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ABSTRACT

The transcription factor p73 is a homologue of p53 that can be expressed as 
pro- or anti-apoptotic isoforms. Unlike p53, p73 is rarely mutated or lost in cancers 
and it is found to replace defective p53 inducing apoptosis. Here, we investigated 
the p73 involvement in anoikis, a type of apoptosis caused by inadequate cell-matrix 
interactions. Breast cancer cell lines with different p53 status were treated with 
doxorubicin (DOX) or docetaxel (DOC) and cells detached from the extracellular matrix 
were analyzed. We demonstrate for the first time that DOX-induced cell detachment 
is associated with p73 cleavage and caspase activation, independently of the p53 
status. However, we did not detect p73 cleavage or caspase activation in detached 
cells under DOC treatment. Overexpressing the apoptotic isoform of p73 led to cell 
detachment associated with p73 cleavage and caspase activation. Interestingly, p73 
cleaved forms localize to the nucleus during the late phase of cell death indicating an 
increase in the transcriptional activity. Our study suggests that the cleavage of p73 
on specific sites may release its pro-apoptotic function and contribute to cell death.

INTRODUCTION

Epithelial cell survival requires normal cell-cell 
and cell-extracellular matrix (ECM) signal interactions. 
When these signals are interrupted under stress conditions, 
normal cells undergo programmed cell death through 
a process called anoikis [1, 2]. Certain cancer cells, 
however, are able to survive this process and stimulate 
tissue invasion [3]. Resistance to anoikis is a common 
feature of many tumor cells that has been associated with 
tumor progression and metastasis [4, 5]. Referring to a 
complex process in vivo environment, anoikis is frequently 
represented by cell detachment in cell lines [1–4].

The tumor suppressor protein p53 has been 
described as implicated in anoikis. Indeed, the absence 
of appropriate signals from the ECM can trigger a p53-
regulated apoptosis pathway. Moreover, detached cells 

bearing p53 mutations have been found to be no longer 
anchorage-dependent for growth and survival [6, 7]. 
Unlike p53, the p53 homologue p73 is rarely mutated or 
lost in cancers. Previous work by our team showed that 
p73 is capable of replacing defective p53 and inducing 
apoptosis in response to certain chemotherapeutic agents 
[8, 9]. Other studies, in turn, showed that p73 is required 
for efficient cellular response to chemotherapy and DNA 
damage in cancer cells [10–13]. Although p73 has been 
described as implicated in response to genotoxic stress, 
its direct functions are still a subject of debate [14–16]. 
p73 encodes two classes of isoforms described as having 
opposing functions: 1) a full-length transactivation-
competent p73 protein (TAp73) with tumor suppressor 
activity; and 2) a group of N-terminally truncated, 
transactivation-deficient p73 proteins (collectively named 
ΔTAp73) with oncogenic activity [14, 17–19]. However, 
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a number of studies challenged this assumption. The 
oncogenic activity of truncated isoforms (ΔTAp73) 
was disproved [20, 21], and a truncated ΔNp73 isoform 
was even shown to suppress cell growth under certain 
conditions [22, 23]. Furthermore, the anti-apoptotic 
full-length isoform (TAp73β) was shown to promote 
cell survival by inducing pro-survival caspase 2s, and 
to counteract cellular senescence [24, 25]. TAp73α was 
also shown to promote cell survival upon low levels 
of DNA damage [26]. The opposing functions of each 
p73 isoform would thus suggest post-transcriptional 
modifications. Mechanisms that regulate the activity 
of p73 have not been fully clarified. Given its ability to 
function as a transcription factor, the activity of p73 may 
be tightly correlated with its nuclear localization. To be 
noticed, p53 and p73 contain nuclear localization signals 
(NLSs) and nuclear export signals (NESs). Mutation or 
deletion of NLSs leads to cytoplasmic sequestration 
and a consequent decrease in the transcriptional activity 
[27, 28]. Interestingly, p73 mutant proteins lacking either 
NLS or NES were more stable compared with wild-type 
p73, suggesting that both nuclear import and nuclear 
export are required for efficient p73 degradation [28].

In our study, we induced anoikis by p73 and p53 
gene overexpression or by treatment with doxorubicin 
(DOX) and docetaxel (DOC), two chemotherapeutic 
agents widely used in the treatment of breast cancer. We 
provide clear evidence underpinning the involvement 
of cleaved forms of p73 in DOX-induced anoikis. 
Our findings suggest that p73 is cleaved by caspase 
3 during anoikis induced by DOX treatment and p73 
overexpression. Very interestingly, cleaved forms of 
p73 localize to the nucleus during the late phase of cell 
death, indicating a possible increase in p73 transcriptional 
activity. To our knowledge, our study is the first to 
describe the nuclear localization of cleaved p73 during the 
late phase of cell death, suggesting that cleaved p73 forms 
contribute to cell death.

RESULTS

Doxorubicin and docetaxel-induced cell death 
is mainly preceded by cell cycle arrest and cell 
detachment

Six breast cancer cell lines with different p53 status 
were used in our study. Both doxorubicin (DOX) and 
docetaxel (DOC) treatment induced the detachment of 
cells from the extracellular matrix (ECM). Drug-treated 
attached cells and most detached cells excluded trypan 
blue, i.e. viable cells. Approximately 40% of detached 
cells readhered and survived when reseeded with fresh 
drug-free medium.

Functional p53 (ZR75–1) and p53-deficient (MDA-
MB361) breast cancer cell lines were treated with the 
median IC50 of DOX or DOC. Following 48 hrs of DOX 

treatment, the percentage of attached cells in S-phase 
increased dramatically from 32.6% to 58.2%, with a 
concomitant decrease in the G1-phase population from 
52.1% to 4.8%. Interestingly, there was no increase in the 
sub-G1 population, indicative of apoptosis, in attached 
cells. In contrast, detached cells presented an increase 
from 1.3% to 24.43% of the sub-G1 population. At 48 hrs 
of DOC treatment, the percentage of attached cells in  
G2-phase increased from 17.9% to 61.5%, while G1-phase 
population decreased from 44.2% to 5.2%. Apoptosis rate 
(sub-G1) increased from 1.4% to 42.9% in detached cells 
(Figure 1A). Taken together, these results suggested that 
apoptosis following cell cycle arrest in S-phase (DOX) or 
G2/M-phase (DOC) was essentially detected in treated 
cells after detachment from the ECM.

