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Abstract

The transcription factor p73, a member of the p53 family of proteins, is involved in the regulation of cell cycle progression and apopto-
sis. Due to alternative promoters and carboxy-terminal splicing, the P73 gene gives rise to a range of different isoforms. Interestingly,
a particular increase in expression of the TAp73� isoform has been reported in various tumours. In addition, TAp73� has been shown
to inhibit Bax activation and mitochondrial dysfunctions and thereby to confer small cell lung carcinoma (SCLC) cells resistance to drug-
induced apoptosis. However, the precise mechanism by which TAp73� exerts its pro-survival effect is yet unclear. Here we report that
TAp73�, but not TAp73�, regulates the expression of inducible Hsp72/HSPA1A. Hsp72 proved to be required for the survival effects of
TAp73� as antisense knockdown of Hsp72 resulted in an abolishment of the anti-apoptotic effect of TAp73� in SCLC cells upon
Etoposide treatment. Importantly, depletion of Hsp72 allowed activation of Bax, loss of mitochondrial membrane potential and lysoso-
mal membrane permeabilization in SCLC cells even in the presence of TAp73�. Finally, we revealed that TAp73� counteracts the anti-
apoptotic effect of TAp73� by preventing Hsp72 induction. Our results thus provide additional evidence for the potential oncogenic role
of TAp73�, and extend the understanding of the mechanism for its anti-apoptotic effect.
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Introduction

The transcription factor p73 is a multifunctional protein, able to
induce cell cycle arrest, apoptosis and differentiation [1–3]. The
P73 gene gives rise to a vast number of isoforms due to alterna-
tive splicing and use of alternative promoters. Isoforms generated
by the two promoters are called TA (for transactivation) and �N,
the latter lacking the amino-terminal TA domain [4]. In addition,
alternative splicing generates at least seven transcripts with differ-
ent carboxy-terminals (�-�). However, TAp73� and TAp73� are
the two main p73 isoforms expressed in human cells. TAp73�

possess the longest carboxy-terminal extension and is the only
TAp73 isoform to contain a sterile � motif (SAM) domain. TAp73�

is shorter and lacks the extreme carboxy-terminal and SAM

domain found in TAp73� [1, 5]. The �Np73 isoforms are regarded
as potential oncogenes, capable of counteracting the effects of
TAp73 isoforms and p53 [6]. In contrast to the P53 gene, fre-
quently mutated or deleted in cancer, the P73 gene is very rarely
found mutated in tumours. Instead, expression of p73 is greater in
a range of tumours compared with normal tissues [7, 8].
Particularly an increased expression of the TAp73� isoform has
been reported in medulloblastoma [9], B-cell chronic lymphocytic
leukaemia [10], ovarian carcinomas [11], gastric adenocarcinoma
[12], bladder cancer [13] and thyroid cancer [14]. Moreover,
TAp73� was found to promote tumour resistance in response to
treatment with DNA-damaging agents in an ovarian cancer cell line
[15]. In line with these data, we previously reported that TAp73�

inhibits drug-induced apoptosis in small cell lung carcinoma
(SCLC) cells. The anti-apoptotic effect is exerted upstream of the
mitochondria, at the level of Bax activation [16]. Interestingly, a
protein known to inhibit Bax activation is the inducible heat shock
protein HSPA1A/Hsp72/Hsp70–1 (referred to later as Hsp72) [17].
Hsp72 has also been shown to stabilize lysosomal membranes [18]
and prevent other apoptotic events such as loss of mitochondrial
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membrane potential (��m) [19], and subsequent release of pro-
apoptotic mitochondrial proteins [19], formation of the apopto-
some complex [19–21], and caspase activation [19, 22]. �Np73�

can via the activation of heat shock factor-1 (HSF-1) cause up-
regulation of HSF-responsive genes, one major target gene being
HSPA1A/HSP72 (referred to later as HSP72) [23]. This inspired us
to investigate whether Hsp72 could account for the anti-apoptotic
effects of TAp73�.

In the present study we reveal that TAp73�, but not TAp73�, is
able to regulate the expression of Hsp72. Moreover, the anti-apop-
totic effect of TAp73� in SCLC cells treated with Etoposide (VP16)
was lost upon depletion of Hsp72 using antisense construct. Upon
VP16 treatment, Hsp72 depletion allowed for Bax activation, loss
of ��m and lysosomal membrane permeabilization (LMP) to
occur even in the presence of TAp73�. Meanwhile, the pro-apop-
totic effects of TAp73� can be prevented by simultaneous co-
expression with Hsp72. Finally, in line with other studies showing
that the p53 family members interact and regulate the activity of
each other, we found that the Hsp72-mediated anti-apoptotic
effect of TAp73� can be counteracted by TAp73�. Thus, in addi-
tion to reported protective effects and possible tumorigenic func-
tions of the TAp73� isoform, our findings uncover a potential
mechanism that mediates its anti-apoptotic function.

