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In addition to acting as a transcriptional cofactor for p53,
ASPP1 has been shown to function in the cytoplasm to
regulate the nuclear localization and activity of YAP/TAZ.
We show here that the ability of ASPP1 to activate YAP
results in the decreased expression of LATS2, which low-
ers the ability of p53 to induce p21, cell-cycle arrest and
senescence. ASPP1 expression peaks in S-phase, and
down-regulation of ASPP1 leads to a reduction in DNA
synthesis and enhanced senescence in response to drugs
that impede DNA replication. These activities of cytoplasmic
ASPP1 in opposing p53-mediated p21 expression are in
contrast to the role of nuclear ASPP1 in cooperating with
P53 to induce the expression of apoptotic target genes, and
may help to dampen p53 activity in normal cells.
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Introduction

The transcription factor p53 plays an important role in
preventing tumourigenesis and is activated by most types of
oncogenic stress (Brady and Attardi, 2010). p53 is mutated in
>50% of human tumours, while the p53 pathway is attenu-
ated in cancer cells that retain wild-type p53 (Vogelstein et al,
2000). p53 can contribute to a number of mechanisms that
help to restrain tumour progression, including apoptosis and
senescence, and tumour-associated defects in p53 prevent the
full activation of these responses (Vousden and Prives, 2009).
Interestingly, however, a number of more recently described
p53 activities, such as the activation of autophagy or meta-
bolic adaptation, may be beneficial to cancer cell survival
(Maddocks and Vousden, 2011).
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The ASPP proteins (ASPP1, ASPP2 and iASPP) are impor-
tant regulators of p53 activity and specifically control the
apoptotic function of p53 (Samuels-Lev et al, 2001;
Bergamaschi et al, 2003, 2004). iASPP functions to inhibit
p53 binding to the regulatory regions of apoptotic target
genes via its interaction with p53’s proline-rich and DNA-
binding domains (Bergamaschi et al, 2006; Ahn et al, 2009).
Conversely, nuclear ASPP1 and ASPP2 promote p53 binding
to these same apoptotic target genes by competing with
iASPP for p53 binding. These data suggest that while iASPP
could act as an oncogene by opposing p53’s apoptotic activ-
ity, ASPP1 and ASPP2 may function as tumour suppressor
genes that cooperate with p53. Consistently, increased iASPP
expression (Chen et al, 2010) and decreased ASPP2 expres-
sion (by promoter methylation) or mutation within ASPP2
has been described in several different tumour types
(Sullivan and Lu, 2007; Park et al, 2010; Zhao et al, 2010b).
Furthermore, mouse models have also confirmed ASPP2 as a
tumour suppressor (Vives et al, 2006; Kampa et al, 2009).
However, p53-independent activities of ASPP2 that may con-
tribute to tumour suppression have also been described.
Cytoplasmic ASPP2 has been shown to play a role in the
maintenance of cell polarity and formation of tight junctions
(Cong et al, 2010; Sottocornola et al, 2010). ASPP2 also
contributes to the induction of senescence by preventing
the nuclear accumulation of Cyclin D1 in response to Ras
activation (Wang et al, 2011). Similarly, ASPP1 also shows
p53-independent activities. For example, ASPP1-deficient
mice show a defect in lymphatic vessel assembly, but this
phenotype is not dependent on p53 (Hirashima et al, 2008).
In general, the tumour suppressor activity of ASPP1 is less
clear than for ASPP2 in both mouse models and human
cancer.

Our previous work showed that cytoplasmic ASPP1
activates the closely related transcriptional cofactors YAP
and TAZ by inhibiting their phosphorylation, thereby promot-
ing nuclear accumulation (Vigneron et al, 2010). Further
studies have shown that ASPP2 can regulate TAZ in a similar
way (Liu et al, 2011). YAP and TAZ are important regulators of
development; they induce progenitor cells expansion and
restrain cell differentiation in tissues such as the liver, skin,
intestine and lung (Lian et al, 2010; Zhao et al, 2010a). Their
activity is regulated by the Hippo pathway, an important
tumour suppressor pathway that controls organ size in
mammals (Zhang et al, 2008). YAP and TAZ have also been
shown to promote the epithelial-mesenchymal transition in
different cellular and orthotopic xenograft models, helping
cells to survive stress and increasing migration and invasion
(Chan et al, 2008; Lei et al, 2008; Zhao et al, 2008).
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The observation that YAP and TAZ can be activated by
ASPP1 and ASPP2 suggests that in addition to some tumour
suppressor function, ASPP1 and ASPP2 expression may also
help to support tumour development under some conditions.
While down-regulation of ASPP1/YAP was shown to oppose
some of the transformed characteristics of a tumour cell
line—such as resistance to stress or ability to invade
(Vigneron et al, 2010)—inhibition of ASPP1 function would
also be expected to impede p53 functions, which might
contribute to these activities. We therefore sought to explore
in more detail the relationship between ASPP1 in the
regulation of YAP and the functions of p53.

