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of self-renewal properties. No significant modification of cell 
growth was observed as it occurs in other cell types or sys-
tems. In cells with silenced RB2/P130, we detected a reduc-
tion of DNA damage along with a higher proliferation rate, 
an increase in clonogenic ability, and the diminution of apop-
tosis and senescence. Cells with silenced RB2/P130 were 
cultivated for extended periods of time without adopting a 
transformed phenotype. Of note, acute lowering of P107 did 
not induce relevant changes in the in vitro behavior of MSC. 
We also analyzed cell commitment and the osteo-chondro-
adipogenic differentiation process of clones derived by MSC 
cultures. In all clones obtained from cells with silenced ret-
inoblastoma genes, we observed a reduction in the ability to 
differentiate compared with the control clones. In summary, 
our data show evidence that the silencing of the expression of 
RB1 or RB2/P130 is not compensated by other gene family 
members, and this profoundly affects MSC functions.

Abstract Stem cell senescence is considered deleterious 
because it may impair tissue renewal and function. On the 
other hand, senescence may arrest the uncontrolled growth 
of transformed stem cells and protect organisms from can-
cer. This double function of senescence is strictly linked to 
the activity of genes that the control cell cycle such as the 
retinoblastoma proteins RB1, RB2/P130, and P107. We took 
advantage of the RNA interference technique to analyze the 
role of these proteins in the biology of mesenchymal stem 
cells (MSC). Cells lacking RB1 were prone to DNA damage. 
They showed elevated levels of p53 and p21cip1 and increased 
regulation of RB2/P130 and P107 expression. These cells 
gradually adopted a senescent phenotype with impairment 
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Introduction

Alterations in stem cell function have been extensively 
reported in a variety of tissues and experimental systems. 
On the one hand, impaired stem cell functionality may 
induce defective tissue regeneration and aging, while on 
the other hand, uncontrolled self-renewal and proliferation 
can trigger tumorigenesis. The anti-proliferative effect of 
the senescence clearly indicates that this process acts as a 
tumor-suppression mechanism. Early on, senescence was 
found to be mediated by the two main tumor suppressor 
pathways of the cell, the ARF/p53 and the INK4a/RB path-
ways [1]. For these reasons, studies on senescence mecha-
nisms in stem cells are of great interest to dissect the path-
ways that may control both aberrant cell proliferation and 
aging phenomena.

Mitotic quiescence is a typical characteristic of stem 
cells and involves a temporary exit from the cell cycle. 
This event must be carefully controlled since it is dis-
tinct from permanent cell cycle exit. The latter represents 
the fundamental step to induce a novel program of gene 
expression, which leads to the elaboration of a special-
ized phenotype (differentiation) or, alternatively, trig-
gers senescence. It is then clear that components of cell 
cycle machinery can play a key role in the regulation of 
stem cell self-renewal, proliferation, differentiation, and 
senescence.

The analysis of which molecules participate in cell cycle 
regulation of several stem cell lineages is not yet exhaustive. 
Moreover, the strict relation between cell cycle regulation, 
cell self-renewal, cell commitment, and induction of differ-
entiation has not been fully understood and seems to depend 
on the cell type [2, 3].

The retinoblastoma family genes RB1, RB2/P130, and 
P107 play a major role in controlling the cell cycle G1/S 
transition through the negative regulation of the E2F family 
of transcription factors. In addition, this protein family plays 
an important role in regulating other cellular processes, such 
as terminal differentiation and senescence. Initial observa-
tions suggested that retinoblastoma family proteins showed 
overlapping functions, and initial knock-out studies sug-
gested that Rb2/p130 and p107 had an ancillary role. How-
ever, several studies have evidenced functional differences 
among these proteins [2–4].

Recently, it has become clear that the role of Rb1, Rb2/
p130, and p107 depends on several parameters such as ani-
mal species under investigation, cell type, and cell status 
(stem cell, progenitor, differentiated cell) [5–8].

Data on the function of retinoblastoma family members 
in the control of stem cell biology have been biased by the 
fact that the majority of authors have focused their attention 
mainly on the Rb1 protein. Data on the role of p107 and 
Rb2/p130 in stem cell biology are very scant.

Moreover, the functions of Rb1, p107, and Rb2/p130 
in the biology of mesenchymal stem cells (MSCs) remain 
largely uncharacterized. These cells contribute significantly 
to the maintenance of tissue homeostasis in the body [9–11]. 
Consequently, any loss in numbers or the functionality of 
MSCs would have profound consequences for the mainte-
nance of tissue viability [12–14]. In-depth studies on the 
biology of MSCs also have a great therapeutic value since 
they are being tested in cell and gene therapy for a number 
of human diseases [15].

For these reasons, we analyzed mechanisms that regu-
late the senescence of MSCs and their association with 
self-renewal and cell commitment. In particular, we focused 
our attention on the contribution of the retinoblastoma gene 
family to these decisions.

Materials and methods

All detailed procedures can be found in Supplemental file 1.

MSC cultures

Bone marrow was obtained from healthy donors after 
informed consent. We separated cells on a Ficoll density 
gradient (GE Healthcare, Italy), and the mononuclear cell 
fraction was collected and washed in PBS. We seeded 
1–2.5 × 105 cells/cm2 in an alpha-MEM containing 10 % 
FBS and bFGF. After 72 h, non-adherent cells were dis-
carded, and adherent cells were further cultivated to conflu-
ency. We carried out silencing experiments on these cells 
(passage 0) and then harvested cells for all the assays as 
reported below.

We verified that in our experimental conditions, MSC 
cultures fulfilled the three proposed criteria to define MSC 
[16]. All cell culture reagents were obtained from Euroclone 
Life Sciences (Italy) and Hyclone (UT, USA).

Silencing

shRNAs targeting the human RB1, RB2/P130, and P107 
mRNA, as well as scrambled control shRNAs, were designed 
following the procedure described by the RNAi consortium 
of Broad Institute (Cambridge, MA, USA), we used the fol-
lowing pLKO.1 vectors to express the shRNAs, available at 
the RNAi consortium: clone TRCN0000010418 to silence 
RB1 (NCBI Reference Sequence: NM_000321.2); clone 
TRCN0000039923 to silence RB2/P130 (NCBI Reference 
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Sequence: NM_005611.3); clone TRCN0000040022 to 
silence P107 (NCBI Reference Sequence: NM_183404.1).

