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Introduction
Eric N. Olson

Department of Molecular Biolog y, UT Southwestern Medical Center at Dallas, 5323 Harry Hines 
Boulevard, Dallas, TX 75390-9148, USA

Over the next few days we will be looking at the pathological transitions that the 
adult heart can undergo. In particular, we will be discussing the events of patho-
logical cardiac hypertrophy as opposed to physiological hypertrophy. What are the 
mechanisms that cause the pathologically enlarged heart to progress to heart 
failure and dilated cardiomyopathy? There are also stimuli that can lead from a 
normal heart to a dilated myopathic heart without hypertrophic intermediates, and 
we would like to know how these transitions are regulated.

To put this in context, pathological hypertrophy is a major predictor of heart 
failure and cardiac sudden death. Heart failure affects a staggering number of 
individuals worldwide (5 million people, with 400 000 new cases each year in the 
USA). Currently, half of these individuals with late-stage heart failure die within 
fi ve years, with a corresponding huge burden on the healthcare system.

Many of the people in this room have identifi ed a range of signalling molecules 
from the cell membrane to the nucleus that comprise a web of pathological signal-
ling that can drive many aspects of cardiac remodelling, leading to hypertrophy 
and heart failure. They can lead to alterations in contractility, and changes in gene 
expression, translation, Ca2+ handling and bioenergetics. One of the goals of this 
meeting is to try to sort through this complexity, to identify some of the key com-
ponents of this complex disease process.

These are some of the challenges in terms of developing new heart failure 
therapies.

• Heart failure is complex.
• Many disease mechanisms implicated in heart failure or pathological hyper-

trophy are not necessarily druggable, even though we know about the 
mechanism.

• Many drug targets that are druggable aren’t cardiac specifi c. Systemic delivery 
of small molecules that perturb a signalling pathway may have global conse-
quences throughout the organism.

• Clinical trials in heart failure are large, expensive and lengthy. They often have 
survival as the endpoint.

1



2 OLSON

• Many patients with heart failure are already on combinations of therapies, which 
complicates the analysis of new drugs that are being administered on top of the 
existing therapies.

The following list specifi es some of the questions that I think we should consider 
during our discussions.

• Is heart failure a curable disease entity? Should we be thinking more about pre-
vention or reversal, and to what extent is the disease process reversible?

• Is pathological cardiac hypertrophy a reasonable therapeutic target?
• Do we have an adequate understanding of the disease process to enable rational 

drug development?
• What are the opportunities and pitfalls for new drug development in this 

arena?
• Are pathological and physiological hypertrophies mechanistically distinct, or 

does the former result from over-stimulation of normal pathways? This is an 
important problem: if one is developing small molecules to inhibit disease proc-
esses one doesn’t want to be inhibiting the normal physiological process.

• Are there common fi nal pathways and nodal points in cardiac disease signalling, 
or do multiple parallel pathways lead to disease? This is an important issue in 
thinking about how the heart can undergo remodelling.

• What is the relative importance of cellular hypertrophy, fetal gene activation, 
Ca2+ cycling, energy metabolism, fi brosis and apoptosis? All of these are known 
to accompany pathological remodelling of the heart, but which are therapeutic 
targets?

• Later on in this meeting we will be talking about the opportunities and pitfalls 
for manipulating stem cells and the cardiac cell cycle: does this represent a more 
effective strategy than small molecule approaches?

These are questions that we will revisit during our discussions over the next few 
days.



Control of cardiac hypertrophy 
and heart failure by histone 
acetylation/deacetylation
Eric N. Olson, Johannes Backs and Timothy A. McKinsey*

Myogen, Inc., 7575 W. 103rd Ave., Westminster, CO 80021 and *Department of Molecular Biolog y, 
The University of Texas Southwestern Medical Center at Dallas, 6000 Harry Hines Boulevard, Dallas, 
TX 75390-9148, USA

Abstract. The adult heart responds to acute and chronic stresses by a remodelling process 
that is accompanied by myocyte hypertrophy, impaired contractility, and pump failure, 
often culminating in sudden death. Pathological growth and remodelling of the adult 
heart is often associated with the reactivation of a fetal cardiac gene program that further 
weakens cardiac performance. Recent studies have revealed key roles for histone deacety-
lases (HDACs) in the control of pathological cardiac growth. Class II HDACs associate 
with the MEF2 transcription factor, and other factors, to maintain normal cardiac size 
and function. Stress signals lead to the phosphorylation of class II HDACs and their 
export from the nucleus to the cytoplasm, with consequent activation of genes involved 
in cardiac growth. HDAC knockout mice are hypersensitive to stress signalling and 
develop massively enlarged hearts in response to various pathological stress stimuli due 
to an inability to counteract pathological signalling to MEF2. Strategies for normalizing 
gene expression in the failing heart by regulating HDAC phosphorylation and function 
represent potentially powerful therapeutic approaches.