Results

While nuclear ASPP1 can directly modulate p53’s transcrip-
tional activity, our recent studies showed that many cells
contain cytoplasmic ASPP1, which can function by binding to
LATS1 to promote YAP/TAZ nuclear accumulation and tran-
scriptional activity. YAP can act as a transcriptional cofactor
with several transcription factors, including the p53-related
protein p73 (Matallanas et al, 2007). We therefore sought to
examine whether cytoplasmic ASPP1 can influence p53 tran-
scriptional activity indirectly. To investigate this possibility,
we examined the effect of ASPP1 and YAP on the regulation of
pS3-target gene expression. We focussed our studies on the
analysis of two cell lines; U20S cells that express wild-type
p53, low levels of endogenous ASPP1 and high levels of the
inhibitor protein iASPP (in which we examined the effect of
overexpression of ASPP1 and YAP) and HCT116 cells, also
wild type for p53 but expressing higher levels of endogenous
ASPPland low levels of iASPP (in which we studied the
consequences of ASPP1 and YAP depletion) (Figure 1A).

Ectopic expression of ASPP1 and/or YAP in U20S cells did
not affect the overall levels of endogenous p53 (Figure 1B).
We have shown previously that ASPP1 is predominantly
cytoplasmic in both of these cell lines (Vigneron et al,
2010), and consistently the ectopically expressed ASPP1
was also found predominantly in the cytoplasm
(Supplementary Figure S1). While overexpression of either
ASPP1 or YAP alone did not have a profound effect on p53
activity as measured by activation of several established
p53-target genes (Figure 1C), overexpression of both ASPP1
and YAP simultaneously strongly repressed a number of
p53-target genes, including p21, Bax and Puma, while other
p53 responsive genes (such as MdmZ2) were not clearly
affected (Figure 1C). The requirement for both ASPP1 and
YAP to modulate p53 activity indicates that these two pro-
teins work together, and that expression of either one alone
(these cells have very low endogenous levels of ASPP1 and
YAP) is not sufficient. To confirm the down-regulation of p21
expression, we examined the effect of ASPP1 and YAP
expression on p21 protein levels in cells treated with Nutlin
to activate the p53 pathway. While expression of ASPP1 or
YAP independently very modestly reduced the number of
cells expressing high levels of p21, coexpression of ASPP1
and YAP strongly repressed p2l levels (Figure 1D). These
effects on p21 expression were reflected in the cell-cycle
progression of these cells, where coexpression of ASPP1
and YAP clearly relieved the cell-cycle arrest normally seen
following p53 activation (Figure 1E).
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At first glance, these results were in contrast to several
previous studies that have shown a role for ASPP1 (and the
related protein ASPP2) in enhancing the transcriptional ac-
tivity of p53, by interfering with the binding of p53 to the
inhibitory family member iASPP (Samuels-Lev et al, 2001;
Bergamaschi et al, 2003, 2004, 2006). To determine whether
this well-established function for the ASPP family is still
functional in our cells, we examined the consequences of
depletion of iASPP. Following efficient knockdown of iASPP
(Figure 1F), we clearly detected the expected enhanced
up-regulation of pS53-target genes such as GADD45A and
Bax, an effect that was most evident after activation of a
p53 response by treatment of the cells with Actinomycin D or
Doxorubicin (Figure 1G; Supplementary Figure S2). As pre-
viously described, the effect of iASPP depletion on p21 and
MDM2 expression was more modest. These results show that
the established functions of nuclear ASPP proteins are con-
served in these cells. We therefore propose that the effects of
ASPP1 and YAP in repressing p53-target gene expression
reflect functions of cytoplasmic ASPP1, and so an indirect
regulation of p53 transcriptional activity.