To generate knock down cells, lentiviral particles were 
produced as described (http://www.broadinstitute.org/
genome_bio/trc/publicProtocols.html); see also Supple-
mental file 1.

Cell cycle analysis and cell proliferation assay

For each assay, cells were collected and re-suspended in 
a hypotonic buffer containing propidium iodide. Samples 
were acquired on a FACSCalibur flow cytometer using the 
Cell Quest software (BD, NJ, USA). They were then ana-
lyzed with a standard procedure using Cell Quest and Mod-
FitLT software (BD, NJ, USA).

Cell proliferation was evaluated by the Quick Cell Pro-
liferation Assay Kit II (Biovision, CA, USA). Following 
silencing, 1,000 cells were seeded in 96-well culture plates. 
Cells were collected and counted at 1, 2, 15, 16, 30, and 
31 days post-plating. The ratio of the total number of cells 
at day “n” to the number of cells at day “n−1” was regarded 
as the cell proliferation rate [17].

BrdU assay

For BrdU, immunostaining was performed according to 
manufacturer’s protocol (Supplemental file 1).

Colony-forming unit (CFU) assay

MSCs were plated as described above. Cultures were 
expanded to 70–80 % confluency. We carried out silencing 
experiments on these cells (passage 0), and then we har-
vested cells for CFU assay as reported [18].

Clonal differentiation

MSCs were plated as described above. Cultures were 
expanded to 70–80 % confluency. We carried out silencing 
experiments on these cells (passage 0), and then we har-
vested cells for clonal differentiation assay as reported [19].

Adipogenic, osteogenic, and chondrogenic differentiation

Cells were stimulated for 2 weeks with specific differen-
tiation media (Lonza, MD, USA). Differentiated cells were 
evidenced as reported in the Supplemental file 1.

Annexin V assay

Apoptotic cells were detected using fluorescein-conjugated 
Annexin V (Roche, Italy) following the manufacturer’s 
instructions.

In situ senescence-associated beta-galactosidase assay

The percentage of senescent cells was calculated by the 
number of blue, beta-galactosidase-positive cells out of 
at least 500 cells in different microscope fields as already 
reported [20].

Quantitative senescence-associated beta-galactosidase 
assay

4-Methylumbelliferyl-β-d-galactopyranoside (4-MUG) is a 
substrate of beta-galactosidase that does not fluoresce until 
cleaved by the enzyme to generate the fluorophore 4-methy-
lumbelliferone. An assay was carried out on lysates obtained 
from cells that were grown in 96-well plates as reported 
[21]. The production of the fluorophore was monitored at an 
emission/excitation wavelength of 365/460 nm.

Immunocytochemistry for detection of 8-oxoguanine, 
H2AX

8oxodG, H2AX, and HP1 were detected according to the 
manufacturer’s protocol. Hoechst 33342 staining was per-
formed, and then cells were observed through a fluorescence 
microscope (Leica Italia, Italy). The percentage of 8oxodG, 
H2AX-positive cells was calculated by counting at least 500 
cells in different microscope fields. Further details can be 
found in Supplemental file 1.

Treatment with DNA-damaging agents

MSC cultures were treated for 1 h with 300 μM H2O2. Fol-
lowing treatment, the medium was removed, and the com-
plete medium was added. Cells were then collected for data 
analysis 24 h later.

For UV irradiation, cell plates with lids removed were 
irradiated with UV light by exposure to a germicidal lamp 
(peak sensitivity was approximately 254 nm) in a tissue cul-
ture hood (15 mJ/cm2). Following treatment, the medium 
was removed, and the complete medium was added. Cells 
were collected 24 h later.

For the induction of DNA double-strand breaks, MSCs 
were incubated for 6 h with 1 μM doxorubicin. Follow-
ing treatment, the medium was removed, and the complete 
medium was added. Cells were then collected for data anal-
ysis 24 h later.

Comet assay

The single-cell gel electrophoresis assay (Comet assay) was 
used for the detection of DNA damage at the level of the 
individual cell. Further details can be found in Supplemen-
tal file 1.

http://www.broadinstitute.org/genome_bio/trc/publicProtocols.html
http://www.broadinstitute.org/genome_bio/trc/publicProtocols.html
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RNA extraction, RT-PCR, and real-time PCR

The total RNA was extracted from cell cultures using Omni-
zol (Euroclone, Italy) according to the manufacturer’s pro-
tocol. mRNA levels were measured by RT-PCR amplifica-
tion as previously reported [22].

Microarray analysis

Total RNA was converted to cRNA and hybridized to Affy-
metrix human gene ST 1.0 arrays (Affymetrix, Germany) 
according to the manufacturer’s instructions. We used the 
David web-based software (http://david.abcc.ncifcrf.gov/) 
to carry out a comprehensive set of functional annotation 
tools to understand the biological meaning behind the 
large list of the up-regulated and down-regulated genes 
in the different silencing experiments. We used a Venn 
diagram (http://genevenn.sourceforge.net/) to display the 
number of common characteristics among the RB1, RB2/
P130, and P107 gene lists. Fold change values for genes 
were calculated as the ratio of the signal values of the 
experimental (silenced samples) group compared with the 
control group. Gene expression changes with >1.6-fold 
alterations were considered significant. For validation of 
microarray data we performed quantitative real-time RT-
PCR on some of the genes that showed significant expres-
sion changes (see Supplemental file 10). Further details 
on the microarray data analysis are provided in Supple-
mental file 1.

Western blotting

Cells were lysed in a buffer containing 0.1 % Triton for 
30 min at 4 °C. A total of 10–40 μg of each lysate was 
l-electrophoresed in a polyacrylamide gel and electroblotted 
onto a nitrocellulose membrane. All the primary antibod-
ies were used according to the manufacturers’ instructions. 
Immunoreactive signals were detected with a horseradish 
peroxidase-conjugated secondary antibody (Santa Cruz, 
CA, USA) and reacted with ECL plus reagent (GE Health-
care, Italy).

