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Abstract
Activated in response to chemotherapy, senescence is a tumor suppressive
mechanism that induces a permanent loss of proliferation. However, in response to
treatment, it is not really known how cells can escape senescence and how irreversible
or incomplete this pathway is. We have recently described that cells that escape
senescence are more transformed than non-treated parental cells, they resist anoikis
and rely on Mcl-1. In this study, we further characterize this emergence in response
to irinotecan, a first line treatment used in colorectal cancer. Our results indicate
that Akt was activated as a feedback pathway during the early step of senescence.
The inhibition of the kinase prevented cell emergence and improved treatment
efficacy, both in vitro and in vivo. This improvement was correlated with senescence
inhibition, p21waf1 downregulation and a concomitant activation of apoptosis due
to Noxa upregulation and Mcl-1 inactivation. The inactivation of Noxa prevented
apoptosis and increased the number of emergent cells. Using either RNA interference
or p21waf1-deficient cells, we further confirmed that an intact p53-p21-senescence
pathway favored cell emergence and that its downregulation improved treatment
efficacy through apoptosis induction. Therefore, although senescence is an efficient
suppressive mechanism, it also generates more aggressive cells as a consequence
of apoptosis inhibition. We therefore propose that senescence-inducing therapies
should be used sequentially with drugs favoring cell death such as Akt inhibitors.
This should reduce cell emergence and tumor relapse through a combined induction
of senescence and apoptosis.

INTRODUCTION

heterochromatin formation [3]. It has been shown that
efficient tumor suppression relies on senescent cells
being cleared by immune cells [4-6]. However, it should
be noted that human naevi expressing the Raf oncogene
remain senescent for years [7]. Thus, immune clearance
might not be a common feature of this suppressive
pathway.
Although they are arrested, senescent cells are not
inactive since they produce soluble factors known as the
senescence-associated secretory phenotype (SASP) [810]. The activity of the SASP is complex; depending on
the experimental conditions, it has either a suppressive
[10, 11] or an oncogenic function [12-14]. Thus, contrary
to apoptosis, senescence can generate cells that can

Activated in response to chemotherapy treatments,
the p53-p21 and p16-Rb pathways induce apoptosis or
senescence to prevent cancer cell proliferation. Apoptosis
relies on the direct or indirect activation of the Bax/
Bak pro-apoptotic proteins by BH3-only regulators
such as Noxa, Bim or Puma and the consequent caspase
induction and cell death. Conversely, senescent cells are
viable but their replicative potential is lost as a result of
cell cycle arrest and concomitant activation of the mTor
pathway [1, 2]. This suppression relies on p21waf1 and
p16INK4 activation and on the permanent inhibition
of E2F-responsive genes through Rb activation and
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potentially alter the microenvironment, and maybe in
some cases allow auto or paracrine tumor escape. As
compared to apoptosis, these observations have led authors
to question the efficacy of senescence as a complete tumor
suppressive mechanism [15]. Illustrating this hypothesis,
it has been recently reported that in mice models, p53mediated senescence induced the failure of doxorubicin
treatment [16]. This was related to the inhibition of mitotic
catastrophy and apoptosis by the senescence-mediated
arrest. Thus, the question of whether senescence and
apoptosis elicit an equivalent level of tumor suppression
is an important issue that needs to be clarified.
We have recently shown that cells can adapt to
senescence and escape as a dividing population, either
during oncogene-induced senescence [17] or following
chemotherapy-induced senescence (CIS) [18-20].
Importantly, cells that resist CIS grow in low adhesion
conditions, invade a matrigel matrix and form tumors in
vivo [18]. We have proposed that more aggressive cells
exit this suppressive pathway, either because senescence
was not complete or because of a phenotypic switch that
reconstitutes a dividing population. Interestingly, these
cells show dependency on the Mcl-1 pro-survival protein.
Its depletion increased treatment efficacy and prevented
cell emergence, indicating that apoptosis effectively
improves treatment efficacy in comparison to senescence.
In the current study, we pursued these experiments
on the characterization of CIS escape, with the aim of
finding combination therapies that would prevent cell
emergence. Irinotecan is a well-known topoisomerase
I inhibitor used as a first line treatment in colorectal
cancer. Unfortunately cancer cells escape rapidly [21],
requiring second line treatments and targeted therapies
to increase the time to progression [22]. Among several
resistance mechanisms, compensatory feedback pathways
play an essential role in enabling cell escape in response
to targeted therapies [23-27]. To our knowledge, this
remains to be described in the context of irinotecan
treatment and CIS escape. In this study, we describe
that the Akt kinase is activated during CIS and that its
inactivation significantly enhanced irinotecan efficacy
and prevented cell emergence. It is significant to note
that this was explained by the inactivation of senescence
and the concomitant activation of apoptosis. Irinotecan
normaly induces CIS through p21waf1 expression, but Akt
inhibition downregulated this pathway, leading instead to
the activation of the Noxa pro-apoptotic protein, followed
by its binding to Mcl-1 and the consequent induction of
apoptosis. Using p21waf1 -/- cells, we observed more
generally that the presence of an intact senescence
pathway favored cell emergence which was significantly
reduced when apoptosis was induced.
Therefore, although chemotherapy killed off the vast
majority of colorectal cancer cells, some subpopulations
survived this treatment to proliferate as more aggressive
cells. We propose that Akt targeting should be considered
www.impactjournals.com/oncotarget

in the future to reduce senescence and improve the
treatment of irinotecan-refractory colorectal cancers
through enhanced apoptosis.

RESULTS
Sn38 triggers senescence and activates Akt
Firstly, we confirmed our previous observations
[18, 28], showing that sn38, the active metabolite of
irinotecan, prevents the proliferation of colorectal cell
lines and induces senescence and p21waf1 expression.
Clonogenic assays performed on two different colorectal
cell lines, LS174T and HCT116, confirmed that the
number of colonies was reduced after treatment with sn38
(Figure 1A). Using western blot analysis, we observed
an increase in p21waf1 expression after 48-72 hours of
treatment (Figure 1B, lanes 1-6). Using β-galactosidase
staining, a known marker of senescence, results indicated
that approximately 70% of HCT116 and LS174T cells
had entered senescence after 3 days (Figure 1B, lanes
7-10). Importantly, no signs of apoptosis were detected,
analysing either caspase 3 activation or the presence of
subG1 cells by flow cytometry (see below Figure 7).
Recent studies have shown that Akt signaling
is used as a feedback survival pathway in response to
targeted therapies [25, 27, 29]. Since this remains largely
uncharacterized in response to irinotecan, we then
determined whether this kinase was activated in response
to sn38. Results presented Figure 1C and 1D indicate that
Akt was phosphorylated on its threonine 308 and serine
473 residues in both HCT116 and LS174T cells. This
active state was detected early, during the first 24 hours
of treatment.
Altogether, we concluded from these results that the
Akt kinase was activated in response to sn38 during the
early stage of senescence induction.

Akt inhibition enhances sn38 efficacy
Since Akt was activated in response to sn38, we
used selective inhibitors of the kinase to determine
whether its inactivation could improve the efficacy of
the topoisomerase inhibitor. To this end we first used
GSK690693, which has been described recently as a
specific ATP-competitive inhibitor of the kinase [30].
Using a panel of representative colorectal cell lines and
clonogenic assays, we observed that the sensitivity varied,
depending on the cell type (Figure 2A). For example,
LS174T cells were sensitive to GSK690693 with a
low IC50 of 250 nM whereas HCT116 cells were more
resistant with an IC50 closer to 7700 nM (an equivalent
high IC50 was obtained in ref [30] using short time
proliferation assays. See the material and methods section
43343
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Figure 1: Akt is activated during Sn38-mediated senescence and cell cycle arrest. A. HCT116 (left) and LS174T (right) cells

have been treated with sn38 at the indicated concentrations and clonogenic assays were used to evaluate cell survival after 8-10 days of
culture (n = 5 +/- sd, 1 ng/ml = 2.5 nM). B. LS174T and HCT116 cells have been treated with sn38 (5 ng/ml or 12.7 nM) for the indicated
time, total cell extracts were then prepared and p21waf1 expression was evaluated by western blot (lanes 1-6, n = 4). Following sn38
treatment, the percentage of senescent cells was evaluated as the number of cells expressing SA-ßgal activity (n = 4 +/- sd). C., D. LS174T
(C) and HCT116 (D) cells have been treated with sn38 (5 ng/ml or 12.7 nM) for the indicated time, total cell extracts were then prepared
and Akt activation was evaluated by western blot (n = 4).
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Figure 2: Akt inhibition enhances the effect of sn38 treatment. A. The indicated cell lines were treated with different concentrations

