
Polypyrimidine tract binding proteins (PTB) regulate
the expression of apoptotic genes and susceptibility to
caspase-dependent apoptosis in differentiating
cardiomyocytes

J Zhang1, N Bahi1, M Llovera1, JX Comella2 and D Sanchis*,1

Cardiac morphologic abnormalities in mice deficient for key regulators of the caspase-dependent signaling underscored its role
in heart development. However, the mechanisms regulating apoptotic gene expression in the developing heart are unknown. As
polypyrimidine tract binding proteins (PTB) determine gene isoform expression during myoblast differentiation and contribute to
Apaf-1 translation in cell lines, we investigated whether PTB regulate apoptotic gene expression in differentiating
cardiomyocytes. Our results show that PTB are expressed in the embryonic heart and are silenced during development,
coinciding with a reduction in the expression of apoptotic genes. Overexpression of PTB in postnatal cardiomyocytes, which
express low levels of PTB and apoptotic genes, induced an increase in the amount of pro-apoptotic proteins without affecting
abundance of their respective transcripts. Translation of the reporter gene Firefly Luciferase preceded by the 50-untranslated
region of Apaf-1 or Caspase-3 was enhanced by PTB in cardiomyocytes. PTB silencing in fibroblasts induced a decrease of
apoptotic protein levels. PTB overexpression in cardiomyocytes induced caspase activity and caspase-dependent DNA
fragmentation during ischemia, which is otherwise caspase-independent in differentiated cardiomyocytes. Our results show that
PTB contribute to apoptotic gene expression and modulate the susceptibility to caspase activation in differentiating rat
cardiomyocytes.
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Apoptotic signaling involves an intracellular proteolytic cas-
cade triggered by environmental stimuli through membrane
death receptors, or by internal inputs detected by mitochon-
dria and the endoplasmic reticulum.1 In addition to contribute
to cell death, some regulators of the apoptotic signaling
cascade can also influence cell differentiation.2 Increasing
evidence shows that apoptotic signaling contributes to heart
organogenesis.3–5 Blockade of caspase activity with several
caspase inhibitors induced alterations in the ventriculoarterial
connections in the chick embryo,4 whereas deletion of genes
coding for upstream regulators of apoptosis such as FADD
and cFLIP as well as for executioner caspases in the mouse
induced ventricular wall noncompaction and lethality.3,5,6

Thus, abnormal expression of apoptotic genes could be
involved in some inherited and congenital heart diseases,
although many of the underlying mechanisms remain
unknown.
Our earlier findings suggested that the apoptotic machinery

is expressed in the myocardium during embryonic develop-
ment and is silenced after birth in different rodent models.7,8

Apoptotic gene silencing has been also found in stem cells
after cardiac-directed differentiation in vitro.9 We hypo-

thesized that apoptotic gene silencing in cardiomyocytes is
associated with their differentiation and or exit of cell cycle,
and we analyzed the expression in the developing heart of
several proteins known to regulate apoptotic gene expression,
cell cycle progression, and differentiation in other cellular
models. We reported earlier that expression of the cell cycle
regulators E2F parallels the pattern of apoptotic gene
expression in the developing heart.8 However, E2F deficiency
does not affect apoptotic gene expression in the heart in vivo 8

despite inducing Apaf-1 expression in cell lines.10

Polypyrimidine tract binding proteins 1 and 4 (PTB) are
RNA-interacting proteins coded by the same gene that
have important functions in RNA maturation and protein
translation.11,12 Binding to precise pyrimidine-rich motifs in
pre-mRNAs, PTB1, and PTB4 proteins induce skipping of
the adjacent exon determining isoform gene expression
or premature termination of the open reading frame.13,14 In
addition, PTB contribute to internal ribosome entry segment
(IRES)-dependent protein translation,12 including trranslation
of the pro-apoptotic adaptor Apaf-1.12,15 Recently, PTB
expression has been shown to be repressed during differ-
entiation in neurons16,17 and in C2C12 myoblasts in vitro,18
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1The Cell Signaling and Apoptosis Group at Institut de Recerca Biomèdica de Lleida (IRBLLEIDA)–Universitat de Lleida, Lleida, Spain and 2Institut de Neurociències,
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influencing gene isoform expression. Here, we show that
expression of PTB is abundant in the developing rat heart and
is progressively repressed after birth, and we characterize
the role of PTB in apoptotic gene expression and susceptibility
to caspase-dependent apoptosis in differentiating cardio-
myocytes.