Materials and methods

Cell culture, transfection and treatments

Human SCLC National Cancer Institute (NCI)-H82 [American Type Culture
Collection (ATCC HTB-175)] and human embryonic kidney HEK-293 (ATCC
CRL-1573) cell lines were used in this study. Cells were cultured at 37�C,
5% CO2 in Roswell Park Memorial Institute 1640 medium (NCI-H82), or
Dulbecco’s modified Eagle’s medium (HEK-293), supplemented with 
10% heat-inactivated foetal calf serum, 2 mM L-glutamine, penicillin 
(100 units/ml) and streptomycin (100 mg/ml). Twenty-four hours after set-
ting in culture dishes with fresh medium, cells were transfected using
Lipofectamine 2000 (Invitrogen Corporation, Carlsbad, CA, USA) according
to the manufacturer’s protocol. The cell density was kept at levels allowing
exponential growth.

Reagents and antibodies

Etoposide (VP16) was obtained from Bristol-Myers (New York, NY, USA),
Hoechst 33342 and tetramethylrhodamine ethyl esters (TMRE) were pur-
chased from Invitrogen Corporation (Carlsbad, CA, USA). Following primary
antibodies were used in this study; rabbit polyclonal anti-Hsp72 antibody
(BioSite Incorporated, San Diego, CA, USA), mouse monoclonal anti-active
Bax 6A7 (BD Biosciences, San Jose, CA, USA), mouse monoclonal anti-
p73�/� (Ab-4) antibody (Thermo Fisher Scientific, Runcorn, Cheshire, UK),
rabbit polyclonal anti-glyceraldehyde-3-phosphate dehydrogenase
(G3PDH) antibody (Trevigen, Gaithersburg, MD, USA), rabbit anti-HSF1
antibody, rabbit anti-Hsp90 antibody, mouse monoclonal anti-Hsp27 anti-

body and rabbit anti-Hsc70 antibody (all from Cell Signaling Technology,
Inc., Danvers, MA, USA). For immunoblot experiments horseradish peroxi-
dase-conjugated (HRP) goat anti-rabbit or goat antimouse IgG (Pierce
Biotechnology, Rockford, IL, USA) were used. In immunofluorescence and
fluorescence activated cell sorting (FACS) experiments secondary Alexa
Fluor 594-conjugated goat anti-rabbit IgG and goat antimouse IgG
(Invitrogen Corporation) were used.

Plasmids and small interfering RNAs

Expression vectors encoding human p73 isoforms (TAp73�, TAp73�,
�Np73�) were gifts from Dr. G. Melino and have been described [24]. The
expression level of each p73 variant used in this study was examined using
immunoblotting. At protein level there was no significant difference in their
expression. Dr. T. Perlmann kindly provided us with plasmid encoding 
�-galactosidase (pCMX-�gal). The promoter-luciferase construct HSP72-
luc, containing 0.8 kb of the HSP70.1(HSPA1A) gene, was a gift from Dr. N.
Mivechi and has been described [25]. Enhanced green fluorescent protein
(EGFP) plasmid was from Clontech Laboratories, Inc. (Mountain View, CA,
USA). Hsp72 expression plasmid and antisense Hsp72 vector (asHsp72),
both cloned into pCDNA3 vectors, were gifts from Dr. M. Jäättelä and has
been described [26]. Non-targeting control and HSP72/HSPA1A targeting
small interfering RNAs (siRNAs) (ON-TARGETplus SMART pool L-005168,
Human HSPA1A, nM-005345) were obtained from Fisher Scientific UK Ltd.
(Loughborough, Leicestershire, UK).

Reporter gene assays

Transfections were performed in 24-well plates with Lipofectamine 2000,
according to the manufacturer’s protocol. Each well was transfected with
100 ng of HSP72-luc reporter plasmid, 300 ng of empty (control) vector or
p73 expression vector and 100 ng of pCMX-�-gal reference plasmid 
containing a bacterial �-galactosidase gene. Cells were harvested 24 hrs
after transfection, lysed and extracts were assayed for luciferase and �-
galactosidase activities in a microplate luminometer/photometer reader
(Orion Microplate Luminometer; Berthold detection systems; Berthold
Technologies, Oak Ridge, TN, USA).

RNA isolation and PCR analysis

Twenty-four hours after transfection with empty (control) vector or 
plasmids encoding p73 isoforms, cells were resuspended in RNA-Bee
(BioSite Incorporated) and RNA isolated using chloroform extraction. For
first-strand cDNA synthesis 1 	g of RNA was mixed with Oligo(dT)
primers, dNTP mix, 5X first-strand buffer, Ditiotreitol, RNAseOUT and
SuperScript II RT, all according to manufacturer’s protocol (Invitrogen
Corporation). PCR reaction were performed on cDNA using the following
primers for HSP72, forward; 5
-gtg cag tcg gac atg aag ca-3
 and reverse;
5
-cag gat gga cac gtc gaa gg-3
 (as described in [27]), P73, forward; 5
 -
GTG GAA GGC AAT AAT CTC TCG CAG-3
and reverse; 5
-G GTT GAC GGA
GAG CAG CTT GTT CAT-3
, and G3PDH, forward; 5
-ATG GCC TTC CGT
GTC CCC ACT G-3
and reverse; 5
-TGA GTG TGG CAG GGA CTC CCC A-3
,
at an annealing temperature of 55�C. PCR products were resolved on a 1%
agarose gel and visualized using a UV transilluminator. Quantification of
DNA band intensity was made using ImageJ software according to the sup-
plier’s instructions.
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Immunoblotting

