues (2014) [31]. Primers were chemically synthesized by Integrated DNA
Technologies (IDT, Coralville, IA, USA). For gPCR, primers were added to cDNAs and to
GoTag® gPCR Master Mix (Promega), which contained the fluorescent intercalating agent
DNA BRYT Green®, according to the manufacturer instructions. Reactions were read using
CFX96 Touch™ RT-PCR (Bio-Rad). CFX Manager 3.0 software (Bio-Rad) was used to
analyze the results. Relative PLC84 expression was calculated using REST-MCS® software,
version 2 [32, 33]. At least three assays were performed.

2.5. Western Blot

Total protein extracts were obtained from cells using sterile cell scraper and NETN buffer
(150 mM NaCl, 1 mM EDTA, 20 mM Tris-HCI pH 8.0, 0.5% Nonidet P-40) and 1% of
protease and phosphatase inhibitors cocktail (Sigma-Aldrich). After extraction, protein
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concentration was quantified by Bradford assay (Sigma-Aldrich), according to the
manufacturer recommendations. SDS-PAGE was performed with 30-50 pg of protein,
followed by transference to a polyvinylidene fluoride membrane (PVDF; Bio-Rad, Hercules,
CA, USA) using the semi-dry transfer system (Bio-Rad) for 90 minutes. Immunoblotting
was performed by standard methods. Primary antibodies against human PLC64 (Santa Cruz
Biotech; 1:200) and a-tubulin (Sigma-Aldrich; 1:2000) were used. Protein bands were
revealed by chemiluminescence using ECL Plus (Thermo Scientific) and BioMax® MR
(Carestream Dental, Atlanta, GA, USA) films. The films were scanned and quantitative
analyses were performed using /mageJ software [34]. Relative protein expression was
calculated using a-tubulin as a loading control. At least three assays were performed.

2.6. Growth curve

Mesenchymal stem cells were plated on 24-well plates at 1 x 10* cells/well and transfected
using siRNA. Cells were trypsinized every 2 days, resuspended in 1 mL DMEM medium,
and counted in a Neubauer chamber using Trypan blue for viability exclusion, in triplicate.
Results were plotted in time (hours) versus cell number (x10%). The assay was repeated three
times.

2.7. Cell death assay

To evaluate cell viability, Dead Cell Apoptosis Kit (Thermo Fisher Scientific) was used as
manufacturer instructions. Briefly, cells were transfected as previously described (item 2.4)
in a 96-well plate (Nunc), 3 wells per group, using 1 x 10% cells per plate, for the 2 days
post-transfection assays, and 2.5 x 103 cells per plate, for the 7 days post-transfection
assays. Cells were allowed to grow for 2 or 7 days. Then, the cells were washed in PBS 1x
and incubated with Annexin-V Alexa Fluor-488 (1:50) and propidium iodide (PI, 0.1 pg) for
15 minutes, washed and incubated with PBS 1x. Fluorescence intensity was measured using
Cytation 5 (BioTek Instruments, Winooski, VT, USA) fluorimeter with filters sets for
Annexin-V (excitation 485/20, emission 528/20) and PI (excitation 535/20, emission
617/20). The assay was repeated twice.

2.8. Cell cycle

Stem cells were plated on 6-well plates, 2 x 10° cells/well, 3 wells per group, and
transfected using siPLC84 or siSCR. After 48 hours, cells were enzymatically removed and
1.5 x 10° cells were used for DNA extraction [35]. A solution containing 0.25 pM TO-
PRO3® (Thermo-Fisher Scientific) and 0.2 mg.mL~1 RNase A (Thermo-Fisher Scientific)
was used to stain the cells. The analysis was performed using a Guava Easycyte 6-2L flow
cytometer (Millipore, Temecula, CA, USA). The control group (not transfected) was used
for adjusting the forward and side scatter parameters to determine the population of interest
on a logarithmic scale. Samples were excited (Ex) at 633 hm and observed with 661/19
emission (Em) filter. The cytometer assessed 5000 events, and the data were analyzed using
FlowJo software version 7.2.5 (LLC, Ashland, OR, USA). The results were plotted as a
percentage of cells in G1, S or G2/M cell cycle phases, relative to the total cell count. At
least three assays were performed.
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2.9. 5-ethinyl-2’-deoxyuridine (EdU) incorporation assay