To confirm these results, we monitored apoptosis 
using the Annexin V-FITC/PI staining. Figure 1B shows 
a slight increase in the percentage of apoptotic cells in 
attached cells after treatment with both drugs (top and 
bottom right quadrants). A dramatic increase in late 
apoptotic and/or necrotic cells, 88.5% compared to 10.4% 
(top left and right quadrants), was detected in detached cells 
treated with DOX. The results were similar for ZR75–1  
and MDA-MB361 cancer cells. Remarkably, the rate of 
early apoptosis in detached cells was higher under DOC 
than under DOX treatment (14.9% vs 1.8%, respectively). 
In contrast, the rate of late apoptosis or necrosis was 
higher under DOX treatment, 88.5% compared to 34.2% 
under DOC treatment (Figure 1A and 1B).

Unlike docetaxel, doxorubicin induces p53 and 
p73 cleavage

p53 and p73 proteins were analyzed in cell lines 
treated with DOX or DOC. Surprisingly, a shorter form 
of TAp73, replacing the TAp73 isoform, was detected in 
the detached cells under DOX treatment (Figures 2 and 3).  
The emergence of this new form was independent of 
p53 status as it was observed in ZR75–1 (wild-type 
p53) as well as in MDA-MB468, MDA-MB361, and 
MDA-MB157 (mutated or non-functional p53) cell lines 
(Figures 2 and 3, data not shown). The new form, however, 
was not present in MCF-7 (caspase-3-null) detached cells 
under DOX treatment. To be noticed, DOC treatment did 
not induce the new form in any of the cell lines.

Using an antibody directed against aa 1–45 
(DO-7), we also detected a shorter p53 form in both 
attached and detached cells treated with DOX. This new 
p53 form was detected in cell lines with wild-type p53 
(MCF-7 and ZR75–1). Interestingly, four p53 molecular 
forms were detected using an antibody directed against 
other p53 residues (aa 376–378, Ab-1 monoclonal 
antibody), including the two forms also recognized by the 
DO-7 monoclonal antibody (Figure 2). Of note, the new 
p53 forms were not detected in any of the mutated p53 cell 
lines under treatment (Figure 3).
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Figure 1: Cell cycle analyses and apoptosis detection in the ZR75–1 cell line by flow cytometry. A. Cell cycle analysis. 
FACS analysis was employed to monitor changes in the DNA of cells treated with doxorubicin (DOX) or docetaxel (DOC) as described in 
the experimental procedure. DOX treatment blocked the cell cycle in phase S while an obvious G2/M phase arrest was observed with DOC 
treatment. Apoptosis (sub-G1) was only detected in detached cells under treatment (anoikis). The numbers indicate the percentage of cells in 
each phase of the cell cycle. Note that the scale of counts is not the same for each panel. B. Apoptosis detection. Apoptosis was quantitated 
using Annexin V-FITC/PI staining followed by flow cytometry analyses in ZR75–1 cell lines treated with DOX or DOC or transfected with 
TAp73α. The numbers show the percentages of cells in each quadrant (lower left: FITC-/PI-, intact cells; lower right: FITC+/PI-, early 
apoptotic cells; upper left: FITC-/PI+, necrotic cells; upper right: FITC+/PI+, late apoptotic or necrotic cells). An increase in the percentage 
of attached cells exhibiting positivity for Annexin V/FITC staining can be observed after treatment with both drugs (upper and lower right 
quadrants). A dramatic increase in late apoptosis and necrotic cells exhibiting positivity for PI (upper left and right quadrants) was detected 
in detached cells treated with DOX. In contrast, detached cells treated with DOC contained both viable and apoptotic cells. Detached cells 
following TAp73 overexpression (by transfection) largely exhibited a similar profile to that of detached cells treated with DOX.
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Caspase 3 induces p73 cleavage

To investigate a possible link between cleavage of 
p53 family members and caspase activity, we analyzed 
caspase levels in ZR75–1 and MDA-MB361 cells. 
Caspases 2, 3, 8 were noticeably cleaved in detached 
ZR75–1 and MDA-MB361 cells following DOX treatment 
(Figures 2 and 3). PARP-1, a substrate for active caspase 3,  

was also clearly cleaved. As shown in Figure 2A and as 
previously described [29], MCF-7 is a caspase-3-null 
breast cancer cell line. Interestingly, unlike p53 cleavage, 
PARP-1 and p73 cleavage was not detected in detached 
MCF-7 cells under DOX treatment.

To confirm the role of caspases in the cleavage 
of p53 and p73, we treated cells with the cell-
permeable, broad-spectrum tetrapeptide caspase inhibitor 

Figure 2: Analysis of protein levels in two wild-type p53 cell lines, ZR75–1 and caspase-3-null MCF-7, following 
doxorubicin or docetaxel treatment. The cells were treated with doxorubicin (DOX) or docetaxel (DOC) with drug concentrations 
inducing similar toxicity. Following 48 hrs of treatment, attached cells (A) and detached cells (D) were harvested separately for analysis. 
A. Analysis of p53, p73, and caspase-3 and -8 proteins. TAp73α, p53, and caspase 3 were cleaved in detached ZR75–1 cells under DOX 
treatment. Interestingly, p53, but not p73, was cleaved in caspase-3-null MCF-7. No p53 or p73 cleavage was observed with DOC treatment 
in either cell line. B. Analysis of p53 using DO-7 or Ab-1 antibodies. When p53 was cleaved following DOX treatment, four p53 molecular 
forms were detected using the Ab-1 monoclonal antibody (directed against residues 376–378) including two forms also recognized by the 
DO-7 monoclonal antibody (directed against residues 1- 45). C. Analysis of Puma and NOXA. Following DOX treatment, Puma levels 
remained unchanged in the detached cells while NOXA was increased. Curiously, Puma and NOXA expression levels were slightly reduced 
in detached cells following DOC treatment.
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(zVAD-fmk) 1 hr before adding the drugs. The toxicity 
of both drugs was largely reduced. A slight cleavage of 
p53 in attached cells treated with DOX was observed 
but no cell detachment was detected. We were therefore 
unable to check the cleavage of p73 in detached cells after 
caspase inhibition and DOX treatment. Curiously, cell 
detachment was detected following DOC treatment and 
caspase inhibition.