Twenty-four hours after transfection, cells were lysed and resuspended in
Laemmli’s loading buffer and boiled for 3 min. Samples were resolved on
10% SDS-PAGE and blotted onto nitrocellulose membranes (GE
Healthcare, Uppsala, Sweden). Membranes were then probed with rabbit
anti-Hsp72 antibody, rabbit anti-HSF1 antibody, rabbit anti-Hsp90 anti-
body, mouse anti-Hsp27 antibody, rabbit anti-Hsc70 antibody, mouse anti-
p73 antibody and/or rabbit anti-G3PDH antibody. Primary antibody binding
was detected using HRP-conjugated goat antimouse or goat anti-rabbit IgG
(Pierce Biotechnology). After repeated washing in Tris-buffered saline,
bands were visualized by enhanced chemiluminescence (ECL Plus) follow-
ing the manufacturer’s instructions (GE Healthcare). Quantification of pro-
tein band intensity was made using ImageJ software.

Immunofluorescence and confocal imaging

One day after co-transfection of EGFP with either empty (control) vector or
plasmids encoding p73 isoforms, Hsp72 and/or asHsp72, cells were 
harvested, fixed in 4% paraformaldehyde and blocked/permeabilized in phos-
phate-buffered solution (PBS) with 10 mM 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid (HEPES), 0.3% Triton X-100 and 3% bovine serum
albumine (BSA). Slides were incubated with primary rabbit anti-Hsp72 anti-
body, mouse monoclonal anti-Hsp27 antibody or mouse anti-active Bax (6A7)
antibody at 4�C, over night. Subsequently, slides were incubated with second-
ary Alexa Fluor 594-conjugated antibody (room temperature, 1 hr). Nuclei
were counterstained with Hoechst (1 	g/ml), slides mounted in Vectashield
H-1000 (Vector Laboratories, Inc., Orton Southgate, Peterborough, UK) and
analysed under Zeiss 510 Meta confocal laser scanning microscopy equipped
with an inverted Zeiss Axiovert 200M microscope (Carl Zeiss MicroImaging,
Inc., Thornwood, NY, USA). Mix dyes were acquired by sequential multiple
channel fluorescence scanning to avoid bleed through.

Detection of apoptosis

H82 cells were co-transfected with EGFP and plasmids encoding p73 
isoforms, Hsp72, asHsp72 and/or empty (control) vector. One day after
transfections, cells were treated with 5 	M VP16. At 24 hrs after treatment,
cells were stained with Hoechst and scored in a fluorescence microscope
as percentage of EGFP expressing cells displaying apoptotic nuclei. For
each sample, at least 300 cells sorted for green (EGFP) fluorescence were
assessed for nuclear morphology by two independent investigators.

Assessment of mitochondrial depolarization

H82 cells were co-transfected with EGFP and plasmids encoding p73 iso-
forms, Hsp72, asHsp72 and/or empty (control) vector. One day after trans-
fections, cells were treated with 5 	M VP16. At 24 hrs after treatment, cells
were stained with TMRE, a fluorochrome dye that is only taken up by mito-
chondria having an intact electrochemical gradient, and Hoechst and
scored in a fluorescence microscope as percentage of EGFP expressing
cells displaying loss of mitochondrial membrane potential, as depicted by
a loss of TMRE staining. For each sample, at least 300 cells sorted for
green (EGFP) fluorescence were assessed for TMRE staining by two inde-
pendent investigators.

Assessment of lysosomal stability

To determine the effect of TAp73 and Hsp72 on lysosomal stability, H82 cells
were co-transfected with EGFP and plasmids encoding p73 isoforms, Hsp72,
asHsp72 and/or empty (control) vector, and treated with 5 	M VP16. At 
24 hrs after treatment, cells were incubated with 50 nM LysoTracker Red
(Invitrogen Corporation) for 30 min. at 37�C to label the lysosomes. Cells
were visualized by fluorescence microscopy and scored as percentage of
EGFP expressing cells displaying loss of lysosomal membrane potential, as
depicted by a loss of LysoTracker Red staining.

Flow cytometric analysis of Bax activation

One day after co-transfection of EGFP and plasmids encoding p73 
isoforms, Hsp72, asHsp72 and/or empty (control) vector, cells were
treated with 5 	M VP16 for 24 hrs. H82 cells were subsequently harvested,
fixed in 1% PFA and blocked/permeabilized in PBS with 10 mM HEPES,
0.3% Triton X-100 and 3% BSA. Cells were incubated with mouse anti-Bax
(6A7) antibody (4�C over night), followed by secondary Alexa Fluor 594-
conjugated antibody (room temperature for 30 min.). Cells were resus-
pended in PBS and samples were analysed using a FACSCalibur flow
cytometer using Cell Quest software (BD Biosciences). For each sample, at
least 10,000 cells sorted for green (EGFP) fluorescence were assessed for
intensity of Bax staining.

Flow cytometric analysis of mitochondrial 
depolarization

H82 cells were co-transfected with EGFP and plasmids encoding 
p73 isoforms, Hsp72, asHsp72, and/or empty (control) vector, and treated
with 5 	M VP16. At 24 hrs after treatment, cells were stained with TMRE
for 30 min. at 37�C and then analysed on a FACSCalibur flow cytometer
equipped with Cell Quest software (BD Biosciences). For each sample, at
least 10,000 cells sorted for green (EGFP) fluorescence were assessed for
TMRE staining.