EdU (5-ethinyl-2’-deoxyuridine), a thymidine analog, was used to quantify proliferating
cells [36]. hASC were plated on 96-well plates at a density of 1 x 104 cells per plate, for the
2 days post-transfection assays, and 2.5 x 103 cells per plate, for the 7 days post-transfection
assays, 3 wells per group in each assay, using the transfection procedures previously
described. For marking and quantifying EdU-positive cells, Click-iT EdU Kit (Thermo-
Fisher Scientific) was used. EdU detection solution, containing Azida-Alexa 555, and
nuclear staining solution HCS Nuclear Mask Blue (1:2000) was used. Cells were photo-
documented using 4x magnification objective lens in an Olympus IX70 microscope, QIClick
camera, and Image Pro Plus 7.01. Filters used for excitation and emission were: Ex 350/50,
Em 455/50 for HCS Nuclear Mask Blue and Ex 555/25, Em 605/52 for Azida-Alexa 555.
The assays were replicated three times. The total number of cells per field (HCS Nuclear
Mask Blue nuclear labeling) and EdU-positive number of cells (Azida-Alexa 555) were
counted, processed and presented as the percentage of EdU-positive cells. At least three
assays were performed.

2.10. Mitotic index

Phosphorylated H3 histone at serine 10 is a mitosis marker [37]. The phosphorylated protein
was assessed by immunofluorescence assay to quantify cells at this cell cycle phase. Stem
cells were plated on 96-well plates, at a concentration of 1 x 10* cells per well for the 2 days
post-transfection assays, and 2.5 x 103 cells per well for the 7 days post-transfection assays,
3 wells per group in each assay, and transfected. Cells were incubated with the rabbit
polyclonal anti-pH3 (phosphorylated histone H3, S10p) primary antibody (1:500, Millipore),
secondary antibody conjugated to Alexa Fluor® 488 1gG anti-rabbit (1:1000, Thermo-Fisher
Scientific) and the nuclear marker Hoechst 33258 (1 pg.mL™1, Invitrogen). The cells were
photographed using an Olympus 1X70 microscope at 4x magnification with QIClick camera
and the software Image Pro Plus 7.01. For detecting fluorophore excitation and emission, the
filters Ex 350/50 and Em 455/50 were used for Hoescht, and Ex 490/20 and Em 525/36 were
used for Alexa Fluor® 488. The assays were replicated three times. The total number of cells
per field (nuclear marker, Hoescht) and the number of pH3-positive cells (Alexa Fluor® 488
marking) were counted and expressed as the percentage of pH3-positive cells compared to
total cell number. At least three assays were performed.

2.11. Senescence assay

Mesenchymal stem cells were plated in 24-well plates at a density of 1 x 104 cells per well
and transfected, 2 wells per group. 2 or 7 days after transfection, the cells were stained for
detection of senescence-associated B-galactosidase activity (SA-B-Gal; [38]), using
Senescence Cells Histochemical Staining Kit (Sigma-Aldrich). Cells were photo-
documented using an Olympus 1X70 microscope at 4x magnification, QIClick camera, and
Image Pro Plus 7.01 software. Assays were performed in triplicate. The total number of cells
per field and the number of senescent cells (perinuclear blue staining) were counted, and
expressed as a percentage of senescent cells, relative to total cell number. At least three
assays were performed.
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2.12. Reactive oxygen species assay

The Fluorometric Intracellular reactive oxygen species (ROS) kit (Sigma-Aldrich) was used
for hASC ROS detection following manufacturer instructions. First, cells were transfected as
described in item 2.3, in a 96-well white opaque plate (Costar), 3 wells per group using 1 x
10* cells or 2.5 x 103 per well for the 2 or 7 days post-transfection assays, respectively.
Then, the cells were allowed to grow for 2 or 7 days, followed by incubation with ROS
reaction mix for one hour at 37°C, 5% CO,. The plate was then read using Cytation 5
(BioTek) fluorimeter with the filter 490/20 for excitation and 525/20 for emission. The assay
was repeated twice.