Results

Bone marrow cells were plated as described in section 
“Materials and methods”. Cultures were expanded to 
70–80 % confluency. We carried out silencing experi-
ments on these cells (passage 0) and then selected the cells 
expressing shRNAs by a puromycin treatment. After antibi-
otic selection, cells were expanded at 70–80 % and, unless 
otherwise stated, all the experiments were carried out soon 
after.

Silencing of retinoblastoma family

Human MSCs were tested for RB1, RB2/P130, and P107 
knockdown after lentiviral transductions and puromycin 
selection. Cell expressing shRNAs against RB1, RB2/P130, 
and P107 were indicated as shR1, shR2, and sh107, respec-
tively. Cells expressing scrambled shRNAs were indicated 
as shCTRLs.

The selected shRNAs were effective in silencing and 
induced a decrease of their target mRNAs, as detected by 
RT-PCR (Fig. 1). Silencing was further verified by analyz-
ing the protein levels of knocked-down genes. We observed 
a decrease in the target proteins (Fig. 1). We detected a 70 % 
decrease of RB1 in shR1 compared with the controls. Of 
interest, the levels of the P107 protein increased dramati-
cally upon the silencing of RB1. Also, the expression of 
RB2/P130 increased in shR1 (Fig. 1).

We observed only a 40 % decrease of RB2/P130 protein 
in shR2; nevertheless, the expressed protein was almost 
completely in its hyperphosphorylated, inactivated form. In 
shR2, the levels of the P107 protein also increased signifi-
cantly compared with shCTRL (Fig. 1).

In cells with silenced P107, we found evidence of nearly 
a total decrease of the target protein and an upregulation of 
RB2/P130 (Fig. 1).

Silencing of RB1 but not RB2/P130 decreases proliferative 
activity

The cell proliferation curves showed a significant increase in 
the cell growth of shR2 compared with the control, whereas 
shR1 grew less than shCTRL (Fig. 2a). These data were in 
agreement with the flow cytometry carried out at the same time 
points of cell proliferation analysis. In several experiments, we 
observed a reduction of S-phase cells, along with an increase 
of G1 cells in samples with silenced RB1. Conversely, shR2 
had an increased percentage of the S-phase cell population 
(p < 0.05) (Fig. 2b). Cells with silenced P107 showed no sig-
nificant differences when compared with the controls (Fig. 2b).

It should be underscored that MSCs lacking RB1 did 
not show increases in the S-phase as occurs in many other 
biological systems [2]. This unexpected result prompted 
us to strengthen our data with a BrdU assay. MSCs car-
rying silenced RB2 displayed 12.2 % BrdU-positive cells, 
compared with the 5 % observed in the controls (p < 0.05) 
(Fig. 2c). Differences among shR1- sh107 and shCTRL 
were not significant (Fig. 2c).

RB1 and RB2/P130 silencing showed opposite effects on 
senescence and apoptosis

Annexin assays evidenced a reduced percentage of apop-
totic cells in cultures from RB2/P130-silenced samples 

http://david.abcc.ncifcrf.gov/
http://genevenn.sourceforge.net/
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as compared to the controls, whereas no modification 
occurred in shR1 and sh107 (Fig. 3a and Supplemen-
tal file 4). The reduced level of apoptosis in MSCs is in 
agreement with our previous research, showing that over-
expression of RB2/P130 in MSCs induced programmed 
cell death [23].

We observed signs of senescence in shR1 as detected 
by in situ senescence-associated-beta-galactosidase assay, 
compared with cells transduced with controls shRNAs 
(Fig. 3b and Supplemental file 6). Beta-galactosidase-
positive cells showed the characteristic senescent mor-
phology (flat, enlarged cells). Moreover, we detected an 
increase in the percentage of bi-nucleate cells in shR1 

(data not shown), which is another hallmark of senescent 
cells [24].

On the contrary, the percentage of in situ beta-galactosi-
dase-positive cells was lower in shR2 compared with shC-
TRL (Fig. 3b and Supplemental file 5). The in situ assay is 
a cytochemical method based on the production of a blue-
dyed precipitate that may generate false-positive results 
[21].

We corroborated our data with a quantitative method for 
measuring the beta-galactosidase activity. This was done to 
also detect relatively subtle changes in activity. The results 
of the quantitative assay confirmed data obtained with the in 
situ assay (Fig. 3b and Supplemental file 5).

Fig. 1  Silencing of retino-
blastoma family. Left: in cells 
expressing either shR1, or shR2, 
or sh107, the mRNA levels of 
genes under analysis were nor-
malized with respect to HPRT, 
chosen as an internal control. 
The histogram shows the ratio 
of gene expression between 
treated and control cells (shC-
TRL). The mean expression 
values (±SD, n = 3; *p < 0.05) 
of each gene are presented. 
Right: Western-blot analysis in 
MSCs expressing either shR1, 
or shR2, sh107 or shCTRL. The 
arrow indicates the RB2/P130 
hyperphosphorylated inacti-
vated form. The protein levels 
were normalized with respect 
to alpha-tubulin, the loading 
control. The table shows the 
mean expression values (±SD, 
n = 3). The change in the 
protein level of treated cells was 
compared with that of shCTRL-
transduced cells (*p < 0.05)
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Retinoblastoma proteins and DNA damage

Extensive research has revealed how the DNA damage-sens-
ing and -signaling pathways, referred to as the DNA damage 
response network, are tied to cellular senescence and apop-
tosis [25, 26]. Following DNA damage, the cell responds by 
activating the cell cycle checkpoint and repair mechanisms. 
If DNA damage cannot be properly repaired, damaged cells 
can be eliminated either by apoptosis or senescence.

Changes in apoptosis and senescence rates in MSCs with 
silenced retinoblastoma proteins prompted us to investigate 
the degree of DNA damage in our cell system.