To confirm that endogenous ASPP1 and YAP play a similar
role in the regulation of the p53 response, we turned to
HCT116 cells, which have also been shown to express pre-
dominantly cytoplasmic ASPP1 and relatively high levels of
YAP (Vigneron et al, 2010). siRNA-mediated depletion of
ASPP1 resulted in a slower growth rate of these cells
(Figure 2A) and a delayed ability to reenter cell cycle as
measured by BrdU incorporation after release from a G1/S
block (Figure 2B). Cell-cycle analysis of cells depleted for
either ASPP1 or YAP showed that depletion of each resulted
in an accumulation of cells in G1 with a clear loss of cells
actively undergoing DNA synthesis (as measured by BrdU
incorporation) (Figure 2C). Importantly, depletion of both
ASPP1 and YAP simultaneously did not further strengthen
this effect, suggesting that ASPP1 and YAP function in the
same pathway to mediate the cell-cycle arrest and that both
are required for the response. These results are consistent
with those seen in U20S cells (Figure 1), where expression of
both ASPP1 and YAP is necessary to affect p21 levels. Similar
analyses in HCT116 cells that are deficient for p53 showed
that the block in cell-cycle progression in response to ASPP1
or YAP depletion was p53 dependent (Figure 2D), and use of
cells depleted of p21 (by either gene deletion or siRNA)
demonstrated that this response is also p2l dependent
(Figure 2E). Importantly, although ASPP1 and YAP modu-
lated p53-dependent expression of apoptotic genes like PUMA
and Bax in U20S cells (Figure 1C), HCT116 cells express very
low levels of PUMA and Bax in the absence of a p53-inducing
signal. Furthermore, PUMA and Bax expression was not
affected by siRNA-mediated depletion of basal p53 expres-
sion—unlike p21 and MDM2 expression, which was signifi-
cantly lower following knockdown of p53 (Supplementary
Figure S3). This lack of modulation of genes like PUMA and
Bax in HCT116 cells would explain the strong contribution of
p21 to the cell-cycle arrest seen in response to ASPP1 deple-
tion. The results are therefore consistent with a role for
ASPP1 and YAP in modulating p53’s ability to activate the
expression of a subset of target genes, including p21.

Previous studies have shown that YAP can enhance the
activity of p73, the p53 family member (Strano et al, 2005).
To determine whether the ASPP1/YAP pathway under study
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Figure 1 ASPP1/YAP overexpression inhibits p53 transcriptional activity. (A) ASPP1 and iASPP expression detected by western blot with
specific antibodies in HCT116 and U20S cells. Duplicate samples from each cell line are shown. (B) U20S cells were infected with retroviral
constructs coding for ASPP1 and YAP as shown and expression of p53, ASPP1 and YAP detected by western blot 2 days later. Actin expression
was used as a loading control. (C) U20S cells were infected as in (B) and mRNA expression of different p53-target genes tested by RT-qPCR
using specific primers. The results were normalized against two different standard genes, and the graphs represent the mean of three
independent experiments. (D) U20S cells were transfected with vectors coding for ASPP1 and YAP as indicated and treated for 24 h with 10 uM
Nutlin. ASPP1 and p21 expression was detected by immunofluorescence with specific antibodies. In the absence of treatment, p21 staining was
extremely low in all cells—following treatment cells staining brightly for p21 were scored as showing high expression while cells staining at
background levels were scored as showing low expression. (E) Cells infected as in (B) and treated with Nutlin as in (D) were analysed for BrdU
incorporation and DNA content analysis by flow cytometry. (F) U20S cells were transfected with control siRNA or specific siRNAs directed
against iASPP. iASPP expression was detected by western blot 2 days later. Actin was used as a loading control. (G) U20S cells were transfected
as in (F) and mRNA expression of indicated p53-target genes was tested by RT-qPCR using specific primers after treatment with 5nM of
Actinomycin D (ActD) or 200 ng/ml of Doxorubicin (Doxo) for 24 h. The results were normalized against two different standard genes, and the
graphs represent the mean of three independent experiments.

here might also function to control p73-dependent expression
of p21, we examined p21 expression in p53 null cells
(Supplementary Figure S4). However, in the absence of
p53, the expression of p21 was very low and not affected
by ASPP1 or YAP depletion. The effects of YAP and ASPP1
therefore appear to be mediated primarily through p53 in
these cells.

To determine the effect of endogenous ASSP1 on stress-
induced p53 activation, we used siRNA to deplete ASPP1

©2012 European Molecular Biology Organization

levels in HCT116 cells where p53 was stabilized by using
either Nutlin (which stabilizes p53 directly and promotes a
p53-dependent G1 arrest) or low levels of hydroxyurea (HU)
(which reduces the available intracellular dANTP leading to
p53-independent stalled replication and S-phase delay)
(Figure 3A). Depletion of ASPP1 had no effect on the stabi-
lization or acetylation of p53 in response to either Nutlin or
HU (Figure 3B), suggesting that ASPP1 is not necessary for
the activation of p53. Interestingly, the levels of ASPP1
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Figure 2 Inhibition of HCT116 cell proliferation after ASPP1/YAP down-regulation is p53 and p21 dependent. (A) Cell proliferation of HCT116
cells transfected with control or ASPP1 siRNA was quantified by Trypan blue exclusion. (B) Cells transfected as in (A) were synchronized at the
G1/S-phase transition by double thymidine block, and analysed for BrdU incorporation at the indicated times following release. (C) Cell cycle
of HCT116 transfected by the indicated siRNA was analysed by BrdU and PI incorporation, measured by flow cytometry. Results represent the
mean of three independent experiments. (D) p53~/~ HCT116 cells were transfected and analysed as in (C). Results represent the mean of three
independent experiments. (E) HCT116 cells transfected with siRNA targeting p21 (LHS), or p21~/~ cells (RHS) were treated and analysed as in
(C). Results represent the mean of three independent experiments. Note the control siRNA data in (E) are the same as those shown in (C).

