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Abstract

In order to understand the transcriptional mechanism that underlies cell protection to stress, we evaluated the role of CLP-1, a known
inhibitor of the transcription elongation complex (pTEFb), in CLP-1 +/— mice hearts. Using the isolated heart model, we observed that
the CLP-1+/— hearts, when subjected to ischaemic stress and evaluated by haemodynamic measurements, exhibit significant cardio-
protection. CLP-1 remains associated with the pTEFb complex in the heterozygous hearts, where as it is released in the wild-type hearts
suggesting the involvement of pTEFb regulation in cell protection. There was a decrease in Cdk7 and Cdk9 kinase activity and conse-
quently in phosphorylation of serine-5 and serine-2 of Pol Il CTD in CLP-1 +/— hearts. However, the levels of mitochondrial proteins,
PGC-1a and HIF-1c, which enhance mitochondrial activity and are implicated in cell survival, were increased in CLP-1-+/— hearts sub-
jected to ischaemic stress compared to that in wild-type CLP-1+/+ hearts treated identically. There was also an increase in the expres-
sion of pyruvate dehydrogenase kinase (PDK-1), which facilitates cell adaptation to hypoxic stress. Taken together, our data suggest that
regulation of the CLP-1 levels is critical to cellular adaptation of the survival program that protects cardiomyocytes against stress due
collectively to a decrease in RNA Pol Il phosphorylation but an increase in expression of target proteins that regulate mitochondrial func-
tion and metabolic adaptation to stress.

Keywords: ischaemia @ pTEFb ® Hexim1 @ CLP-1 e cardioprotection

Introduction

Over the past decade considerable progress was made in under-
standing the molecular changes that occur in heart in response to
stress [1-5]. Specific changes in transcription, for example, were
attributed to cardioprotection as an early response to stress in a
number of animal models. Recent findings implicate the transcrip-
tion elongation P-TEFb complex in the compensatory response of
the heart to stress [6-8]. Phosphorylation of carboxyl termination
domain (CTD) of RNA polymerase Il (Pol Il) is essential in mediat-
ing RNA chain elongation in transcription of eukaryotic genes. In
order for RNA Pol Il to enter the transition into the elongation
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phase, the serine kinase activity of P-TEFb, composed of Cyclin-
dependent kinase 9 (Cdk9) and Cyclin T, is required [9, 10]. The P-
TEFb complex activity is, however, inhibited by its association with
the inhibitory protein Hexim1 [11-13], which upon its release
from the complex promotes phosphorylation of Pol Il by Cdk 9 at
CTD and consequently the RNA chain elongation continues [14,
15]. Initial support for the role of Hexim1 in cardiac function
comes from our recent finding that the dissociation of CLP-1, the
mouse homolog of human Hexim1 protein, from the pTEFb com-
plex, allows Cdk-mediated phosphorylation of Pol Il and promotes
cardiac growth and hypertrophy [16]. Recent findings, however,
suggested that the increase in Cdk9 as well as Cyclin-dependent
kinase 7 (Cdk7) activity cause inhibition of peroxisome prolifera-
tor-activated receptor y coactivator-1a (PGC-1a) [17, 18], a key
regulator of mitochondrial function and essential in metabolic
adaptation of the heart in cardiovascular diseases [19, 20]. These
observations prompted us to ask the question whether the
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decrease in CLP-1 protein level in heterozygous CLP-1 +/— mice
would influence the response to stress distinct from that in the
wild-type CLP-1 +/+ heart.

To this end, we used an animal model developed in our labora-
tory where the CLP-1 gene was ablated [16, 21]. CLP-1 —/— mice
die in utero during day 16-17 p.c, however, the heterozygous CLP
+/— mice survive and appear normal phenotypically and serve as
a useful model for investigating the role of CLP-1. We, therefore,
subjected the CLP-1 +/— hearts to stress induced by precondi-
tioning, ischemia and ischemia/reperfusion as described before
[22] and observed that the hearts of CLP-1+/— mice exhibit pro-
nounced resistance to ischaemic stress. In order to understand
the underlying cardioprotective mechanisms, we examined the
components of the pTEFb complex as well as the levels of mito-
chondrial proteins such as, PGC-1« and the hypoxia inducible fac-
tor 1a (HIF-1a). Both proteins, PGC-1a and HIF-1a, play a signif-
icant role in mitochondrial function and cell survival during stress
conditions [23-25]. We found that when the CLP-1 wild-type
hearts were subjected to ischaemic stress, the pTEFb complex
was activated by releasing the inhibitor CLP-1 protein; however, in
the CLP-1 heterozygous mice hearts it remained associated and
consequently Pol Il phosphorylation was decreased. CLP-1 +/—
hearts also exhibited an increase in the levels of HIF-1a during
ischemia and ischemia/reperfusion when compared with wild-type
CLP-1 hearts. The increase in HIF-1a levels is known to trigger the
expression of pyruvate dehydrogenase kinase-1 (PDK-1) [26, 27],
as such, we observed an increase in PDK-1 protein in extracts
from CLP-1 +/— hearts. Collectively, these data suggest that CLP-
1 heterozygocity in hearts is an important facet of cell protection
that is mediated apparently by changes in nuclear transcriptional
activity and regulation of genes critical to mitochondrial function.