Indeed, in shR1, which is prone to senescence, we 
observed an increase in the number of cells labeled with 
anti phosphorylated-H2AX, which is a hallmark of dam-
aged DNA nuclear foci (Fig. 3c and Supplemental file 6). 
The observed data were in agreement with the analysis of 
the level of DNA damage in cell nuclei by immunodetection 
of the mutated 8-oxo-2′-deoxyguanosine (oxo8dG) (Fig. 3d 
and Supplemental file 7). Conversely, in shR2, which 
showed minimal levels of apoptotic and senescent cells, the 

percentage of H2AX- and oxo8dG-positive cells was lower 
compared to the control (Fig. 3c, d and Supplemental files 6, 
7). We did not detect any modification in sh107 in the num-
ber of H2AX- and oxo8dG-positive cells compared with the 
control (Fig 3c, d and Supplemental files 6, 7).

Overall, these results prompted us to hypothesize that 
silencing RB1 and RB2/P130 may render these cells more 
or less sensitive to DNA damage, respectively. To verify 
this hypothesis, we treated MSCs with three different DNA-
damaging agents: H2O2, UV radiation, and doxorubicin 
[27–30].

In the control cells (shCTRL), all the treatments induced 
an increase in the number of cells labeled with anti-phos-
phorylated-H2AX (Table 1). It is noteworthy that in sub-
sequent DNA-damaging treatments, cells lacking RB1 
showed evidence of a further increase of H2AX-positive 
cells when compared with the controls. Alternately, MSCs 
with silenced RB2/P130 evidenced a minor percentage of 
damaged cells (Table 1).

H2O2 induces typical hydroxyl radical-induced products 
of DNA bases such as oxo8dG [28]. For this reason, we 

Fig. 2  Effect of silencing on 
cell growth. a Cell prolifera-
tion was evaluated by a Quick 
Cell Proliferation Assay Kit II 
(Biovision, CA, USA). Follow-
ing silencing cells were seeded 
in 96-well culture plates. At 
1, 2, 15, 16, 30, 45, 60, and 
80 days post-plating, cells were 
collected and counted. The ratio 
of the total number of cells at 
day “n” to the number of cells 
at day “n−1” was regarded as 
the cell proliferation rate. b 
Representative FACS analy-
sis of MSCs transduced with 
lenti-siRNAs. The experiment 
was carried out at day 15 after 
plating, as reported in panel a. 
c BrdU assay. The micrograph 
shows a representative field of 
BrdU (brown) staining shR1, 
shR2, sh107 and shCTRL. The 
experiment was carried out at 
day 15 after plating, as reported 
in panel a. The table shows the 
mean expression values and 
standard deviations (SD) (n = 3, 
**p < 0.01)
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Fig. 3  Effect of silencing on apoptosis and senescence. a Annexin 
assay. The micrographs show representative fields of cells stained 
with Annexin V (green). Nuclei were counterstained with Hoechst 
33342 (blue). Arrows indicate Annexin-positive cells. The mean 
percentage value of apoptotic cells (±SD, n = 3) is indicated below 
each picture. Statistically significant variations (p < 0.05) are in bold. 
b Senescence assay. Representative microscopic fields of acid beta-
galactosidase (blue) in cells with silenced retinoblastoma proteins 
are shown. The mean percentage value of senescent cells (± SD, 
n = 3) is indicated below each picture. Statistically significant vari-
ations (p < 0.05) are in bold. MUG indicates the results of quanti-
tative senescence-associated beta-galactosidase assay carried out 
on lysates obtained from cells. Data are expressed in arbitrary units. 
Experiments were repeated three times. Statistically significant vari-
ations (p < 0.05) are in bold. c H2AX staining. Fluorescence pho-
tomicrographs show the merging of cells stained with anti-H2AX 

(green) and Hoechst 33342 (blue). A representative microscopic field 
for each treatment is shown. Arrows indicate double-stained cells. 
The degree of H2AX phosphorylation was evaluated by counting 
the number of H2AX foci/cell. We classified cells into three groups: 
H2AX-negative cells (0 foci/cell); mild H2AX activation (1–10 foci/
cell); strong H2AX activation (>10 foci/cell). Mild and strong activa-
tion of H2AX indicate cells with damaged DNA. The mean percent-
age of H2AX-positive cells is indicated below each picture (±SD, 
n = 3). Statistical evaluation was carried out on the total number of 
H2AX-positive cells (n = 3), and significant variations (p < 0.05) are 
in bold. d Fluorescence photomicrographs show cells stained with 
anti-8-oxo-dG (green). Nuclei were counterstained with Hoechst 
33342 (blue). A representative microscopic field for each treatment is 
shown. Arrows designate 8-oxo-dG-positive cells. The mean percent-
age of 8-oxo-dG-positive cells is indicated below each picture (±SD, 
n = 3). Statistically significant variations (p < 0.05) are in bold
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further evaluated its effects through the immunodetection of 
oxo8dG. shR1 cells treated with peroxide hydrogen showed 
evidence of a higher number of oxo8dG-positive cells com-
pared with the H2O2-treated control, while in shR2 cultures 
incubated with H2O2, the labeled cells were significantly 
less than in the corresponding shCTRLs.

Doxorubicin is drug that induces mainly DNA double-
strand breaks [29, 30]; we determined its effect by the detec-
tion of DNA breaks with a Comet assay. Quantitation of frag-
mented DNA showed a higher percentage of damaged DNA 
in MSCs lacking RB1 and a lower degree of DNA fragmenta-
tion in shR2 cells, compared with control cultures (Table 1).

Silencing of RB1 activates the tumor suppressor p53

TP53 is considered to be a key guardian of the genome 
and prevents the propagation of abnormal cells at risk of 

becoming cancer cells [31]. Cyclin kinase inhibitor-related 
pathways are strictly associated with p53, and their activa-
tion/inactivation plays a role in determining whether cells 
undergo senescence or apoptosis [2, 31].