of GSK690693 and clonogenic assays were used to evaluate cell survival after 8-10 days of culture. IC50 values were calculated by
counting the number of surviving colonies. B. LS174T and HCT116 cells have been treated with sn38 (5 ng/ml or 12.7 nM), GSK690693
(20µM) or both drug for 8hr. Akt and GSK3ß expression and phosphorylation have been evaluated by western blot (n = 3). C. Following
treatment with sn38 (0.25 ng/ml or 0.63 nM), GSK690693 (1µM for LS174T cells and 7µM for HCT116 cells), Akti 1/2 inhibitor (4µM),
clonogenic assays were used to evaluated long term cell death after 7-10 days of culture (n = 8 +/- sd). D. LS174T and HCT116 cells have
been treated with sn38 (5 ng/ml or 12.7 nM) in the presence or absence of GSK690693 (20 µM) or Akti 1/2 (10 µM) as indicated for 72hr.
MTT assays were then used to evaluate short time effects on cell viability (n = 4 +/- sd).
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for a description of the doses and survival assays used in
this study). Using these two representative cell lines, we
then determined whether GSK690693 effectively blocked
Akt signaling following sn38 treatment. To this end, cells
were treated with sn38, GSK690693 or both and GSK3β
phosphorylation was analyzed since this protein is one of
the main targets of Akt. The results presented in Figure
2B show a decreased GSK3β phosphorylation, confirming
Akt inhibition (note the increase of Akt phosphorylation
detected following GSK690693 treatment, lanes 3 and
7-8. This has been previously reported in [30]). We then
determined whether this inhibitor could improve the
efficacy of sn38. Firstly, we used clonogenic assays to
evaluate long term cell death/arrest, by treating the cells
with sn38 with or without GSK690693 added at the same
time. As shown in Figure 2C (compare lanes 2 and 4; 8 and
10), the treatment with both drugs significantly decreased
the percentage of clones in HCT116 and LS174T cells.
This observation was confirmed using MTT assays (Figure
2D, compare lanes 2 and 4; 8 and 10). In addition, the
same effect was also observed with Akti 1/2, a non-ATPcompetitive and PH-domain dependent Akt inhibitor
(Figure 2C and 2D, compare lanes 2 and 6, 8 and 12). Note
that MTT assays give information on cell division but also
on cell viability and growth. Given the importance of Akt/
mTor on these different pathways, further experiments are
necessary to interpret completly these MTT results.
Altogether, these results show that the
pharmacological inhibition of Akt potentiates the effect
of sn38.

as evidenced by a high KI-67 staining (FSC: Forwardscattered light, proportional to cell-surface area or size,
SSC: Side-scattered light, proportional to cell granularity).
By contrast a high FSC/SSC profile was associated with
the absence of KI-67 expression. We have previously
shown that this subpopulation was mainly composed of
PLS senescent cells [18].
This model of sn38 escape was used to determine
whether Akt was implicated in the emergence of PLD
cells. Using intracellular flow cytometry staining, we
observed that around 25% of dividing PLD express the
Ser473 phosphorylated form of Akt. By contrast the
kinase was almost not activated in the non-dividing PLS
subpopulation (Figure 3C). This difference was confirmed
by western blot, using cell sorting and extracts obtained
from the PLD or PLS subpopulations. The active form
of Akt was mainly detected in the PLD as compared to
the senescent PLS cells (Figure 3D). This activation of
Akt in the PLD subpopulation suggested to us that the
kinase could play a role in the re-activation of cell division
during emergence. To test this hypothesis, we blocked Akt
activation at various points in time using GSK690693. The
drug was added either at the same time as sn38 (condition
1, Figure 3E), or at the time of release in 10% serum
(condition 2, Figure 3E). Results presented in Figure
3F indicate that Akt inhibition significantly limited the
emergence of clones detected by crystal violet staining
after 7-10 days. Using KI67 staining, we found that
this led to a significant reduction of PLD KI67-positive
cells (Figure 3G). We then determined if Akt was able to
modify the proportion of PLS and PLD cells at the end
of emergence. To avoid potential artefacts due to DNA
transfection following cell sorting, we generated PLC
and then stimulated the cells with insulin, a well known
activator of Akt (see protocol Figure 4A). Western blot
experiments confirmed that the kinase was phosphorylated
in this condition (Figure 4B, compare lanes 1 and 2,
lanes 3-4 correspond to a higher exposition to show the
activation of the kinase in PLC, lane 3). Interestingly,
insulin induced a significant increase in the number of
dividing clones after 72 hr. This effect was blocked by
GSK690693, confirming the role of the kinase in the
generation of emergent cells (Figure 4C, compare lanes
2 and 4). As expected, GSK690693 used alone reduced
the number of PLD (Figure 4C, compare lanes 1 and
3). To extend these observations, we then asked if Akt
inhibition prevents the growth of PLC in vivo. To this end,
PLC were generated and then injected subcutaneously
into immunocompromised mice. Starting at day 4, mice
were treated or not with GSK690693 (10mg/kg, 5 days
per week for 4 weeks). The results presented in Figure
4D indicate that the Akt inhibitor was able to significantly
reduce tumor formation by PLC in vivo.
Overall, we concluded from these results that the
pharmacological inhibition of Akt reduced cell emergence
and senescence escape in response to sn38.

Akt inhibition prevents cell emergence and
treatment escape
We have recently described that subpopulations of
colorectal cells can adapt to senescence and chemotherapy
and resume proliferation [18-20, 31]. Escape to sn38 leads
to the emergence of more transformed cells that we have
named PLC (Persistent LS174T Cells, see Figure 3A).
These emergent cells are more aggressive than parental
cells, they induce tumor formation in mice, grow in low
adhesion conditions and resist anoikis [18]. The PLC
population is heterogeneous and composed of around
60-70% senescent cells (named PLS) and 30-40% of
proliferating cells (named PLD). Representative images
presented in Figure 3A describe both this emergence and
PLC heterogeneity. Illustrative ß-galactosidase staining of
the two sub-populations is shown on the right of Figure 3A
(note the presence of PLD proliferating subclones in the
middle of the arrested PLS cells). Using flow cytometry
analysis and cell sorting, we have described that we can
identify the PLD sub-population within the PLC according
to a low size and granularity profile and a high KI-67
staining [18]. Results presented Figure 3B confirmed
that cells with a low FSC/SSC profile divided efficiently
www.impactjournals.com/oncotarget
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Figure 3: Akt inhibition prevents cell emergence and treatment escape. A. Experimental procedure to generate persistent
LS174T cells named PLC in this study: following sn38 treatment (5 ng/ml or 12.7 nM, 96 hrs), cells have been stimulated with 10% FBS
for 7 days to reinduce cell growth. Representative images showing PLC heterogeneity are shown on the right, illustrating the presence of
dividing (PLD) clones within senescent cells (PLS) stained with ß-galactosidase. B. Following DAPI staining and flow cytometry analysis,
PLC cells were gated according to low (PLD) or high (PLS) FSC/SSC values. Ki67 expression was evaluated in each subpopulation. Cell
percentages are presented on the right side (n = 5 +/- sd). C. pAkt Ser473 phosphorylation was analyzed by flow cytometry in PLC. Cells
were gated according to low and high FSC/SSC values and the corresponding pAkt Ser473 expression was evaluated in PLD and PLS (n
= 4 +/- sd). Representative images are shown on the right. D. PLD and PLS cells have been cell sorted by flow cytometry according to low
or high FSC/SSC values, as described in [18]. Akt phosphorylation has been evaluated by western blot in the indicated cells (n = 3). E., F.
PLC were generated in the presence or absence of GSK690693 added at different times during emergence, either at the same time as sn38
(condition 1) or at the time of release in 10% serum (condition 2). Emerging clones were counted using crystal violet staining and compared
to PLC generated in the absence of Akt inhibition (n = 6 +/- sd). G. In the same conditions, PLD and PLS cells were gated according to low
and high FSC/SSC values and the amount of proliferating cells was evaluated in PLD cells using Ki67 expression (n = 6 +/- sd).
www.impactjournals.com/oncotarget

43347

Oncotarget

Figure 4: Akt activation in PLC increases the number of PLD. A. Persistent LS174T cells (PLC) were generated and then were
treated with Insulin (500 nM) and/or GSK690693 (20 µM) for 72 hrs. B. PLC were generated, treated with Insulin and Akt activation was
evaluated by western blot (n = 4). C. PLC were generated, treated with Insulin and/or GSK690693 and the number of clones were counted
using crystal violet staining and compared to PLC without treatment, lane 1 (n = 6 +/-sd). Representative images are shown on the right. D.
PLC were generated and injected subcutaneously in immunocompromised mice. After 4 days, mice were treated or not with GSK690693
(10mg/kg), 5 days per week. The tumor volume was monitored over 4 weeks.
www.impactjournals.com/oncotarget
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Akt inhibition prevents p21waf1 and senescence
induction