Results

Apoptotic proteins are abundant in embryonic rat cardiomyo-
cytes but are scarcely expressed in adult cardiomyocytes
(Figure 1a) as reported earlier.8 We found that polypyrimidine
tract binding proteins PTB1 and PTB4, which control gene
expression through mRNA maturation and translation, are
abundant in the developing heart but disappear progressively
after birth both in rat and mouse (Figure 1b). This fact was
associated with the differentiation process of cardiomyocytes
as suggested by the inverse correlation between the expres-
sion pattern of PTB and cardiac a-actin in the myocardium
(Figure 1b, bar graph). PTB expression silencing during heart
development implied the progressive reduction of the level of
their transcripts (Figure 1c).
We had shown earlier that although embryonic cardiomyo-

cytes express high levels of apoptotic genes and readily

activate caspases in stress situations, postnatal and adult rat
cardiomyocytes express low levels of apoptotic genes and die
by caspase-independent mechanisms.7 We hypothesized
that PTB is involved in apoptotic gene expression in the
developing heart and that PTB silencing could contribute to
decrease apoptotic gene expression in postnatal myocites.
Lentiviral-driven overexpression of the human sequences of
PTB1 and PTB4 in P4-5 postnatal cardiomyocytes, which
express low levels of PTB and apoptotic genes, induced an
increase of apoptotic protein expression (Figure 2). However,
PTB expression did not alter the steady-state amount of
apoptotic gene transcrips (Figure 3 and data not shown). As
expected, expression of either human PTB1 or PTB4 induced
a slight decrease in endogenous PTB transcripts (Figure 3,
second row from top) and skipping of their target exon 10 in
the transcript of endogenous neural PTB (nPTB)19 (Figure 3).
In an attempt to identify the posttranscriptional mechanisms

involved in PTB-dependent apoptotic gene expression in
cardiomyocytes, we performed Luciferase reporter gene
assays using bicistronic plasmids in which stabilized Firefly
Luciferase (LucFþ ) is placed after the 50-untranslated region
(50-UTR) of Apaf-1 or Caspase-3. In this system, Renilla
Luciferase (LucR) is located at the 50-end of the bicistronic
transcript, it is translated by the cap-dependent machinery

Figure 1 Expression of PTB1 and PTB4 is spontaneously reduced during cardiac development in vivo in parallel to apoptotic gene silencing. (a) Expression of apoptotic
proteins in ventricles of embryonic (E17) and adult (P90) rats. (b) Expression of PTB1 and PTB4 proteins in ventricles of rats and mice of different ages from embryonic day 17
(E17) to adult P90. Bar graph: densitometric quantification of western blot signals of PTB and a-actin protein expression in rat ventricles (n¼ 3, error bars: S.E.M.). Values are
referred to the signal at embryonic day 17. (c) Semi-quantitative analysis of PTB1 and PTB4 transcripts in embryonic day 17 (E17) and adult (P90) ventricles. The gel image
shows samples obtained at PCR cycles 27, 30, and 35 for PTB and UNR. Densitometric analysis of the sum of PTB 1 and 4 bands normalized to E17 values is shown for each
PCR cycle; *Po0.001 versus E17 signal at the same PCR cycle. In the RT- sample, the reverse transcription reaction was omitted. UNR (upstream of n-Ras, Cold shock
domain-containing protein E1 (CSDE1)) transcript was amplified as loading control as described earlier7
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and it is used as a control of transcription/translation of the
bicistronic mRNA. This system has been used for studying
IRES-dependent translation in cell lines.12,15 We transfected
the bicistronic plasmids in postnatal cardiomyocytes expres-
sing normal–low levels of PTB and cardiomyocytes over-
expressing PTB, and analyzed Renilla and Firefly Luciferase
activities 4 days later (see Materials and Methods). High PTB

expression in cardiomyocytes induced an increase of LucFþ
activity controlled by the 50-UTR of Apaf-1 or Caspase-3,
when normalized to the values obtained in cardiomyocytes
transfected with a bicistronic plasmid without any 50-UTR
(Figure 4). LucR activity was similar in all the cell extracts,
confirming similar transfection rates and comparable tran-
scription and cap-dependent translation activities. These
results were in agreement with the induction of translation of
apoptotic genes by PTB. Taken together, the above results
show that PTB can induce apoptotic protein expression in
differentiating cardiomyocytes without affecting the transcript
levels of these genes, and our reporter gene experiments
suggest that IRES-dependent translation could be involved
in this event.
In addition to mediate IRES-dependent translation, PTB

interacts with intronic regions of pre-mRNAs in the nucleus
through four RNA recognition motifs (RRMs). To investigate
whether the nuclear pool of PTB contributed to apoptotic
gene expression, we prepared PTB mutants lacking one
or more basic residues in the N-terminus that had been
identified as important for nuclear localization using PTB-CAT
fusion expression assays.20 However, these mutations
did not prevent accumulation of PTB in the nucleus of
cardiomyocytes (Supplementary Figure 1). Then, we