© 2008 The Authors

Material and methods

Animals

The mice used in this investigation conform with 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).

Isolated perfused heart preparation

Isolated mice hearts from wild-type littermates and CLP-1 +/— subjected
to ischaemic stress as before [22] were divided into two groups (see Fig. 1A):
(1) isolated hearts were perfused with Krebs-Henseleit bicarbonate (KHB)
buffer for 15 min and then subjected to 30 min of ischemia followed by
15, 30, 60 or 120 min of reperfusion (control); (2) the hearts were pre-
conditioned to ischaemic stress by four cyclic episodes of 5 min ischemia
each followed by another 10 min reperfusion followed by 30 min of
ischemia and 15, 30, 60 or 120 min of reperfusion (PC). The isolated
hearts from CLP-1 +/— or wild-type mice were obtained after injecting
the mice with pentobarbital sodium (80 mg/kg body wt ip) and anticoag-
ulant heparin sodium (500 1U/kg body wt ip). The hearts were excised and
transferred to ice-cold modifiedKHB, containing in mM (NaCl 118; KCI
4.7; CaClo 1.7; NaHCO3 24; KH2P04 1.2; MgS04 12; Glucose 10). The
aorta and pulmonary vein were cannulated and perfused in retrograde
Langendorff mode. Perfusate KHB temperature was maintained at 37°C
and saturated with 95% 02 and 5% CO2. The perfusion was then switched
to anterograde mode where the buffer enters the cannulated left atrium at
pressure equivalent to 10 cm of water (10 kPa). The heart measurements
were recorded by Gould p23XL transducer (Gould Instrument System,
Inc., Valley View, OH, USA). The signal was amplified by using Gould 6600
6600 series signal conditioner (Gould Instrument System, Inc.) and
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Fig. 2 CLP-1 +/— mice hearts subjected to
ischemia/reperfusion show a cardioprotective
phenotype. (A) aortic flow, (B) coronary flow,
(C) Heart rate, (D) Developed pressure and (E)
first derivative of developed pressure, respec-
tively reveal that the haemodynamic parame-
ters in CLP-1 +/— mice hearts are similar to
those of preconditioned wild-type heart during
ischemia/reperfusion. Ischemia, reperfusion
and preconditioning were done as described in
‘Materials and Methods’. Results are shown as
mean = S.E.M. of six mice per group.
*P < 0.05 versus control, **P < 0.01 versus
control.
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monitored on a Cordat Il real-time acquisition system (Triton technolo-
gies, San Diego, CA, USA). The aortic flow was measured by a flow meter.
Once baseline measurements of heart rate, coronary flow, aortic flow, left
ventricular developed pressure and its maximum first derivative were per-
formed, the anterograde perfusion line was closed, and the heart was sub-
jected to 30 min of ischemia. Before the initiation of the 2 hrs reperfusion
the heart was perfused in a retrograde mode to avoid the development of
ventricular fibrillation. Hearts that showed any cardiac disturbance such
as ventricle arrhythmia and fibrillation during the experiment, were
excluded from the study.

Measurement of Infarct Size

Following global ischemia, the heart was infused with 10% solution of
the triphenyl tetrazolium (TTC) in phosphate buffer through the aortic
cannula for 20 min. The left ventricle was removed and sliced into 1-mm
thickness of cross-sectional pieces and weight. Each slice was scanned
with computer-assisted scanner (Hewlett Packard Scanjet 5370C Flat bed
scanner). The risk area of the whole myocardium was stained in red by
TTC while the infarct zone remained unstained by TTC. These were meas-
ured with computerized software (Scion Image); and areas were multi-
plied by the weight of each section and summed up to obtain the total of
the risk zone and an infarct zone. The infarct size was expressed as the
ratio of the infarct zone to the risk zone.