NOXA and Puma, two p53-inducible proapoptotic 
members of the Bcl-2 family, were also analyzed. DOX 

induced NOXA in detached cells and had no effect on 
PUMA levels (Figure 2C). Curiously, both NOXA and 
Puma levels were reduced following DOC treatment in 
detached cells (Figure 2C).

Bachelder and colleagues established a link 
between anoikis and AKT/PKB-mediated survival by 
demonstrating that AKT/PKB was cleaved by caspases 
in matrix-detached epithelial cells [30]. It has also been 
demonstrated that the phosphorylation of the p70S6K 
protein induces P13/AKT pathway deactivation [31]. 

Figure 3: Analysis of protein expression in deficient-p53 MDA-MB 361 following DOX or DOC treatment. TAp73α, 
Akt, Caspases -2, -3, -8, and PARP-1 were cleaved in detached cells treated with DOX. Mutated p53 was not cleaved. Neither p53 nor p73 
cleavage was observed with DOC treatment. The level of phosphorylated Akt (pAkt) was decreased in both detached cells after treatment 
while the p-p70S6K level was increased in DOC-detached cells.
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We found that p-AKT (phosphorylated active form 
of AKT) levels were decreased in detached cells 
following treatment. This decrease can be explained by 
AKT cleavage in DOX-treated cells, and by p70S6K 
phosphorylation in DOC-treated cells (Figure 3).

p73 and p53 transfection induces anoikis

Overexpression of TAp73 and, more surprisingly, of 
ΔNp73 has been shown to stimulate toxicity in cell lines 
[23]. We thus investigated the effect of the overexpression 
of TA and ΔNp73 isoforms on cellular death.

The ZR75–1 cell line was transfected with pcDNA3-
based expression plasmids bearing TAp73α, TAp73β, or 
ΔNp73α generated with an N-terminal Flag-tag, and with 
non-Flag-tagged ΔNp73α. Surprisingly, TAp73α, TAp73β, 
and ΔNp73α were found cleaved in detached cells 
(Figure 4). Indeed, the anti-p73 antibody directed against 
the p73 C-terminal (ab4) detected two cleaved forms of 
TAp73α, and one cleaved form of TAp73β or ΔNp73α. 
Only one of p73 cleaved forms was recognized by the 
anti-flag antibody (N-terminal) (Figure 4B). Caspases 3 
and 8 were also cleaved in detached cells. Importantly, 
wild-type p53 was neither cleaved nor induced in p73-
transfected cells (Figure 4).

In order to confirm the involvement of caspase 3 in 
p73 cleavage, we transfected the caspase-3-null cell line 
MCF-7 with Flag-TAp73α or Flag-ΔNp73α. No cleavage 
of p73 was observed in detached cells, confirming that p73 
cleavage is caspase-3 dependent (Figure 4C).

Apoptosis was then monitored in the ZR75–1 cells 
overexpressing Flag-TAp73α (Figure 1B). Attached cells 
exhibited an increase in early apoptotic cells, as well 
as late apoptotic and necrotic cells (upper right and left 
quadrants). Detached cells, however, exhibited a late 
apoptosis rate of about 86.45%, similar to that of detached 
cells treated with DOX (Figure 1B).

Wild-type p53 overexpression in ZR75–1 cells 
was associated with p53 cleavage in attached and 
detached cells, although to a greater extent in the latter 
(Figure 4D). Caspase 3 cleavage was exclusively observed 
in detached cells. p73 protein levels remained unchanged 
in p53-overexpressing attached cells and decreased to 
undetectable levels in detached cells.

p73 cleaved form localizes to nucleus during the 
late phase of cell death

To evaluate whether the cleaved form of p73 
possesses a biological function, we investigated its cellular 
localization. ZR75–1 cells were transfected with TAp73α 
and we then analyzed separately attached and detached 
cells. TAp73α was mostly localized to the cytoplasm 
in attached cells while, surprisingly, its cleaved form 
localized to the nucleus (Figure 5A).

We proceeded to confirm these findings with a cell 
fractionation test to isolate the nucleus from whole cell 

lysates. Nuclear matrix protein p84 and GAPDH were used 
to check the purity of nuclei and cytoplasmic fractions 
respectively. In attached cells where the cleaved form was 
undetectable, TAp73α was more abundant in the nucleus 
than in the cytoplasm. Interestingly, TAp73α cleaved form 
was exclusively present in the nuclei of detached cells 
(Figure 5B and 5C). This nuclear localization implies a 
transcriptional activity of cleaved p73.

DISCUSSION

This study demonstrates for the first time, that the 
cleavage of TAp73α is involved in anoikis induced by both 
DOX treatment and TAp73α overexpression. Importantly, 
DOX induced p53 cleavage during anoikis, but only in 
wild-type p53 cell lines. Of note, neither p53 nor TAp73α 
cleavage was triggered in DOC-induced anoikis. Very 
interestingly, cleaved forms of TAp73α localize to the 
nucleus during the late phase of cell death, indicating a 
transcriptional activity of the cleaved form.

