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Abstract
Althoughmicemodels rank among themostwidely used tools for understandinghumangenetics, biology, anddiseases,
differences between orthologous genes among species as close as mammals are possible, particularly in orthologous
gene pairs in which one or more paralogous (i.e., duplicated) genes appear in the genomes of the species. Duplicated
genes canpossess overlapping functions and compensate for each other. The retinoblastomagene family demonstrates
typical composite functionality in its three member genes (i.e., RB1, RB2/P130, and P107), all of which participate in
controlling thecell cycle andassociatedphenomena, includingproliferation, quiescence, apoptosis, senescence, andcell
differentiation. We analyzed the role of the retinoblastoma gene family in regulating senescence in mice and humans.
Silencing experiments with each member of the gene family in mesenchymal stromal cells (MSCs) and fibroblasts from
mouse and human tissues demonstrated that RB1 may be indispensable for senescence in mouse cells, but not in
human ones, as an example of species specificity. Furthermore, although RB2/P130 seems to be implicated in
maintaining human cell senescence, the function of RB1within any given speciesmight differ by cell type, as an example
of cell specificity. For instance, silencingRB1 inmouse fibroblasts induced a reduced senescencenot observed inmouse
MSCs. Our findings could be useful as a general paradigm of cautions to take when inferring the role of human genes
analyzed in animal studies and when examining the role of the retinoblastoma gene family in detail.
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Introduction
The mouse is the most widely used model organism for elucidating
human genetics, biology, and disease. As a case in point, the function
of a gene in humans can be deduced by studying the corresponding
orthologous gene in mice. However, findings reveal a divergence
between orthologous genes among species as close as mammals such
as mice and humans [1], especially between orthologous gene pairs for
which one or more paralogous genes appear in the genomes of species
under investigation.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.neo.2017.06.005&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
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Within a genome, paralogous genes that form a gene family are due
to the duplication of events involving a common ancestor gene. The
duplication and divergence of a gene with more than one molecular
activity can prompt the subfunctionalization of some activities or the
sharing of others (i.e., overlapping), if not both. At the same time, one
of the paralogous genes might acquire a new function [1]. In such
cases, inferring gene function in humans by means of knockout or
in situ experiments with mice can pose quite a challenge.

In response, the retinoblastoma gene family might exemplify
possible orthologous gene divergence between humans and mice. The
family comprises three members—RB1, RB2/P130, and P107—that
regulate several aspects of cell life, including cell cycle, apoptosis,
senescence, and differentiation [2–4]. Studies with mice have suggested
that retinoblastoma family proteins show overlapping functions, while
an initial knockout analysis suggested that Rb2/p130 and P107 played
an ancillary role. Indeed, Rb1−/− mice of 129Sv or C57BL6 strains
showed embryo lethality, whereas mice deficient in Rb2/p130 or P107
developed normally without any overt adult phenotype. Such genetic
redundancy and functional compensation have been challenged by the
observation that in mice of the BALB/c strain, the loss of Rb2/p130
induced the death of embryos, whereas P107−/− mice showed severe
postnatal alterations of the phenotype [3,5,6].

To add to that complexity, functional compensation within a gene
family can occur differently depending on whether the germline
versus conditional loss-of-function mouse mutants are used. For
example, embryonic fibroblasts obtained from mice with a permanent
loss of the Rb1 gene maintain their capacity to arrest in a quiescent
state when cultivated without growth factors. Conversely, mouse
fibroblasts can lose their capacity to arrest in G0 when the Rb1 gene is
acutely deleted. Indeed, the germline loss of a function of a gene with
a critical function could force selection whereby another member of
the gene family acquires a function to compensate for the loss of
activity. In acute conditions, however, such compensation might not
occur [7].

With pioneering analyses in mice, several other studies have
demonstrated functional differences among proteins in the retino-
blastoma family [4,8,9]. As a result, it is currently understood that the
role of RB1, RB2/P130, and P107 depends on several parameters,
including the animal species under investigation, the cell type, and
the status of the cell as a stem cell, progenitor, or differentiated
cell [10–13].

Despite the above reported studies, following the identification of
gene function in mice or in a specific cell type or tissue, if not both,
researchers could perform an extrapolation to indicate the presence of
a given gene's activity in humans, which could in turn negatively
affect findings applicable to treating human diseases. Indeed, animal
experiments often do not translate into replications in human clinical
trials because they are poorly designed, conducted, or analyzed [14].
Such a concern should be taken seriously since misleading concepts
can occur for well-known, thoroughly studied genes as well, including
those belonging to the retinoblastoma family.