2.13. Statistical analyses

At least three independent assays were performed for each experiment. Statistical analysis
was performed using GraphPad Prism 5 software (La Jolla, CA, USA). Results were
expressed as a mean =+ standard error (SEM) and compared through variance analysis (One-
way or Two-way ANOVA), Bonferroni’s multiple comparison tests, Student’s #test (for
parametric samples), Kruskal-Wallis and Dunn’s multiple comparison tests, or Mann-
Whitney test (for non-parametric samples). Statistical significance was defined for p<0.05.

3. Results

3.1. hPLC®84 is mainly a nuclear protein

In silico analysis of the hPLC84 protein sequence revealed the presence of a Nuclear
Localization Signal (NLS). MucPred software [39] showed that PLC84 has a 86%
probability of being nuclear, and Seg/NLS [40] suggested that there is an 86-89% chance
that PLC684 contains a genuine NLS. Nuclear localization of PLC84 in hASC was confirmed
by confocal microscopy. As seen in Figure 1A (merged images, right panel), the PLC84
antibody conjugated with Alexa 488 (green; left panel) colocalized with DAPI stained nuclei
(blue; central panel). To further demonstrate the nuclear compartmentalization of PLC84,
serial images were collected, and used to build a tridimensional reconstruction (Figure 1B).
In the medial plan, PLC84 and nuclear labeling colocalized.

3.2. siPLC&4 impairs cell growth but does not increase cell death

To study PLC84 function, siRNA knockdown was performed. Silencing efficiency was
assessed by gPCR and Western Blotting (Figure 2). 48 hours after siRNA transfection, total
RNA and protein extraction was performed. Three groups were analyzed: Lipo (stem cells
treated only with the transfection reagent, Lipofectamine), siSCR (cells transfected with
scrambled siRNA), and siPLC84 (cells transfected with siRNA for siPLC84). In gPCR
assays and Western Blot analysis, PLC&4 gene expression was reduced by almost half,
compared to control groups (Figure 2A and B). PLC64 expression reduced almost by half,
going from 0.98 £ 0.08 SEM in siSCR to 0.56 £+ 0.05 SEM in siPLC&4. In Western Blot
analysis, siPLC84 cells also showed a similar reduction in protein expression to the one
observed for PLC54 mRNA, there was about 50% reduction in PLC84 expression (Figure
3B). The specificity of PLC84 siRNA was tested against the expression level of PLCy1, and
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any nonspecific knockdown for PLCy1 was observed (data not shown). These data validate
the efficiency of the siPLC54 sequence in reducing PLC&4 levels in hASC.

Once the efficiency of PLC84 silencing was confirmed, functional analyses were conducted
with PLC&84 knockdown cells. Cell growth assays revealed a pattern for the control groups
(NT, non-treated cells; Lipo; and siSCR, Figure 3A). In contrast, cells treated with siPLC64
exhibited no proliferation, compared to controls. The number of cells was stable for 8 days
of culture (192 hours), suggesting that knockdown cells were not proliferating. Despite the
impaired cell growth, transfected cells did not present a reduction in cell viability. Annexin-
V/PI stained cells was not different between the analyzed groups (Figure 3B). These
findings suggest that PLC684 knockdown induce cell cycle arrest without affect cell death.

3.3. siPLC&4 causes cell cycle arrest

Next, the effect of siPLC84 on cell cycle profile was assessed. After 48 hours of
transfection, stem cells were incubated with To-Pro®3 nuclear marker for evaluation of cell
cycle by flow cytometry. The percentages of cells in each phase were analyzed. In Figure 4,
it is possible to note a distinct distribution profile of cell cycle phases between siPLC84 cells
and control cells. An increase in hASC siPLC54 cells in G1 phase (Figure 4B; 74.75 £ 0.25
in siSCR to 79.63 = 0.18 in siPLC&4), and a decrease in the percentages of these cells in S
and G2/M (Figure 4C and D; S phase: 6.47 + 0.27 in siSCR to 2.97 + 0.19 in siPLC&4;
G2/M: 13.25 £ 0.35 in siSCR t0 8.91 + 0.01 in siPLC84) was observed.