We detected a significant up-regulation (p < 0.05) of 
p53 protein in shR1 along with an increase in the level of 
p27kip1 and p21cip1, whereas no modification was observed 
in p16Ink4a (Fig. 1). The increased expression of these genes 
was also observed at mRNA level (Fig. 1). This result may 
suggest that cell cycle arrest and senescence in cells with 
silenced RB1 relies on the p53–p21–p27 axis rather than 
on p16. Even if several research studies suggest a primary 
role for p16Ink4a in senescence [32], there are several reports 
showing that replicative senescence, as well as accelerated 
senescence triggered by ionizing radiation, was accompa-
nied by the sustained nuclear accumulation of p21cip1 but 
did not correlate with p16Ink4a expression [33, 34].

Table 1  Evaluation of DNA damaging agents

Foci/cell H2AX immunodetection

No damage treatment UV irradiation

shR1 shR2 sh107 shCTRL shR1 shR2 sh107 shCTRL

0 (%) 26 75 57 61 14 66 39 40

<10 (%) 41 14 22 28 47 22 30 30

>10 (%) 33 11 21 21 37 12 31 30

Total positive cells (%) 74* 25* 43 39 85* 34* 61 60

Foci/cell H2O2 treatment doxorubicin

shR1 shR2 sh107 shCTRL shR1 shR2 sh107 shCTRL

0 (%) 10 61 33 35 12 60 41 37

<10 (%) 47 29 41 41 40 30 41 41

>10 (%) 43 10 26 24 48 10 18 22

Total positive cells (%) 90* 39* 67 65 88* 40* 59 63

oxo8dg immunodetection

No damage treatment H2O2 treatment

shR1 shR2 sh107 shCTRL shR1 shR2 sh107 shCTRL

Total positive cells (%) 53* 20* 33 31 61* 33* 49 47

Comet assay

Doxorubicin

shR1 shR2 sh107 shCTRL

DNA damage quantitation 76.8* 20.3* 36.0 39.1

Cells were treated with three different DNA-damaging agents: H2O2, UV radiation and doxorubicin. DNA damage was evaluated by immunode-
tection of H2AX-positive cells. The degree of H2AX phosphorylation was evaluated by counting the number of H2AX foci/cell. We classified 
cells in three groups: H2AX-negative cells (0 foci/cell); mild H2AX activation (1–10 foci/cell); and strong H2AX activation (>10 foci/cell). 
The mean percentage values of H2AX-positive cells are indicated in the table. Mild and strong activation of H2AX indicate cells with damaged 
DNA. In each row of the table, the sum of mild- and strong-H2AX-positive cells is also indicated. Statistical evaluation was carried out on the 
total of H2AX-positive cells (n = 3) (*p < 0.05). H2O2-treated cells were also evaluated by oxo8dG immunodetection. The table shows the per-
centage of oxo8dG-positive cells (n = 3) (*p < 0.05). Doxorubicin-treated cells were evaluated by Comet assay. The table shows the quantitation 
of fragmented DNA that is expressed in arbitrary units. The experiment was repeated three times (*p < 0.05)
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Cells with silenced RB2/P130 showed a reduced degree 
of DNA damage. This was associated with a significant 
reduction in the mRNA expression of the P21 gene and no 
modification of its protein level. No significant changes in 
the expression of TP53 and of the other CKIs were detected 
(Fig. 1). This result is in good agreement with reports show-
ing a major role for p53-p21 in cell cycle arrest following 
DNA damage to repair cells [2, 31]. sh107 showed only 
a strong up-regulation of p27kip1 compared with controls 
(Fig. 1).

Silencing of retinoblastoma proteins affected cell  
commitment and differentiation

The control of the stem cell properties (self-renewal, multi-
potentiality) is strictly linked to regulation of the cell cycle; 
hence it is reasonable to have perturbation in stem cell status 
in MSCs with silenced retinoblastoma proteins.

We carried out a CFU assay on these cells to test their 
clonogenicity, i.e., their ability to expand at a single-cell 
level, which is an important feature of self-renewing stem 
cells.

The silencing of RB2/P130 doubled the number of clones 
observed in the 100-mm plates seeded at low density. Con-
versely, the RB1 knocked-down cells showed a significant 
reduction of clones (Fig. 4a). This result is in good agree-
ment with data on cell proliferation and senescence. In 

fact, senescence observed in cells with silenced RB1 could 
greatly affect the “stemness” of MSC cultures, whereas low 
levels of senescence and apoptosis in shR2 fits the CFU 
results.

The deregulation of the cell cycle could also affect the 
cell commitment and differentiation process. We assessed 
the multipotentiality of individual MSC clones obtained 
by limiting dilutions. To this end, we isolated, expanded, 
and characterized 182 clones from control MSCs and from 
cultures with silenced retinoblastoma proteins. We analyzed 
their osteo-chondro-adipogenic (OCA) potential by in vitro 
assays.

Cultures of MSCs are heterogeneous in morphology and 
in their content of the earliest progenitor cells. For this reason,  
MSC cultures are composed of progenitors with tri-, bi-, and 
uni-potential differentiation capability [19].

In control cultures, 85 % of analyzed clones were able to 
differentiate (right column of table in Fig. 4b). Some clones 
were able to differentiate into the three lineages we ana-
lyzed, whereas other clones were bipotent or unipotent (last 
row of table in Fig. 4c). In contrast to other reports [19], 
we obtained clones able to differentiate in all the possible 
associations of phenotypes (OA-, OC-, CA-bipotent clones;  
O-, C-, A-unipotent clones) (last row of table in Fig. 4c).