In light of that scenario, we investigated the role of retinoblastoma
gene family members in regulating senescence. Initially, we focused
our attention on human bone marrow mesenchymal stromal cells
(MSCs). MSCs contain a subpopulation of stem cells able to
differentiate in mesodermal derivatives (e.g., adipocytes, chondro-
cytes, and osteocytes). MSCs also contribute to the homeostasis and
repair of several tissues and organs, and for that reason, MSCs
continue to be scrutinized in several clinical trials [15]. The
senescence of MSCs can be very deleterious since it greatly impairs
tissues' renewal. At the same time, senescence promotes protective
anticancer mechanisms that prompt the growth arrest of tumor
cells [2,16].

In a previous study, we demonstrated that acute silencing of the
RB1 gene in human MSCs renders cells prone to DNA damage
with the gradual adoption of a senescent phenotype. No cell growth
deregulation or resistance to cell cycle exit was observed, despite its
occurrence in other cellular systems such as in mouse embryonic
fibroblasts with the inactivated Rb1 gene [3,7]. Our finding, along
with research showing that, in several cellular models,
senescence-inducing signals engage either the P53 or RB1-P16
pathway, prompted us to hypothesize a complex role for retinoblas-
toma family members in regulating senescence. In particular, we
hypothesized that the role of each member may be specific to cell type
and species. To that end, we compared the biological effects of RB1,
RB2/P130, and P107 silencing in human and mouse MSCs and
fibroblasts, the latter chosen as a reference model given ample
literature addressing the consequences of retinoblastoma gene
inactivation in them.

Materials and Methods

Human MSC Cultures
After obtaining bone marrow from healthy donors who had

provided their informed consent, we separated cells on a Ficoll density
gradient (GE Healthcare, Milano Italy) and collected and washed the
mononuclear cell fraction in phosphate-buffered saline (PBS). We
seeded 1-2.5 × 105 cells/cm2 in modified Eagle's medium (alpha-
MEM) containing 10% fetal bovine serum (FBS) and basic fibroblast
growth factor (bFGF). After 72 hours, we discarded nonadherent cells
and cultivated adherent ones to confluency. We then further
propagated cells for the assays reported in what follows. Cells were
used at passage 3 or 4.

Mouse MSC Cultures
We harvested MSCs from the bone marrow of femurs and tibias of

adult C57BL/6J mice by inserting a 21-gauge needle into the shaft of
the bone and flushing it with alpha-MEM. Cells from one animal
were plated onto two 100-mm dishes with alpha-MEM containing
10% FBS and bFGF. After 24 to 48 hours, we discarded nonadherent
cells and twice washed adherent cells with PBS. We then incubated
cells for 7 to 10 days in proliferating medium in order to reach
confluence and propagated them for additional experiments. Cells
were used at passage 3 or 4.

Human and Fibroblast Cultures
As a source for fibroblast isolation, we used human dermis obtained

from disposable tissues of patients undergoing surgical operations. All
patients provided their informed consent. We used mice's tails to
isolate murine fibroblasts.

We treated human and mouse specimens with a collagenase II
solution (1 mg/ml) for several hours at 37°C and centrifuged samples at
1000g for 5 minutes at room temperature. We discarded supernatants,
washed pellets several timeswith PBS, and filtered them through culture
meshes (40 μm). We next plated cells 5000/cm2 in Dulbecco's
modified Eagle's medium supplemented with 10% fetal calf serum.We
then expanded cells for experiments described in the results. Cells were
used at passage 3 or 4.



Figure 1.Western blot analysis following silencing experiments. RB1, RB2/P130, and P107 were silenced in human and mouse cells with
specific shRNAs. The panel shows the expression levels of several proteins following treatments of cells with shRNAs. GAPDH protein
was used as loading control. R1, R2, and P107 stand for shRNAs against human RB1, RB2/P130, and P107 mRNAs, respectively. The
control shRNA with a scrambled sequence was named SCR. Silencing experiments were carried out in human MSCs (hMSC) and
fibroblasts (hFib). Mouse MSCs (mMSC) and fibroblasts (mFib) were treated with shRNAs that specifically targeted mouse mRNAs of
RB1, RB2/P130, and P107 (r1, r2, and p107, respectively). Control shRNAs for mouse cells was named scr. The histogram shows the
quantitative evaluation of Western blot bands. For every experimental condition, the mean expression values (±SD, n = 3) are indicated.
The expression levels of the indicated proteins were evaluated in RB1- or RB2/P130- or P107-silenced cells and were compared with those
of cells treated with control shRNAs (*P b .05; **P b .01).
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Silencing with shRNA
We obtained shRNAs targeting the human and mouse RB1, RB2/