Figure 2 Overexpression of PTB1 or PTB4 in cultured neonatal cardiomyocytes
induces an increase of apoptotic protein expression. (a) Analysis of expression of
PTB and apoptotic proteins in P4-5 postnatal rat cardiomyocytes transduced with
empty lentiviruses (control) or viral particles inducing expression of human PTB1 or
PTB4 at days 3 to 6 after transduction. (b) Densitometric analysis of the signals from
three to four independent experiments is expressed as fold change versus controls,
at day 3 after transduction±S.E.M., *Pp0.05 versus empty vector at the same day

Figure 3 Overexpression of PTB1 or PTB4 in cultured neonatal cardiomyocytes
does not affect the level of apoptotic gene transcripts. Steady-state transcript
amounts were reverse-transcribed from total RNA extracts of postnatal
cardiomyocytes transduced for 4 days with empty (+), PTB1 or PTB4 vectors,
and the cDNAs were PCR-amplified in 50 ml reaction volumes. A measure of 10 ml
were sampled at PCR cycles 25, 30, and 35 and electrophoresed in agarose gels
(see Materials and Methods and ref. 7). We used primers specific for human (Hs)
and rat PTB 1 and 4, primers detecting the long and short UNR transcripts, as well
as primers sensitive to the inclusion/exclusion of nPTB exon 10 (see details in
Supplementary Table 1). LMW: ladder of molecular weights; RT- sample: the
reverse transcription reaction was omitted (cycle 35 is shown). UNR transcript was
analyzed as loading control (ref.7). Similar results were obtained in three
independent experiments
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prepared and transduced a short form of both PTB1 and PTB4
starting at Met175. Short PTB lacked the N-terminal nuclear
localization signal (NLS) and the first RRM, which has been

shown to influence nuclear shuttling21,22 and to be dispen-
sable for RNA binding.21 Unexpectedly, although PTB short
forms localized to the cytosol, an important pool was still
directed to the nucleus (Figure 5a). PTB short forms retained
the capacity to induce nPTB exon 10 skipping (Figure 5b) and
to enhance expression of Apaf-1 and Caspase-3 but were not
efficient to sustain Caspase-9, Bax, and Bid expression
(Figure 5c). Although these results cannot determine whether
nuclear PTB contribute to the expression of apoptotic genes,
they suggest that the NLS and/or the first RRM are required to
sustain Caspase-9, Bax, and Bid expression yet are dis-
pensable for expression of other apoptotic genes. Further-
more, our results show that there are other factors in addition
to the NLS and RRM1 contributing to the nuclear localization
of PTB, which could have been missed in studies using fusion
proteins and cell lines, as discussed below.
To investigate whether forced reduction of PTB expression

would weaken apoptotic gene expression, we initially
attempted to repress PTB expression through lentiviral-driven
shRNA in embryonic E17 cardiomyocytes cultured as
reported earlier,7 which express high levels of PTB and
apoptotic genes. However, expression of apoptotic regulators
and other genes were spontaneously reduced in these
cultures before the period required for achieving efficient
silencing in neonatal cells (i.e. 4–5 days), precluding further
insight in these cells (data not shown). Then, we repressed
PTB expression with two independent PTB-specific shRNA
constructs in Rat1 fibroblasts, which express high levels of
PTB and apoptotic genes, compared with neonatal cardio-
myocytes. Decreased PTB expression down to the 20%
induced a slight yet consistent decrease in pro-apoptotic
protein amounts (Figure 6), confirming that apoptotic gene
expression can be modified by altering endogenous PTB
activity.
To ascertain the biological relevance of the global increase

of apoptotic gene expression mediated by PTB in cardiomyo-
cytes, we treated postnatal rat cardiomyocytes transduced
with empty viruses, PTB1 or PTB4 to experimental ischemia
and measured executioner caspase activity, caspase-3
activation, and DNA integrity. Executioner caspase activation
during ischemia in PTB1- and PTB4-overexpressing cardio-
myocytes was significantly induced, contrary to wild-type cells
both measured through enzymatic analysis and immuno-
fluorescence (Figure 7). DNA damage was caspase-indepen-
dent in cardiomyocytes transduced with empty vector,
as reported earlier.7 However, ischemia-induced caspase
activation in PTB-overexpressing cells correlated with
the induction of caspase-dependent, Z-VAD-inhibitable, high
molecular weight DNA fragmentation (Figure 8). These
results confirmed that global activation of apoptotic gene
expressionmediated by PTB in differentiating cardiomyocytes
contributed to their susceptibility to the induction of caspase-
dependent apoptosis.