We observed a significant reduction in the ability of all 
clones obtained from cells with silenced retinoblastoma 
proteins to differentiate: 50 % of RB1, 40 % of RB2/P130, 

Fig. 4  Effect on stemness properties. a CFU assay. The pictures 
show representative crystal violet staining of clones obtained after a 
14-day incubation of MSCs plated following silencing experiments. 
b Clonal differentiation assay. The first column of the table indicates 
the total number of analyzed clones of silenced retinoblastoma pro-
teins and the control. The second column shows the clones with dif-
ferentiation ability. c Clonal differentiation assay. The frequency and 

differentiation potential of clonal MSCs were assessed as indicated in 
“Materials and methods”. The table indicates clones with tri-, bi-, and 
unipotent ability. O Osteogenic phenotype; C Chondrogenic pheno-
type; A Adipogenic phenotype. The tables show the mean expression 
values. The change in the clones of treated cells was compared with 
that of shCTRL-transduced cells (*p < 0.05)
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and 53 % of P107 clones gave differentiated progeny, com-
pared with 85 % of control clones (Fig. 4b). This result is of 
great interest: the lack of retinoblastoma proteins impaired 
the differentiation process of MSCs to the same extent, even 
if the silencing effects on the main biological phenomena 
we analyzed (proliferation, DNA damage, apoptosis, senes-
cence) are different for each member. Our data showed evi-
dence that cell differentiation is greatly affected by such 
effects.

The knockdown of retinoblastoma genes also influenced 
the multipotential properties of MSC clones (Fig. 4c). In 
shR1 cultures we did not find all the possible associations 
of phenotypes that were observed in the controls; this could 
be in part due to the low number of clones that were able to 
differentiate compared with shCTRL clones (Fig. 4c). Inter-
estingly, we observed a bias toward adipocyte differentia-
tion: eight out 14 clones (57 %) were A-unipotent compared 
with eight out 42 clones (19 %) in the control. Also, clones 
from shR2 cells showed a reduced number of possible phe-
notypes and an adipogenic differentiation bias (10 out 20). 
Differences in the percentage of clones between sh107 cul-
tures and controls were not statistically significant (Fig. 4c).

Long-term cultures of cells with silenced RB2/P130

Although it has been shown that human MSCs and other 
stem cell populations continuously grow in vitro for 10 to 20 
passages (roughly 30–90 days in vitro), it seems that MSCs, 
similar to all other primary cells, are subject to the Hayflick 
limit, i.e., to replicative senescence [35–37]. Conflicting 
results have been published on the ability of human MSCs 
to undergo spontaneous in vitro transformation [35, 37].

On this premise, we decided to analyze the silencing 
effect of retinoblastoma proteins on the long-term culture 
behavior of MSCs. This was also done because the lack of 
function of RB1, and to a lesser extent of RB2/P130, has 
been associated with neoplastic transformation [2, 38, 39]. 
We found evidence that shR2 cells could be grown in vitro 
for more than a year without evident sign of cellular trans-
formation (Fig. 2a, Supplemental files 2, 3).

Global changes in gene expression following gene  
silencing

Previously, attempts to identify the impact of RB family 
members on gene expression have examined fibroblasts from 
corresponding knockout mice or from established normal 
human diploid fibroblast lines [40, 41]. Here, we analyzed  
the effect of acute inhibition of different retinoblastoma  
proteins on growing MSCs. Transcriptional profiling was 
performed on growing cells expressing shRNA, targeting 
RB1, RB2/P130, or P107.

Reproducible shRNA-dependent changes in gene expres-
sion were observed under all conditions. Cells with silenced 
RB1 underwent the most substantial changes in gene expres-
sion, as evidenced by the number of genes that were up- or 
down-regulated (Fig. 5). Interestingly, the three members of 
the RB family show either common or specific regulations 
of gene expression. This further strengthens the concept that 
retinoblastoma proteins have both specific and overlapping 
functions [2, 23].

We focused our attention on clusters of genes (Table 2) 
that may be related to the biological phenomena described 
above. A growing body of literature demonstrates that dis-
tinct functional characteristics of stem and progenitor cells 
are under redox regulation [42]. Alternately, unbalanced 
redox regulation may trigger cellular senescence [42–44]. 
Cells with silenced RB1 showed a reduction in the expres-
sion of thioredoxin, while MSCs with decreased RB2/P130 
evidenced a significant up-regulation. This result is in line 
with the role of thioredoxin in the positive regulation of the 
OCT-4, a stem cell-specific transcription factor [45]. The 
role of oxidative stress as a major mediator of senescence 
appears strictly associated with changes in the intracellu-
lar glutathione status (GSH/GSSG) that is also regulated 
through glutathione-S-transferase. The expression of this 
enzyme is also modulated in RB1 and RB2/P130-silenced 
cells. The senescence of shR1 cells is in good agreement 
with modification in the expression of growth factors and 
changes in the extracellular matrix [32, 46]. The increased 
proliferation of shR2 MSCs and their resistance to DNA 
damage are in line with a strong up-regulation of several 
genes involved in DNA repair and in processes required for 
cell growth, including the expression of ribosomal proteins 
and translation initiation factors (Table 2).

Fig. 5  Venn diagrams. Venn diagrams of up-regulated (UP) and 
down-regulated (DOWN) genes in MSCs treated with shRNAs 
against RB1, RB2/P130, and P107, respectively. Numbers refer to 
genes whose expression was changed following silencing experi-
ments. Gene expression changes with >1.6-fold alterations were con-
sidered significant
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Finally, it should be underscored that ribosomal RNA 
maturation is a phenomenon regulated collectively by all 
the three retinoblastoma proteins. Indeed, their silencing 
induced a down-regulation of several small nucleolar RNAs 
(snoRNAs) and of Vault RNA 1–2, a long non-coding RNA 
that seems involved in the regulation of ribonucleoprotein 
particles [47] (Table 2). It is well known that the retino-
blastoma proteins may negatively regulate the synthesis of 
rRNA by RNA polymerases I. Suppression of these impor-
tant determinants of biosynthetic capacity might provide a 
mechanism for restraining cell growth [48, 49]. This simpli-
fied vision is challenged by our data, showing that silencing 
of retinoblastoma proteins induce an up-regulation of genes 
involved in rRNA maturation. This may suggest that the ret-
inoblastoma proteins regulate rRNA synthesis and matura-
tion through a complex feedback process that has not been 
described until now.