To confirm the results obtained from cell cycle profile analysis, we used assays with specific
probes for S and M cell cycle phases, 5-ethynyl-2'-deoxyuridine (EdU) and phosphorylated
histone H3 (pH3), respectively. 2 and 7 days post-transfection, cells were labeled with the
probes and photo documented. Hoescht probe was used as a nuclear marker. For both EdU
(S phase) and pH3 (M phase), the number of positive-labeled cells for siPLC64 group is
lower than controls (Figure 5). The data indicated that PLC84 knockdown promoted cell
cycle arrest, which continued for at least 7 days post-transfection.

3.4. PLC84 silencing induces cellular senescence

There are several causes of cell cycle arrest, one being cellular senescence, which can be
measured by the senescence-associated B-galactosidase assay (SA-B-Gal) [38]. At pH 6,
senescent cells express B-galactosidase, and its activity can be visualized and measured by
addition of X-Gal to cells. If X-Gal is hydrolyzed by p-galactosidase, a blue color in the
perinuclear region is generated. Transfected stem cells were subjected to senescence assays
2 and 7 days post-transfection. The cells were imaged, and, for each field, total and
senescent cell counts were performed. For both time points (2 and 7 days), the number of
senescent cells in the group transfected with siPLC84 was higher than for control cells
(Figure 6A; 2 days: 10.36 + 2.44 in SiSCR t0 35.26 + 1.64 in siPLC®&4, 7 days: 9.07 + 1.12
in siSCR to 41.81 + 3.19 in siPLC&4). To further characterize the senescent state of siPLC&4
cells, mRNA expression levels of p16/NK4A* and p21€P1, two biomarkers commonly
associated with senescence [41], were measured (Figure 6 B and C). There was an increase
in the expression of both mRNAs for cells treated with siPLC&4, which corroborate the SA-
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B-Gal assay result. This finding may explain the reduction of siPLC64 cell proliferation and
cell cycle arrest (Figures 3-5).

4. Discussion

PLC64 has been most exhaustively characterized in murine models, such as rat and mice. In
these models, it was observed that PLC84 participates in proliferative processes and that it is
mainly located in the nucleus [27, 42]. In this work, hPLC&4 also showed preferential
nuclear localization in hASC (Figure 1). Therefore, PLC84 subcellular localization in hASC
is similar to this protein’s distribution described for other cell types, like rat hepatic cells
[27], mouse cells [42], and also corroborate with /n silico protein sequence analysis. Several
aspects of PLC&84 function, such as activation and signaling, remain unknown. Moreover,
human PLC&4 has not been well characterized and could be associated with pathologies, as
described for other PLC isoforms, which may have roles in the development of cancer,
neurodegenerative diseases, and neoplasia [21, 23].

The nucleus contains molecules and machinery for CaZ* signaling, such as PIP, and InsPs,
among others [43]. This would suggest that nuclear PLCs are active, once their substrate and
products are present in the nucleus. PLCs are classified as either primary or secondary,
depending on their activation mechanisms. Primary PLCs are activated directly by receptors
that bind to extracellular modulators, while secondary PLCs are activated by intracellular
signals [44]. PLCP subtypes are activated by G protein-coupled receptors (GPCR) by several
mechanisms, and PLCyy is activated by tyrosine kinases receptors (RTK) [45]. PLCe is
activated by proteins recruited by GPCRs and RTKSs signaling, whereas evidence indicates
that the & and ) classes are regulated by CaZ*, through a positive feedback mechanism of the
activity of the other PLCs [46, 47]. Although the activation of cytoplasmic PLCs is well
understood, the mechanism of nuclear PLC activation is different. PLC-y1 in hepatic cell
nuclei of mice is activated by nuclear epidermal growth factor (EGFR) receptor [48]. It was
proposed by Xu and colleagues in 2001 [49] that nuclear PLCB1 from rats would be
phosphorylated by extracellular signal-regulated kinase (ERK) after stimulation with
insulin-like growth factor-1 (IGF-1), pointing to a possible mechanism of nuclear PLC
activation through RTKSs. Interestingly, the murine PLCé4 promoter region is activated by
growth factors [50].