P130, and P107 mRNA, as well as control shRNAs from
Sigma-Aldrich (St. Louis, MO) that is distributor of Broad Institute
RNAi consortium (Cambridge, MA). The shRNA targeting coding
sequence region (CDS) of human RB1 mRNA was CCGGC
CGTGGATTCTGAACGTACTTCTCGAGAAGTACG
TTCAGAATCCACGGTTTTTG (code TRCN0000042543). The
shRNA against CDS of human RB2/P130 was CCGGCCAGAACA
TCATGCGTTGTTACTCGAGTAACAACGCATGATGTTCTG
GTTTTTG (code TRCN0000071277). The shRNA targeting
human P107 CDS was GTACCGGATCTTTGCCAATGCTATA
ATGCTCGAGCATTATAGCATTGGCAAAGATTTTTTTG
(code TRCN0000218550).

The shRNA against the 3′UTR region of mouse RB1 mRNA was
CCGGCAGAGATCGTGTATTGAGATTCTCGAGAATCTCAA
TACACGATCTCTGTTTTTG (code TRCN0000010419). The 3′
UTR of mouse RB2/P130 mRNA was targeted with CCGGG
CTGAGAGAAATATGGAACTTCTCGAGAAGTTCCATATTT
CTCTCAGCTTTTTG shRNA (code TRCN0000039923).
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ShRNA against 5′UTR of mouse P107 mRNA was CCGGGCA
CAGGCTAATGTGGAGTATCTCGAGATACTCCACAT
TAGCCTGTGCTTTTTG. The control shRNA was obtained from
Sigma-Aldrich (code SHC001). It was a negative control containing a
sequence that did not target any known mammalian genes.

The selected shRNAs were inserted into lentiviral particles.
To generate knockdown cells, we produced lentiviral particles as
described by the Broad Institute (http://www.broadinstitute.org/
genome_bio/trc/publicProtocols.html). Briefly, we transfected
1 × 106 293FT cells (Invitrogen, Waltham, CA) with 2.25 μg of
second-generation packaging plasmid, 0.75 μg of PMD2G envelop
plasmid, and 3 μg of a selected pLKO.1 vector using 30 μl of Fugene
HD (Roche, Mannheim, Germany) on 100-mm plates. We
generated polyclonal populations of knocked down cultures by
Figure 2. (A) Senescence levels in cells with silenced retinoblastoma
and mouse cells following the silencing of RB1, RB2/P130, and
microscopic fields of senescence-associated beta-galactosidase–pos
show the percentage of senescent cells in MSCs and fibroblasts fro
respectively). R1, R2m and P107 stand for shRNAs against human R
with a scrambled sequence was named SCR. The shRNAs against the
respectively. Control shRNAs for mouse cells was named scr. Data a
(B) DAPI staining. Fluorescence photomicrographs show cells stained
graph shows the degree of DAPI staining. For each positive cell, the
Quantity One 1-D analysis software (Bio-Rad Laboratories). We calcu
and then determined the average fluorescent pixel intensity, which w
staining intensity was determined for 200 cells. Data are expressed
infection with 1 MOI of shRNA lentiviral particles. At 3 days
postinfection, we selected cells with 2 μg/ml puromycin (Sigma-
Aldrich, St. Louis, MO) for 1 week. At that time point, cells had
expanded to 70% to 80%, and unless stated otherwise, we performed
all experiments soon afterward.

Silencing with siRNAs
We obtained validated siRNAs targeting human or mouse RB1,

RB2/P130, P16, and P27 mRNAs from Santa Cruz Biotechnology
(Dallas, TX). The control siRNA had a sequence that did not target
any known mammalian genes.

We incubated human MSCs with 100 pMoli of siRNA against
RB1 or with control siRNA (SCR) and, at the same time, added either
siRNA against RB2/P130, P27, or P16. We incubated the mix of
proteins. The presence of senescent cells was evaluated in human
P107 with specific shRNAs. The picture shows representative
itive cells in the different experimental conditions. The histograms
m both human and mouse origin (hMSC, mMSC, hFib, and mFib,
B1, RB2/P130, and P107 mRNAs, respectively. The control shRNA
corresponding mouse mRNAs were indicated as r1, r2, and p107,
re expressed with standard deviation (n = 3, *P b .05, **P b .01).
with DAPI (blue). Representative microscopic fields are shown. The
DAPI intensity was acquired with a CCD camera and analyzed with
lated the sum of the fluorescent pixel values of DAPI-positive cells
as expressed in arbitrary units. For every experimental condition,

with standard deviation (n = 3, *P b .05, **P b .01).