Discussion

Cellular senescence is a process by which the capacity for 
cell division, growth and function is lost over time, ulti-
mately leading to cell death. Cells are the fundamental 
structure composing our bodies, and hence cellular decline 
contributes to aging. According to this view, senescence 
recapitulates, at the cellular level, the aging of our body. In 
this context, cellular senescence is considered deleterious 
because it contributes to decrements in tissue renewal and 
function. On the other hand, cellular senescence has been 
also proposed to be an anti-cancer mechanism. This hypoth-
esis arose from the fact that cancer cells proliferate indefi-
nitely, and cellular senescence may arrest cancer growth. 
Senescence is beneficial in this respect because it protects 
organisms from cancer. The paradox of this double aspect 
of senescence has puzzled researchers for long time. Now, 
it is clear that this arises from the intimate connection of 
senescence with the cell cycle. Many cell cycle regulator 
genes, such as those belonging to p53- and RB-pathways, 
are both involved in cancer onset and also play a key role in 
organism aging. On this premise, we have analyzed the biol-
ogy of MSCs with reduced functions of the members of the 
retinoblastoma family, in an effort to address the importance 
of these genes in senescence and the phenomena that may 
be impaired by senescence, cell proliferation, self-renewal, 
commitment, and differentiation.

The silencing of RB1 proved to be most deleterious to 
MSCs. It decreased proliferation, promoted the accumula-
tion of DNA damage, and impaired stem cell properties with 
an increase in senescence and loss of self-renewal properties 
(Figs. 1b, 3b, 4a).

It is well known that RB1 is essential to regulate E2F1 
activity in order to prevent premature entry into the S-phase D

ow
nr

eg
ul

at
ed

 in
  

R
B

1-
si

le
nc

ed
 c

el
ls

U
pr

eg
ul

at
ed

 in
  

R
B

1-
si

le
nc

ed
 c

el
ls

D
ow

nr
eg

ul
at

ed
 in

 R
B

2/
P1

30
-s

ile
nc

ed
 

ce
lls

U
pr

eg
ul

at
ed

 in
 R

B
2-

si
le

nc
ed

 c
el

ls
D

ow
nr

eg
ul

at
ed

  
in

 P
10

7-
si

le
nc

ed
 c

el
ls

U
pr

eg
ul

at
ed

 in
 

P1
07

-s
ile

nc
ed

 c
el

ls

C
yt

os
ke

le
to

n 
an

d 
m

at
ri

x
 K

er
at

in
-a

ss
oc

ia
te

d 
 

pr
ot

ei
n 

1-
3

 K
er

at
in

-a
ss

oc
ia

te
d 

 
pr

ot
ei

n 
4-

7
 K

er
at

in
-a

ss
oc

ia
te

d 
 

pr
ot

ei
n 

4-
12

G
ro

w
th

 f
ac

to
r 

pa
th

s
 P

D
G

FC
a

K
er

at
in

oc
yt

e 
gr

ow
th

  
fa

ct
or

-l
ik

e 
pr

ot
ei

n 
1 

 
in

te
rf

er
on

, a
lp

ha
- 

in
du

ci
bl

e 
pr

ot
ei

n 
6

 I
ns

ul
in

-l
ik

e 
gr

ow
th

  
fa

ct
or

 2
 I

ns
ul

in
-l

ik
e 

gr
ow

th
  

fa
ct

or
 2

 r
ec

ep
to

ra

G
ro

w
th

 f
ac

to
r 

pa
th

s
 C

el
lu

la
r 

re
tin

oi
c 

ac
id

 b
in

di
ng

  
pr

ot
ei

n 
2 

tr
an

sf
or

m
in

g 
gr

ow
th

  
fa

ct
or

, b
et

a 
2 

fib
ro

bl
as

t g
ro

w
th

  
fa

ct
or

 5
 tu

m
or

 n
ec

ro
si

s 
fa

ct
or

  
re

ce
pt

or
 s

up
er

fa
m

ily
, m

em
be

r

R
ed

ox
 p

at
hw

ay
 T

hi
or

ed
ox

in
 R

ed
 1

 C
at

al
as

e
SO

D
2

M
t g

lu
ta

th
io

ne
 p

er
ox

id
as

e 
8

C
yt

os
ke

le
to

n 
an

d 
m

at
ri

x
 F

ib
ro

ne
ct

in
 ty

pe
 I

II
 d

om
ai

n 
co

nt
ai

ni
ng

 4
 p

ro
te

og
ly

ca
n 

4

G
ro

w
th

 f
ac

to
r 

pa
th

s
 F

ib
ro

bl
as

t g
ro

w
th

 f
ac

to
r 

5
 C

el
lu

la
r 

re
tin

oi
c 

 
ac

id
 b

in
di

ng
 p

ro
te

in
 2

M
is

ce
lla

ne
ou

s
 N

eu
ro

bl
as

to
m

a 
br

ea
kp

oi
nt

  
fa

m
ily

, m
em

be
r 1

0 
 

ne
ur

ob
la

st
om

a 
br

ea
kp

oi
nt

  
fa

m
ily

, m
em

be
r 9

 n
eu

ro
-

bl
as

to
m

a 
br

ea
kp

oi
nt

 fa
m

ily
,  

m
em

be
r 1

M
is

ce
lla

ne
ou

s
 C

on
ta

ct
in

-a
ss

oc
ia

te
d 

 
pr

ot
ei

n-
lik

e 
3

G
ro

w
th

 f
ac

to
r 

pa
th

s
 K

er
at

in
oc

yt
e 

gr
ow

th
 f

ac
to

r-
lik

e 
 

pr
ot

ei
n 

1
 A

ng
io

po
ie

tin
 1

 F
G

F7
 I

G
F2

M
is

ce
lla

ne
ou

s
 C

on
ta

ct
in

-a
ss

oc
ia

te
d 

 
pr

ot
ei

n-
lik

e 
3

T
he

 t
ab

le
 s

ho
w

s 
so

m
e 

cl
us

te
rs

 o
f 

ge
ne

s 
th

at
 m

ay
 b

e 
re

la
te

d 
to

 s
om

e 
bi

ol
og

ic
al

 f
ea

tu
re

s 
of

 M
SC

s 
(s

el
f-

re
ne

w
al

, s
en

es
ce

nc
e,

 a
po

pt
os

is
 a

nd
 D

N
A

 r
ep

ai
r 

pr
ofi

ci
en

cy
).