To further characterize PLC84 functions in mesenchymal stem cells, siRNA knockdown was
performed to understand the function of this enzyme in standard cell culture conditions.
Silencing efficiency was assessed by qPCR and Western Blot (Figure 2). Growth curves of
hASC cells silenced for PLC&84 indicated impaired proliferation of these cells, compared to
control cells (Figure 3A). Nuclear Ca2* has been described as an important messenger for
cell proliferation [4]. When hepatocytes had their nuclear Ca2* chelated by nuclear-directed
parvalbumin, their proliferation was significantly reduced, demonstrating a connection
between nuclear Ca2* signaling and cell proliferation. The reduction in proliferation of
hASC cells silenced for PLC84 could be explained by an increase in cell death, which would
reduce the number of viable cells, or by cell cycle arrest. The first hypothesis was discarded
because no increase in cell death was observed for hASC PLC84 knockdown (Annexin-V/PI
labeling, Figure 3B). However, cell cycle arrest for cells silenced for PLC84 was observed
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(Figures 4 and 5). Arrest probably occurred due to the entry of the cells in a senescent stage
(Figure 6), in which cells are metabolically active, but unable to divide [51].

The relation between nuclear PLCs and cell cycle regulation is described in the literature
[23, 52-54]. In 2003, Irvine [55] highlighted the connection between nuclear lipid
oscillations and cell cycle progression. Cell cycle can be defined as a series of steps that
leads to cell division. In each of these steps, there are molecules responsible for the
regulation of cell cycle progression, such as cyclins, CDKs (cyclin-dependent kinases), pRB
(retinoblastoma protein) and Cip/Kip inhibitors (p16, p21, and p27) [56]. Further
investigation is necessary to determine if PLCs interfere with the cell cycle through
interaction or signaling with regulatory molecules. Expression of the hPLCB1 nuclear
isoform, hPLCPB1b, peaks at G1/S and G2/M transitions [54]. One of the mediators of
PLCP1b cell cycle modulation is diacylglycerol (DAG), generated as a product of the
enzymatic activity of PLCP1b over PIP,. DAG, at G1/S transition, activates the cyclin D3-
CDK4 complex, but in G2/M progression DAG leads to the translocation of PKCa and
cyclin B1 to the nucleus. In rat fibroblasts, unlike PLCP1, PLCy1 overexpression promotes
DNA synthesis independently of its lipase activity [57]. For rat PLC81, Kaproth-Joslin and
colleagues [52], described the reduction of Rat-1 and NIH 3T3 cell proliferation following
PLC51 silencing with shRNA. They observed no increase in cell death, but altered G1/S
transition, due to the reduction of cyclin E-CDK2 complex activity, without alteration of
cyclin D-CDK4 complex. The authors, however, did not observe an increase in senescence,
as seen in our work (Figure 6). A better characterization of the molecules involved in PLC84
knockdown cell arrest is necessary to determine more precisely at which point in the cell
cycle these cells are accumulated.

Cell cycle studies in rat cells and human tumor cells show that PLC84 expression increases
during the G1/S transition, and throughout M phase, but when cells enter a new G1 phase,
the expression of PLC&4 practically disappears [27]. In regenerative rat livers, which
underwent partial hepatectomy, an increase in PLC84 and PKCs a and e activities were
observed in PLC84*/* animals during G1/S transition, but not for PLC84~ rats [58]. Our
cell cycle results corroborate with these findings as a reduction of PLC684 levels interrupted
G1 to S progression (Figures 4 and 5). The reduction of EdU (S phase) and pH3 (mitosis)
labeling (Figure 5) for siPLC&4 cells indicated that the inhibition of cycle progression
started in G1 phase. Moreover, this inhibitory response remained stable, for at least 7 days
after the transfection.