protein appear to be cell-cycle regulated, with increased
ASPP1 protein in HU-treated (S-phase arrested) cells, and
lower levels of ASPP1 in Nutlin (Gl-phase arrested) cells
(Figure 3B). Analysis of ASPP1 mRNA levels also revealed an
increase in ASPP1 expression in cells treated with HU or
Doxorubicin (Supplementary Figure S5), an effect that was
much less apparent following Nutlin or Actinomycin D treat-
ment. This effect was observed in both p53 expressing and
p53-depleted cells (data not shown), and is consistent with
previous work showing that ASPP1 is an E2F1 responsive
gene (Fogal et al, 2005; Hershko et al, 2005), since both HU
and Doxorubicin treatment lead to elevated E2F1 activity.

In the light of the increase of ASPP1 levels in S-phase
arrested cells, we examined the effect of ASPP1 and YAP
modulation in HU cells more closely. Consistent with the
results seen following overexpression of ASPP1 and YAPI,
depletion of either ASPP1 or YAP in HU-treated cells resulted
in a significantly enhanced activation of several p53-target
genes, including p21 (Figure 3C; Supplementary Figure S6).
Previous work has shown that transcriptional activation by

474 The EMBO Journal VOL 31 | NO 2 | 2012

p53 is impaired during S-phase arrest induced by HU treat-
ment, with lower p21 accumulation due to reduced transcrip-
tional elongation (Mattia et al, 2007). We also detected much
lower levels of activation of p21 expression in cells treated
with HU compared with Nutlin (Figure 3C). However, follow-
ing depletion of ASPP1 or YAP, a significant increase in
p2ImRNA and p21 protein expression was detected in the
HU-treated cells (Figure 3C and D). By contrast, the high
levels of p21 induced by Nutlin treatment were not further
enhanced by ASPP1 or YAP knockdown. BrdU incorporation
studies showed that depletion of ASPP1 resulted in a further
reduction of DNA synthesis in HU-treated HCT116 cells.
A concomitant increase of cells with an S-phase DNA content
but negative for BrdU suggests that p21 induction in ASPP1-
depleted cells can reinforce the block in S-phase progression
and DNA synthesis in these HU-treated cells (Figure 3E
and F), as previously shown (Rohaly et al, 2005).

Our observations suggest that depletion of ASPP1 can
enhance the ability of p53 to promote p2I expression. ChIP
analysis showed an increase of p53 at the p53-binding site of

©2012 European Molecular Biology Organization
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Figure 3 Increase of the p53 response to DNA replication inhibition following ASPP1 and YAP down-regulation. (A) Cell cycle of HCT116
treated for 24 h with 400 uM of HU or 10 uM of Nutlin, analysed by BrdU and PI incorporation and measured by flow cytometry. Result shows a
typical histogram for the different conditions. (B) HCT116 cells transfected by control siRNA or siRNA against ASPP1 and treated as in (A) were
analysed by western blot with specific antibodies against ASPP1, p53 and p53 acetylated on residues K373/K382. (C) HCT116 cells were treated
as in (B) and mRNA expression of p21 was tested by RT-qPCR using specific primers. The results were normalized against two different
standard genes, and the graphs represent the mean of three independent experiments. (D) p21 protein expression was measured by western
blot. Actin was used as a loading control. (E) Cell cycle of HCT116 transfected with control or ASPP1-directed siRNA and treated 24 h with HU,
analysed by BrdU and PI incorporation measured by flow cytometry. Results represent the mean of three independent experiments. (F) Cells
were treated as in (E), then cells with an S-phase DNA content were gated and analysed for BrdU incorporation by flow cytometry.

the p2I promoter following ASPP1 knockdown in HU-treated
cells (Figure 4A). Interestingly, modulation of ASPP1 levels
did not obviously affect TBP recruitment to the p21 promoter
in HU-treated cells (Figure 4B). Previous studies have shown
that p53-driven expression of p2I can also be regulated by
control of mRNA elongation (Mattia et al, 2007). We therefore
examined the RNA polymerase II occupancy of sites down-
stream of the promoter and found an enhancement following
ASPP1 knockdown in HU-treated cells (Figure 4C).
Interestingly, in the light of the contribution of YAP to the
ASPP1 response, we also found an increase in p53 at the p21I
promoter in YAP-depleted cells (Figure 4D). Taken together,
these results show that ASPP1 and YAP1 depletion results in
an elevation of p21 expression that reflects both increased
p53 recruitment to the promoter of p21, and enhanced
transcriptional elongation—probably reflecting a complex
remodelling of the p21 promoter.