Anoikis is a type of cell death induced by inadequate 
cell-matrix interactions [1–4]. Very few studies have 
analyzed cleavage in p53 family members and its possible 
role in anoikis. One study reported that cleaved p53 at the 
N-terminus is likely to be competent for the transactivation 
of p53 target genes and the induction of apoptosis [32]. 
The cleavage product loses a major part of the mdm2 
binding interface and can thus be resistant to feedback 
regulation by mdm2, leading to p53 accumulation [33]. 
Furthermore, wild-type p53 has been described as a 
latent form of p53 that does not bind to DNA. This 
latent state of p53 depends on a C-terminal negative 
regulatory domain that locks the unphosphorylated p53 
tetramer in an inactive state [34]. Accordingly, the p53 
C-terminally truncated isoforms induce the expression 
of IGFBP3, whereas the full-length ones do not [35]. 
In our study, DOX-induced anoikis was associated with 
both p73 and wild-type p53 cleavage. Overexpressing 
different p73 isoforms also induced anoikis and p73 
cleavage. We suggest two possible sites in TAp73α that 
generate two different cleaved forms (Figure 6). When 
cells were transfected with TAp73β or ΔNp73α, only one 
cleaved form was generated (Figures 4 and 6). TAp73β 
probably contains the N-terminal site, while ΔNp73α only 
contains the C-terminal site. Cleavage on the N-terminal 
rather than the C-terminal site would be important for an 
efficient apoptotic response because it is associated with 
stabilization of cleaved proteins and high toxicity.

One study showed that p73 could be cleaved by 
caspases 3 and 8 both in vitro and in vivo, especially 
during apoptosis elicited by tumor necrosis factor-related 
apoptosis-inducing ligand (TRAIL) receptor ligation. The 
authors reported that TAp73 and some of its cleavage 
products were localized to mitochondria, suggesting a 
basis for transcription-independent p73-induced death, as 
previously described for p53 [36–38]. Of note, we found 
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that p73 cleavage occurred later during anoikis. Based on 
our findings and those of these authors, p73 cleaved forms 
might translocate to mitochondria and induce apoptosis 
in a transactivation-independent way during anoikis. 
Unfortunately, the fragility of detached cells during 
anoikis complicated certain analyses such as mitochondria 
purification and RNAi inhibition.

It has also been reported that cleavage of wild-
type and mutated p53 generates four fragments, two 

of which translocate to mitochondria and induce 
mitochondrial membrane depolarization in the absence of 
transcriptional activity [39]. Accordingly, cleaved mutant 
p53 induces mitochondrial depolarization, attributing a 
wild-type p53 function to mutant p53 [39]. Conflicting 
data, however, have been reported in other studies in 
which tumor-derived p53 mutants were incapable of or 
severely impaired in releasing cytochrome c [36, 37]. 
In our study there was no cleavage of mutated p53 in 

Figure 4: Analysis of protein levels and cleavage following p73 and p53 transfection. ZR75–1 was transfected with plasmids 
bearing different p73 isoforms or p53. Attached (A) and detached (D) cells were harvested separately and analyzed by Western blotting. 
A. Transfection by Flag-TAp73α or Flag-ΔNp73α. The cleavage of TAp73α or ΔNp73α was observed in detached ZR75–1 cells following 
transfection but there was no evidence of p53 cleavage. Interestingly, cleavage of caspases -8 and -3 was also observed. B. Analysis of p73 
using antibodies recognizing either the C- or N-terminus. Two antibodies directed against the C-terminus were used: Ab-4 (for TAp73α or 
ΔNp73α) and an antibody, generously donated by Dr. Caput (France) for TAp73β, another apoptotic TAp73 isoform. The anti-Flag antibody 
recognized the N-terminus. C. Comparison of p73 cleavage in ZR75–1 and caspase-3-nul MCF-7 following TA or ΔN transfection. Neither 
TAp73 nor ΔNp73 was cleaved in MCF-7 after transfection. D. Transfection of the ZR75–1 cell line with p53. Neither TAp73 nor ΔNp73 
was cleaved in the ZR75–1 cell line after transfection with p53. By contrast, p53 and, very interestingly, caspase 3 were cleaved in these 
cells.
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Figure 5: Subcellular localization of p73 forms in ZR75–1 cells. A. Confocal fluorescence microscopy. ZR75–1 cells were 
seeded onto glass coverslips overnight and then transfected with TAp73α for 48 hrs. Detached cells were harvested and fixed onto slides. 
Mitochondria were stained with Mito Tracker red. P73 was stained by anti-p73 (Ab-4), followed by Alexa Fluor 488-conjugated secondary 
antibody (green). The DAPI counterstained nucleus (Blue). The fluorescence in the overlay (merge) indicates that TAp73α is mostly 
localized to the cytoplasm in attached cells unlike the cleaved TAp73α form which is localized to the nucleus in detached cells. B. Cell 
fractionation. ZR75–1 cells were transfected with TAp73α. After 48 hrs, detached and attached cells were harvested separately. Cells were 
resuspended in fractionation buffer and nuclei were separated from the cytoplasm. Equal amounts of proteins were analyzed. Nuclear 
Matrix Protein p84 and GAPDH were used to check the purity of nuclei and cytoplasm fractions respectively. The level of the TAp73α 
cleaved form increased spectacularly in the nuclei of detached cells (arrow). C. Determination of the levels of TAp73α forms. This analysis 
confirms a significant decrease in the level of TAp73α in the cytoplasm of the detached cells whereas the rate of the protein increased 
sharply in the nuclei of these cells with a very predominant expression of the TAp73α cleaved form.
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treatment-induced anoikis, possibly leading to impaired 
mitochondrial permeabilization (Figure 3). Consequently, 
missense mutations in tumors might select against both 
transcriptional and mitochondrial apoptotic activity of p53.

p53 was cleaved in the null-caspase-3 breast 
cancer cell line (MCF-7), while p73 cleavage was totally 
inhibited. This finding shows for the first time that p73 
cleavage, unlike p53 cleavage, is dependent on caspase-3 
activation. We used a caspase inhibitor to demonstrate the 
role of caspase 3 in p53 and p73 cleavage during anoikis. 
Nevertheless, this agent decreased drug activity, leading 
to the absence of cell detachment and blockage of anoikis.

TAp73α was significantly cleaved in detached 
cells following TAp73α overexpression. Wild-type p53 
was neither induced nor cleaved in these cells. Inversely, 
TAp73α was not cleaved in anoikis induced by p53 
overexpression. Taken together, our results imply that 
TAp73α cleavage and p53 cleavage use two independent 
pathways. This could be a protection mechanism: if one of 
the pathways is disrupted, cells would still be able to use 
the second one.