http://www.broadinstitute.org/genome_bio/trc/publicProtocols.html
http://www.broadinstitute.org/genome_bio/trc/publicProtocols.html


Figure 2. (continued).
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siRNAs in Lipofectamine 2000 (Invitrogen, Milano, Italy)
according to the manufacturer's instructions and collected cells for
further analysis 48 hours posttreatment. We incubated mouse
MSCs with 100 pMoli of siRNA against RB2/P130 or with control
siRNA (scr) and, at the same time, added either siRNA against RB1,
P27, or P16. We incubated the mix of siRNAs in Lipofectamine
2000 (Invitrogen, Milano, Italy) according to the manufacturer's
instructions. We collected cells for further analysis at 48 hours
posttreatment.

In Situ Senescence-Associated Beta-Galactosidase Assay
We calculated the percentage of senescent cells by the number of

blue beta-galactosidase–positive cells out of at least 500 cells in
different microscope fields, as previously reported [17].

Detection of Senescence-Associated Heterocromatic
Foci (SAHFs)
Cells grown on coversplips were fixed with 4% paraformaldeyhe

and then stained with DAPI for 30 minutes. Cells were observed
through a fluorescence microscope (Leica Microsystem, Milano,
Italy). The intensity of DAPI was acquired with a CCD camera and
analyzed with Quantity One 1-D analysis software (Bio-Rad
Laboratories, Hercules, CA). We calculated the sum of the
fluorescent pixel values of DAPI-positive cells and then determined
the average fluorescent pixel intensity, which was expressed in
arbitrary units. For every experimental condition, staining intensity
was determined for 200 cells.

In Vitro Follow-Up of Senescence Process
After treating cultures with reagents for senescence-associated

beta-galactosidase assay, we washed samples with PBS, incubated
them with blocking solution (5% BSA, 0.3% Triton X100) for 1
hour, and then incubated them overnight in PBS containing diluted
primary antibodies—namely, rabbit polyclonal antibodies anti-RB1
(Santa Cruz Biotech) and anti-RB2/P130 (Abcam, Cambridge UK).
We used mouse monoclonal anti-RPS6 (Cell Signaling, Danvers,
MA) and goat polyclonal antibodies anti-Ki67 (Santa Cruz Biotech).
Following primary antibody incubation, we washed samples with PBS
and incubated them with secondary antibodies (i.e., AMCA
[anti-rabbit], TRITC [antigoat], and FITC [anti-mouse]). We then
analyzed samples using fluorescence or a light microscope (Leica
Microsystem, Milano Italy).



Table 1. Changes in Protein Expression Following Silencing Experiments

hMSC R1 R2 P107 hFIB R1 R2 P107
Senescent ↑ ↓ ≈ Senescent ↓ ≈ ↑↑
RB ⊥ ↑↑ ≈ RB ⊥ ↑ ≈
RB2 ↑ ⊥ ≈ RB2 ↑ ⊥ ↑
P107 ↑↑ ↑↑ ⊥ P107 ↑↑ ↑↑ ⊥
P53 ↓ ↓ ≈ P53 ≈ ↑ ↑
MDM2 ↓↓ ↓↓ ↓↓ MDM2 ≈ ≈ ↑
P21 ≈ ≈ ↑ P21 ↑ ↑↑ ↓
P27 ↑ ≈ ↑↑ P27 ↑↑ ↑ ↑
ARF ↑↑ ↑ ≈ ARF ≈ ≈ ↑
P16 ↑↑ ≈ ≈ P16 ↓ ↑ ↑

mMSC R1 R2 P107 mFIB R1 R2 P107
Senescent ≈ ↑↑ ↑ Senescent ↓ ≈ ≈
RB ⊥ ↑ ↑ RB ⊥ ↑ ↓
RB2 ≈ ⊥ ↓ RB2 ↓ ⊥ ≈
P107 ≈ ↓↓ ⊥ P107 ≈ ↑↑ ⊥
P53 ↓ ≈ ↑↑ P53 ≈ ≈ ↑↑
MDM2 ↓↓ ↓↓ ↓↓ MDM2 ≈ ≈ ↓
P21 ↑ ↑ ↑ P21 ↑↑ ↓↓ ↓
P27 ↓ ↑↑ ↑↑ P27 ↓↓ ↓ ↑
ARF ↓ ↑ ≈ ARF ≈ ≈ ≈
P16 ↑↑ ↑↑ ↑↑ P16 ↑ ↑ ↑