Since ASPP1 is predominantly cytoplasmic in these cells,
the ability of ASPP1 to regulate p53 transcriptional activity is
likely to be indirect. We showed previously that cytoplasmic
ASPP1 can influence transcriptional activity through the
regulation of YAP (Vigneron et al, 2010), consistent with the
role for YAP in the regulation of p21 described in this study.
We therefore sought to determine whether there is a link
between the regulation of YAP by ASPP1, and the p53-

©2012 European Molecular Biology Organization

dependent effects seen here. YAP has not been reported to
directly regulate p2I transcription, and we were unable to
detect any interaction of YAP with the p2I promoter (data not
shown). An alternative candidate mediator of ASPP1 function
in this context is LATS2, which has recently been shown to be
recruited to the p2I promoter by p53, and help to promote the
expression of p21 (Aylon et al, 2010). Most simply, we
considered that the previously described interaction of
ASPP1 with LATS2 might result in the cytoplasmic sequestra-
tion of LATS2. However, we were unable to show significant
relocalization of nuclear LATS2 to the cytoplasm following
ASPP1 expression (data not shown). During the course of
these studies, we noted an overall increase in LATS2 expres-
sion at both mRNA and protein level in cells depleted of
ASPP1, an effect that is enhanced by HU treatment (Figure 5A
and B). Conversely, overexpression of ASPP1 and YAP re-
sulted in a reduction in LATS2 expression in both untreated
and Nutlin-treated cells (Figure 5C). In the light of our data
showing that YAP mediates the activity of cytoplasmic
ASPP1, we explored the role of YAP in regulating LATS2
expression. Interestingly, strong binding of YAP on the LATS2
promoter was detected and as predicted by our previous
studies, this binding of YAP was reduced by ASPP1 depletion
(Figure 5D). By contrast, the binding of p53 to a p53-binding
site of the LATS2 promoter was not affected by ASPP1

The EMBO Journal VOL 31 | NO 22012 475
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Figure 4 ASPP1/YAP down-regulation in HCT116 cells increases
p53 binding and RNA polymerase II elongation on p2I. (A) HCT116
cells transfected with siRNA control or directed against ASPP1 and
treated 24 h with 400 uM of HU, were fixed and chromatin immu-
noprecipitated with an antibody against p53. p53-bound DNA was
then analysed by qPCR with specific primers amplifying the in-
dicated region of the p2I gene. The results are expressed as a
percentage of input and the mean of three experiments. (B, C)
Cells were treated as in (A), then TBP or RNA polymerase II
catalytic subunit bound DNA was analysed by qPCR with specific
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depletion (Figure SE). Interestingly, YAP was not found at the
p53-binding site, suggesting that the binding of YAP to the
LATS2 promoter is not through p53 or p73, but potentially
through another transcription factor such as TEAD. These
results indicate that the ability of ASPP1 to promote nuclear
translocation of YAP results in YAP-dependent inhibition of
LATS2 expression. Since LATS2 has been shown to cooperate
with p53 to promote p21 expression, we predicted that this
effect of ASPP1 in lowering LATS2 levels would help to limit
p21 expression following p53 activation. Consistently, ChIP

476 The EMBO Journal VOL 31 | NO 2 | 2012

analysis showed a clear increase in LATS2 at the p21 promo-
ter in response to ASPP1 depletion in HU-treated HCT116
cells (Figure SF). These results therefore describe an indirect
mechanism through which cytoplasmic ASPP1 can control
p53-dependent p21 expression.