Discussion

We have shown here that PTB1 and PTB4 are expressed in
the murine myocardium during embryonic cardiac develop-
ment and are down-regulated progressively after birth, after a
temporal pattern similar to that of apoptotic gene expression.

Figure 4 The 50-untranslated region (50-UTR) of the transcripts of Apaf-1 and
Caspase-3 drive IRES-dependent translation mediated by PTB in cardiomyocytes.
(a) Scheme of the bicistronic reporter constructs. Numbers indicate the distance
from the ATG (þ 1) of the cloned fragments and numbers within parentheses
correspond to the 50 uppermost nucleotide found in the GenBank entry for each
transcript (see Materials and Methods). Arrows in the Apaf-1 50-UTR indicate
location of two known PTB binding motifs.15 LucR: Renilla Luciferase; LucFþ :
stabilized Firefly Luciferase. Transcription is driven by the Cytomegalovirus
promoter (PCMV) and finishes with the poly-A tail from the SV40 transcript (pASV40).
(b) Luciferase activity was measured in cardiomyocytes transduced with empty
viruses (empty) or viral particles inducing PTB expression and transfected with the
bicistronic plasmids carrying the reporter LucFþ gene downstream of the 50-UTR
of Apaf-1 or Caspase-3. pSV40LucF, carrying the LucF gene downstream of the
SV40 promoter, was used as a positive control for LucF activity and negative control
for LucR activity; pCRHL, which contains a small hairpin sequence between LucR
and LucFþ was used as positive control for LucR and negative control for LucF.
Cardiomyocytes treated with Lipofectamine alone (Lipo) were used as background
control. LucR activity allows estimating transcription of the bicistronic construct and
cap-dependent translation and was used to confirm similar transfection and
transcription rates. LucFþ activity takes place only if the cloned 50-UTR drives
IRES-dependent translation. Upper graph: representative experiment showing Luc
activity of duplicate samples (RLU: relative luciferase units). Lower graph: Values
are expressed as mean±S.E.M. Luciferase activity normalized to pCRHL values
from four experiments. *Pp0.05
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Restoring PTB expression in postnatal cardiomyocytes was
sufficient to increase apoptotic protein expression, probably
involving IRES-dependent translation, and to induce a
shift from caspase-independent to caspase-dependent DNA
damage during experimental ischemia, which is caspase-
independent in wild-type postnatal cardiomyocytes. To our
knowledge, this is the first report on the mechanisms of
regulation of apoptotic gene expression in the developing
heart.
Participation of the apoptotic signaling in heart develop-

ment3,5,6 and silencing of this pathway during cardiomyocyte
terminal differentiation in vivo7,8 and in vitro,9 suggest its strict
regulation during development in the myocardium. However,

the mechanisms regulating apoptotic gene expression during
cardiac development are unknown. Indeed, although gain of
function or inactivation of many genes have been reported to
induce alteration of the normal rate of cardiomyocyte
apoptosis in the developing heart, the possible involvement
of changes in the expression of apoptotic genes in these
phenotypes was not assessed.
Despite the involvement of PTB proteins in alternative

splicing of several genes relevant for cardiomyocyte function
such as a-actinin,23 a-Tropomyosin,24 b-Tropomyosin,25 and
Troponin-T,26 as well as the role of PTB in the control of IRES-
dependent translation of several genes including pro-apopto-
tic Apaf1,15 there is no information about PTB expression and
activity neither in mammalian cardiomyocytes nor in heart
development. PTB has been suggested to be abundant in the
adult chicken heart,27 yet our results show that both rat and
mouse myocardium spontaneously silence PTB expression
early after birth.
Our observation that PTB1 and PTB4 are abundant in the

developing embryonic heart and are silenced postnatally
suggested to us their role in the control of gene expression
during cardiomyocyte differentiation, in a similar way to what
has been described in neurons16,17 and in differentiating
C2C12myoblasts in vitro.18 PTB gain-of-function experiments
presented here strongly suggest that PTB contribute to the
posttranscriptional regulation of apoptotic gene expression
and, hence, susceptibility to apoptosis in differentiating
cardiomyocytes. Interestingly, the expression of the anti-
apoptotic gene Bcl-XL, unaffected by cardiomyocyte differen-
tiation (Figure 1 and ref.8), was not modified by PTB. We
wanted to identify the mechanisms mediating apoptotic gene
expression driven by PTB in cardiomyocytes. PTB has been
shown to contribute to Apaf-1 IRES-mediated translation in
cell lines.12,15 To show this, authors used bicistronic vectors
in which the Renilla Firefly (LucR) ORF and the Firefly