When anoikis was stimulated through cell 
transfection with TAp73α or TAp73β plasmids, detached 
cells exhibited cleavage of TAp73 and an Annexin/IP 
profile that were comparable to that of DOX-induced 
anoikis (Figures 1 and 4). We therefore transfected 
ZR75–1 cells with TAp73α, and analyzed the subcellular 
localization of normal and cleaved forms of p73. 
The results showed that TAp73α was localized in the 
cytoplasm of attached cells. This cytoplasmic protein is 
incapable of exerting transcriptional activities. In contrast, 
the very high concentration of TAp73α in the nuclei of 
detached cells, suggests strong transcriptional activity of 
TAp73α in these cells. The nuclear localization of TAp73α 
is associated with caspase activation and strong induction 
of NOXA (Figures 1B, 2C and 3) [40–42]. Saha and 
colleagues showed that the treatment of multiple myeloma 
cells with PRIMA-1Met resulted in activation of caspase-3 
and p73, followed by NOXA upregulation. Knockdown of 
p73 diminished NOXA expression, while silencing NOXA 
did not modify p73 expression, indicating that NOXA is 
the downstream target of p73. Functionally, knockdown 

Figure 6: Schematic diagram of TAp73α, TAp73β and ΔNp73α, and cleavage sites. Different antibodies recognizing either 
the N-terminus (Flag antibodies) or the C-terminus of p73 forms were used to estimate the location of cleavage sites. TAp73α contains 
two possible sites that can generate two different cleaved forms which are detected in detached cells after TAp73α transfection. On the 
other hand, only one cleaved form was generated by the cleavage of TAp73β and ΔNp73α. TAp73β probably contains the N-terminal site, 
while ΔNp73α contains only the C-terminal site. Merging these results with the sequences of p73 forms, the N-terminal cleavage site is 
possibly located in one of five aspartate residues at that end while the C-terminal cleavage site is located in one of seven aspartate residues. 
TA, transactivation domain; DBD, DNA-binding domain; OD, oligomerization domain; SAM, Sterile alpha motif domain; Post-SAM, post 
sterile alpha motif domain. Pro, proform before cleavage; CF, cleaved form.
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of either p73 or NOXA resulted in attenuation of  
PRIMA-1Met-induced apoptosis [40].

Fractionation experiments of nuclei and cytoplasm 
clearly showed that the TAp73 was present in the 
cytoplasm of attached cells, and in the nuclei of both 
attached and detached cells. In contrast, the cleaved 
TAp73α form appeared only in the nuclei of detached 
cells. Consequently, induction of apoptosis and proteins 
involved in apoptosis is associated with the nuclear 
localization of the cleaved TAp73α. Other authors have 
shown that, a nuclear import-deficient form of p73 was 
less capable of activating gene expression in transfected 
cells, which is consistent with our hypothesis that nuclear 
localization of p73 is synonymous with transcriptional 
activity inducing apoptosis [28].

Al-Bahlani and colleagues showed that calpain is 
required for cisplatin-induced apoptosis in ovarian cells 
[43]. Calpain co-localized with TAp73α and was able to 
cleave TAp73α at both the N- and the C-terminus. It is 
not known whether calpain-induced cleavage would result 
in TAp73α degradation, as in the case of Xiap [44] or 
enhanced Bax function [45]. The occurrence of calpain-
induced TAp73α cleavage in chemosensitive, and not in 
the chemoresistant cells is consistent with the concept that 
TAp73α cleavage and activity is involved in the regulation 
of chemosensitivity. However, the biological relevance of 
cleaved TAp73α remained unclear. The authors concluded 
that TAp73α could contribute to the response to cisplatin 
by translocation into the nucleus [43]. Our work allowed 
us to clearly show that cleaved TAp73 is translocated into 
the nuclei of cells, and that this translocation is associated 
with the induction of apoptosis.

Recently, it has been shown that histone 
deacetylation inhibition and p73 expression synergistically 
enhanced the cytotoxicity. This synergy was associated 
with a decrease of p73 protein level [46]. Such findings 
indicate that histone acetylation may potentiate the 
apoptotic function of p73 despite a decrease in p73 protein 
levels. Likewise, extensive DNA damage was shown to 
induce apoptosis associated with reduced p73 levels. p73 
cleavage by caspases was excluded as no p73 cleaved 
forms were detected [26]. Yet, detached cells were not 
considered in these studies. Our findings support that 
normal p73 reduction is probably du to cleavage releasing 
its pro-apoptotic function in response to DNA damage, as 
shown with DOX treatment.

In conclusion, this work is the first to demonstrate 
the induction and nuclear localization of the cleaved forms 
of TAp73α during anoikis. p53 and p73 feature a number 
of cryptic functions that can be selectively activated by 
specific truncations of the proteins. Based on our findings, 
we present a model for the activation of p73 by cleavage in 
anoikis induced by DOX treatment or p73 overexpression. 
This model could radically improve our understanding of 
p53 network interactions. However, another mechanism 
is probably employed by DOC at this stage. Further 

functional characterization of p73 cleaved forms may open 
up new possibilities of therapeutic combinations of anti-
cancer molecules and gene therapy.

MATERIALS AND METHODS

Cell culture and transfections

Human breast cancer cell lines with functional p53 
(MCF-7, ZR75–1) or mutated p53 (T47D, MDA-MB157, 
MDA-MB361, MDA-MB468) [9, 47] were cultured as 
monolayers at 37°C with 5% CO2, and maintained by 
regular passage in Dulbecco’s modified Eagle medium 
with Glutamax-1 (Gibco-BRL, Grand Island, NY, USA) 
supplemented with 10% heat-inactivated fetal bovine 
serum, 5 μg/mL of fungizone, 12.5 μg/mL of vancomycin, 
and 10 μg/mL of gentamicin. Twenty-four hours after 
plating, the cells were treated for 24 hrs and 48 hrs with 
DOX (Adriblastine®, Pharmacia) or DOC (Taxotere®, 
Sanofi-Aventis). For caspase-inhibition experiments, 
50 μM of the caspase inhibitor Z-VAD (OMe)-FMK 
(Calbiochem) were freshly added to the growth medium 
1 hr prior to treatment.