Our results suggest that cytoplasmic ASPP1 can decrease
the expression of LATS2 through regulation of YAP, resulting
in lower p21 activation in response to p53 induction. Both p21
and LATS2 expression have been linked with the induction of
senescence. p21 functions to inhibit cyclin-dependent kinases
that normally act to inhibit pRB (Chang et al, 1999; Fang et al,
1999). LATS2 helps to drive the p53-induced expression of
p21, and has recently been shown to cooperate with pRB by
phosphorylating and activating DYRK1A, which helps to
assemble the DREAM complexes (Tschop et al, 2011). The
ability of ASPP1 to reduce expression of LATS2 and p2l
should therefore impede the induction of senescence.
Consistent with this suggestion, we found that depletion of
either ASPP1 or YAP increased the number of senescent cells
in response to HU, as characterized by an increase of B-
galacotosidase activity, lysosomal mass, a reduction of the
mitotic index and an inhibition of cell-cycle-related genes.
These results were further confirmed in cells treated with
Doxorubicin, which also inhibits DNA replication and effi-
ciently promotes senescence (Figure 6A; Supplementary
Figure S7). The increase in senescence was also reflected in
a reduction in the ability of cells transiently treated with HU
or Doxorubicin to recover and form colonies (Figure 6B).
Importantly, this effect of ASPP1 or YAP depletion was largely
abrogated in p53 or p21 null cells (Figure 6C). Furthermore,
the colony forming ability of cells treated with Nutlin, which
has been shown to efficiently induce p21 but result in a
reversible cell-cycle arrest rather than senescence
(Korotchkina et al, 2009), was not strongly affected by
ASPP1 or YAP depletion (Figure 6D). Interestingly, although
depletion of either ASPP1 or YAP induced similar numbers of
senescent cells (Figure 6A), depletion of YAP was somewhat
more effective in inhibiting colony formation that the deple-
tion of ASPP1 in both Doxorubicin and HU-treated cells
(Figure 6B). A slight (albeit not statistically significant) effect
of ASPP1 or YAP manipulation was potentially retained in the
absence of p53, possibly reflecting our previous observation
that YAP down-regulation can induce Bim-dependent apop-
tosis independently of p53 (Vigneron et al, 2010).

Discussion

Our data further delineate the complex relationship between
ASPP1, p53 and the YAP/LATS pathway (Supplementary
Figure S8). We showed previously that cytoplasmic ASPP1
promotes the activity of YAP and YAP-dependent transcrip-
tional regulation, leading to growth in low serum, protection
from anoikis and an increase in anchorage independent cell
growth (Vigneron et al, 2010). In this study, we show that
another consequence of the activation of YAP is decreased
expression of LATS2, which results in a decreased ability of
p53 to drive the expression of p21 and so impedes the
induction of cell-cycle arrest and senescence. These data
are consistent with the observation that other embryonic
transcription factors such as TWIST are able to inhibit the
induction of senescence by oncogenes such Ras, in part
through the inhibition of p53 (Ansieau et al, 2010).
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Figure 5 ASPP1/YAP down-regulation increased LATS2 expression and binding to p21 gene. (A) HCT116 cells were transfected with control or
ASPP1-directed siRNA and treated 24 h with 400 uM of HU, or 150 ng/ml of Doxorubicin (Doxo). mRNA expression of LATS2 was analysed by
RT-gPCR using specific primers. The results were normalized against two different standard genes, and the graphs represent the mean of three
independent experiments. (B) LATS2 protein expression was measured by western blot in HCT116 cells treated as in (A). Actin was used as a
loading control. (C) LATS2 protein expression in U20S cells overexpressing ASPP1 and YAP, with or without Nutlin treatment. CDK2 was used
as a loading control. (D, E) HCT116 cells transfected with siRNA control or directed against ASPP1 and treated 24 h with 400 uM of HU, were
fixed and chromatin immunoprecipitated with antibodies against YAP or p53. YAP and p53-bound DNA was then analysed by qPCR with
specific primer amplifying indicated region of LATS2 gene. The results are expressed as a percentage of input and the mean of three
experiments. (F) HCT116 cells were treated as in (D). LATS2-bound DNA was analysed by qPCR with specific primer amplifying indicated
region of p21 gene. The results are expressed as a percentage of input and the mean of three experiments.

Whether LATS2 down-regulation also participates in these
tumourigenic pathways will need further investigation, but
recent publications showing that LATS2 is key in the induc-
tion of senescence (Tschop et al, 2011) make this an attractive
hypothesis.

Previous studies have shown that ASPP1 is phosphory-
lated by LATS2 in response to H-RasV12 activity, resulting in
the nuclear localization of ASPP1 (Aylon et al, 2010). In our
cell model, ASPP1 was mainly cytoplasmic despite the
constitutive expression of the K-Ras mutant G13D by the
HCT116 cells. Whether only certain forms of Ras mutant are
able to induce LATS2 activity, or whether other signals need
to be present to drive LATS2 activity will need more inves-
tigation, but an interesting possibility is that an additional
signal such as mitotic stress is required for ASPP1 nuclear
translocation in response to LATS2 activity. Mitotic stress has
been shown to be a key event in LATS2 activation outside of
the centrosome where it resides normally (Aylon et al, 2010)
and only polyploid cells appear to be targeted by the LATS2-
ASPP1-p53 pathway during oncogenic stress induced by
H-RasV12 activity (Aylon et al, 2010). It seems likely that
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tumour cells expressing activated Ras, such as those used in
the present study, will have developed mechanisms to
circumvent the activation of this pathway, explaining why
the engagement of nuclear ASPP1 and p53 is not longer
observed. Such a mechanism that results in the selection
for cells that show reduced LATS2 expression and so escape
the oncogenic H-Ras-induced checkpoint has been described
previously (Aylon et al, 2009). Finally, YAP/TAZ expression
itself could inhibit LATS2 activity towards ASPP1 through a
number of mechanisms; YAP/TAZ may sequester LATS2 so
preventing the nuclear accumulation of ASPP1 or, as we have
shown in this study, YAP can directly inhibit the transcription
of LATS2 by binding to the LATS2 promoter.