The presence of p21waf1 is necessary for cell
emergence in response to sn38

Since Akt inhibition prevented cell emergence,
we then asked whether this was related to the regulation
of senescence. We firstly used β-galactosidase staining
to test this hypothesis and we observed that sn38mediated senescence was significantly reduced when
Akt was inactivated. This result was obtained with both
Akt inhibitors, in LS174T and HCT116 cells (Figure
5A compare lanes 2 and 4, 6 and lanes 8 and 10,12). In
addition, western blot analysis showed that p21waf1
induction was decreased when Akt was inhibited (Figure
5B, compare lanes 2 and 4, 6 and lanes 8 and 10, 12). This
was expected since the kinase is known to regulate the
stability and localisation of the cell cycle inhibitor [3234]. Cell fractionation experiments indicated that p21waf1
downregulation occured in both cell compartments
without any cytoplasmic relocalization (data not shown).
This inhibition was confirmed using RNA interference to
downregulate Akt. Following sn38 treatment, p21waf1 was
induced as expected in the presence of a control siRNA. Its
expression was reduced when cells were transfected with
a siRNA directed against the kinase (Figure 5C, compare
lanes 3 and 4). Akt was downregulated as expected. Using
β-galactosidase staining, we also confirmed using RNA
interference that Akt inhibition reduced sn38-mediated
senescence as compared to cells transfected with a control
siRNA (Figure 5D, compare lanes 3 and 4, the same
effect was obtained in HCT116 cells (data not shown)).
The inhibition was less efficient as compared to the one
obtained with GSK690693 (Figure 5D, lane 5), probably
as a consequence of an incomplete downregulation of the
kinase. We then determined the effect of Akt inhibition on
PML (promyelocytic leukemia) bodies, nuclear structures
that are associated with senescence and genotoxic stress
[35]. As expected, PML bodies were detected after 72 hr
of sn38 treatment. Interestingly, Akt inhibition reduced
their number and this effect was observed with the two
different inhibitors, GSK690693 and Akti 1/2 (Figure 5E,
compare lanes 2 and 4, 2 and 6). To further confirm the
inhibition of the senescence pathway, we then analyzed
the expression of cyclin D1. This protein has recently been
described as an additional marker of senescence since its
level increased in response to several senescence-inducing
drugs [36-38]. We were able to confirm this observation in
different cell lines (data not shown and the upregulation of
cyclin D1 during sn38-mediated senescence is presented
Figure 5F, lanes 1-2). Interestingly, like p21waf1, this
protein was also downregulated when Akt was inactivated.
This effect was observed in LS174T cells and with the two
different inhibitors (Figure 5F, compare lanes 2 and 4, 6).
The inhibition was less obvious in HCT116 cells.
Thus, we concluded from these observations that
the inhibition of Akt prevents senescence induction in
response to sn38.

We were surprised that a better sn38 response was
observed in parallel to p21waf1 and senescence inhibition.
As the main mediator of sn38-mediated arrest, we expected
this pathway to be maintained, leading to a complete loss
of replicative potential [1]. To explain this observation, we
analyzed cell emergence in the absence of the cell cycle
inhibitor. Using first HCT116 p21-/- cells, we confirmed
that sn38-mediated senescence was significantly reduced
as compared to parental cells (Figure 6A). Interestingly,
p21waf1 inactivation significantly reduced the number of
persistent clones in response to sn38 (Figure 6B). These
results were confirmed by a second approach in LS174T
cells, using RNA interference to downregulate p21waf1.
Again, and as compared to cells transfected with a control
siRNA, p21waf1 inactivation significantly reduced the
number of PLC clones (Figure 6C). Western blot analysis
confirmed the downregulation of the cell cycle inhibitor
(Figure 6C, left). Since p21waf1 is activated by p53 in
response to genotoxic treatment [39, 40], we also analyzed
the role of this tumor suppressor during cell emergence.
As expected, p53 was upregulated and phosphorylated
on its Ser15 residue following sn38 treatment (Figure
6D). Results also confirmed that its inactivation by
RNA interference prevented p21waf1 activation (Figure
6E, compare lanes 4 and 3). Significantly, almost no
cells were able to escape sn38 treatment when p53 was
downregulated. Representative images of crystal violet
staining and the quantification of emergence are shown
Figure 6F.
Altogether, we concluded from these results that
the inactivation of the p21waf1-p53 senescence pathway
reduced cell emergence and improved treatment efficacy.

www.impactjournals.com/oncotarget

Apoptotic cell death reduces cell emergence
following p21waf1 downregulation
As stated in the introduction, elegant results using
mice-models have reported that p53-mediated arrest
and senescence induce chemotherapy failure [16]. It
was proposed that an efficient cell cycle arrest prevents
mitotic catastrophy and consequently reduces cell death
and treatment efficacy. It is also known that p21-deficient
tumors are more sensitive to radiotherapy in vivo [41, 42].
In light of these studies, we therefore sought to determine
whether Akt inhibition and p21waf1 downregulation
reduced cell emergence through apoptosis. As we
previously described [18, 43], flow cytometry analysis
showed that sn38 induced a G2/M arrest. Interestingly,
Akt inhibition reduced this percentage of G2/M cells
and increased the proportion of subG1 cells. This was
observed both in HCT116 and LS174T cells and with the
two inhibitors (Figure 7A, compare lane 2 with 4, 6 and
43349
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Figure 5: Akt inhibition prevents p21waf1 expression and senescence induction. A. LS174T and HCT116 cells have been

treated with sn38 (5 ng/ml or 12.7 nM) in the presence or absence of GSK690693 (20 µM) and Akti 1/2 (10 µM) as indicated for 72 hrs and
the percentage of ß-galactosidase-positive cells was evaluated (n = 4 +/-sd). B. LS174T and HCT116 cells have been treated as above, total
cell extracts were prepared and p21waf1 expression was evaluated by western blot (n = 5). C. Akt expression was down-regulated by RNA
interference, the next day LS174T cells were treated with sn38 during 72 hours, total cell extracts were then prepared and p21waf1 and Akt
expression were evaluated (n = 3). D. Akt expression was down-regulated by RNA interference, the next day LS174T cells were treated
with sn38 during 72 hours and the percentage of ß-galactosidase-positive cells was evaluated (n = 4 +/- sd). E. HCT116 cells were treated
with sn38 in the presence or absence of GSK690693 and Akti 1/2 for 72 hrs. PML staining was then evaluated by immunofluorescence. The
average of fluorescence intensity per cell has been quantified (n = 3). F. LS174T (bottom panel) and HCT116 (top panel) cells have been
treated as above, total cell extracts were prepared and cyclin D1 expression was evaluated by western blot (n = 3).
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Figure 6: The presence of p21waf1 is necessary for cell emergence. A. HCT116 and HCT116 p21-/- cells have been treated with

sn38 (5 ng/ml or 12.7 nM) and the percentage of ß-Galactosidase positive cells was evaluated after 72 hrs (n = 4 +/- sd). B. Emergence was
evaluated in HCT116 and HCT116 p21-/- cells following sn38 treatment. Note that in comparison with LS174T cells, emergence occurred
after more than 14 days in this cell line. Clones were then counted using crystal violet staining (n = 5 +/- sd). C. p21waf1 expression was
downregulated by RNA interference, in LS174T cells. PLC were then generated as above and emergence was evaluated by crystal violet
staining (n = 5 +/- sd). D. LS174T cells were treated with sn38 (5 ng/ml or 12.7 nM) for the indicated time, total cell extracts were then
prepared and p53 activation was evaluated by western blot with the indicated antibodies (n = 5). E. p53 expression was downregulated
by RNA interference, the next day LS174T cells were treated with sn38 for 48 hours, total cell extracts were then prepared and p21waf1
and p53 expressions were evaluated (n = 3). F. p53 expression was down-regulated by RNA interference, PLC were generated and cell
emergence was evaluated as compared to cells transfected with a control siRNA. Representative images of crystal violet staining are shown
(n = 5 +/- sd).
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Figure 7: Apoptotic cell death is induced following senescence inhibition. A. HCT116 and LS174T cells were treated as above

with sn38 (5 ng/ml or 12.7 nM), GSK690693 (20 µM) or Akti ½ (10 µM) for 72h. Flow cytometry experiments were then performed to
quantify the percentage of cells in each phase of cell cycle (n = 4 +/- sd). B. Cells were treated as above and apoptosis was evaluated by
FACS analysis and the detection of the active form of caspase 3 (n = 3 +/- sd). C. Akt was downregulated by RNA interference, the next day
LS174T cells were treated with sn38 (5 ng/ml or 12.7 nM), total cell extracts were then prepared and the expression of the cleaved caspase-3
was evaluated by western blot (n = 3). D. HCT116 and HCT116 p21-/- cells were treated with sn38 (5 ng/ml or 12.7 nM) for the indicated
time and the percentage of cells presenting a subG1 content was evaluated by FACS analysis (n = 5 +/- sd). E. p21waf1 was downregulated
by RNA interference, the next day HCT116 cells were treated with sn38 (5 ng/ml or 12.7 nM) for 48 hours, total cell extracts were then
prepared and the expression of the cleaved caspase-3 was evaluated by western blot (n = 3). F. p53 expression was downregulated by RNA
interference, LS174T cells were treated as above and the expression of the cleaved caspase-3 was evaluated (n = 3).
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8 with 10, 12, note that more subG1 cells were detected
in HCT116 cells). This induction of apoptotic cell death
was further validated by the detection of the active form
of caspase 3 by flow cytometry. Although less than 15%
of cells presented an active form of caspase 3 following
sn38 treatment, this percentage increased in the presence
of GSK690693 or Akti 1/2 (Figure 7B, compare lanes 2
with 4, 6 and 8 with 10, 12). The same effect was observed
when Akt was inactivated by RNA interference in LS174T
(Figure 7C, lane 4) and HCT116 cells (data not shown).
We then asked if this apoptotic cell death was related
to the downregulation of p21waf1. As described Figure
7B, when HCT116 cells were treated with sn38, apoptosis
was detected in less than 15% cells. By contrast, when
these experiments were performed in HCT116 p21-/- cells,
a significant increase in the number of subG1 cells was
observed (Figure 7D). The activation of caspase 3 was also
detected by western blot when p21waf1 was inactivated by
RNA interference in HCT116 cells (Figure 7E, compare
lanes 4 and 2). In addition, the downregulation of p53 also
led to caspase 3 activation in response to sn38 (Figure 7F,
compare lanes 4 and 2).
In light of these results, we concluded that Akt
inhibition improved sn38 efficacy and prevented cell
emergence through the induction of apoptosis.