RB1, RB2/P130, and P107 were silenced in human and mouse cells with specific shRNAs.
In the different experimental conditions, the variation in the percentage of senescence is indicated.
Variations are compared with controls. The table also shows changes in protein levels as determined
by quantitative analysis (see also Supplementary Figure 2).
The protein levels of RB1- or RB2/P130- or P107-silenced cells were compared with those of cells
treated with control shRNAs. ↑ or ↑↑indicates significant or highly significant upregulation
compared to control. ↓ or ↓↓ represents downregulation. ≈means not significant changes. ⊥ means
that, in a given experimental condition, the indicated gene was silenced.
R1, R2, and P107 stand for shRNAs against human RB1, RB2/P130, and P107mRNAs, respectively.
Silencing experiments were carried out in human MSCs (hMSC) and fibroblasts (hFib).
Mouse MSCs (mMSC) and fibroblasts (mFib) were treated with shRNAs that specifically targeted
mouse mRNAs of RB1, RB2/P130, and P107 (r1, r2, and p107, respectively).
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RNA Extraction, RT-PCR, and Real-Time PCR
We extracted total RNA from cell cultures using Omnizol

(EuroClone, Pero Italy), according to the manufacturer's protocol,
and measured mRNA levels by RT-PCR amplification.

We used sequences of mRNAs from the Nucleotide Data Bank
(National Center for Biotechnology Information, Bethesda, MA) to
design primer pairs for real-time RT-PCRs (Primer Express; Applied
Biosystems, Milano, Italy); primer sequences are available upon
request. We used appropriate regions of HPRT and/or GAPDH
cDNA as controls and ran real-time PCR assays on an Opticon 4
machine (MJ Research, Waltham, MA). We carried out reactions
according to the manufacturer's instructions using a SYBR green PCR
master mix and used the 2−ΔΔCT method as a relative quantification
strategy for quantitative real-time PCR data analysis.

Western Blotting
We lysed cells in a buffer containing 0.1% Triton for 30 minutes at

4°C. A quantity of 10 to 40 μg of each lysate was electrophoresed in a
polyacrylamide gel and electroblotted onto a nitrocellulose mem-
brane. We used all primary antibodies—that is, rabbit polyclonal
antibodies anti-RB1, anti-P107, and anti-P21 (Santa Cruz Biotech),
anti-RB2/P130 (Abcam), and anti-P53 and anti-p27 (ProteinTech,
Chicago, IL, USA)—according to the manufacturers' instructions.
We also used mouse monoclonal primary antibody anti-MDM2,
anti-ARF (Santa Cruz Biotech), and anti-P16 (Abcam).

We detected immunoreactive signals with a horseradish peroxidase–
conjugated secondary antibody (Santa Cruz Biotech) and reacted with
ECL plus reagent (GE Healthcare). We conducted a semiquantitative
analysis of protein levels using a gel documentation system (Bio-Rad,
Milano, Italy).
Statistical Analysis
We evaluated statistical significance using analysis of variance,

followed by a Student's t and Bonferroni's tests. For data with
continuous outcomes, we used mixed-model variance analysis and, in
any case, analyzed all data with GraphPad Prism version 5.01
(GraphPad, La Jolla, CA).

Bioinformatic Analysis
We identified human and mouse promoters belonging to RB1,

RB2/P130, and P107 according to the Transcriptional Regulatory
Element Database (https://cb.utdallas.edu/cgi-bin/TRED/tred.
cgi?process=searchPromForm) and its instructions. We evaluated
identified promoter regions with AliBaba2 (http://www.gene-
regulation.com), a pattern-based program for predicting transcription
factor binding sites in DNA sequences that uses the set of binding
sites from TRANSFAC Public 6.0.

Results
We silenced retinoblastoma genes in human and mice cells by

use of shRNA technology. The selected shRNAs effectively silenced
and induced a decrease of their target mRNAs in all cell types, as
detected by RT-PCR (Supplementary Figure 1). We further
evaluated silencing by determining the protein levels of target genes
(Figure 1).

Retinoblastoma Proteins and Senescence
The silencing of each member of the retinoblastoma family

produced different effects on senescence depending on cell type and
animal species.