Chromatin immunoprecipitation

H82 cells were transfected with empty (control) vector or plasmids encod-
ing p73�, and p73� and immunoprecipitation were carried out using p73
antibody (Ab-4) and ChIP assay kit (Upstate; MilliPore Corporate
Headquarters, Billerica, MA, USA) according to the manufacturer’s proto-
col. PCRs were performed with following primers: Hsp72 promoter (for-
ward primer �935bp 5
-CAC CGC ACA TTC CTA GGC CGC-3
 and reverse
primer �571bp 5
-GGA GCC CCC ACC TAC TCG CT-3
), G3PDH (forward
primer 5
-ATG GCC TTC CGT GTC CCC ACT G-3
 and reverse primer 
5
-TGA GTG TGG CAG GGA CTC CCC A-3
).

Statistical analysis

Statistical analyses were performed with two-tailed, paired Student’s t-test,
where ***P � 0.001, **P � 0.01 and *P � 0.05.

© 2011 The Authors
Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



1760

Results

TAp73� induces Hsp72 expression

We have shown that full-length TAp73� represses drug-induced
apoptosis in SCLC cells, whereas full-length TAp73� strengthens
drug-induced apoptosis in the same settings [16]. In addition, the
anti-apoptotic actions of TAp73� upon drug-induced apoptosis
was shown to be exerted upstream of the mitochondria, on the

level of Bax [16]. Previously, the capability of the �N forms of p73
and p63 (�Np73� and �Np63�) to regulate the expression of
Hsp72 has been demonstrated [23, 28]. Moreover, similar to
TAp73�, Hsp72 has been shown to exert many of its pro-survival
functions upstream of the mitochondria [17]. To test whether the
anti-apoptotic effect of TAp73� in SCLC cells could be due to a
direct regulation of Hsp72 protein expression, we performed
luciferase gene reporter assay on the HSP72 promoter in SCLC
H82 and HEK-293 cells. Full-length TAp73� was able to transacti-
vate the HSP72 promoter in both H82 and HEK-293 cells (Fig. 1A),
as well as in HeLa, HCT116 p53�/� and HCT116 p53�/– cells (data
not shown). However, no transcriptional activity of the full-length
TAp73� isoform on the HSP72 promoter could be seen in any of
the cell lines tested. In contrast, the transcriptional activity of
�Np73� on the HSP72 promoter demonstrated a cell-type speci-
ficity, being significantly active in HEK-293, HeLa, HCT116 p53�/�

and HCT116 p53�/– cells, but not in H82 cells (Fig. 1A, and data
not shown). An additional set of experiments was performed to
confirm the induction of Hsp72 by TAp73� on both mRNA and
protein levels. Indeed, a significant induction in Hsp72 mRNA lev-
els could be seen after TAp73� overexpression, but not upon
expression of TAp73� (Fig. 1B). Moreover, transient expression of
TAp73�, but not TAp73�, was able to significantly induce Hsp72
protein level, as shown in single cells by immunofluorescent stain-
ing of H82 cells (Fig. 1C) and by immunoblot on HEK-293 cell
extracts (Fig. 1D). However, no effect of either TAp73� or TAp73�

expression could be detected on the levels of the Hsp72-related
proteins HSF1, Hsp90/HSPC1, Hsc70/HSPA8 or Hsp27/HSPB1
(Fig. 1E). As control, Hsp72 protein expression during VP16 treat-
ment and up to 24 hrs is also depicted in Figure S1A. Thus, based
on these data we conclude that TAp73� is a selective and potent
inducer of Hsp72 expression.

© 2011 The Authors
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Fig. 1 TAp73� induces Hsp72 expression. (A) H82 and HEK-293 cells were
co-transfected with a HSP72 promoter-luciferase vector, a �-galactosidase
reporter vector and empty vector or p73 expression vectors (TAp73�,
TAp73�, �Np73�), as indicated. Cells were harvested after 24 hrs, and cell
extracts assayed for luciferase and �-galactosidase activity. Relative
luciferase units were compared after normalization to �-galactosidase
activities. H82 (B) and HEK-293 (B, D) were transfected with expression
vectors encoding TAp73�, TAp73�, �Np73�. (B) Total RNA was extracted
from cells, followed by cDNA synthesis and PCR amplification of the indi-
cated genes. Quantification of DNA band-intensity was made using ImageJ
software. (C) H82 cells were co-transfected with EGFP and p73 expression
vectors (TAp73�, TAp73�) (green). Samples were stained with anti-Hsp72
antibody (red) and nuclei counterstained with Hoechst (blue). Images are
representatives of three independent experiments. (D) Total protein cell
extracts were analysed by immunoblotting for the presence of Hsp72 and
p73. G3PDH was used as protein loading control. (E) Total protein cell
extracts were analysed by immunoblotting for the expression of p73, HSF1,
Hsc70 and Hsp90 (bands marked * is due to previous staining with anti-
body against p73 and hence depict TAp73 protein). Data are represented as
mean  S.D. of at least three independent experiments, where *P � 0.05
and **P � 0.01.
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Hsp72 is required for TAp73� anti-apoptotic effect