Figure 5 PTB lacking the NLS and RRM1 are partially expressed in the nucleus
and induce nPTB exon 10 skipping, yet their capacity for inducing apoptotic gene
expression is perturbed. (a) Immunofluorescence of postnatal cardiomyocytes
overexpressing a short form of PTB lacking the NLS and RRM1 motifs. Images in
the figure depict cardiomyocytes overexpressing PTB4 or PTB4 short (identical
results were obtained with PTB1/PTB1s, data not shown). DNA was stained with
Hoechst dye and PTB expression was immunodetected with an anti-PTB antibody
against the c-terminus peptide. Empty arrowhead shows a nontransduced cell
where PTB expression is undetectable. White arrowheads show cytosolic PTB
expression. (b) Semi-quantitative detection of endogenous steady-state nPTB
transcript with primers amplifying the exon10 region in reverse-transcribed total
RNA extracts from postnatal cardiomyocytes transduced with PTB1, PTB4, PTB1
short, PTB4 short, or empty (+) vectors. A measure of 10ml samples from different
PCR cycles were electroforesed (see Materials and Methods). UNR is used as
loading control. RT- sample: the reverse transcription reaction was omitted (cycle 35
is shown). Similar results were obtained in three independent experiments.
(c) Analysis of the expression of PTB and apoptotic proteins in P4-5 postnatal rat
cardiomyocytes transduced with empty lentiviruses (control) or viral particles
inducing expression of human wild-type (wt) PTB1, PTB4 or their respective short
forms, at days 3 and 4 after transduction. Arrowhead: full-length PTB; arrow: short
PTB; *: the intermediate band is probably a product of PTB processing.
Densitometric analysis of the western blot signals from three to four independent
experiments is expressed as fold versus control (+). 1, PTB1; 1s, PTB1 short; 4,
PTB4; 4s, PTB4 short. Values are mean corresponding to day four ±S.E.M.;
*Pp0.05 versus control
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Luciferase (LucF) ORF are separated by the 50-UTR of
Apaf-1. In transfected cells, LucR activity was a measure of
transcription and cap-dependent translation and LucF activity
required IRES-dependent translation, mediated by PTB in
that case. The results presented here using similar bicistronic
Luciferase reporter gene constructs suggest that PTB can
mediate IRES-dependent translation of Apaf-1 and caspase-3
mRNAs in cardiomyocytes.
We also aimed at analyzing apoptotic gene expression in

cardiomyocytes with PTB expression restricted to the cytosol
in an attempt to exclude their nuclear functions (i.e. mRNA
splicing). We transduced postnatal cardiomyocytes, which
express low levels of endogenous PTB, with several PTB
constructs harboring mutations or small deletions of amino
acids of the N-terminus, reported to be relevant for nuclear
targeting in cell lines.20,21 However, neither single mutation
nor mutation of all key residues altered significantly PTB
targeting to the nucleus. This suggested that other regions
in PTB are important for nuclear expression in primary

cardiomyocytes. We decided to delete both the NLS and first
RRM because RRM1 has been shown to be important for
nuclear localization21,22 and for protein–protein interactions28

yet dispensable for PTB–RNA interactions.21 This short PTB
construct conserved the primary determinant for RNA binding
specificity, which resides in RRM3 and RRM4, as shown in
Vero and HeLa cell lines,21,29 and the primary contributor to
dimer stabilization, which resides in RRM2.21,29 Unexpectedly,
transduction of PTB lacking the NLS and RRM1 in
cardiomyocytes induced PTB expression in the cytosol at
some extent, yet most of the exogenous PTBwas still directed
to the nucleus and induced nPTB exon 10 skipping. Nuclear
localization of PTB lacking the NLS and RRM1 in primary
cardiomyocytes was in apparent contradiction with earlier
reports. Indeed, PTB-GST constructs lacking the NLS and
RRM1 had been reported to be expressed exclusively in
the cytosol of Vero monkey cells,21 whereas fussing an
N-terminus PTB fragment to CAT was sufficient to direct its
expression to the cytosol in 3T3 cells, and deletion of GTK or