Finally, it is important to mention the ability of YAP1 to
drive p73-dependent apoptosis in some situations, particu-
larly in the presence of a DNA strand crosslinking drug such
as cisplatin (Strano et al, 2005). Although we failed to see a
clear contribution of p73 in our cells, in this context the
increase of nuclear YAP/TAZ driven by cytoplasmic ASPP1 is
likely to be pro-apoptotic. Signals that shift YAP activity
towards p73 will probably modify the effect of YAP on the
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Figure 6 ASPP1/YAP down-regulation increased senescence induction by DNA replication inhibitors. (A) HCT116 cells transfected with
control, ASPP1 or YAP-directed siRNA were treated for 36 h with 400 uM of HU, or 150 ng/ml of Doxorubicin (Doxo). Cells were washed and
incubated for another 48h in normal medium and senescence analysed by measuring B-galactosidase activity and lysosomal mass using
fluorescent markers. The mitotic index was assessed by immunofluorescence with an antibody directed against the phosphorylated residue S10
of Histone H3. More than 10 000 cells were analysed using an Operetta screening system, and the graph represents the percentage of cells with
more than three-fold the average -galactosidase activity of control cells and more than five-fold the average lysosomal mass, or expressing the
mitotic phosphorylated Histone H3. (B) Cells treated as in (A) were replated at low density and ability of cells to form new colony was
quantified after Giemsa staining and counting of the colonies. **P<0.01 and ***P<0.001. A representative picture of cells treated with HU is
shown. (C) p53*/ ~and p21 ~/~ HCT116 treated and analysed in the same way as in (B). (D) HCT116 cells transfected as in (A) were treated 36 h
with 10 uM of Nutlin and analysed as in (B). The differences in (C, D) did not reach significance (P>0.05).

LATS2 promoter and may favour increased LATS2 expression
and so nuclear translocation of ASPP1. In this context, a
coordinated activation of LATS2-ASPP1-p53 and YAP-p73
could strongly induce apoptosis.

Taken together, the results point to a complex network of
mutual regulation of YAP/TAZ, LATS2 and ASPP with p53
and p73 that will result in different and potentially opposing
cell fates depending on the balance and control of different
components within the network. Ultimately, these responses

VOL 31 | NO 2| 2012

may contribute to either the suppression or enhancement of
tumour development—concepts that may complicate the
targeting of these pathways for tumour therapy.

Materials and methods
Plasmids

Plasmids and retroviral constructs expressing human ASPP1 and
human YAP have been described previously (Vigneron et al, 2010).

©2012 European Molecular Biology Organization



Cell culture

All cell lines were cultured in DMEM 10% FCS in a 37°C incubator
at 5% CO,. Actinomycin D, Nutlin, Doxorubicin, thymidine and HU
(all from Sigma) were used at the indicated concentrations.

siRNA

siRNA oligonucleotides were transfected using Hiperfect (Qiagen).
The siRNAs targeting ASPP1 and YAP has been described
previously (Vigneron et al, 2010). The siRNA against iASPP and
p21 were purchased as a pool of four siRNA from Dharmacon.

Antibodies and immunoblotting

Cell extracts were prepared in either NP-40 buffer (50 mM Tris-HCI,
pH 8.0, 150 mM NaCl, 1% NP-40) or RIPA buffer (50 mM Tris-HCI,
pH 8.0, 120mM NaCl, 1% NP-40, 1% SDS 0.5% DOC, protease
inhibitor cocktail (Roche)). Proteins were resolved by SDS-PAGE
and transferred to nitrocellulose membrane (Millipore). Antibodies
were purchased from Sigma (ASPP1 for immunofluorescence),
Abcam (ASPP1 for western blot ab71163), Santa Cruz (p2l goat
C-19, p53 DOI1, YAP 63.7), Millipore (Actin C4) and Novus
biological (Lats2 NEB200-199). Immunoblots were quantitated
using ImageJ software or the Licor Odyssey system.

mRNA extraction and gRT-PCR

Analysis of mRNA expression was carried out using qRT-PCR,
as previously described (Vigneron et al, 2010). Standard genes
used for the normalization were B2 microglobulin and the
ribosomal subunit RPLPO. Primer sequences used are available
upon request.