We suggested that since TAp73� is a potent inducer of Hsp72
expression, the anti-apoptotic effect of TAp73� might depend on
the induction of Hsp72 protein. To investigate whether depletion of
Hsp72 affects the anti-apoptotic activity of TAp73� we took advan-
tage of an antisense Hsp72 vector (asHsp72). Transfection of cells
with asHsp72 lead to a reduction in Hsp72 protein levels as shown
both by Western blot (Fig. 2A) and confocal imaging (Fig. 2B).
However, expression of the asHsp72 vector did not affect levels of

Hsp72-related proteins HSF1, Hsp90, Hsc70 (as shown by
Western blot, Fig. 2C) or Hsp27 (as shown by immunofluorescent
staining, Fig. 2C). Subsequently, H82 cells were co-transfected
with EGFP, p73 isoforms and asHsp72 vector, and treated with
VP16 for 24 hrs. TAp73� and �Np73� are able to repress drug-
induced apoptosis, whereas TAp73� enhances it (Fig. 2D, and as
previously reported [16]). Upon co-transfection of �Np73� with
asHsp72, �Np73� still exhibits an anti-apoptotic effect upon VP16
treatment (Fig. 2D, �Np73� black and grey bars). These data were
further confirmed using a siRNA targeting HSP72/HSPA1A mRNA
(Fig. 2E and F). This indicates the anti-apoptotic effect of �Np73�

© 2011 The Authors
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Fig. 2 Hsp72 is required for TAp73� anti-apop-
totic effect. (A) H82 cells were transfected with
asHsp72 vector and total protein cell extracts were
analysed by immunoblotting for the presence of
Hsp72. G3PDH was used as protein loading con-
trol. Quantification of protein band-intensity was
made using ImageJ software. (B) H82 cells were
co-transfected with EGFP and asHsp72 vector
(green). Samples were stained with anti-Hsp72
antibody (red) and nuclei counterstained with
Hoechst (blue). Images are representatives of
three independent experiments. (C) H82 cells were
transfected with asHsp72 vector and total protein
cell extracts were analysed by immunoblotting for
the expression of HSF1, Hsp90 and Hsc70.
G3PDH was used as protein loading control and
numbers indicate the ratio between protein (HSF1,
Hsp90 or Hsc70) and G3PDH band intensity. H82
cells were co-transfected with EGFP and asHsp72
vector (green) and the effect of asHsp72 expres-
sion on Hsp27 protein levels were detected using
immunofluorescent staining for Hsp27 (red) and
counterstaining of nuclei with Hoechst (blue). (D)
H82 cells were co-transfected with EGFP, asHsp72
vector and empty vector or p73 expression vectors
(TAp73�, TAp73�, �Np73�). Cells were treated
with VP16 for 24 hrs, nuclei counterstained with
Hoechst and apoptosis was assayed by scoring of
EGFP transfected cells presenting condensed or
fragmented nuclei. (E) H82 cells were transfected
with siRNAs pool designed to interfere specifically
with the expression of human Hsp72 mRNA and
total protein cell extracts were analysed by
immunoblotting for the expression of Hsp72.
G3PDH was used as protein loading control.
Quantification of protein band-intensity was made
using ImageJ software. (F) H82 cells were co-
transfected with EGFP, Hsp72 siRNAs pool and
empty or TAp73� expression vectors. Cells were
treated with VP16 for 24 hrs, nuclei counter-
stained with Hoechst and apoptosis was assayed
by scoring of EGFP transfected cells presenting
condensed or fragmented nuclei. Figures are
mean  S.D. of three independent experiments,
where *P � 0.05, **P � 0.01 and ***P � 0.001.
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being independent on induction of Hsp72, consistent with the data
described above (Fig. 1) where, in H82 cells, �Np73� do not show
any induction of Hsp72, neither on the level of the promoter nor
on mRNA and protein levels. The pro-apoptotic activity of TAp73�

was unaffected by the co-expression of asHsp72. However, co-
transfection of TAp73� together with asHsp72 significantly
reduced the anti-apoptotic effect of TAp73� (Fig. 2D, TAp73�

black and grey bars). Hence, the anti-apoptotic activity of TAp73�

in SCLC H82 cells treated with chemotherapeutic drugs seems to
depend on the induction of Hsp72.

Hsp72 represses TAp73� pro-apoptotic effect

Given that TAp73� is able to induce Hsp72 expression and that the
anti-apoptotic activity of TAp73� seems to be dependent on this
induction, and since it is known from before that the p73 isoforms
can interact and regulate the activity of each other [16, 29], we
sought to investigate whether the overexpression of Hsp72 could
counteract the pro-apoptotic function of TAp73� upon drug-
induced apoptosis. Transfection of H82 cells with Hsp72 vector
lead to an enhanced expression of Hsp72 protein, as shown by
immunoblot (Fig. 3A) and confocal imaging (Fig. 3B). Subsequent
transfection of H82 cells with Hsp72 reduced the level of VP16-
induced apoptosis (Fig. 3C, black and grey bars). Moreover, co-
transfection of TAp73� together with Hsp72 abolished TAp73�

pro-apoptotic effect upon VP16 treatment. Hence, TAp73�

augmentation of drug-induced apoptosis can be repressed by
simultaneous co-expression of Hsp72.