Mcl-1 (Figure 8C, compare lanes 14 and 16).
If Noxa mediates apoptosis following Akt inhibition,
we reasoned that its inactivation should prevent cell death
and favor cell emergence. We first tested this hypothesis
by downregulating Noxa and analyzing caspase 3
activation in the presence of sn38 and GSK690693. As
expected, the combined treatment induced caspase 3
activation when cells were transfected with a control
siRNA, (Figure 8D, compare lanes 3 and 1). Interestingly,
Noxa downregulation prevented this activation (Figure
8D, compare lanes 4 and 3).
We then determined whether Noxa downregulation
and cell death inhibition led to increased cell emergence.
To test this hypothesis, this protein was inactivated by
RNA interference, cells were then treated with sn38
and emergence was evaluated after 15 days (See Figure
8E top). We did this experiment on HCT116 since
these cells express Noxa in response to sn38 which
was not the case for LS174T cells (Figure 8B, lane 2
and 8). The results presented in Figure 8E indicate that
Noxa inactivation effectively enhanced the number of
emergent cells, in comparison with cells transfected
with a control siRNA. Interestingly, and as previously
reported [49, 50], we noticed that Noxa inhibition led
to an increase in Mcl-1 expression (Figure 8D, lanes 2
and 4). This suggested that this survival protein might
explain cell escape in this condition as we previously
reported [18, 20]. To test this hypothesis and to further
determine if the effect of Noxa are indeed mediated by
Mcl-1 inhibition, we downregulated this pro-survival
protein by RNA interference. As expected, we observed
that Mcl-1 inhibition reduced the number of emergent
cells [18]. Interestingly, results also indicated that the
increased emergence observed in the absence of Noxa
was completely inhibited when Mcl-1 was downregulated
(Figure 8E).
Altogether, we concluded from these results that
Akt inhibition prevents sn38 persistence through Noxa
activation, Mcl-1 binding and apoptosis induction.

Noxa inhibits Mcl-1 to prevent cell emergence
We and others have recently reported that Mcl1 favors senescence escape and cell emergence [18, 20,
31, 44]. To determine whether Akt inhibition prevents
sn38 escape through the downregulation of this survival
protein, we first analyzed its expression by western blot.
GSK690693 or Akti 1/2 did not affect Mcl-1 level in
HCT116 cells and we did not obtained any reproducible
effect in LS174T cells (Figure 8A). Although previous
experiments have reported that Mcl-1 levels are regulated
by the Akt-GSK3β pathway [45], this was not the case
in our experimental conditions. In addition, no effect was
observed on Bcl-xL which we and others have previously
shown to be upregulated in response to sn38 [18, 46]
(Figure 8A).
Besides its downregulation, Mcl-1 is also
inactivated following its titration by Noxa [47]. In
response to sn38, we found that this pro-apoptotic protein
was weakly induced in HCT116 but not in LS174T cells
(Figure 8B, compare lanes 1 and 2 ; 7 and 8, see also ref
[48]). Interestingly, Noxa was significantly upregulated
in the two cell lines following Akt inhibition (Figure
8B, compare lanes 2 and 4, 6; 8 and 10, 12). Using coimmunoprecipitation analysis, we observed that Noxa
weakly interacted with Mcl-1 in HCT116 cells following
sn38 treatment. This interaction was further enhanced
when Akt was inhibited (Figure 8C, compare lanes 8
and 6). In LS174T cells, the combined use of sn38 and
GSK690693 also induced a significant binding of Noxa to
www.impactjournals.com/oncotarget

Apoptosis can still be induced when senescence is
established
We then determined if we could reduce senescence
when this suppressive mechanism was already activated.
To this end, cells were pretreated with sn38 for 4 days and
Akt was inhibited for three days after this initial treatment
(see the experimental approach Figure 9A, RPMI 10%
FBS was added as a control). Senescence was detected
through p21waf1 expression and β-Galactosidase staining
(Figure 9B, compare lanes 2 and 1; Figure 9C, compare
lanes 2 and 1). Interestingly, when Akt was inhibited in
this senescent population, we still observed that p21waf1
expression could be downregulated (Figure 9B, compare
lanes 4-5 with 3). In addition, we also noticed a significant
43353
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Figure 8: Noxa interacts with Mcl-1 to induce apoptosis and prevent cell emergence in response to Akt inhibition. A., B.
Cells have been treated with sn38,GSK690693 or Akti 1/2 inhibitor as above for 72 hr, total cell extracts were then prepared and Mcl-1 (A),
Bcl-xL (A) and Noxa (B) expressions were evaluated by western blot (n = 3). C. Cells have been treated with sn38 and GSK690693 as above
for 72 hr, total cell extracts were then prepared and the interaction between Mcl-1 and Noxa was evaluated by co-immunoprecipitation. An
antibody directed against the Gal4 protein was used as a control (n = 4). D. Noxa was downregulated by RNA interference, the next day
HCT116 cells were treated with sn38 and GSK690693 for 48 hours, total cell extracts were prepared and the expression of the active form
of caspase 3 was evaluated (n = 3). E. Noxa or Mcl-1 expressions were downregulated by RNA interference, persistent HCT116 cells were
then generated and cell emergence was evaluated by crystal violet staining after 10-15 days (n = 5 +/-sd).
www.impactjournals.com/oncotarget
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decrease in β-Galactosidase staining (Figure 9C, compare
lanes 4-5 with 3). Western blot experiments indicated that
Noxa was also induced when the kinase was inhibited in
senescent cells (Figure 9D, compare lanes 4 and 5 with 2
and 3). These effects were observed with the two different
Akt inhibitors, GSK690693 and Akti 1/2.
In light of these results, we concluded that Akt
inhibition can still reduce senescence and upregulate Noxa
when this suppressive pathway is already induced. Since
the definition of senescence implies that it is a definitive
mechanism, this might suggest that the Akt inhibitors

target a subpopulation of cells where senescence is not
complete.

DISCUSSION
Understanding intrinsic or adaptive resistance
pathways in response to chemotherapy is one of the
main challenges of cancer treatment. Progression can be
explained by tumor heterogeneity and by the presence
of pre-existent resistant cells. Intrinsic drug resistance,
abnormal drug transport and detoxification enzymes or

Figure 9: Apoptosis can still be induced when senescence is already established. A. LS174T cells have been treated with sn38

(5 ng/mL or 12.7 nM) for 96 hrs (lane 2), serum was added (lane 3) in the absence or presence of GSK690693 (20µM, lane 3) or Akti 1/2
(10µM, lane 4) for 3 days in 10% serum. B. In these experimental conditions, total cell extracts were prepared, and p21waf1 expression
was then evaluated by western blot (n = 4). C. In the same condition, the percentage of ß-galactosidase-positive cells was evaluated (n =
4, +/- sd). D. In these experimental conditions, total cell extracts were prepared, and p21waf1 expression was then evaluated by western
blot (n = 4).
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enhanced DNA repair can all favor the selection of specific
subclones [23]. In addition, cancer cells can also adapt
to chemotherapy during the course of the treatment. For
instance, the epithelial-mesenchymal transition (EMT) and
the consequent generation of cells with cancer-initiating
cells features represent an important source of therapeutic
failure [51-53] [54]. These dedifferentiation pathways
are used by cancer cells in stressful conditions to finally
reconstitute dividing populations. Therefore, a complete

eradication will certainly rely on combination therapies
that can kill at the same time the bulk of the sensitive
tumor and the persistent clones.
To understand these adaptive mechanisms, we have
recently developed two models of senescence escape,
either in response to the Ras oncogene [17] or during
chemotherapy-induced senescence (CIS) [18-20]. In both
cases, we have observed that a subpopulation of cells
can escape senescence and emerge as a more aggressive,