After 24 hrs or 48 hrs of treatment, detached and 
attached cells were harvested separately, counted using 
the trypan blue exclusion method, and processed for 
the various biochemical assays. For other experiments, 
detached cells were sedimented, resuspended in fresh 
medium, and seeded onto new culture plates.

Transfections were carried out using Lipofectamine 
2000 (Invitrogen). Flag-TAp73α, Flag-TAp73β,  
Flag-ΔNp73α cloned in pcDNA3, ΔNp73α cloned 
in MSCV-IRES-GFP, and wild-type p53 cloned in a 
pCMV-Neo-Bam were generous gifts from Alex I. Zaika 
(Nashville, USA). Cells (4 x 105) were plated out in 6-well 
plates and transfected 24 hrs later.

Immunoblotting

Cells were lysed in RIPA buffer and proteins 
were quantified using a microBCA assay (Pierce, 
ThermoScientific). Equal amounts were separated on 
SDS-PAGE gels. Proteins were transferred to PVDF 
membranes followed by immunoblotting with antibodies 
specific for: mouse anti-p53 (DO-7, DAKO), mouse 
anti-p53 (AB-1), mouse anti-p21 (Ab-1), mouse anti-Noxa 
and rabbit anti-p73 (Ab-4) all from Calbiochem, rabbit 
anti-p73α and β (generously donated by Dr. Caput, Sanofi 
Labege, France), mouse anti-flag (M2, Sigma-Aldrich), 
mouse anti-p84 (ab487, abcam), mouse anti-GAPDH 
(MAB374, Millipore), goat anti-Puma (N19, Santa Cruz 
Biotechnology), mouse anti-caspase 8/FLICE (5F7, MBL), 
rabbit anti-caspase 3, mouse anti-caspase 2, rabbit anti-
Akt, rabbit anti-pSer473-Akt, and mouse anti-PARP-1 
(Ab-2), all from Cell Signaling Technology. Proteins were 
visualized using an enhanced chemiluminescence detection 
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system (Amersham). Membranes were then washed in 0.5% 
TBS-Tween, and incubated with 0.2 μg/mL of mouse anti-
actin (C4, Chemicon) to quantify and normalize results.

Immunofluorescence and confocal microscopy

ZR75–1 cells were seeded onto glass coverslips 
in 6-well plates overnight and transfected with TAp73α 
for 48 hrs. Detached cells were harvested and fixed onto 
slides by using cytospin (Shandon, Inc). For mitochondria 
staining, 100nM mitotracker (M22425, Molecular Probes 
Inc) were added to the culture medium for 15 minutes 
before fixing with 4% paraformaldehyde in PBS for 
30 minutes at room temperature (RT). Fixed cells 
were washed with PBS and permeabilized with 0.05% 
Tween-20 in PBS for 10 minutes. After washing with 
PBS, the coverslips were incubated with anti-p73 (Ab-4,  
Calbiochem), diluted in 5% BSA/PBS for 1 hr at RT. 
They were then washed twice with PBS, followed by 
incubation with Alexa Flour 488 conjugated anti-rabbit 
IgG (Molecular Probes Inc) for 30 minutes at RT. After 
washing 3X with PBS, the coverslips were mounted with 
Vectashield® containing DAPI (Vector Labs, CA). Cells 
were examined under a Leica SpE confocal microscope.

Cell fractionation

ZR75–1 cells were transfected with TAp73α for 
48 hrs. Detached and attached cells were harvested 
separately. ZR75–1 cells were washed with cold PBS, 
followed by centrifugation at 12000g for 5 minutes. The 
cell pellet was resuspended in fractionation buffer (10 mM 
HEPES pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM 
dithiothreitol) and protease inhibitors (cOmplete Mini 
EDTA-free Protease Inhibitor Cocktail Tablets, Roche). 
After 10 minutes incubation on ice, 10% NP40 were added 
followed by centrifugation. The supernatant was removed 
and used as a cytoplasmic fraction. The pellet was washed 
once and lysed with lysis buffer (20 mM HEPES pH7.9, 
25% glycerol, 1.5 mM MgCl2, 0.2 mM EDTA, 0.46M 
NaCl and protease inhibitors) for 15 minutes, spun at 
12000g for 5 minutes and the supernatant was used 
as a nuclear extract. Proteins were quantified using a 
microBCA assay (Pierce, ThermoScientific).

Cell cycle analysis

Cell cycle distribution was measured in untreated 
cells and cells treated with chemotherapeutic agents. 
Detached and attached cells were harvested separately 
24 and 48 hrs after treatment, suspended in PBS, and 
fixed in 70% ethanol. DNA content was evaluated after 
propidium iodide staining. Fluorescence-activated cell-
sorting analysis was carried out using a FACScan flow 
cytometer (Beckton Dickinson, San Diego, CA, USA) and 
CellQuest software.

Apoptosis detection

The Annexin V-FITC Apoptosis Detection Kit 
(BD Biosciences) was used to detect apoptosis by flow 
cytometry. At 48 hrs of treatment, cells were harvested, 
washed in PBS, and pelleted by centrifugation. They were 
resuspended at 105 cells/100 μL in a binding buffer to 
which 5 μL of Annexin-V and 5 μl of propidium iodide 
were added and then incubated in the dark for 15 min at 
room temperature. Then, 400 μL of binding buffer were 
added and the cells were immediately processed with a 
FACScan flow cytometer.

ACKNOWLEDGMENTS

We thank Pr. Karim Benihoud, Dr. Olivia Fromigué, 
Dr. Nadia Habel, Dr. Tony Sourisseau and Isabelle 
Girault (Gustave Roussy, Villejuif) for expert technical 
assistance, Pr Alex I. Zaika (Nashville, USA) for the 
generous gift of plasmid constructs and Lorna Saint Ange 
for editing.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

FINANCIAL SUPPORT

This work was supported by grants from: 
Association pour la Recherche Contre le Cancer (ARC-
Villejuif, contrat N° 4381), La Ligue Contre le Cancer, 
Comité de la Somme (JC Ahomadegbe); the Syrian 
Ministry of health (S. Alsafadi).