Chromatin immunoprecipitation

1 x10° cells were fixed with 1% formaldehyde and 1.5mM EGS
(Sigma) for 10min before adding glycine at 250mM final
concentration to stop the reaction. After washing with PBS, cells
were resuspended in RIPA buffer supplemented with 1% SDS and
sonicated to obtain cell lysate containing nucleosomal fragments of
DNA. Lysates were diluted with RIPA buffer to obtain a final
concentration of 0.25% SDS, then incubated with the desired
antibody (2 pg) and 20 pl of magnetic beads (Dynabeads Invitrogen)
overnight. Beads were washed five times with low salt buffer, high
salt buffer, LiCl buffer and twice in TE buffer. DNA was eluted from
the beads in 200ul of elution buffer (1% SDS, 0.1M NaHCOs3)
supplemented with 250 pg/ml of proteinase K for 1 h at 45°C. In all,
8 ul 5M NaCL was added, followed by overnight incubation at 67°C
to reverse the crosslinking. DNA was purified (PCR purification kit
(Qiagen)) in 150 ul of EB buffer (Qiagen) and used for quantitative
PCR with specific primer recognizing indicated region (primer
sequences available upon request). Results are expressed as a
percentage of input (each PCR was repeated with 0.5% of DNA
input treated as the samples) and represent the mean of three
experiments.

Cell-cycle and apoptosis analysis

For cell-cycle analysis and S-phase quantification, cells were pulsed
with 20mM BrdU for 90min, harvested in PBS/EDTA (2.5 mM
EDTA) and fixed in cold methanol. Cells were then treated for
20min with 2M HCI, washed two times in PBS containing 0.5%
BSA and 0.1% Tween20, then incubated in the same buffer with an
antibody against BrdU (Santa Cruz: sc-51514) and 1mg/ml of
RNAaseA for 30min. Cells were washed twice, incubated 20 min
with a FITC-coupled secondary antibody and 1 mg/ml of RNAaseA,
then washed once. Cells were then analysed by flow cytometry
(FACScan, Becton Dickinson) for BrdU incorporation and DNA
content using propidium iodide (PI) at 50mg/ml in PBS 0.1%
Tween20. Cells positive for BrdU with a DNA content between 2 N
and 4N were identified as cell actively replicating their DNA.
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Results are expressed of a percentage of cells in the whole
population.

For apoptosis quantification, cells were harvested, fixed in
methanol, treated 1h with 1mg/ml of RNAaseA (Sigma) and
analysed by flow cytometry (FACScan, Becton Dickinson) for DNA
content using PI staining at 50 mg/ml in PBS 0.1% Tween20. Cells
with a sub-G1 DNA content were identified as apoptotic. Results
are expressed of a percentage of apoptotic cells in the whole
population.

Immunofluorescence, mitotic index, senescence
quantification

Cells were plated in 12-well borosilicate glass plates at low
confluence (20%). For ASPP1 immunofluorescence and mitotic
index, cells were fixed with ice-cold 4% paraformaldehyde in PBS
for 10min at room temperature, then permeabilized in PBS
containing 0.2% Triton X-100 for Smin. The cells were washed
three times with the blocking solution (PBS, 0.5% BSA, 0.1%
Tween) and incubated for 30 min at room temperature with ASPP1
or phosphoS10 Histone H3 antibody at 2 pg/ml in blocking solution.
After three washes in PBS, the cells were incubated for 30 min at
room temperature with a donkey anti-mouse Alexa488-conjugated
antibody (Molecular Probes) in blocking solution containing
1pg/ml DAPI (4',6'-diamidino-2-phenylindole) (Sigma). The cells
were washed three times with PBS and fluorescence was monitored
by the high-content screening Operetta system (Perkin-Elmer). At
least 10 000 cells were evaluated for the determination of the mitotic
index. For B-galactosidase activity and lysosomal mass assessment,
living cells were incubated 45min with C;,FDG (Invitrogen)
compounds and lysosomal tracker (Invitrogen) according respec-
tively to previously described protocol (Kurz et al, 2000) and the
manufacturer’s recommendation. Cells were washed and fluores-
cence immediately analysed by the high-content screening Operetta
system (Perkin-Elmer). At least 10000 cells were evaluated and the
cells expressing more than four-fold the average B-galactosidase
fluorescence intensity of control cells and more than five-fold the
average lysosomal mass fluorescence intensity of control cells were
counted as senescent.

Colony forming assay

250000 cells were treated for 36 h with the indicated drugs, then
replated at low density in a 150-mm dish. Cells were allowed to
grow for 1 week and colonies were counted in 20 different
microscopic fields. The number of colonies was then extrapolated
to the area of the whole dish.

Statistical analysis

Error bars represent the standard error of the mean between the
number of independent experiments detailed in the individual
figure legends.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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