Hsp72 depletion favours Bax activation 
and loss of ��m upon VP16 treatment 
in the presence of TAp73�

Significant activation of Bax in H82 cells upon VP16 treatment is
observed by FACS analysis at 18–24 hrs after exposure (Fig. S1B).
We have previously shown that the anti-apoptotic effect of TAp73�

in SCLC cells is exerted upstream of mitochondria, at the level of

Bax activation [16]. In addition, Hsp72 has been shown to exert
some of its protective effects at the same level, inhibiting apopto-
sis via the prevention of Bax activation and its translocation to the
mitochondria [17]. To investigate whether the simultaneous
expression of TAp73� and depletion of Hsp72 could affect the
apoptotic process at the level or upstream of mitochondria, H82
cells were co-transfected with TAp73� and asHsp72, and treated
with VP16. Indeed, TAp73� was able to prevent VP16-induced dis-
ruption of mitochondrial membrane potential (��m) as shown
both by microscopic count of TMRE– cells (Fig. 4A, black bars) and
FACS analysis (Fig. 4B, black bars). However, upon co-transfection
of TAp73� with asHsp72 the protective effect disappeared leading
to a drop in ��m upon VP16 treatment (Fig. 4A and B, TAp73�

black and dark grey bars). Moreover, TAp73�-mediated inhibition
of Bax activation was eliminated by co-transfection with asHsp72,
as depicted by immunofluorescent staining (Fig. 4C) and FACS
analysis on percentage of cells staining positive for active Bax 
(Fig. 4D, black and dark grey bars). Thus, depletion of Hsp72 leads
to a loss of TAp73� anti-apoptotic effect upon drug-treatment and
favours Bax activation and mitochondrial dysfunctions.

Hsp72 expression prevents TAp73�-induced 
mitochondrial dysfunction and Bax activation

TAp73 isoforms have been shown to induce apoptosis via Puma-
mediated Bax activation [30]. To investigate whether the protective
effect of Hsp72 overexpression upon TAp73�-enhanced drug-
induced apoptosis is exerted upstream of apoptosis-related mito-
chondrial events, H82 cells were co-transfected with TAp73� and
Hsp72 expression vectors. Introduction of Hsp72 greatly dimin-
ished TAp73�-induced ��m disruption upon VP16 treatment, as
shown by both cell counting in microscope (Fig. 5A) and FACS
analysis (Fig. 5B) of TMRE– cells. In addition, TAp73�-induced
Bax activation was reduced upon introduction of Hsp72, as
depicted by confocal imaging (Fig. 5C) and FACS analysis 
(Fig. 5D). Hence, TAp73�-mediated Bax activation and disruption
of ��m in response to VP16 can be prevented by the simultaneous
expression of Hsp72.

© 2011 The Authors
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Fig. 3 Hsp72 represses TAp73� pro-apoptotic
effect. (A) H82 cells were transfected with Hsp72
expression vector and extracts were analysed as
described in Figure 2A. (B) H82 cells were co-
transfected with EGFP and Hsp72 vector (green),
and samples assayed as described in Figure 2B. (C)
H82 cells were co-transfected with EGFP, Hsp72
vector and empty vector or TAp73�. Samples were
treated, stained and assayed as described in
Figure 2D. Figures are mean  S.D. of three inde-
pendent experiments, where *P � 0.05, **P �

0.01 and ***P � 0.001.
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TAp73� repress Etoposide-induced loss 
of lysosomal membrane potential 
in a Hsp72-dependent manner

Etoposide was shown to induce destabilization of lysosomes [18],
an event which in turn can trigger Bax activation in a cathepsin B
dependent manner [31]. On the other hand, lysosomal permeabi-
lization has been shown to depend on Bax [32, 33]. Both ways, the
destabilization of and subsequent leakage from lysosomal com-
partments can be prevented by simultaneous co-expression of
Hsp72 [34]. Significant LMP in H82 cells upon VP16 treatment is
observed by FACS analysis at 24 hrs after exposure (Fig. S1C).
Hence, we set out to determine whether TAp73� can prevent
VP16-induced LMP in H82 cells, and further, if this event is medi-
ated by Hsp72. Hence, we made use of LysoTracker dye which

accumulates inside acidic organelles, such as lysosomes and late
endosomes [35]. A decreased LysoTracker fluorescence may then
reflect LMP and/or an increase in lysosomal pH, which then would
lead to less cytosolic puncta [35], as seen using fluorescence
microscopy (Fig. 6C, compare white arrows in merge).
Quantification of cells with a reduced punctiform staining, or no
LysoTracker staining at all (here denoted as LMP), showed that
VP16 treatment induced LMP (Fig. 6A). TAp73� was able to pre-
vent VP16-induced LMP; however, co-transfection of TAp73� with
asHsp72 and VP16 treatment resulted in LMP comparable to
VP16 alone. On the other hand, TAp73� promoted VP16-induced
LMP (Fig. 6B), whereas simultaneous co-transfection with Hsp72
resulted in a very little LMP, comparable to control levels. Given
together, these results suggests that TAp73� induced Hsp72
expression protects the cell from drug-induced mitochondrial dys-
functions as well as LMP.