REFERENCES

1. Frisch SM, Francis H. Disruption of epithelial cell-
matrix interactions induces apoptosis. J Cell Biol. 1994; 
24:619–626.

2. Meredith JEJ, Fazeli B, Schwartz MA. The extracellu-
lar matrix as a cell survival factor. Mol Biol Cell. 1993; 
4:953–961.

3. Douma S, Van Laar T, Zevenhoven J, Meuwissen R, 
Van Garderen E, Peeper DS. Suppression of anoikis and 
induction of metastasis by the neurotrophic receptor TrkB. 
Nature. 2004; 430:1034–1039.

4. Frisch SM, Ruoslahti E. Integrins and anoikis. Curr Opin 
Cell Biol. 1997; 9:701–706.

5. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 
2000; 100:57–70.

6. Ilić D, Almeida EA, Schlaepfer DD, Dazin P, Aizawa S, 
Damsky CH. Extracellular matrix survival signals trans-
duced by focal adhesion kinase suppress p53-mediated 
apoptosis. J Cell Biol. 1998; 143:547–560.



Oncotarget12342www.impactjournals.com/oncotarget

7. Bachelder RE, Ribick MJ, Marchetti A, Falcioni R, 
Soddu S, Davis KR, Mercurio AM. p53 inhibits alpha 6 
beta 4 integrin survival signaling by promoting the caspase 
3-dependent cleavage of AKT/PKB. J Cell Biol. 1999; 
147:1063–1072.

8. Vayssade M, Faridoni-Laurens L, Bénard J, 
Ahomadegbe JC. Expression of p53-family members and 
associated target molecules in breast cancer cell lines in 
response to vincristine treatment. Biochem Pharmacol. 
2002; 63:1609–1617.

9. Vayssade M, Haddada H, Faridoni-Laurens L, Tourpin S, 
Valent A, Bénard J, Ahomadegbe JC. P73 functionally 
replaces p53 in Adriamycin-treated, p53-deficient breast 
cancer cells. Int J Cancer. 2005; 116:860–869.

10. Bergamaschi D, Gasco M, Hiller L, Sullivan A, Syed N, 
Trigiante G, Yulug I, Merlano M, Numico G, Comino A, 
Attard M, Reelfs O, Gusterson B, et al. p53 polymorphism 
influences response in cancer chemotherapy via modulation 
of p73-dependent apoptosis. Cancer Cell. 2003; 3:387–402.

11. Irwin MS, Kondo K, Marin MC, Cheng LS, Hahn WC, 
Kaelin WG Jr. Chemosensitivity linked to p73 function. 
Cancer Cell. 2003; 3:403–410.

12. Flores ER, Tsai KY, Crowley D, Sengupta S, Yang A, 
McKeon F, Jacks T. p63 and p73 are required for 
p53-dependent apoptosis in response to DNA damage. 
Nature. 2002; 416:560–564.

13. Lu C, Wang W, EL-Deiry WS. Non-genotoxic anti- 
neoplastic effects of ellipticine derivative NSC176327 in 
p53-deficient human colon carcinoma cells involve stimula-
tion of p73. Cancer Biol Ther. 2008; 7:2039–2046.

14. Bénard J, Douc-Rasy S, Ahomadegbe JC. TP53  family 
members and human cancers. Hum Mutat. 2003; 
21:182–191.

15. Flores ER, Sengupta S, Miller JB, Newman JJ, Bronson R, 
Crowley D, Yang A, McKeon F, Jacks T. Tumor predispo-
sition in mice mutant for p63 and p73: evidence for broader 
tumor suppressor functions for the p53 family. Cancer Cell. 
2005; 7:363–373.

16. Tomasini R, Tsuchihara K, Wilhelm M, Fujitani M, 
Rufini A, Cheung CC, Khan F, Itie-Youten A, Wakeham A, 
Tsao MS, Iovanna JL, Squire J, Jurisica I, et al. Tap73 
knockout shows genomic instability with infertil-
ity and tumor suppressor functions. Genes Dev. 2008; 
22:2677–2691.

17. Kaghad M, Bonnet H, Yang A, Creancier L, Biscan JC, 
Valent A, Minty A, Chalon P, Lelias JM, Dumont X, 
Ferrara P, McKeon F, Caput D. Monoallelically expressed 
gene related to p53 at 1p36, a region frequently deleted 
in neuroblastoma and other human cancers. Cell. 1997; 
90:809–819.

18. Ishimoto O, Kawahara C, Enjo K, Obinata M, Nukiwa T,  
Ikawa S. Possible oncogenic potential of DeltaNp73:  

a newly identified isoform of human p73. Cancer Res. 2002; 
62:636–641.

19. Zaika AI, Slade N, Erster SH, Sansome C, Joseph TW, 
Pearl M, Chalas E, Moll UM. DeltaNp73, a 
 dominant- negative inhibitor of wild-type p53 and TAp73, 
is up- regulated in human tumors. J Exp Med. 2002; 
196:765–780.

20. Marabese M, Marchini S, Sabatino MA, Polato F, 
Vikhanskaya F, Marrazzo E, Riccardi E, Scanziani E, 
Broggini M. Effects of inducible overexpression of 
DNp73alpha on cancer cell growth and response to 
treatment in vitro and in vivo. Cell Death Differ. 2005; 
12:805–814.

21. Sabatino MA, Previdi S, Broggini M. In vivo evaluation 
of the role of DNp73alpha protein in regulating the p53- 
dependent apoptotic pathway after treatment with cytotoxic 
drugs. Int J Cancer. 2007; 120:506–513.

22. Liu G, Nozell S, Xiao H, Chen X. DeltaNp73beta is active 
in transactivation and growth suppression. Mol Cell Biol. 
2004; 24:487–501.