Figure 10: Emergence in response to sn38 is associated with increased Akt activation: apoptosis induction should
reduce irinotecan and senescence failure in colorectal cancer. In response to sn38, a small fraction of cells escapes the senescence

suppressive arrest and emerges as an heterogeneous and more transformed population (see also reference 18). Akt is activated during the
early step of this response and in the emergent dividing cells. Its presence favors cell emergence and its inhibition consequently improves
sn38 efficacy by reducing the senescence suppressive arrest and activating apoptosis instead. We speculate that these emergent cells are
responsible of treatment failure and disease relapse. Therefore, sequential Akt targeting should be considered in the future to improve the
treatment of irinotecan-refractory colorectal cancers through the induction of apoptosis.
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are needed to determine if these CD133+CD44+CD24+
cells are also involved in the resistance to sn38 and if they
could define the PLD subpopulation.
In light of these observations and at least in response
to irinotecan, it is tempting to conclude that apoptosis is
a superior suppressive mechanism as compared to CIS.
As stated in the introduction, it is not particularly clear
whether these responses should be considered to be equal
suppressive pathways [15]. Senescent cells produce
soluble factors involved in cell migration, angiogenesis
and EMT [12-14], and CIS can induce the failure of
chemotherapy in vivo [16]. In line with this last study,
our results suggest that inducing apoptosis increased
treatment efficacy in comparison to CIS. Simply, one
can consider that obtaining a dying tumor cell is a better
treatment achievement than inducing a complete loss of
replicative potential. If correct, this might also imply that
p53-deficient tumors have a better response to irinotecanbased treatment, as recently proposed for breast tumors
treated with doxorubicin [16]. As stated above, in the
absence of this tumor suppressor, cancer cells progress
more efficiently to mitotic catastrophy and apoptosis.
Since multiple studies have found contradictory results
on this subject [16], further studies will be necessary
to define the role of the p53-senescence pathway in
irinotecan-refractory colorectal cancers. We believe that
a correct interpretation will probably be more complex. If
senescent cells are effectively removed by immune cells in
vivo, this was neither tested in our in vitro conditions nor
using immuno-deficient mice. Thus a complete evaluation
of senescence efficacy as compared to apoptosis relies on
more complex experimental approaches. A more precise
study of senescence as a tumor suppressive mechanism
implies future experiments that incorporate immune antitumoral responses to study sn38 responses.
In addition to its phosphorylation in the early stage
of CIS, we have observed that Akt is more active in the
subpopulation of dividing PLD cells as compared to the
senescent PLS cells (Figure 3C). Although this remains to
be proved, this suggests that the benefit of Akt inhibition
will depend on the heterogeneity generated within the
residual tumor by irinotecan. Subpopulations emerging
from chemotherapy that express less active Akt could
be spared by this targeted therapy and remain viable.
Thus, in vivo testing must be carried out on established
tumors to determine whether this combined treatment
elicits a complete eradication of cancer cells. In this case,
sequential treatments should be used to allow -and then
target- the outgrowth of emergent cells from the primary
tumor. Note however that further experiments are also
necessary to clarify the interactions between the PLS and
PLD subpopulations. We speculate that a cooperation
between these two subpopulations is necessary to sustain a
survival niche. We believe that targeting Akt or a survival
pathway within one subpopulation will affect the other.
These results also illustrate the utility of combining

dividing population. It is striking that in these two cases,
the persistent cells depend on Bcl-xL and/or Mcl-1, two
survival proteins of the Bcl-2 family. This suggests that
during the initial senescence induction or during the latter
stages of tumor escape, apoptosis is a fail-safe mechanism
that is inactivated by Bcl-xL and/or Mcl-1. It should be
noted that apoptosis and senescence are believed to be
generally exclusive and the manner in which cells select
one of these two suppressive mechanisms is not clearly
determined [15].
In this study, we further extend this observation,
showing that the pharmacological inhibition of Akt
prevented cell emergence in vitro and the growth
of persistent cells in vivo in mice. Emergence was
inhibited as a consequence of apoptosis induction, Noxa
upregulation and binding to Mcl-1. Most significantly,
this was observed in parallel with senescence inhibition
and a reduced induction of p21waf1, the main mediator of
CIS. Using either RNA interference or p21waf1-deficient
cells, we also observed that the presence of an intact p21senescence pathway allows cell emergence and that its
downregulation improved the efficacy of the treatment.
The same improvement was observed following p53
inactivation.
As we previously discussed [18], we need to
consider the possibility that a subpopulation of resistant
cells already present before the treatment could induce cell
emergence. However, we consider this unlikely since the
emergent cells have the same sn38 sensitivity as compared
to parental cells [18]. In addition, they grow in low
adhesion conditions whereas this is not the case of LS174T
cells in our experimental conditions [18]. Note also that
we obtained the same number of emergent cells if our
experiments were performed in 10% or 3% serum (data
not shown). Thus quiescent cells are probably not involved
in treatment escape. Although this remains to be proved,
our hypothesis is that sn38 induces a phenotypic switch
that allows the emergence of a specific subpopulation. If
true, this might also explain why the Akt inhibitors are
still efficient after 4 days of treatment despite the fact that
Akt phosphorylation returned to basal levels (Figure 1D).
This phenotypic switch is expected to occur in a very low
percentage of cells. If rare cells rely on Akt signaling after
2-3 days of treatment to regrow and induce emergence,
it is certainly difficult to detect its activation by global
western blot, in a small subpopulation. Therefore, it will be
important to identify specific cell surface markers of PLD
and PLS cells. This will determine if these cells are present
before the treatment but it will also allow their tracking
during the response. Using classical markers such as lgr5,
CD133, CD44 or ALDH activity, we have described that
persistence was not associated with an increase in cancer
initiating cells [18]. Interestingly, it has been reported that
Akt is activated in a specific subset of cancer stem cells
that express CD133, CD44 and CD24 [55]. These cells are
resistant to radiation-induced cell death. Further studies
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a pro-apoptotic therapy with a first line treatment known to
induce senescence. It has been recently demonstrated that
these two mechanisms can cooperate in vivo to prevent
the growth of Myc-driven tumors [56]. We therefore
propose that Akt inhibitors might be useful to prevent
cell emergence in response to irinotecan-based treatments
(Figure 10). Although this remains to be demonstrated
in vivo, sequential chemotherapy might be used to first
induce senescence and secondly target the specific
subpopulations that use the Akt rescue pathway. Inhibitors
of the Akt and PI3K pathways have been tested in early
stage clinical trials and it seems that their clinical efficacy
is generally low when used as monotherapies [57]. Since
Akt inhibition activates survival feedback pathways [27],
combination therapies with lapatinib, trastuzumab or antioestrogen are undergoing clinical evaluation. Provided that
the combination is not toxic, we therefore propose to test
the hypothesis that Akt inhibitors reduce the occurrence of
irinotecan-refractory colorectal carcinomas when used in
sequential therapies.

Various assays were used in this study, either short
time (flow cytometry, MTT, protein expression/interaction)
or longer time such as clonogenic assay to visualize all
treatment responses (mitotic catastrophy, senescence,
long terme proliferation recovery or quiescence). IC50
concentrations were always determined by clonogenic
assays, typical responses are presented Figure 1A (note
that clonogenic test and IC50 value are thus not equivalent
to a toxicity measurement). In short time assays (4 days)
and in the emergence experiments, cells were plated at
a higher concentration and are thus expected to be less
sensitive to sn38 as compared to clonogenic tests. In these
conditions, the topoisomerase inhibitor was always used at
5 ng/ml (12.7 nM), a higher concentration that is expected
to target all cells (see Figure 1A). Note that this is also the
concentration that is detected in the serum of the patients
[58]. For short time assays, GSK690693 was used at
20µM, Akti 1/2 at 10µM.

MATERIALS AND METHODS

Clonogenic assay
Cells were seeded at 1500 (LS174T) cells or 500
(HCT116) cells into 6-well and incubated at 37°C in 5%
CO2 atmosphere. One day later, the cells were treated with
sn38 (0.15 to 1 ng/ml; 0.381 nM to 2.5 nM), GSK690693
(0.1 to 10 µM) and Akt ½ inhibitor (1 to 5 µM) for 7 to
10 days, washed twice with PBS, and stained with 0.4 %
crystal violet. The colonies were then washed with water,
visualized with a Bio-Rad Chemi Doc XRS Imaging
device and counted using Quantity One Imaging software
(Bio-Rad). The survival fraction was determined as the
percentage of the treated colonies as compared to the
number of colonies grown without drug.