 a 
 G

en
es

 t
ha

t 
w

er
e 

se
le

ct
ed

 
fo

r 
re

al
-t

im
e 

R
T-

PC
R

 v
al

id
at

io
n 

of
 m

ic
ro

ar
ra

y 
an

al
ys

is

Ta
bl

e 
2 

 co
nt

in
ue

d



1649Retinoblastoma family and mesenchymal stem cells

1 3

[50]. An inactivation of RB1 disturbs the balance between 
the temporally programmed initiation of DNA replication 
and a progression through the S-phase and mitosis. These 
processes are a source of DNA damage [50]. Accordingly, 
we showed that MSC cultures with silenced RB1 exhib-
ited an increased number of cells which were positive for 
gamma-H2AX and oxo8dG immunostaining (Fig. 3c, d), 
which are hallmarks of damaged DNA. Also, they were 
more sensitive to exogenous DNA damage than were con-
trol cells. This indicates that the maintenance of the RB1 
function is crucial for MSCs to maintain genome stability.

Similarly, Takahashi et al. [51] found that DNA damage 
response cascades converge on the activation of the tumor 
suppressor protein TP53. As a major consequence, TP53 
transactivates the promiscuous CDK inhibitor p21CIP1 and 
thereby blocks further passage of damaged cells through the 
cell cycle. The suppression of CDK activity also promotes 
the accumulation of hypophosphorylated p27KIP1, a CDK 
inhibitor that has a high affinity for cyclin E-CDK2 com-
plexes [52], and it stabilizes RB2/P130 in its hypophospho-
rylated form [53]. All of these changes were noted in MSCs 
with silenced RB1, which provides evidence for the activa-
tion of the DNA damage response cascade downstream of 
gamma-H2AX.

The activation of p53 is a decisive step for the induc-
tion of cellular senescence both in human and mouse fibro-
blasts [54]. It coincides with the suppression of RB1 and 
P107 [53, 55], leaving behind RB2/P130 as the dominating 
retinoblastoma protein in senescent cells [56]. Our data on 
human MSCs show that the silencing of RB1 itself triggers 
the activation of p53-RB2/P130 crosstalk, which leads to 
an irreversible cell cycle arrest. The data indicate that nei-
ther RB2/P130 nor P107 can substitute RB1 to maintain the 
proliferative activity of MSCs. This is consistent with the 
note that RB1, p107, and RB2/P130 regulate completely 
different gene settings [57]. In summary, the maintenance 
of genomic stability in MSCs is highly dependent on a func-
tional RB1. Impairing these control functions provokes a 
shift to RB2, causing premature senescence [50].

In cells with silenced RB2/P130, we observed an increase 
in the proliferation rate and an increase in self-renewal 
properties as detected by the CFU assay (Figs. 2a, c, 4a). 
These results are in good agreement with data showing a 
reduced degree of DNA damage, apoptosis, and senescence 
(Fig. 3a–d).

The decrease in the percentage of senescent cells in 
shRB2MSCs is in good agreement with the observation that 
cells with senescence markers show high levels of RB2/
P130 [53, 58]. This suggests that Rb2/p130 is the critical 
retinoblastoma protein in the advanced senescent stage, par-
ticipating in a growth arrest stalling cells beyond the restric-
tion point by forming strong repressor complexes at E2F1 
promoter binding sites.

Together, our data demonstrate that, at least in some cell 
types and in some cellular contexts, the RB1-P16 pathways 
may be dispensable for senescence, whereas the activation 
of p53 along with the accumulation of RB2/P130 may be 
the leading events.

Moreover, a long-term culture of shR2-MSCs further 
demonstrated that the accumulation of RB2/P130 is a key 
event for a definitive cell cycle exit and the trigger of a senes-
cence program. On the other hand, the absence of transfor-
mation events in this long-term culture is in agreement with 
an ancillary role for RB2/P130 in malignant transformation. 
We cannot, however, exclude the possibility that cells in 
shR2-MSC long-term cultures had alteration in their karyo-
type and modification in the panel of expressed genes.

The classic role for the retinoblastoma family is the regu-
lation of the cell cycle as repressors of the E2F family of 
transcription factors [2]. An equally important aspect of ret-
inoblastoma proteins is the development and differentiation 
of many tissues because RB1 can activate certain differenti-
ation transcription factors to promote cellular differentiation 
[59]. The retinoblastoma family has been shown to be dif-
ferentially regulated during the adipogenic differentiation of 
preadipocyte cell lines [60, 61].

The sequestration of retinoblastoma family members by 
SV40 large T antigen inhibits adipocyte differentiation [62]. 
In addition, RB1 −/− fibroblasts are unable to differentiate 
without exogenous PPAR-gamma activators [63].

In contrast to the research reported above, we demon-
strate that the targeted loss of RB1 or RB2 in MSCs leads 
to bias toward the adipocyte phenotype. To reconcile these 
studies, it should be emphasized that our analysis was car-
ried out on multipotent progenitor cells, whereas other 
investigations were done on committed pre-adipocytes and/
or fibroblasts. It is possible that retinoblastoma proteins play 
a complex role in adipogenesis: they may be dispensable 
during the adipocyte cell commitment of multipotent stem 
cells, whereas they could further promote differentiation 
process in committed cells. On the other hand, there is also 
a report showing that, paradoxically, RB1 can inhibit adi-
pogenesis by attenuating the capacity of the PPAR-gamma 
transcription factor to drive gene expression [64]. It is evi-
dent that the role of the retinoblastoma family in adipocyte 
differentiation should be investigated in further depth. This 
was beyond the scope of the current research.

In conclusion, our study showed evidence that the ret-
inoblastoma proteins play a key role in regulation of several 
aspects of MSC biology: proliferation, stemness, cell com-
mitment, senescence, and apoptosis.

The three members of the retinoblastoma family have 
specific functions that only partially overlap. In fact, our 
data evidenced that the silencing of RB1 or RB2/P130 
expression is not compensated by other gene family mem-
bers, and this profoundly effected MSC functions.
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