© 2011 The Authors
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Fig. 4 Hsp72 depletion favours Bax activation and loss of ��m upon VP16 treatment in the presence of TAp73�. (A, B) H82 cells were co-transfected
with EGFP, asHsp72 vector and empty vector or TAp73�. Cells were treated with VP16 for 24 hrs, stained with TMRE and nuclei counterstained with
Hoechst. Loss of ��m was assayed by scoring of EGFP transfected cells without TMRE staining using microscopy (A) and FACS analysis (B). (C) H82
cells were transfected and treated as described (A). Samples were stained with anti-active Bax antibody (red) and nuclei counterstained with Hoechst
(blue). (D) Cells were transfected and treated as in (A), stained with anti-active Bax antibody and analysed by FACS.
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The Hsp72-mediated anti-apoptotic effect 
of TAp73� can be counteracted by TAp73�

It is known since before that the p73 isoforms can interact and reg-
ulate the activity of each other [16, 29]. Given that TAp73� is able
to transactivate the HSP72 promoter (Fig. 1), we decided to inves-
tigate whether TAp73� could affect the activity of TAp73� with
regards to the HSP72 promoter. Subsequently, H82 cells were
transfected with HSP72-luciferase construct, TAp73� and increas-
ing amounts of TAp73�. In a dose-dependent manner, TAp73� was
able to significantly reduce the level of transactivation of TAp73�

on the HSP72 promoter (Fig. 7A). Using chromatin immunoprecip-
itation assay and primers covering a region of the promoter includ-
ing a p53 responsive element, we show that TAp73� directly binds
to the HSP72 promoter, whereas TAp73� do not (Fig. 7B).

Consequently, to investigate if this effect was reflected on the out-
come of apoptosis, H82 cells were transfected with TAp73� and
increasing amounts of TAp73�, and treated with VP16. Indeed, in
a dose-dependent manner TAp73� was able to reverse the anti-
apoptotic effect of TAp73� on drug-induced apoptosis (Fig. 7C).
Thus, the Hsp72-dependent anti-apoptotic effect of TAp73� can be
counteracted by simultaneous co-expression of TAp73�.

Discussion

In this study we show that the TAp73� isoform transcriptionally
regulates the expression of Hsp72. The protective effect of TAp73�

upon treatment of SCLC cells with chemotherapeutic agents is

© 2011 The Authors
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Fig. 5 Hsp72 expression prevents TAp73�-induced mitochondrial dysfunction and Bax activation. (A, B) H82 cells were co-transfected with EGFP, Hsp72
vector and empty vector or TAp73�. Treatment and staining were performed as described in Figure 4A and B, and analysis was carried out using
microscopy (A) and FACS analysis (B). (C, D) H82 cells were transfected, treated and stained as described in Figure 4C and D. Images are representa-
tives of three independent experiments. Figures are mean  S.D. of three independent experiments, where *P � 0.05, **P � 0.01 and ***P � 0.001.
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shown to be dependent on Hsp72. Furthermore, we discovered an
additional level of complexity where TAp73� is able to counteract
TAp73� anti-apoptotic effects (also previously reported by us [16])
and transcriptional activation of and binding to the HSP72 promoter.

We show that TAp73� can regulate expression of the HSP72
gene, an activity not shared by TAp73�, which provide additional
evidence that there indeed exists an isoform-specific regulation of
target genes. The diverse TAp73 carboxy-terminal isoforms differs
in regard to relative efficiency in transactivation of promoters of
target genes, post-translational modifications and interaction
partners. The final outcome of these variations among the TAp73
carboxy-terminal isoforms are ultimately displayed as different
potencies in the induction of apoptosis, cell cycle arrest and/or dif-
ferentiation [7, 36, 37]. TAp73� has been shown a potent transac-
tivator of the Aquaporin 3 [38] and P57Kip2 [39] genes, whereas
TAp73� is inefficient in this aspect. Of note, p57Kip2 can promote
drug-induced cell death [40], providing one possible explanation to
why TAp73� in many cases is a more potent inducer of apoptosis
than TAp73� [8]. On the other hand, TAp73�, but not TAp73�, can
suppress myogenic differentiation due to an attenuation of MyoD
transcriptional activity [41]. Due to its extended carboxy-terminus,
TAp73�, but not TAp73�, can be covalently modified by SUMO-1.
Sumoylation at Lysine 627 leads to a more rapid degradation of
TAp73� by the proteasome [42]. Interaction of TAp73� with differ-
ent proteins, most likely mediated by the SAM domain and the
extreme carboxy-terminus, might provide one explanation to some
of the functional differences between TAp73� and TAp73�. For

instance, receptor for activated kinase 1 interacts with TAp73� car-
boxy-terminus ultimately resulting in reduced transcriptional activ-
ity and inhibition of TAp73�-induced apoptosis [43].