2006 Heart failure: molecules, mechanisms and therapeutic targets. Wiley, Chichester (Novartis 
Foundation Symposium 274) p 3–19

Heart failure, the leading cause of morbidity and mortality in the Western world, 
is a complex disorder in which cardiac contractility is insuffi cient to meet the 
metabolic demands of the body. Diverse pathological insults can cause heart 
failure, including myocardial infarction, hypertension, valve abnormalities and 
inherited mutations in cardiac contractile and structural proteins (Frey et al 2003). 
Heart failure is frequently preceded by pathological cardiac hypertrophy in which 
cardiomyocytes increase in size, but not in number. Pathological hypertrophy is 
accompanied by the activation of ‘fetal’ cardiac genes, which encode proteins 
involved in contraction, calcium handling and metabolism (Fig. 1). Such transcrip-
tional reprogramming correlates with a decline in cardiac function. Conversely, 
normalization of cardiac gene expression in the failing heart correlates with the 
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4 OLSON ET AL

restoration of cardiac function (Abraham et al 2002, Lowes et al 2002, Blaxall et 
al 2003). There is a major need for the development of novel therapeutics, prefer-
ably new drugs, that will prevent progression of pathological hypertrophy to heart 
failure and will improve long-term function of the failing heart. Thus strategies 
to control cardiac gene expression represent attractive, yet untested, therapeutic 
approaches.

Transcription factors are generally considered to be poor drug targets due to 
their lack of enzymatic activity and inaccessibility in the nucleus. However, we and 
others have recently found that cardiac stress response pathways control cardiac 
gene expression by modulating the activities of chromatin-remodelling enzymes, 
which act as global regulators of the cardiac genome (McKinsey & Olson 2004). 
Here we discuss approaches for manipulation of chromatin-remodelling enzymes 
and the signalling pathways that modulate them as a means of normalizing abnor-
malities in cardiac gene expression during heart disease.

FIG. 1. A central role of histone acetylation/deacetylation in cardiac remodelling during 
pathological hypertrophy and heart failure.
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Signalling pathways involved in cardiac hypertrophy and heart failure

A wide variety of neurohumoral and mechanical stimuli act through a web of signal-
ling pathways to drive pathological cardiac hypertrophy and heart failure. Many 
hypertrophic agonists stimulate cell surface receptors that couple with Gαq to 
mobilize intracellular calcium, with consequent activation of downstream kinases 
and the calcineurin phosphatase (Chien 1999, Molkentin & Dorn 2001, Frey & 
Olson 2003, Olson & Schneider 2003). An important question in the fi eld is how 
these upstream signalling events are linked to the transcriptional machinery that 
drives cardiac remodelling. Are there nodal points in these pathways that can be 
therapeutically targeted, or do different upstream signalling pathways act through 
parallel, independent pathways to control the cardiac growth response? As dis-
cussed below, class II histone deacetylases (HDACs) have emerged as integrators 
of diverse stress response pathways and signal transducers to the cardiac genome.

Transcriptional remodelling during cardiac hypertrophy and heart failure

A hallmark of maladaptive cardiac growth and remodelling is the up-regulation 
of fetal cardiac and stress response genes. The differential regulation of the two 
myosin heavy chain (MHC) isoforms, α and β, in the stressed myocardium has a 
profound effect on cardiac contractility (Braunwald & Bristow 2000). αMHC, 
which is up-regulated in the heart after birth, has high ATPase activity, whereas 
βMHC has low ATPase activity. Pathological remodelling of the heart in rodent 
models is accompanied by up-regulation of βMHC expression and down-
regulation of αMHC, with consequent reduction in myofi brillar ATPase activity 
and reduced shortening velocity of cardiac myofi bres, leading to eventual cardiac 
dysfunction. Remarkably, minor changes in αMHC content of the heart can have 
a profound infl uence on cardiac performance (Herron & McDonald 2002). Because 
the human heart contains only a small percentage of αMHC, there has been con-
troversy regarding the potential signifi cance of MHC isoform switching in humans. 
Nonetheless, there is compelling evidence supporting a role for changes in MHC 
isoform switching in the pathogenesis of heart failure in humans. Other changes 
in cardiac gene expression during hypertrophy and failure are also likely to con-
tribute to cardiac demise.

Control of gene transcription by histone acetylation and deacetylation

Changes in histone acetylation and deacetylation represent a central mechanism 
for the control of gene expression in response to extracellular stimuli (Fischle 
et al 2003). Acetylation of histones by histone acetyltransferases (HATs) promotes 
transcription by relaxing chromatin structure, whereas histone deacetylation by 
HDACs reverses this process, resulting in transcriptional repression.
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There are two classes of HDACs that can be distinguished by their structures 
and expression patterns (Verdin et al 2003). Class I HDACs (HDAC1, HDAC2 
and HDAC3), which are expressed in all tissues, are comprised simply of a catalytic 
domain. In contrast, class II HDACs (HDAC4, HDAC5, HDAC7 and HDAC9) 
are most abundant in striated muscle tissue and brain and contain a distinct struc-
ture with an N-terminal regulatory domain followed by a C-terminal catalytic 
domain (Fig. 2).