Cell lines and treatment
All cells were obtained from the American Type
Culture Collection (except HCT116 p21-/- cells obtained
from Dr B. Vogelstein). Cells were maintained in
antibiotic-free RPMI 1640 medium (Lonza), supplemented
with 10% fetal bovine serum and were routinely tested
to rule out mycoplasma contamination. Cell treatments
were performed in 3% FBS except for the detection of
Akt activation (10% FBS to improve the Akt Ser473 blot,
Figure 1). To induce persistent cell generation, LS174T
cells were treated for 4 days with sn38 (5 ng/ml or 12.7
nM; Tocris Bioscience 2684) in 3% FBS, washed with
PBS and then restimulated with fresh 10% FBS for 7 days.
Note that generating persistent HCT116 took more time
since cells do not regain their proliferative potential easily.
In this case, cells were restimulated twice with fresh 10%
FBS; after 4 days of sn38 treatment and after 7 days of
emergence. Clones were generally counted after 2 to 3
weeks. Note also that emergence did not rely on the serum
concentration, the same number of clones and the same
p21waf1 expression can be observed in 10% or 3% FBS.

MTT assay
Cell viability was also measured by the MTT
(3-4,5-dimethylthiazol 2,5-diphenyltetrazolium bromide)
assay. Cells were seeded in 96-well clear-bottomed plates
at a density of 2500 cells per well in 200 µL medium,
incubated for 24 hrs, and treated with sn38 (5 ng/ml or
12.7 nM), GSK690693 (20 µM) and Akti ½ (10 µM)
and their combination. Four replicates per concentration,
per treatment were done. After 72 hrs, 40 µL of 5 mg/
mL MTT solution was added to each well and incubated
in a humidified 5% CO2 atmosphere at 37°C for 3 hrs.
After incubation, the cells were pelleted and dried.
Subsequently, 100 µL of DMSO (dimethylsulfoxyde) was
added to each well, and the cells were incubated at room
temperature for 2-3 hrs. Absorbance was measured by a
microtiter plate reader at 562 nm.

Akt inhibitors
GSK690693 was obtained from GlaxoSmithKline
and dissolved in DMSO at a concentration of 10 mM
before use. For tumor xenograft studies, GSK690693 was
formulated in 10% DMSO and used at 10 mg/kg. The Akt
1/2 kinase inhibitor was obtained from Sigma (A6730).
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(Pab 1801) (1:500; Santa Cruz sc 98), rabbit monoclonal
anti-p21 (1:1000; Cell Signaling 2947S), rabbit polyclonal
anti-Mcl-1 (1:1000; Santa Cruz sc-819), mouse anti-BclxL (1:1000, BD Bioscience 610747), mouse monoclonal
anti-Noxa (1:1000; Enzo Life Science ALX-804408-C100), mouse monoclonal anti-HSC70 (1:1000,
Santa Cruz sc7298). Membranes were then washed twice
with TBS with 0.1% Tween 20 and incubated for 1 h with
peroxidase-conjugated secondary antibodies (Santa Cruz).
Revelation was performed by chemiluminescence with a
Bio-Rad Chemi Doc XRS imaging device (Bio-Rad).

To downregulate gene expression, cells were
transfected with 50 nM CDKN1A ON-Target plus
SMARTpool (Dharmacon), On-Target plus human TP53
(7157) si-RNA-SMART pool (Dharmacon), NOXA
siRNA (Santa Cruz, sc-37305), Akt 1/2 si-RNA (Santa
Cruz, sc-43609), prevalidated siRNA against Mcl-1
(Ambion AM51331 (ID :120642) and prevalidated control
siRNA (5’-GCACUAACUACCGUGAUUATT-3’ and
5’-GAAAGAAGCACUCGUAUAATT-3’ from MWG)
using DharmaFect-4(Dharmacon) according to the
manufacturer’s instructions.

Co-immunoprecipitation assay

Tumor xenografts

Cells were lysed in Lysis Buffer pH 7.4 (20mM
Tris-HCl, 150mM NaCl, 1mM EDTA, 1% Triton X100, 1
mM PMSF, 10 µg/ml aprotinin, 10 µg/ml leupeptin, 10 µg/
ml pepstatin, 1 mM Na3VO4, 50 mM NaF). Beads were
precoated with 1µg of antibodies (rabbit polyclonal antiMcl-1 (Santa Cruz Sc-819) or rabbit polyclonal anti-Gal4
(Santa Cruz sc-729)) for 2h of rotation at 4°C. After two
washes, 500 µg of cell lysate were added to pre-coated
beads. Immunoprecipitation was carried out overnight
under rotation at 4°C. After two washes with lysis buffer,
beads were resuspended in 30 µL 2X sample buffer (10%
SDS, 10% glycerol, 1 M Tris Base). Western blot was then
performed as described above.

Animal studies were conducted in strict accordance
with the principles and procedures approved by the
local Ethical Committee. Nude mice (BALB/C nu/nu)
were inoculated subcutaneously with two million PLC
cells at the age of 8 weeks. After 4 days, mice were
treated or not with GSK690693 (10 mg/kg), 5 days per
weeks. Control treatments were performed with DMSO
(10%) as GSK690693 was dissolved in DMSO 10% at
a concentration of 10 mg/kg. The tumor volume was
monitored for 4 weeks. An electronic caliper was used to
measure the length (L), width (W) and depth (D) of the
tumors 5 times per week. Tumor volume was estimated
by applying the following equation: 0.52 * L * W * D.
Experiments were conducted using five mice per group.

Flow cytometry
Dapi DNA Staining—Cells were trypsinized,
washed with PBS and 250 000 cells were fixed with 4%
paraformaldehyde for 10min at 37°C, then washed and
incubated with cold 70% methanol at 4°C for 30 min.
After a cold passage, cells were washed and incubated
with DAPI (5 µg/ml) in PBS-BSA 2%-Triton0.2% for one
hour at room temperature. Cells were then analyzed by
flow cytometry. Ki67 staining— Cells were trypsinized,
washed with PBS and 500 000 cells were incubated
with cold 70% methanol at 4°C for 30 min. After a
cold passage, cells were washed twice with PBS-Tween
0.1% and PBS-BSA1%-Tween 0.1%. Then, cells were
incubated 30 min at room temperature and in the dark with
antibodies using the FITC Mouse anti-Human Ki-67 Set
(BD Pharmingen, 556026). After washing with PBS-BSA
1%-Tween0.1%, DAPI DNA staining was performed as
described above. Cleaved Caspase 3 staining— Cells were
trypsinized, washed with PBS and 500 000 cells were
fixed and permeabilized with BD Cytofix/cytoperm kit
(BD Biosciences; 554714) according to the manufacturer’s
instructions. After washing with BD Perm/Wash 250 000
cells were incubated 30 min at room temperature and in
the dark with 25ng of PE rabbit IgG anti-Active Caspase3
(BD; 550821) or 25ng of PE rabbit IgG (Cell signaling;
5742S) as isotype control. Cells were then washed

Western blotting
Following cell lysis at 4 °C (25 mM HEPES, pH 7.9,
300 mM KCl, 0.2 mM EDTA, 10% glycerol, 1% NP40,
1 mM PMSF, 10 µg/ml aprotinin, 10 µg/ml leupeptin, 10
µg/ml pepstatin, 1 mM Na3VO4, 50 mM NaF), lysates
were sonicated and then boiled for 10 min. Proteins were
separated on a SDS polyacrylamide gel and transferred to
a PVDF membrane. Following a 1 hr incubation in 5%
BSA, Tris-buffered saline (TBS), and 0.1% Tween 20,
the membranes were incubated overnight at 4 °C with
antibody.
The following antibodies were used: rabbit
polyclonal anti phospho-Akti 1/2/3 (Thr308)-R (1:750;
Santa Cruz sc-16646-R), rabbit monoclonal anti-phosphoAkt (Ser473) (193H12) (1:750, Cell signaling 4058), goat
monoclonal anti-Akt1/2 (N-19) (1:1000; Santa Cruz-sc
1619), rabbit monoclonal anti-phospho-GSK3ß Ser9
(1:750; Cell Signaling 9336), rabbit polyclonal antiGSK3β (H-76) (1:1000, Santa Cruz sc-9166), rabbit anticleaved caspase 3 (Asp175)(1/1000; Cell signaling 9661),
rabbit polyclonal anti-phospho-p53 (ser15)-R (1:1000,
Santa Cruz sc11764-R), mouse monoclonal anti-p53
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with BD Perm/Wash and incubated with DAPI (5µg/
ml) in PBS-BSA 2%-Triton0.2% for one hour at room
temperature. Cells were then analyzed by flow cytometry.

PLC, Persistent LS174T Cells

β-Galactosidase (β-Gal) staining

Acknowledgments

Cells were fixed for 15 min (room temperature)
in 2% formaldehyde. After fixation, cells were washed
with PBS and incubated at 37°C (without CO2) with
freshly-made senescence associated β-Gal (SA-β-Gal)
staining solution: 0.3 mg/ml of 5-bromo4-chloro-3indolyl β-D-galactoside (X-Gal, Fermentas), 40 mM
citric acid (Sigma), 40 mM sodium phosphate (Sigma)
(stock solution (400 mM citric acid, 400 mM sodium
phosphate) must be at pH 6), 5 mM potassium ferricyanide
(Sigma), 5 mM ferrocyanide, 150 mM NaCl (Sigma) and
1.5 mM MgCl2 (Sigma). Staining was evident after 1620 hr. Senescent cells display a perinuclear precipitation
of blue dye, which can be observed with standard light
microscopy. SA-β-GAL-positive were quantified by
counting stained and unstained cells and expressed as the
percent of positive cells over the total counted.