Although both TAp73� and TAp73� can induce cell cycle arrest
and apoptosis upon drug treatment, TAp73� expression is
increased in a range of tumours and has been shown to confer
resistance of some tumour cells towards drug treatment [15, 16].
Previously, we have shown that TAp73� can repress drug-induced
apoptosis in a cell-type specific manner. We demonstrated this
effect to be exerted upstream of the mitochondria, at the level of Bax
activation [16]. Here, we provide a mechanism in support of the
anti-apoptotic effect of TAp73�. We show that the anti-apoptotic
effect of TAp73� is lost upon depletion of Hsp72. Moreover, the
repressive effect of TAp73� on Bax activation, drop in mitochon-
drial membrane potential and LMP in drug-induced apoptosis was
lost upon introduction of antisense Hsp72. The anti-apoptotic,
inducible Hsp72 has been shown to act on different levels in the
apoptotic signalling pathways – stabilizing lysosomal membranes
[18] and preventing loss of mitochondrial membrane potential
[19], release of pro-apoptotic mitochondrial proteins, apoptosome
formation [19–21], caspase activation [19, 22] and delay drug-
induced cell death via physical interaction with pro-apoptotic 
molecules such as Bax, AIF and Apaf-1 [44]. Here we show that
TAp73�-enhanced drug-induced Bax activation, drop in mitochon-
drial membrane potential, LMP and subsequent cell death is
reduced upon introduction of Hsp72 expression vector. Indeed,
different studies have shown LMP to occur either before Bax

© 2011 The Authors
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Fig. 6 TAp73� repress Etoposide-induced LMP in
a Hsp72-dependent manner. H82 cells were co-
transfected with EGFP, asHsp72, TAp73�, Hsp72
and/or TAp73�, treated with VP16 for 24 hrs and
stained with Lysotracker Red. Cells were quanti-
fied live using fluorescence microscopy (A, B), or
fixed and stained with Hoechst for confocal analy-
sis (C). (A) and (B) are mean  S.D. of at least
three independent experiments, where *P � 0.05,
**P � 0.01 and ***P � 0.001. (C) is a represen-
tative image.
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activation [31], or to be dependent on active Bax [32, 33].
However, in SCLC cells Bax activation seems to occur prior to LMP
(Fig. S1B and C), thus indicating that the effects of Hsp72 down-
stream of p73 is mainly exerted via Bax. Indeed, our data demon-
strate that the transcriptional regulation of Hsp72 expression by

TAp73� mediates its pro-survival effect. To notice, Hsp72 overex-
pression was shown to increase transformation in a range of dif-
ferent cell types [45–47]. Also, an elevated expression of Hsp72
has been reported in tumour cell lines [48–50] and in several
tumour cases [51]. Interestingly, selective down-regulation of
Hsp72 by small interfering RNA’s or antisense constructs pro-
motes drug-induced cell death in a range of different tumour cell
lines, e.g. cervical carcinoma (HeLa) [52], colon carcinoma, hepa-
tocellular carcinoma [53] and breast cancer [49]. Hence, the pos-
sibility of a tumour cell to induce expression of Hsp72 seems to
provide it with an advantage towards drug-induced cell death.

Consequently, with these data we reinforce the idea that there is
indeed a balance between the two main TAp73 isoforms, TAp73�

and TAp73�. We have previously shown that TAp73� can counter-
act the pro-apoptotic effect of TAp73�, and vice versa [16]. Here,
we demonstrate that TAp73� can repress TAp73� binding to and
transactivation of the HSP72 promoter, and that this might be a
part of the explanation on how TAp73� counteracts TAp73� anti-
apoptotic effect. In addition to the previously reported potential
oncogenic properties of the TAp73� isoform this study gives a
deeper insight into how TAp73� expression in tumours could
contribute to drug resistance. Importantly, these data reveal the
importance in investigating the relative expression of different p73
isoforms in human tumours. It is now clear that not only does the
relation between the amino-terminal isoforms, �Np73 and TAp73,
affect the final outcome of a cell upon drug treatment, but it can
also be affected by the relative expression of individual carboxy-
terminal p73 isoforms, e.g. TAp73� and TAp73�.
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Fig. 7 The Hsp72-mediated anti-apoptotic effect of TAp73� can be counter-
acted by TAp73�. (A) H82 cells were transfected and assayed as described
in Figure 1A. (B) H82 cells were transfected with TAp73�, TAp73�,
�Np73�, TAp73� and TAp73�, or empty vector. Samples were immunopre-
cipitated using p73 antibody, and binding to the HSP72 promoter was
detected with PCR. (C) H82 cells were transfected, treated and assayed by
scoring of EGFP transfected cells presenting condensed or fragmented
nuclei (as described in Fig. 2D). Figures are mean  S.D. of three independ-
ent experiments, where *P � 0.05, **P � 0.01 and ***P � 0.001.
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sion of this article:

Fig. S1 (A-C) H82 cells treated with 5 µM VP16 for the indicated
time points. (A) Total protein cell extracts were analyzed by
immunoblotting for the presence of Hsp72. G3PDH was used as
protein loading control. Quantification of protein band-intesity was

made using ImageJ software. (B) Cells were stained with
Lysotracker Red. Cells were quantified live using fluoroscence
microscopy. Figures (B) and (C) are mean  SD of at least three 
independent experiments, where *p � 0.05, **p � 0.01 and 
***p � 0.001.
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functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to
the corresponding author for the article.
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