Defects in the signaling of any PI-PLC could potentially lead to the development of tumors
as these enzymes participate in cell cycle control. Leung and colleagues [22] analyzed
matched samples of human cDNAs from tumor and healthy cells, and observed that hPLC84
was overexpressed in tissues derived from breast and testicular cancers. They also reported
that PLC584 overexpression led to a faster proliferation of MCF-7 cells in serum-free
medium, indicating a possible role of hPLC&4 in oncogenesis.

Cell senescence is a state in which cells stop dividing, leading to a profile of apoptosis
resistance, often with increased protein synthesis, increased glycolytic metabolism, reduced
fatty acid oxidation, increased ROS, increased p16/NK4A* and p21¢P1 expression, and
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increased secretion of factors associated with senescence (SASP; [59]). The increase in
senescent cells in hRASC PLC84 knockdown (Figure 6) has not been described in the
literature. However, in human breast cancer cells, BT474 and MCF-7, it was observed that
PIP4K silencing (P14P-phosphorylating kinase, which generates PIP,) led to the
accumulation of ROS in the cells, directing them to senescence [60]. Despite not showing an
increase in ROS levels (Supplementary Figure 1), siPLC84 cells exhibited cell morphology
modification, as cells treated with siPLC&4 appear to be more vacuolated and flattened
(Supplementary Figure 2), a morphology trait commonly associated with senescence [41],
increased SA-B-Gal staining, p16/VK4A* and p21¢/P1 expression (Figure 6). While the
p53/p21 pathway leads cells to growth arrest, the pRB/p16 pathway inhibits cell cycle
progression, taking cells to irreversible senescence [41]. Senescence of siPLC&4 cells,
observed from 2 days after transfection, could explain the non-transient effects seen in the
reduction of cell growth (Figure 3) and in the reduction of EdU and pH3 labeling (Figure 5),
which remained reduced in comparison to controls, even seven days post-transfection.
Kawano and colleges showed that human mesenchymal stem cells have spontaneous Ca2*
oscillations [61]. It has been speculated that increased Ca?* levels activate PLCS, that may
amplify Ca2* elevation to sufficient levels to induce downstream signaling [21]. We
speculate that these spontaneous CaZ* oscillations could activate the PLC84 that is important
to amplify Ca?* levels to induce cell proliferation.

Our data show that human PLC&4 is in involved in cellular proliferation, which is a process
possibly mediated by nuclear Ca2*. Further characterization of PLC84 signalization is
needed, to depict how PLC&4 is activated and which cell signaling pathways this PLC
activates.

5. Conclusions

In summary, this work provides evidence that hPLC54 is essential for cell proliferation in
human mesenchymal stem cells and contribute to understand better the proliferation
processes in stem cells, which could be used for tissue engineering purposes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Little is known about the functions of nuclear PLCs.
. PLC®&4 is a nuclear protein
. PLC&4 is essential for mesenchymal stem cells proliferation
. The percentage of senescent cells is increased after PLC84 knockdown
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10 pm

Figure 1. PLC&4 was primarily nuclear localized in hASC
hASC were incubated with primary antibody anti-PLC&4 and a secondary antibody

conjugated with Alexa 488 (green). The nucleus was stained with DAPI (blue). A) PLC&84
colocalizes with nuclear staining in hASC, indicated by the merged image. B)
Tridimensional reconstruction. Central panel: medial plane inside the nucleus. Upper panel:
3D reconstruction of the x-z plane. Right panel: 3D reconstruction of the y-z plane. Scale
bar: 10 um. Representative image of what was observed in at least samples of three patients.
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Figure 2. siPLC®84 sequence reduces the expression of PLC84 in hASC
A) Relative PLC54 mRNA expression measured by Real-Time gPCR. Cells were transfected