This work was supported by grant and a Cifre
fellowship from GlaxoSmithKline, the Association
Nationale Recherche Technologie, the Ligue Contre le
Cancer (comité du Maine et Loire), the Canceropole Grand
Ouest, the Pays de la Loire region and the Fondation
pour la Recherche Médicale. We thank the Sciam facility
(Angers University) for immunofluorescence studies.

1.

Blagosklonny MV. Cell cycle arrest is not senescence.
Aging (Albany NY). 2011; 3:94-101.

PML immunofluorescence

2.

Young AR, Narita M, Ferreira M, Kirschner K, Sadaie
M, Darot JF, Tavare S, Arakawa S, Shimizu S and Watt
FM. Autophagy mediates the mitotic senescence transition.
Genes Dev. 2009; 23:798-803.

3.

Narita M, Nunez S, Heard E, Narita M, Lin AW, Hearn
SA, Spector DL, Hannon GJ and Lowe SW. Rb-mediated
heterochromatin formation and silencing of E2F target
genes during cellular senescence. Cell. 2003; 113:703-716.

4.

Iannello A, Thompson TW, Ardolino M, Lowe SW and
Raulet DH. p53-dependent chemokine production by
senescent tumor cells supports NKG2D-dependent tumor
elimination by natural killer cells. J Exp Med. 2013;
210:2057-2069.

5.

Xue W, Zender L, Miething C, Dickins RA, Hernando
E, Krizhanovsky V, Cordon-Cardo C and Lowe SW.
Senescence and tumour clearance is triggered by p53
restoration in murine liver carcinomas. Nature. 2007;
445:656-660.

6.

Lujambio A, Akkari L, Simon J, Grace D, Tschaharganeh
DF, Bolden JE, Zhao Z, Thapar V, Joyce JA, Krizhanovsky
V and Lowe SW. Non-cell-autonomous tumor suppression
by p53. Cell. 2013; 153:449-460.

7.

Michaloglou C, Vredeveld LC, Soengas MS, Denoyelle C,
Kuilman T, van der Horst CM, Majoor DM, Shay JW, Mooi
WJ and Peeper DS. BRAFE600-associated senescence-like
cell cycle arrest of human naevi. Nature. 2005; 436:720724.

8.

Rodier F, Coppe JP, Patil CK, Hoeijmakers WA, Munoz
DP, Raza SR, Freund A, Campeau E, Davalos AR and
Campisi J. Persistent DNA damage signalling triggers
senescence-associated inflammatory cytokine secretion. Nat
Cell Biol. 2009; 11:973-979.

conflicts of interest
There is no conflict of interest.

REFERENCES

Cells were fixed using 2% formaldehyde in
phosphate-buffered saline (PBS) for 15 minutes at room
temperature and were then permeabilized by incubating
for 30 minutes in ethanol 70% at −20°C. After washing
3 times in PBS-0.02%Tween and blocking in PBS-5%
serum during 15 min, the cells were incubated for 4 hour
at room temperature with an anti-PML antibody (mouse
monoclonal IgG1, Santa Cruz : sc-966, (1/50)) diluted in
the blocking buffer. After washing 3 times in PBS-0.02%
tween and blocking in PBS-5% serum during 15 min,
cells were incubated with the secondary antibody 1/200
diluted (Goat anti-Mouse IgG secondary antibody Alexa
488, Invitrogen-Molecular Probes : A-10680) for 1 hour
at room temperature in the dark. Cells were then washed 3
times in PBS-0.02%Tween, and covered with Anti-Fading
reagent with DAPI (Invitrogen Prolong R. Gold antifade
reagent with DAPI P36935). Slides were then analyzed by
confocal microscopy.

Statistical analysis
All values were expressed as mean +/- standard
deviation (SD). Differences were analyzed using non
parametrics tests (Mann-Whitney and Wilcoxon tests).*p
< 0.05, **p < 0.01, and ***p < 0.001. No stars on the
figure means that the result was not significant.

www.impactjournals.com/oncotarget

43360

Oncotarget

9.

Coppe JP, Patil CK, Rodier F, Sun Y, Munoz DP, Goldstein
J, Nelson PS, Desprez PY and Campisi J. Senescenceassociated secretory phenotypes reveal cell-nonautonomous
functions of oncogenic RAS and the p53 tumor suppressor.
PLoS Biol. 2008; 6:2853-2868.

21. Chibaudel B, Tournigand C, Andre T and de Gramont A.
Therapeutic strategy in unresectable metastatic colorectal
cancer. Ther Adv Med Oncol. 2012; 4:75-89.
22. Staal S, O’Connell MJ and Allegra CJ. The marriage of
growth factor inhibitors and chemotherapy: bliss or bust? J
Clin Oncol. 2009; 27:1545-1548.

10. Kuilman T, Michaloglou C, Vredeveld LC, Douma S, van
Doorn R, Desmet CJ, Aarden LA, Mooi WJ and Peeper DS.
Oncogene-induced senescence relayed by an interleukindependent inflammatory network. Cell. 2008; 133:10191031.

23. Holohan C, Van Schaeybroeck S, Longley DB and Johnston
PG. Cancer drug resistance: an evolving paradigm. Nat Rev
Cancer. 2013; 13:714-726.
24. Prahallad A, Sun C, Huang S, Di Nicolantonio F, Salazar
R, Zecchin D, Beijersbergen RL, Bardelli A and Bernards
R. Unresponsiveness of colon cancer to BRAF(V600E)
inhibition through feedback activation of EGFR. Nature.
2012; 483:100-103.

11. Acosta JC, Banito A, Wuestefeld T, Georgilis A, Janich P,
Morton JP, Athineos D, Kang TW, Lasitschka F, Andrulis
M, Pascual G, Morris KJ, Khan S, Jin H, Dharmalingam
G, Snijders AP, et al. A complex secretory program
orchestrated by the inflammasome controls paracrine
senescence. Nat Cell Biol. 2013.

25. Sun C and Bernards R. Feedback and redundancy in
receptor tyrosine kinase signaling: relevance to cancer
therapies. Trends Biochem Sci. 2014; 39:465-474.

12. Rodier F and Campisi J. Four faces of cellular senescence.
J Cell Biol. 2011; 192:547-556.

26. Sun C, Wang L, Huang S, Heynen GJ, Prahallad A, Robert
C, Haanen J, Blank C, Wesseling J, Willems SM, Zecchin
D, Hobor S, Bajpe PK, Lieftink C, Mateus C, Vagner S,
et al. Reversible and adaptive resistance to BRAF(V600E)
inhibition in melanoma. Nature. 2014; 508:118-122.

13. Coppe JP, Kauser K, Campisi J and Beausejour CM.
Secretion of vascular endothelial growth factor by primary
human fibroblasts at senescence. J Biol Chem. 2006;
281:29568-29574.
14. Parrinello S, Coppe JP, Krtolica A and Campisi J. Stromalepithelial interactions in aging and cancer: senescent
fibroblasts alter epithelial cell differentiation. J Cell Sci.
2005; 118:485-496.

27. Chandarlapaty S, Sawai A, Scaltriti M, RodrikOutmezguine V, Grbovic-Huezo O, Serra V, Majumder PK,
Baselga J and Rosen N. AKT inhibition relieves feedback
suppression of receptor tyrosine kinase expression and
activity. Cancer Cell. 2011; 19:58-71.

15. Childs BG, Baker DJ, Kirkland JL, Campisi J and van
Deursen JM. Senescence and apoptosis: dueling or
complementary cell fates? EMBO Rep. 2014; 15:11391153.

28. Vigneron A, Gamelin E and Coqueret O. The EGFR-STAT3
oncogenic pathway up-regulates the Eme1 endonuclease
to reduce DNA damage after topoisomerase I inhibition.
Cancer Res. 2008; 68:815-825.

16. Jackson JG, Pant V, Li Q, Chang LL, Quintas-Cardama A,
Garza D, Tavana O, Yang P, Manshouri T, Li Y, El-Naggar
AK and Lozano G. p53-mediated senescence impairs the
apoptotic response to chemotherapy and clinical outcome
in breast cancer. Cancer Cell. 2012; 21:793-806.

29. Logue JS and Morrison DK. Complexity in the signaling
network: insights from the use of targeted inhibitors in
cancer therapy. Genes Dev. 2012; 26:641-650.
30. Rhodes N, Heerding DA, Duckett DR, Eberwein DJ,
Knick VB, Lansing TJ, McConnell RT, Gilmer TM, Zhang
SY, Robell K, Kahana JA, Geske RS, Kleymenova EV,
Choudhry AE, Lai Z, Leber JD, et al. Characterization of
an Akt kinase inhibitor with potent pharmacodynamic and
antitumor activity. Cancer Res. 2008; 68:2366-2374.