Western blotting and Cdk9 kinase assay

The isolated mice hearts used are from four groups (see Fig. 1B): (/) iso-
lated hearts were perfused with KHB buffer for 3 hrs and 45 min. (control);
(if) the hearts were preconditioned (PC) to ischaemic stress by four cyclic
episodes of 5 min ischemia each followed by another 10 min reperfusion;
(fii) the hearts were subjected to 30 min of ischemia followed by 2 hrs
reperfusion (I/R) and (iv) the hearts were subjected first to PC followed
by to 30 min of ischemia, followed by 2 hrs of reperfusion (PC/I/R). Heart
tissues were homogenized in lysis buffer (50 mm Tris-HCI pH 8.0, 10 mm
MgClz, 120 mm NaCl, 0.5% Nonidet P-40, 5 mm dithiothreitol, 2.5 mm
MnCl2, protease inhibitors and RNAsin 40 U/ml (Promega Corporation).
The lysates were incubated overnight with specific antibodies (rabbit anti-
CLP-1, mouse anti-Cdk9, or goat anti-cyclin-T1) as described in the catch
and release protocol from Upstate Bitechnology. The Cdk9 kinase reac-
tions were performed using the anti-Cdk9 immuno-complexes and following
the protocol by Upstate Biotechnology. The Cdk9/cyclinT1 immunocom-
plex was incubated with 8 mm MOPS (pH 7.0), 1 mm EDTA, 10 mm
MgAc, 5 mm dithiothreitol, protease inhibitors, RNAsin 40 U/ml, 5 pM
ATP, 5 pGi [y-32-P]JATP (500-800 cpm/pmol), 200 ng GST-CTD (YSPT-
SPS)4 to the beads and incubating at 30°C for 20 min. The reaction was
stopped with 5 wl of 3% phosphoric acid, and aliquots were transferred
to P30 filtermat, washed with 0.75% phosphoric acid, dried and 4 ml of
scintillation cocktail was added and read in a scintillator counter.
Immunoprecipitates were evaluated by Western blot analysis. Proteins
were separated on a 7.5% or 10% SDS/polyacrylamide gel and trans-
ferred to nitrocellulose membranes, and probed with specific antibodies
(monoclonal mouse anti-Cdk9, monoclonal mouse anti-ubiquitin (P4D1),
goat anti-cyclin-T1, anti-SUMO1, monoclonal anti-HIF-1ac (MAB5382),
anti-phosphoserine 2 H5 and anti-phosphoserine 5 H14 (Covance), rabbit
polyclonal anti-CLP-1 (developed in our laboratory), and polyclonal anti-
GAPDH for loading control from ABCAM). Following the incubation with
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Fig. 3 CLP-1 +/— mice hearts exhibit a decreased infarct size. Infarct
size was measured as described in Materials and Methods. Infarct size
is significantly reduced in CLP-1 +/— heart mice during
ischemia/reperfusion without preconditioning. Results are shown as
mean = S.E.M. of six mice per group. *P < 0.05 versus control,
**P < 0.01 versus control.

primary antibodies and the corresponding HRP-conjugated secondary
antibody, the Western blot was developed according to the
Chemiluminiscence protocol (Amersham).

Statistics

The values for myocardial functional parameters, and infarct sizes were all
expressed as the mean = standard error of mean (SEM). The statistical
analysis was performed by one-way ANOVA for any differences between
the mean values of all groups. Differences between data were analysed for
significance by performing Student’s t -test after Bonferroni’s correction.
The results were considered significant if P < 0.05.

Results

Heterozygous CLP-1 hearts are resistant to
ischaemic stress

Isolated hearts from CLP-1+/4+ and CLP-1 +/— mice were
subjected to the experimental stress protocol of
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ischemia/reperfusion, as shown in Figure 1 and described in
‘Materials and Methods’. Functional haemodynamic measure-
ments such ascoronary flow and LVdp/dt were made as before
[22]. After reperfusion, the control hearts of CLP-1+/+ showed
a decrease in the absolute values of aortic flow, developed pres-
sure, and the first derivative of developed pressure (dP/dt max).
As expected, preconditioned CLP-1+/+ hearts display a recov-
ery following ischemia/reperfusion (see Fig. 2A, D and E).
However, following reperfusion, the hearts of the CLP-1+/—
mice showed haemodynamic values of developed pressure, the
first derivative of developed pressure (dP/dt max) and aortic
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and Methods. The Cdk9 activity meas-
urement was performed in triplicate
and the results are shown as mean =
SEM per group. *P < 0.05 versus con-
trol. (D) Extracts as above were used
for Western blotting using antibodies
for phosphoserine 2 and 5 and Pol Il.
Graph bars show the relative increase
or decrease in phosphoserine 5 and 2
versus total Pol Il expression. At least
three experiments were performed and
a representative figure is shown. *P <
0.05 versus control CLP-1+/+, **P
< 0.05 versus control CLP-1 +/—, #P
< 0.01 versus control CLP-1+/+.