We employed in situ acid-beta-galactosidase assay to detect
senescence in lentiviral transduced cells. Silencing RB1 induced a
significant increase in the percentage of senescent cells in human
MSC cultures yet no effect in corresponding murine cells. By
contrast, in mouse fibroblasts, the downregulation of RB1 occurred
with decreased senescence. Silencing RB2 triggered an increase of
senescence in mouse MSCs and a diminution of the same
phenomenon in human MSCs. Lastly, P107 silencing induced the
upregulation of senescence in both mouse MSCs and human
fibroblasts (Figure 2A).

In many in vitro and in vivo models, senescent cells show
heterochromatic nuclear foci containing silenced genes. For this
reason, we evaluated these SAHFs with DAPI staining [18].
Indeed, increase in senescence, as detected with the acid-beta-
galactosidase assay, was associated with an augment of SAHFs
(Figure 2B).

We decided to extend our analysis to other proteins that play a key
role in senescence in order to find a molecular algorithm that could be
associated with different outputs induced by silencing retinoblastoma
proteins in human and murine cells. In particular, we analyzed the
expression of P53, MDM2, and three cyclin kinase inhibitors (CKIs):
P21, P27, P16, ARF. In human cells, increased senescence seemed to
be associated with the upregulation of P16 and P27 in the presence of
RB2/P130 (Table 1). Indeed, in humanMSCs with silenced RB1 and
in human fibroblasts with silenced P107, we detected an increase of
senescence related to augmented P27 and P16 levels. The increase of
the two CKIs was not enough to sustain senescence; in fact, their
upregulation in the absence of RB2/P130 induced either a decrease or
no change in senescence, as observed in human MSCs and fibroblasts,
respectively (Table 1).

https://cb.utdallas.edu/cgi-bin/TRED/tred.cgi?process=searchPromForm
https://cb.utdallas.edu/cgi-bin/TRED/tred.cgi?process=searchPromForm
http://www.gene-regulation.com
http://www.gene-regulation.com


Figure 3. Identification of senescence-associated pathways in human and mouse cells. (A) The histogram shows the percentage of
senescent cells following treatment with siRNAs against RB2/P130 or P27 or P16 in human MSCs having silenced RB1 (R1) or in control
sample (SCR). (B) The histogram shows the percentage of senescent cells following treatment with siRNAs against RB1 or P27 or P16 in
mouse MSCs having silenced RB2/P130 (r2) or in control sample (scr). Data are expressed with standard deviation (n = 3, *P b .05).
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In murine cells, increased senescence was associated with the
upregulation of P16 in the presence of RB1 (Table 1). As matter of
fact, in mouse MSCs with silenced RB2/P130 or P107, we observed a
significant increase in the percentage of senescent cells coupled with
the upregulation of P16 and the presence of RB1. The sole increase in
P16 is inadequate to induce senescence. Indeed, in murine fibroblasts
with silenced RB1, we detected a decrease in senescence even in the
presence of enhanced P16 expression (Table 1).
We next tested the accuracy of the identified molecular algorithms

associated with senescence: RB2/P130-P27-P16 for human cells and
RB1-P16 for murine ones. To that end, we focused on human MSCs
with silenced RB1 and mouse MSCs with silenced RB2/P130 since
we had detected increased senescence in both conditions.
Using siRNA technology, we downregulated in human MSCs the

expression of RB1 and, at the same time, of RB2/P130 or P27 or P16.
Silencing each CKI or RB2/P130 abrogated the increase in senescence
(Figure 3), and the use of siRNAs instead of shRNAs effectively
excluded any overlooked side effects associated with lentivirus vectors.
In the same manner, we used siRNAs to shut down RB2 and RB1,

P16, or P27 in mouse MSCs, and in like fashion, the inhibition of
either RB1 or P16 expression negatively affected the onset of
senescence (Figure 3).
RB1’s Different Regulation During Acute Senescence in
Human and Mouse Cells

The identified pathways clearly indicate that RB1 plays a role in
senescence depending on cell type and animal species. In particular,
its expression is indispensable for senescence in murine cells but not
human ones. Paradoxically, its silencing in human MSCs induced
senescence. The phenomena may relate to compensation events that
occurred with silencing experiments and may not reflect the role
played by RB1. To confirm that RB1 plays a different role in
senescence in human and murine cells, we analyzed its expression
during acute senescence induced by peroxide hydrogen in cells with
the potential to express all retinoblastoma proteins.