17. de Carne Trecesson S, Guillemin Y, Belanger A, Bernard
AC, Preisser L, Ravon E, Gamelin E, Juin P, Barre B and
Coqueret O. Escape from p21-mediated oncogene-induced
senescence leads to cell dedifferentiation and dependence
on anti-apoptotic Bcl-xL and MCL1 proteins. J Biol Chem.
2011; 286:12825-12838.

31. de Carne Trecesson S, Guillemin Y, Belanger A, Bernard
AC, Preisser L, Ravon E, Gamelin E, Juin P, Barre B and
Coqueret O. Escape from p21-mediated oncogene-induced
senescence leads to cell dedifferenciation and dependency
on anti-apoptotic Bcl-xL and Mcl1 proteins. J Biol Chem.
2011.

18. Jonchere B, Vetillard A, Toutain B, Lam D, Bernard
AC, Henry C, De Carne Trecesson S, Gamelin E, Juin
P, Guette C and Coqueret O. Irinotecan treatment and
senescence failure promote the emergence of more
transformed and invasive cells that depend on anti-apoptotic
Mcl-1. Oncotarget. 2015; 6:409-426. doi: 10.18632/
oncotarget.2774.

32. Zhou BP, Liao Y, Xia W, Spohn B, Lee MH and Hung
MC. Cytoplasmic localization of p21Cip1/WAF1 by Aktinduced phosphorylation in HER-2/neu-overexpressing
cells. Nat Cell Biol. 2001; 3:245-252.

19. Ansieau S and Collin G. Senescence versus apoptosis in
chemotherapy. Oncotarget. 2015; 6:4551-2. doi: 10.18632/
oncotarget.3114.

33. Rossig L, Jadidi AS, Urbich C, Badorff C, Zeiher AM and
Dimmeler S. Akt-dependent phosphorylation of p21(Cip1)
regulates PCNA binding and proliferation of endothelial
cells. Mol Cell Biol. 2001; 21:5644-5657.

20. Pfannenstiel LW and Gastman BR. Mcl-1 and tumor
cell persistence. Oncotarget. 2015; 6:5-6. doi: 10.18632/
oncotarget.3035.
www.impactjournals.com/oncotarget

43361

Oncotarget

34. Rossig L, Badorff C, Holzmann Y, Zeiher AM and
Dimmeler S. Glycogen synthase kinase-3 couples
AKT-dependent signaling to the regulation of p21Cip1
degradation. J Biol Chem. 2002; 277:9684-9689.

from senescence to apoptosis in colorectal cancer cells,
enhancing global cytotoxicity. Clin Cancer Res. 2003;
9:2856-2865.
47. Willis SN, Chen L, Dewson G, Wei A, Naik E, Fletcher JI,
Adams JM and Huang DC. Proapoptotic Bak is sequestered
by Mcl-1 and Bcl-xL, but not Bcl-2, until displaced by
BH3-only proteins. Genes Dev. 2005; 19:1294-1305.

35. Rodier F, Munoz DP, Teachenor R, Chu V, Le O, Bhaumik
D, Coppe JP, Campeau E, Beausejour CM, Kim SH,
Davalos AR and Campisi J. DNA-SCARS: distinct nuclear
structures that sustain damage-induced senescence growth
arrest and inflammatory cytokine secretion. J Cell Sci.
2011; 124:68-81.

48. Okumura K, Huang S and Sinicrope FA. Induction of Noxa
sensitizes human colorectal cancer cells expressing Mcl-1
to the small-molecule Bcl-2/Bcl-xL inhibitor, ABT-737.
Clin Cancer Res. 2008; 14:8132-8142.

36. Leontieva OV, Demidenko ZN and Blagosklonny
MV. MEK drives cyclin D1 hyperelevation during
geroconversion. Cell Death Differ. 2013; 20:1241-1249.

49. Gomez-Bougie P, Menoret E, Juin P, Dousset C, PellatDeceunynck C and Amiot M. Noxa controls Muledependent Mcl-1 ubiquitination through the regulation
of the Mcl-1/USP9X interaction. Biochem Biophys Res
Commun. 2011; 413:460-464.

37. Leontieva OV and Blagosklonny MV. CDK4/6-inhibiting
drug substitutes for p21 and p16 in senescence: duration
of cell cycle arrest and MTOR activity determine
geroconversion. Cell Cycle. 2013; 12:3063-3069.

50. Czabotar PE, Lee EF, van Delft MF, Day CL, Smith BJ,
Huang DC, Fairlie WD, Hinds MG and Colman PM.
Structural insights into the degradation of Mcl-1 induced by
BH3 domains. Proc Natl Acad Sci U S A. 2007; 104:62176222.

38. Dulic V, Drullinger LF, Lees E, Reed SI and Stein GH.
Altered regulation of G1 cyclins in senescent human diploid
fibroblasts: accumulation of inactive cyclin E-Cdk2 and
cyclin D1-Cdk2 complexes. Proc Natl Acad Sci U S A.
1993; 90:11034-11038.

51. Singh A and Settleman J. EMT, cancer stem cells and drug
resistance: an emerging axis of evil in the war on cancer.
Oncogene. 2010; 29:4741-4751.

39. Bunz F, Dutriaux A, Lengauer C, Waldman T, Zhou S,
Brown JP, Sedivy JM, Kinzler KW and Vogelstein B.
Requirement for p53 and p21 to sustain G2 arrest after
DNA damage. Science. 1998; 282:1497-1501.

52. Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou
AY, Brooks M, Reinhard F, Zhang CC, Shipitsin M,
Campbell LL, Polyak K, Brisken C, Yang J and Weinberg
RA. The epithelial-mesenchymal transition generates cells
with properties of stem cells. Cell. 2008; 133:704-715.

40. Polyak K, Waldman T, He TC, Kinzler KW and Vogelstein
B. Genetic determinants of p53-induced apoptosis and
growth arrest. Genes & Dev. 1996; 10:1945-1952.
41. Wouters BG, Giaccia AJ, Denko NC and Brown JM.
Loss of p21Waf1/Cip1 sensitizes tumors to radiation by
an apoptosis-independent mechanism. Cancer Res. 1997;
57:4703-4706.

53. Eyler CE and Rich JN. Survival of the fittest: cancer stem
cells in therapeutic resistance and angiogenesis. J Clin
Oncol. 2008; 26:2839-2845.
54. Scheel C and Weinberg RA. Phenotypic plasticity and
epithelial-mesenchymal transitions in cancer and normal
stem cells? Int J Cancer. 2011; 129:2310-2314.

42. Waldman T, Zhang Y, Dillehay L, Yu J, Kinzler K,
Vogelstein B and Williams J. Cell-cycle arrest versus cell
death in cancer therapy. Nat Med. 1997; 3:1034-1036.

55. Sahlberg SH, Spiegelberg D, Glimelius B, Stenerlow B and
Nestor M. Evaluation of cancer stem cell markers CD133,
CD44, CD24: association with AKT isoforms and radiation
resistance in colon cancer cells. PLoS One. 2014; 9:e94621.

43. Courapied S, Sellier H, De Carne Trecesson S, Vigneron
A, Bernard AC, Gamelin E, Barre B and Coqueret O. The
cdk5 kinase regulates the STAT3 transcription factor to
prevent DNA damage Upon topoisomerase I inhibition. J
Biol Chem. 2010; 285:26765-26778.

56. Reimann M, Lee S, Loddenkemper C, Dorr JR, Tabor V,
Aichele P, Stein H, Dorken B, Jenuwein T and Schmitt
CA. Tumor stroma-derived TGF-beta limits myc-driven
lymphomagenesis via Suv39h1-dependent senescence.
Cancer Cell. 2010; 17:262-272.

44. Bolesta E, Pfannenstiel LW, Demelash A, Lesniewski
ML, Tobin M, Schlanger SE, Nallar SC, Papadimitriou
JC, Kalvakolanu DV and Gastman BR. Inhibition of Mcl1 promotes senescence in cancer cells: implications for
preventing tumor growth and chemotherapy resistance. Mol
Cell Biol. 2012; 32:1879-1892.

57. Rodon J, Dienstmann R, Serra V and Tabernero J.
Development of PI3K inhibitors: lessons learned from early
clinical trials. Nat Rev Clin Oncol. 2013; 10:143-153.

45. Maurer U, Charvet C, Wagman AS, Dejardin E and Green
DR. Glycogen synthase kinase-3 regulates mitochondrial
outer membrane permeabilization and apoptosis by
destabilization of MCL-1. Mol Cell. 2006; 21:749-760.

58. Satoh T, Yasui H, Muro K, Komatsu Y, Sameshima S,
Yamaguchi K and Sugihara K. Pharmacokinetic assessment
of irinotecan, SN-38, and SN-38-glucuronide: a substudy of
the FIRIS study. Anticancer Res. 2013; 33:3845-3853.

46. Hayward RL, Macpherson JS, Cummings J, Monia BP,
Smyth JF and Jodrell DI. Antisense Bcl-xl down-regulation
switches the response to topoisomerase I inhibition
www.impactjournals.com/oncotarget

43362

Oncotarget