flow similar to hearts from wild-type CLP-1 subjected to PC,
suggesting that the CLP-1+-/— hearts harbour an intrinsic car-
dioprotective program. Indeed, when CLP-1 +/— mice hearts
were subjected to PC followed by I/R, the degree of cardiopro-
tection was similar to CLP-1 +/+ subjected to PC, i.e. no fur-
ther protection was observed. Coronary flow and heart rate did
not exhibit significant changes between genotypes (Fig. 2B and C).
Cardioprotection was also evident when the infarct sizes were
measured. In the wild-type hearts, the infarct size was reduced
upon PC, whereas in the CLP-14/— mice the infarct size was
the same with or without PC (Fig. 3).
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Transcription elongation factor-b (P-TEFb)
complex and its components

In order to understand the molecular basis of the stress-
induced cardioprotection in CLP-1 +/— hearts, we evaluated
the putative changes in the pTEFb complex activity. First the
CLP-1 protein levels in CLP-1 +/+ and +/— hearts were examined
in control mice by Western blot as shown in Figure 4A. As
expected, the heterozygote hearts have a reduced level of CLP-
1 protein (approx. 40%) as compared to wild-type hearts.
GAPDH expression served as loading control. We then exam-
ined the levels of CLP-1 associated with cyclin-T1 in the P-TEFb
complex. Immunoprecipitation with anti-Cdk9 or anti-CLP-1
antibodies was followed by Western blot with anti-cyclin T1
antibody (Fig. 4B). The cyclin-T1-Cdk9 association in the pTEFb
complex remained unchanged after each stress in both wild-
type and heterozygous hearts. However, the interaction of CLP-
1 with cyclin T1 decreased in the heart of wild-type mice sub-
jected to stress, but not in heterozygote hearts under identical
conditions. Because CLP-1 is an intrinsic inhibitor of cyclin-T1-
mediated Cdk9 activity, its dissociation is required for Cdk9
activity in CLP-1 +/4+ mice subjected to stress. The lack of
CLP-1 dissociation in CLP-1 +/— hearts suggests that cdk9
activity would be inhibited. We, therefore, examined the Cdk9
activity in extracts of the same hearts of heterozygous CLP-1
+/— mice and found that it was markedly reduced compared to
the activity level in wild-type CLP-1 +/+ hearts subjected to
identical stress (Fig. 4C) confirming the functional association
of CLP-1 with cyclin T1. This would also raise the question
whether the kinase activity of both Cdk7 and Cdk9 are altered in
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the heterozygous heart. We, therefore, examined the phospho-
rylation status of serine 5 and serine 2 of the CTD in RNA Pol |1,
as they reflect the activation of Cdk7 and Cdk9, respectively [17,
18]. Figure 4D shows that there was a significant decrease in
both serine5 and serine2 phosphorylation in the heart extracts
from CLP-1 +/— mice subjected to IR or PC and IR induced
stress (see Discussion).