23. Castellino RC, De Bortoli M, Lin LL, Skapura DG, 
Rajan JA, Adesina AM, Perlaky L, Irwin MS, Kim JY. 
Overexpressed TP73 induces apoptosis in medulloblastoma. 
BMC Cancer. 2007; 7:127.

24. Toh WH, Logette E, Corcos L, Sabapathy K. TAp73beta 
and DNp73beta activate the expression of the pro-survival 
caspase-2S. Nucleic Acids Res. 2008; 36:4498–4509.

25. Agostini M, Niklison-Chirou MV, Catani MV, Knight RA, 
Melino G, Rufini A. TAp73 promotes anti-senescence-
anabolism not proliferation. Aging (Albany NY). 2014; 
6:921–930.

26. Chen D, Ming L, Zou F, Peng Y, Van Houten B, Yu J, 
Zhang L. TAp73 promotes cell survival upon genotoxic 
stress by inhibiting p53 activity. Oncotarget. 2014; 5:8107–
8122. doi: 10.18632/oncotarget.2440.

27. Inoue T, Wu L, Stuart J, Maki CG. Control of p53 
nuclear accumulation in stressed cells. FEBS Lett. 2005; 
579:4978–4984.

28. Inoue T, Stuart J, Leno R, Maki CG. Nuclear import and 
export signals in control of the p53-related protein p73. 
J Biol Chem. 2002; 277:15053–15060.

29. Janicke RU, Sprengart ML, Wati MR, Porter AG. 
Caspase-3 is required for DNA fragmentation and morpho-
logical changes associated with apoptosis. J Biol Chem. 
1998; 273:9357–9360.

30. Bachelder RE, Wendt MA, Fujita N, Tsuruo T, 
Mercurio AM. The cleavage of Akt/protein kinase B 
by death receptor signaling is an important event in 
detachment-induced apoptosis. J Biol Chem. 2001; 
276:34702–34707.

31. Manning BD. Balancing Akt with S6K: implications for 
both metabolic diseases and tumorigenesis. J Cell Biol. 
2004; 167:399–403.



Oncotarget12343www.impactjournals.com/oncotarget

32. Chen X, Ko LJ, Jayaraman L, Prives C. p53 levels, 
 functional domains, and DNA damage determine the extent 
of the apoptotic response of tumor cells. Genes Dev. 1996; 
10:2438–2451.

33. Haupt Y, Maya R, Kazaz A, Oren M. Mdm2 promotes the 
rapid degradation of p53. Nature. 1997; 387:296–299.

34. Hupp TR, Lane DP. Regulation of the cryptic sequence-
specific DNA-binding function of p53 by protein kinases. 
Cold Spring Harb Symp Quant Biol. 1994; 59:195–206.

35. Harms KL, Chen X. The C terminus of p53 family 
 proteins is a cell fate determinant. Mol Cell Biol. 2005; 
25:2014–2030.

36. Marchenko ND, Zaika A, Moll UM. Death signal-induced 
localization of p53 protein to mitochondria. A poten-
tial role in apoptotic signaling. J Biol Chem. 2000; 
275:16202–16212.

37. Mihara M, Erster S, Zaika A, Petrenko O, Chittenden T, 
Pancoska P, Moll UM. p53 has a direct apoptogenic role at 
the mitochondria. Mol Cell. 2003; 11:577–590.

38. Sayan AE, Sayan BS, Gogvadze V, Dinsdale D, Nyman U, 
Hansen TM, Zhivotovsky B, Cohen GM, Knight RA, 
Melino G. P73 and caspase-cleaved p73 fragments localize 
to mitochondria and augment TRAIL-induced apoptosis. 
Oncogene. 2008; 27:4363–4372.

39. Sayan BS, Sayan AE, Knight RA, Melino G, Cohen GM. 
p53 is cleaved by caspases generating fragments localizing 
to mitochondria. J Biol Chem. 2006; 281:13566–13573.

40. Saha MN, Jiang H, Yang Y, Reece D, Chang H. PRIMA-
1Met/APR-246 displays high antitumor activity in multiple 
myeloma by induction of p73 and Noxa. Mol Cancer Ther. 
2013; 12:2331–2341.

41. Aredia F, Scovassi AI. Poly(ADP-ribose): A signaling 
molecule in different paradigms of cell death. Biochem 
Pharmacol. 2014; 92:157–163.

42. Soldani C, Scovassi AI. Poly(ADP-ribose) polymerase-1 
cleavage during apoptosis: an update. Apoptosis. 2002; 
7:321–328.

43. AL-Albani S, Fraser M, Wong AYC, Sayan BS, 
Bergeron R, Melino G, Tsang BK. P73 regulates 
 cisplatin-induced apoptosis in ovarian cancer cells via a 
 calcium/calpain-dependent mechanism. Oncogene. 2011; 
30:4219–4230.

44. Kobayashi S, Yamashita K, Takeoka T, Ohtsuki T, 
Suzuki Y, Takahashi R, Yamamoto K, Kaufmann SH, 
Uchiyama T, Sasada M, Takahashi A. Calpain-mediated 
X-linked inhibitor of apoptosis degradation in neutrophil 
apoptosis and its impairment in chronic neutrophilic leuke-
mia. J Biol Chem. 2002; 277:33968–33977.

45. Toyota H, Yanase N, Yoshimoto T, Moriyama M, Sudo T, 
Mizuguchi J. Calpain-induced Bax-cleavage product is a 
more potent inducer of apoptotic cell death than wild-type 
Bax. Cancer Lett. 2003; 189:221–230.

46. Schipper H, Alla V, Meier C, Nettelbeck DM, 
Herchenröder O, Pützer BM. Eradication of metastatic 
melanoma through cooperative expression of RNA 
based HDAC1 inhibitor and p73 by oncolytic adeno-
virus. Oncotarget. 2014; 5:5893–907. doi: 10.18632/
oncotarget.1839.

47. Wasielewski M, Elstrodt F, Klijn JG, Berns EM, Schutte M. 
Thirteen new p53 gene mutants identified among 41 human 
breast cancer cell lines. Breast Cancer Res Treat. 2006; 
99:97–101.