Figure 6 PTB knockdown in Rat-1 fibroblasts induces a general reduction of apoptotic gene expression. Analysis of the expression of PTB and apoptotic proteins in
control P4 rat neonatal cardiomyocytes and Rat1 fibroblasts at day four posttransduction with two different shRNA constructs for PTB silencing (i1, i2) or scrambled vectors
(s1, s2). In all, 30 and 15mg of protein lysates were loaded for estimation of the response of the antibodies. Small graph: Densitometric analysis for PTB protein signals
expressed normalized to s1 from three independent experiments (±S.E.M.). Lower graph: Mean densitometric values of apoptotic protein signals in three to four independent
experiments, calculated as described in the Materials and Methods section (Loading: left side, 30 mg protein; right side, 15mg protein). Statistical significance versus S1 is
shown. *Pp0.05; ns: not significant
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KKFmotifs of the N-terminal region restricted CAT expression
to the cytosol.20 One difference between this study and other’s
reports, in addition to the use of primary cells instead of cell
lines, is that we have analyzed PTB distribution with anti-PTB
antibodies and not by detection of a long tag fussed to the
protein or a PTB fragment. Our approach implies the possi-
bility of detecting short PTB-induced expression of endo-
genous full-length PTB that would be directed to the nucleus.
However, this was discarded bywestern blot analysis showing

Figure 7 Gene expression changes induced by PTB overexpression in
postnatal cardiomyocytes induce a switch from caspase-independent to caspase-
dependent apoptosis during experimental ischemia. (a) Enzymatic DEVDase
activity (as a measurement of executioner caspase activity) was analyzed in
cardiomyocytes transduced with empty (+), PTB11 or PTB44 vectors and treated
with ischemia (see Materials and Methods) in the presence or absence of the pan-
caspase inhibitor z-VAD-fmk (100mM). Values from three experiments performed in
duplicates are expressed as fold increase versus intra-experiment normoxic
cardiomyocytes transduced with empty viruses (±S.E.M.). (b) Immunostaining of
activated caspase-3 in wild-type and PTB4-overexpressing cardiomyocytes during
ischemia. Representative images produced by overlay of the Hoechst staining
(chromatin, blue) and anti-cleaved caspase-3 staining (active protease, red) are
shown from three independent experiments performed in duplicates. Caspase-
dependent apoptosis was quantified by counting cells stained with the activated
caspase-3-specific antibody with condensed and or fragmented nucleus and is
expressed in percentages as mean±S.E.M. from three independent experiments
performed in duplicates. Statistical significance of changes versus values of control
cardiomyocytes during ischemia was calculated for (a) and (b) (*Pp0.05 versus
empty virus)

Figure 8 PTB overexpression in postnatal cardiomyocytes induce the activation
of caspase-dependent DNA damage during experimental ischemia. High molecular
weight DNA fragmentation was analyzed by pulse-field electrophoresis in DNA
samples from cardiomyocytes transduced with empty (+), PTB11 or PTB44

vectors and cultured in standard conditions or treated with experimental ischemia
(see Materials and Methods). Densitometric analysis of the region around the 50 kb
size was performed and values were expressed as fold versus cardiomyocytes
transduced with empty viruses and treated with ischemia. Bars represent mean of
three independent experiments±S.E.M.; *Pp0.05 versus cardiomyocytes
transduced with empty viruses in the same experimental conditions
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no changes in endogenous PTB expression in these experi-
ments. Finally, abnormal behavior of PTB distribution due to
overexpression in cardiomyocytes that does not happen in
overexpressing cell lines is improbable because, in our hands,
overexpression of other genes using identical procedure did
not alter their expected subcellular distribution (ref. 7 and data
not shown). Thus, these results suggest that other regions
outside the NLS and RRM1 of PTB are relevant for its
intracellular localization in cardiomyocytes and/or that PTB
can associate with other proteins to enter the nucleus without
requiring the NLS. These results also showed that NLS and
RRM1 of PTB are important for inducing expression of a
subset of apoptotic genes (e.g. Caspase-9, Bax, and Bid), but
not for the regulation of other target genes (e.g. Apaf-1 and
Caspase-3).
Our results also show that the slight increase in apoptotic

gene expression induced by PTB, probably in addition to
modifications in the expression of other target genes relevant
for apoptosis, is sufficient for changing the main pathway
leading to cardiomyocyte damage during stress (i.e. from
caspase-independent DNA damage to caspase activation
and caspase-dependent DNA damage). These results show
that small changes in apoptotic gene expression modify the
susceptibility of cardiomyocytes to apoptotic stimuli, and point
to PTB as relevant regulators in the control of the susceptibility
of differentiating cardiomyocytes to caspase-dependent
apoptosis through posttranscriptional regulation of apoptotic
gene expression, involving IRES-dependent translation.