To that end, we selected mouse fibroblasts as a paradigmatic cell
type that has RB1 associated with senescence. We also chose human
MSCs given evidence that senescence can occur in the absence of
RB1. We induced senescence in both cell types by incubation with
peroxide hydrogen for 30 minutes. After 3 and 24 hours, we collected
cells and performed immunocytochemistry to evaluate RB1 expres-
sions and its cellular localization. We also determined RB2/P130
expression since silencing experiments in human cells proved that the
protein might play a role in senescence. We selected an early and a late
phase of senescence to discriminate events in cycling and permanently



Figure 4. Follow-up of acute senescence in human and mouse cells. Human MSCs and mouse fibroblasts were treated with peroxide
hydrogen to induce senescence. We collected cells and performed immunocytochemistry to evaluate RB1 and RB2/P130 expression 3
and 24 hours following stressor treatment. The two time points were indicated as early and late phase of senescence. (A) Fluorescence
photomicrographs show the merging of cells stained with anti-RPS6 (green), anti–Ki-67 (red), and RB1 (blue) in human MSCs during early
and late senescence. Light microscopy pictures show the same fields stained to detect senescence-associated beta-galactosidase. In
early senescence, the arrow indicates a senescent cell that is Ki67(+) and RB1(+). In late senescence, the arrows indicate a senescent
cell that is negative for Ki67 and RB1. RPS6 stands for 40S ribosomal protein S6 and was used to detect cells. (B) Photomicrographs show
the merging of cells stained with anti-RPS6 (green), anti–Ki-67 (red), and RB2 (blue) in human MSCs during early and late senescence.
Light microscopy pictures show the same fields stained to detect senescence-associated beta-galactosidase. In early phase, the arrow
indicates a senescent cell that is Ki67(+) and RB2(−). In late senescence, the arrows indicate a senescent cell that is Ki67(−) and RB2 (+).
(C and D) Experiments carried out in mouse fibroblasts. The panels show the same staining we reported in panels A and B, respectively. In
panel C (early), the arrow indicates a senescent cell that is positive for Ki67 and RB1. In late phase, the cells become Ki67(−) but remained
RB1 positive (see arrow). In panel D (early), the cells are Ki67 (+) and RB2 (−). In the late phase, cells were Ki67(−) and became RB2 (+)
(See the arrows).
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arrested cells. Indeed, early-senescent cells are still cycling (i.e.,
positive for the expression of Ki67 antigen), and the irreversible exit
from the cell cycle with the onset of the frank senescent phenotype
occurs later.

In mouse fibroblasts, RB1 expression was evident in the nuclei of
early senescent cells 3 hours after peroxide treatment and persisted in
late phase 24 hours following incubation with the stressor (Figure 4).
By contrast, we hardly detected any expression of RB2/P130 in either
early or late senescent cells (Figure 4). In human MSCs, RB1
expression was present in early senescent cells but completely
disappeared later. Conversely, RB2/P130 was expressed only in the
nuclei of late-senescent cells (Figure 4).

We hypothesized a different role for RB1 in human and mouse
cells by globally analyzing RB1 and RB2/P130 during acute
senescence induced by peroxide treatment and by evaluating
senescence in cells with silenced components of the retinoblastoma
family. In mouse cells, RB1 seems to play a role both in cell cycle exit
events and in maintaining the senescence phenotype. In human cells,
RB1 might play a role in cell cycle exit but is clearly dispensable for
senescence. The senescence process appears to also be supported by
RB2/P130.

Transcriptional and Posttranscriptional Events Regulating
Activities of Retinoblastoma Genes

Our experiments showed that in two mammalian species (i.e., mice
and humans), an orthologous gene (i.e., RB1) can execute different
tasks in the same cell type. One possible explanation involves factors
that might regulate gene expression at the transcriptional level and
determinants that might act posttranscriptionally. For example, the
upstream promoter region of human and mouse RB1 genes differs in
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the number and type of transcription factor binding sites. We
used the Transcriptional Regulatory Element Database to identify
the human and mouse RB1 promoter and selected a 1000-bp
region spanning from −700 to +299 of the RB1 gene and
considered it to be the 5′-flanking region, which we analyzed
using AliBaba2 in search of transcription factors that might
participate in regulating its expression (Supplementary Figure 2).
Our analysis found 40 segments in the human sequence identified
as potential binding sites. In the mouse, by contrast, we identified
only 16 potential sites in the same region (Supplementary Figure 2).
We used the same approach to compare promoters of human
and mouse RB2/P130 and P107 genes and identified differences
in the number and type of transcription factor binding sites
(Supplementary Figure 2). Differences in transcription factors that
could drive the expression of an orthologous gene in two species might
account for different responses to environmental and internal cues
and hence the involvement of the gene in different duties in the two
organisms.
Posttranscription factors might also contribute to differences