with 25 nM of scrambled siRNA (siSCR) or siRNA for PLC84 (siPLC84). 48 hours post
transfection, total RNA was extracted from cells and was used for cDNA synthesis. PLC54
expression was normalized with GAPDH and RPL13A, and samples treated only with
lipofectamine (non-transfected cells) were used as calibrators. There was a reduction in
PLC54 expression in siPLC84 cells. B) Western Blot of total protein extracts 48 hours
posttransfection. a-tubulin was used as a loading protein control, and protein expression
levels were normalized with lipofectamine samples values (in percentage). The reduction of
PLC54 protein expression can be observed for siPLC54 treated cells when compared to
controls. Lipo = cells treated with lipofectamine (transfection reagent); siSCR = cells
transfected with scrambled siRNA; siPLC64 = cells transfected with siRNA for PLC&4.
One-way ANOVA with Bonferroni’s multiple comparison tests (* p<0.05; ** p<0.01, n=3).
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F_igtl),l_li(_a 3. PLC&4 knockdown abolishes cell proliferation in hASC, without a decrease in cell
viabilit

A) Gro)\//vth curve of transfected cells. The curve was started with 1 x 104 cells. Cells were
counted every two days, in a Neubauer chamber, using Trypan Blue for viability exclusion.
From 0 to 192 hours the number of cells in siPLC84 were stable. The time points of 144
hours and 192 hours in siPLC&4 are different from the other groups. B) Cell death assay,
using Annexin-V/PI. 2 or 7 days post-transfection cells were stained Annexin-V/PI and their
fluorescence were measured. There was no difference between the groups. NT = non-treated
cells; Lipo = cells treated with lipofectamine (transfection reagent); siSCR = cells
transfected with scrambled siRNA; siPLC84 = cells transfected with siRNA for PLC84.
RFU = relative fluorescence unit. Two-way ANOVA with Bonferroni’s multiple comparison
tests (*** p<0.001, n=3 for growth curve and n=2 for Annexin-V/PI).
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Figure 4. Reduction of PLC®84 expression in hASC leads to cell cycle arrest
48 hours after transfection, cells were resuspended with trypsin, incubated with the nuclear

probe To-Pro® 3 and analyzed by flow cytometry. A) Graphic showing cell cycle phases
distribution among the different cell groups. B) Percentage of cells, in relation to total cell
number, on G1 cell cycle phase. C) S phase. D) G2/M phases. Lipo = cells treated with
lipofectamine (transfection reagent); siSCR = cells transfected with scrambled siRNA,;
SiPLC64 = cells transfected with siRNA for PLC64. One-way ANOVA with Bonferroni’s
multiple comparison tests (* £<0.05; ** p<0.01; *** p<0.001, n=3).
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Figure 5. PLC&4 knockdown reduces the number of EdU-positive and pH3-positive cells
2 or 7 days after transfection, hASC were incubated with Hoescht (nuclear staining) and

EdU (a probe for dividing cells) or pH3 (a marker for mitosis). The figures show the
percentage of cells marked simultaneously with Hoechst and EdU or pH3, in relation to total
cell number (stained only with Hoescht). A) Percentage of EdU-positive cells. B) Percentage
of pH3-positive cells. For both probes and for the two-time points analyzed, there was a
reduction of positive-labeled cells for the siPLC84 group, when compared to control groups.
One-way ANOVA with Bonferroni’s multiple comparison tests (*p<0.05; *** p<0.001,
n=3).
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Figure 6. PLC®84 silencing increases the percentage of senescent cells
A) 2 or 7 days after transfection, hASC were assayed for SA-p-Gal activity. The figure

shows the percentage of cells stained for SA-B-Gal activity, in relation to total cell number.
For the two-time points analyzed, there was a reduction of stained cells for the siPLC64
group, when compared to control groups as determined by one-way ANOVA with
Bonferroni’s multiple comparison tests (***p<0.001, n=3). B and C) Relative p16/VK4A+
and p21¢/PI mRNA expression measured by Real-Time qPCR. 48 hours post transfection,
total RNA was extracted from cells and was used for cDNA synthesis. pZ6and p21
expression was normalized with RPL13A, and Lipo group was used as calibrator. There was
an increase in p16/NK4A* ang p21P1 expression in siPLC84 cells. One-way ANOVA with
Bonferroni’s multiple comparison tests (* p<0.05; ** p<0.01, n=2).
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