Materials and Methods
Animals, tissues, and cell cultures. The investigation with experimental
animals conforms to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication No. 85–23,
revised 1996) and was approved by our Experimental Animal Ethic Committee.
Sprague–Dawley rat’s hearts were dissected minced into small cubes, rinsed with
cold phosphate-buffered saline and snap-frozen into liquid nitrogen. Rat neonatal
cardiomyocytes were obtained from the heart of 4–5-day-old pups and adult
cardiomyocytes were isolated from 3-month-old male rats as described elsewhere.7

Rat-1 rat fibroblast cell line was cultured in DMEM medium supplemented with 10%
Fetal Calf Serum (Invitrogen, SA, Spain).

Lentiviral construction and infection. Human PTB1 and PTB4 cDNAs
(from Chris W Smith, Cambridge, UK) were cloned into pEIGW vector (from Didier
Trono, Geneva, Switzerland) using the SmaI and NdeI sites. Using pEIGW-PTB1/4
as templates, short forms of PTB1/4D1-174 were amplified, sequenced, and cloned
into the pEIGW vector in-frame with SmaI and NdeI sites. Specific 19 nucleotide
sequences were chosen for PTB using the free RNAi design interfaces (see
Supplementary Table 1 for details). Primers for small hairpin RNA interference
(shRNA) were subcloned into the pLVTHM plasmid as described earlier.7 pEIGW or
pLVTHM constructs were transfected into HEK293T cells together with the plasmids
psPAX2 and pMD2G (from Didier Trono) to produce viruses. Cells were usually
treated after 3 to 6 days of transduction as described elsewhere in detail.7

Hypoxic treatment. Experimental ischemia was achieved by culturing cells in
Tyrode’s solution (NaCl 137 mM, KCl 2.7 mM, Na2HPO4 8 mM, KH2PO4 1.5 mM,
CaCl2 0.9 mM, and 0.5 mM, initial pH: 7.2; all reagents from SIGMA-ALDRICH,
Spain) inside a Ruskin In Vivo2 400 Hypoxia Workstation (Ruskin, UK) in a mixture
of 5% CO2 and 95% N2 following manufacturer’s instructions to attain a 0.2%
oxygen concentration. Pan-caspase inhibitor Z-Val-Ala-Asp(OMe)-CH2F (Z-VAD-
fmk) (Merck-Calbiochem) was used at a concentration of 100 mM.7

Western blot, RT-PCR, and immunofluorescence. Protein expres-
sion was detected in protein extracts diluted in Tris-buffered 2% SDS solution at pH
6.8 as reported earlier.30 Antibody data can be found in the Supplementary Table 2.

Each immunodetection was repeated with three to four different membranes
containing samples coming from different animals of each age or from cell cultures,
as described in each figure legend. Immunoblots were developed with the ECL
chemiluminescence detection kit (Biological Industries, Israel). Different exposures
were performed on SuperRX Fuji Film (Fuji, Tokyo, Japan) to obtain nonsaturated
signals. Densitometry was performed with the Scion Image software (Scion
Corporation, Frederick, MD, USA) and qualitative calculations were done comparing
data from nonsaturated film images. Special care was taken to assure that antibody
dilutions and conditions of immunodetection allowed getting signals in the linear
range of antibody response (see Supplementary Figure 2). Total RNA was obtained
from frozen tissues or cell pellets with the RNeasy Mini Kit (Qiagen, Spain). RNA
concentration measurements and reverse transcription were done as described.7,8

Equal volumes of cDNA were amplified by PCR in 50 ml of reaction mix using a
couple of specific primers expanding at least two exons within the gene of interest
(see Supplementary Table 1 for details) as described elsewhere.7,8 Aliquots (10ml)
were taken at PCR cycles 25, 30, and 35, mixed with SYBR Safe dye (Invitrogen)
and migrated in a 3% agarose gel. Densitometry of the DNA bands was performed
with the Scion Image software (Scion Corporation, Washington, USA) and
qualitative calculations were done comparing data from nonsaturated products.
Loading was checked by amplification of the UNR transcript. Transcript analyses
were performed from three samples coming from different animals and cell cultures.
PTB expression was also analyzed by immunofluorescence in two independent
cardiomyocyte cultures after fixing in 4% paraformaldehyde as described earlier7

using the antibody against the PTB c-terminal region (see Supplementary Table 2)
at 1 : 5000 dilution. Caspase-3 processing required for its activation was analyzed
with a cleaved caspase-3-specific antibody (Cell Signaling, Danvers, MA, USA)
following the above procedure. Hoechst staining at the end of the IF procedures was
performed to observe nuclear morphology. Each treatment was performed in
duplicates in two independent experiments.