between roles played by an orthologous gene in several species. For
example, phosphorylation events of the RB1 protein are key
determinants of its functions. We used PhosphoSitePlus software
(http://www.phosphosite.org/homeAction.action) to compare poten-
tial phosphorylation sites in human and mouse RB1 protein
(Supplementary Figure 3), and our analysis revealed six amino acid
residues that can be phosphorylated only in human protein.
Conversely, in mouse RB1, there are two potentially phosphorylated
residues not present in human protein (Supplementary Figure 3).
Differences in phosphorylation could account for the diversity in the
performed functions. The analysis of RB2/P130 and P107 proteins
with PhosphoSitePlus also revealed divergences in amino acid
phosphorylation between human and mouse orthologous proteins
(Supplementary Figure 3).
We also observed variation in the functions of the RB1 gene in

different cell types of the same organism. In that same case, factors
regulating gene expression at the transcriptional and posttranscrip-
tional levels could also play a role. For example, a cell type might
exhibit a group of transcription factors that allows the expression of
RB1 protein in response to a given cue. In another cell type, those
factors are not present, and accordingly, the RB1 protein cannot be
expressed as consequences of that cue. That dynamic might also apply
to different kinase proteins that regulate the several phosphorylation
sites on retinoblastoma proteins.

Discussion
The retinoblastoma gene family represents a typical example of
composite functionality. Its three members—namely, RB1, RB2/
P130, and P107—play a major role in controlling the cell cycle and
its associated phenomena, including proliferation, quiescence,
apoptosis, senescence, and cell differentiation. Accordingly, we
examined the role of the retinoblastoma gene family in regulating
senescence in mice and humans.
Silencing experiments of each member of the family in MSCs and

fibroblasts from mouse and human tissues showed that RB1 may be
indispensable for senescence in mouse cells, albeit not in human ones,
as an example of species specificity (Figures 2 and 3). That hypothesis
took further support from the evaluation of RB1 expressions during
acute senescence induced by peroxide hydrogen treatment in mouse
fibroblasts and human MSCs (Figure 4). By contrast, RB2/P130
appears to be involved in maintaining senescence in human cells
(Figures 2–4). Our finding is in agreement with other investigations
showing that, in human diploid fibroblasts, RB2/P130 is the
dominant protein of the retinoblastoma family leading to replicative
and accelerated senescence [19,20]. The observation that, in human
cells, RB2/P130 was highly expressed in late senescence (Figure 4) is
in accordance with studies of Jackson and Pereira-Smith [21]. They
evidenced that, in human breast cancer cells, the doxorubicin-
induced senescence is associated with a persistent permanence (up
to 8 days) of RB2/P130 on the promoters of genes involved in cell
cycle regulation. They concluded that their results showed a
mechanistic function of RB2/P130 in long-term maintaining of
senescence.

In general, we found that RB1-P16 pathways in mouse cells are
associated with senescence, whereas the RB2/P130-P27-P16 may
regulate that process in human cells. It should be underlined that,
besides the well-known role of P16 in senescence, there are several
reports evidencing a fundamental contribute of P27 in regulation of
senescence process [22–24].

Beside interspecies variations in the functions played by
retinoblastoma proteins, a further complexity arose from the
circumstance that their role within a given animal species can differ
in distinct cell types as an example of cell specificity. For instance,
silencing RB1 in mouse fibroblasts reduced senescence, an effect that
was not detected in mouse MSCs.

All these circumstances are not limited to role exerted by
retinoblastoma proteins in senescence, but all their functions may
be cell specific and species specific. For example, cardiac myocytes of
RB1-deficient mice did not show significant alteration in cell cycle
distribution and apoptosis [25]. At the opposite, Rb1 silencing in
mouse neuroblasts induced massive apoptosis [26]. Moreover, in
another species (rat), the survival of neurons was mainly regulated by
Rb2/p130 [27].

Conclusions
The assumption that orthologous genes might play the same role in
different species is the basis of comparative genomics and the use of
model organisms to study human biology and diseases. However, the
validity of that hypothesis needs to derive from systemic examination,
not only from anecdotal investigation, which is particularly true for
family genes, in which more paralogous genes are present in the
genome. We demonstrated that RB1 might play a different role in
senescence depending on cell type and species, which could be useful
as a general paradigm for cautions to take when inferring the role of
human genes in animal studies. Furthermore, our finding might be
interesting to clinical practitioners since we identified drivers of
senescence in human MSCs under scrutiny in several clinical trials.
For their safe and effective use, the senescence process needs to be
under strict control.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neo.2017.06.005.
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