CLP-1 regulates mitochondrial genes

It was reported recently that the increase in Cdk7 and Cdk9 activi-
ties such as that occurs in compensatory cardiac hypertrophy,
causes down-regulation of PGC-1«, a master regulator of mito-
chondrial genes [17, 18]. We, therefore, examined whether the
converse is true, i.e. whether the repressed level of Cdk9 activity in
CLP-1 +/— mice would enhance PGC-1a level. As seen in Figure
5A, the PGC-1 expression was noticeably enhanced in CLP-1 +/—
heart subjected to stress. The increase in the level of PGC-1 sug-
gests that the mitochondrial viability and function must have been
enhanced. Mitochondria are intimately involved in cellular oxygen
sensing. Since the activation of the hypoxia-induced transcription
factor, HIF-1c, serves as an index of mitochondrial activity [26, 27]
we examined the protein level of HIF-1« in CLP-1 +/— heart sub-
jected to stress. Western blot analysis showed that there was a sig-
nificant increase in the levels of HIF-1a protein in CLP-1 +/—
hearts subjected to ischaemic stress as compared to CLP-1 +/+
hearts treated identically (Fig. 5B). HIF-1c degradation is mediated by
ubiquitination [23]. Therefore, it is likely that the enhanced level of
HIF-1a is due to inhibition of ubiquitination. We, therefore,
immunoprecipitated the heart extracts using anti-ubiquitin antibody
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followed by Western blot with anti-HIF-1« antibody (Fig. 5C). We
observed the characteristic profile of ubiquitination of HIF-1a
under each stress condition in CLP-1 +/+ hearts, but the same
was significantly diminished in heterozygous CLP-1 +/— hearts. It
was suggested that sumoylation is an additional post-translational
mechanism that targets HIF-1a protein and influences its expres-
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sion level in hypoxic condition [27]. When HIF-1 was immunopre-
cipitated followed by Western blotting with antibody against
SUMO-1, there was an increase in HIF-1a/SUMO-1 interaction in
extracts  from  heterozygous  CLP-1 +/—  hearts
(Fig. 5D). The lower panel shows HIF-1« as loading control when
equal amounts of HIF-1 were used for each stress column. There
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was also an increase in the expression of SUMO-1 protein in the
heart of CLP-1 +/— mice (Fig. 5E). Since HIF-1 expression during
hypoxic conditions is known to induce pyruvate dehydrogenase
kinase-1 (PDK-1), which facilitates cell adaptation to low oxygen
pressure by repressing mitochondrial function and reactive oxygen
species (ROS) production [28, 29], we examined PDK-1 expres-
sion and found it to be increased in CLP-1 +/— hearts (Fig. 5F).

Discussion

In this report, we provide several lines of evidence that indicate
that CLP-1 is a potent mediator of cardioprotection. The stress-

© 2008 The Authors

induced association of CLP-1 with the components of the PTEFb
complex, the overall decrease in Pol Il phosphorylation and the
enhanced expression of mitochondrial proteins crucial for the cell
survival program implicate CLP-1 in induction of the cellular
response to ischaemic stress. Our results would suggest that the
CLP-1+/— hearts have acquired functional characteristics simi-
lar to those of pre-conditioned heart [30, 31] as revealed by
measurements of the haemodynamic parameters. At the molecu-
lar level, however, we observed distinct changes in Cdk9 kinase
activity, and modulation in the expression of mitochondrial
genes, suggesting that down-regulation of CLP-1 protein triggers
a cardioprotective program with molecular changes that are
distinct from that in pre-conditioning.

We observed that the interaction of CLP-1 with cyclin T1
inhibits the Cdk kinase activity and consequently the phosphorylation
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of Pol Il in CLP-1 +/— hearts, consistent with previous findings
where overexpression of cyclin T1 in transgenic mice triggered an
increase in Cdk9 activity [7]. Phosphorylation of Pol Il at the ser-
ine 5 and 2 residues occurs sequentially and is known to be asso-
ciated with the transition from initiation to productive elongation
of RNA chain. Serine 5 is phosphorylated by Cdk7 and serine 2 by
Cdk9. Serine 5 phosphorylation is linked to capping of the mes-
senger RNA, whereas serine 2 is linked to elongation and
polyadenylation. Since both the serine 2 and serine 5 residues
were under-phosphorylated upon application of stress to the CLP-
1+4/— hearts, it would appear that CLP-1 acts on all sequential
steps of transcription elongation, and possibly beyond the elonga-
tion steps to coordinate transcription.

There is apparently a linkage between the suppression of Cdk9
kinase activity and the expression of genes for mitochondrial func-
tion via expression of the master regulator PGC-1a.
Overexpression of PGC-1« in heart is known to up-regulate a
repertoire of genes important for fatty acid oxidation, TCA cycle
and mitochondrial functions and, as such, PGC-1« is considered
to be an important player in coordination of gene expression con-
trolling mitochondrial biogenesis and function. The stress-induced
association of CLP-1 with cyclin T1 and consequent down-regula-
tion of Cdk9 kinase activity is likely to stimulate an adaptation
response in mitochondrial function. Given the suppression of
nuclear transcriptional activity, it is not surprising that the expres-
sion of PGC-1a is provoked to provide the critical energy needs as
a contribution to the initial steps in the cardioprotection program.

Mitochondria as an essential source for cellular energy would be
critical to cardiac cell survival following ischaemic injury, as such, the
cardio-protection against stress in CLP-1 +/— hearts might be due
to up-regulation of PGC-1a as observed in our studies above.
Likewise, the transcription factor HIF-1a that increased in
CLP-1+/— hearts is likely to influence the mitochondrial activity
and is known to be pivotal in cell survival [24, 26]. It is known
that HIF-1« regulates hypoxic gene expression changes that are
thought to be adaptive for cells exposed to reduce oxygen envi-
ronment. For instance, HIF-1a induces PDK-1, which then facil-
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