Enzymatic caspase activity assay. Executioner caspase enzymatic
activity was measured in cell extracts as reported earlier30 using the fluorogenic
substrate Z-DEVD-AFC (Caspase-3 Substrate IV; Merck-Calbiochem) at 50 mM in
96-well plates. Fluorescence was detected with a Biotek Instruments Inc. FL� 800
Fluorescence Reader (Izasa, Spain) with excitation filter set at 360 nm and emission
filter at 530 nm. Data obtained for different experimental conditions were compared
within the linear phase of absorbance increase. Data are mean of three independent
experiments performed in duplicates.

Luciferase reporter gene assay using bicistronic plasmids. The
50-UTR region of Apaf-1 and Caspase-3 human genes were PCR-amplified from
reverse-transcribed 293T human cell line total RNA, using primers designed from
the gene sequences available at GenBank with accession numbers NM_181861
(Apaf-1) and NM_004346 (Caspase-3). Each 50-UTR was subcloned into the
pCRF1ALþ bicistronic plasmid31 between the SpeI and NcoI sites (NcoI is the
AUG codon of LucFþ ). The 50-UTRs were sequenced to confirm perfect matching
with the published sequences. Transcription of the bicistronic transcript is regulated
by the CMV promoter and the LucR gene, which lies upstream of the LucFþ gene,
is translated by a cap-dependent mechanism and is used as control of transfection/
transcription. LucFþ translation occurs only if preceded by a sequence mediating
IRES-dependent translation.12,15,31 pCRHL vector, harboring a short hairpin
sequence between LucR and LucFþ was used as positive control for LucR and
negative control for LucF, whereas pSV40LucF, where LucF is under the direct control
of SV40 promoter was used as a positive control for LucF and negative for LucR. Four
hours after seeding, 10mg of bicistronic plasmid was transfected into neonatal
cardiomyocyte cultures (0.95� 106 cells/P35-plate) with Lipofectamine 2000
(Invitrogen) following manufacturer’s instructions. A few minutes later, cells were
transduced with control lentiviruses or lentiviruses inducing expression of PTB4. Four
days later, two cultures per treatment were harvested, washed in cold PBS, lysed in
passive lysis buffer and frozen. Quantification of luciferase activity was performed with
the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA) following
manufacturer’s instructions and luminescence was detected with a Biotek Instruments
Inc. FL� 800 Fluorescence Reader (Izasa, Spain) set at 620 nm emission
wavelength. Values were normalized to the luciferase activity detected in cells
transfected with pCRHL. Statistical significance of differences of normalized values
coming from four experiments was calculated by the Student’s t test.

DNA integrity assay. Cells were pelleted at the end of each treatment and
frozen at �80 1C. Pellets from the same experiment were processed at once.
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They were diluted in 40ml of sterile phosphate-buffered saline, mixed with 40ml of
melted 1% low melting agarose (Sigma) in 0.5� TBE (45 mM Tris pH 8.3, 45 mM
boric acid, 1.0 mM EDTA; all reagents from SIGMA). Each mixture was poured into
a block caster and let solidify. Each agarose block was submerged into 1 ml of lysis
buffer (1% lauryl sarcosil, 0.5 M EDTA, 10 mM Tris, pH 8, 100mg/ml proteinase K;
all reagents from SIGMA) at 50 1C during 24 h in mild agitation, and rinsed twice with
0.5� TBE for 1 h at room temperature. For analysis of DNA high molecular weight
degradation, the blocks were then laid into wells of a 1% agarose, 0.5� TBE gel
(CHEF grade, SIGMA-Aldrich). Pulse field electrophoresis was performed as
described earlier7 in a CHEF DR-II system (Bio-Rad, Hercules, CA, USA) set to the
following protocol: run time, 14 h; switch time from 5 to 50 s; voltage gradient, 6 V/
cm. Gels were stained with SYBR Safe (Molecular Probes, Carlsbad, CA, USA,
Invitrogen), visualized by UV exposure and recorded with a Kodak DC290 digital
camera. Densitometry was performed as described above.

Statistical analysis. Data are expressed as mean±s.e.m. of three or four
independent experiments or as specified for each figure. The significance of
differences among means was evaluated using the Student’s t test. A value of
Pp0.05 was considered statistically significant.
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