Class II HDACs interact avidly with the MEF2 transcription factor, which 
re gulates fetal cardiac and stress-responsive genes (McKinsey et al 2002). Notably, 
the transcriptional coactivators p300 and GRIP, which possess histone acetyltrans-
ferase activity, bind the same region of MEF2 as class II HDACs (Youn et al 2000, 
Chen et al 2002). Thus, MEF2 can function either as a transcriptional activator 
or repressor, dependent on the type of chromatin-modifying enzymes to which it 
is bound.

Control of cardiac growth by signal-dependent regulation of 
class II HDACs

The N-terminal regulatory regions of class II HDACs interact with a variety of posi-
tive and negative cofactors. This domain also contains conserved phosphorylation 
sites for calcium/calmodulin-dependent (CaM) kinase, protein kinase D (PKD) 
and other kinases involved in hypertrophic signalling (McKinsey et al 2000a, 2000b, 
2001, Grozinger & Schrieber 2000, Wang & Yang 2001). Phosphorylation of these 
sites creates binding sites for the 14-3-3 family of chaperone proteins, which mediate 
nuclear export of class II HDACs and consequent derepression of HDAC target 
genes (Fig. 3).

Several independent lines of evidence point to important roles of class II HDACs 
in the control of cardiac growth in response to stress signalling. (1) Hypertrophic 

FIG. 2. Schematic of class II HDACs. The structure of class II HDACs is shown. Two phos-
phorylation sites fl anking the NLS serve as binding sites for 14-3-3 proteins, which promote 
nuclear export in response to extracellular signals. NES, nuclear export sequence; NLS, nuclear 
localization sequence.
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signals induce the nuclear export of class II HDACs and stimulate MEF2 activity 
(Zhang et al 2002, Bush et al 2004, Vega et al 2004). (2) Forced overexpression 
of signal-resistant HDAC5 or HDAC9 mutant proteins prevents hypertrophy of 
cardiomyocytes in response to diverse agonists (Zhang et al 2002). (3) Knockout 
mice lacking HDAC5 or HDAC9 are hypersensitive to cardiac stress and develop 
cardiomegaly and eventual cardiac failure in response to stresses such as pressure 
overload or constitutive calcineurin activation (Zhang et al 2002, Chang et al 
2004). (4) Abnormal cardiac growth of HDAC knockout mice correlates with 
superactivation of the MEF2 transcription factor (Zhang et al 2002), which sug-
gests a causal relationship between MEF2 activity and the development of cardiac 
hypertrophy.

Consistent with a repressive role of class II HDACs in cardiac growth, several 
studies have implicated HATs in the stimulation of cardiac growth. For example, 
the HAT p300 associates with and enhances the transcriptional activity of the 
MEF2 and the GATA4 transcription factors, which regulate fetal cardiac genes 
(Yanazume et al 2003). In addition, overexpression of p300 induces hypertrophy 
of primary cardiomyocytes.

Given the apparent role of class II HDACs as nuclear integrators of hyper-
trophic signals, there has been intense interest in identifying the signalling 
pathways that impinge on these transcriptional repressors. Therapeutic strategies 
to sustain the repressive function of class II HDACs by blocking their signal-
dependent nuclear export could provide clinical benefi t in the treatment of patho-
logic cardiac remodelling.

FIG. 3. Hypersensitivity of HDAC9 knockout mice to calcineurin signalling. Histological 
sections of adult mouse hearts of the indicated genotypes are shown. HDAC9 knockout (KO) 
mice have hearts of normal size at early age. Transgenic mice harboring a cardiac-specifi c cal-
cineurin transgene (Calcineurin-Tg) develop cardiac hypertrophy, which is exacerbated in an 
HDAC9 KO background.
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Multiple kinases leading to class II HDACs

Many hypertrophic agonists activate protein kinase C (PKC). Recently, we showed 
that PKC signalling leads to the phosphorylation of the same sites in HDAC5 that 
are phosphorylated by CaMK (Vega et al 2004). The PKC family includes at least 
12 different isoforms, many, but not all, of which are expressed at appreciable 
levels in the myocardium. PKC signalling drives HDAC5 nuclear export via a 
downstream kinase, PKD (Fig. 4). Based on studies with protein kinase inhibitors, 

FIG. 4. Signal-dependent regulation of cardiac gene expression by class II HDACs. PE and 
ET1 both induce cardiomyocyte hypertrophy and fetal gene activation via PKD. PE stimulates 
PKC, which activates PKD, whereas ET1 signalling bypasses PKC. PKD phosphorylates class 
II HDACs, promoting their export from the nucleus to the cytoplasm, with consequent associa-
tion of MEF2 with p300, histone acetylation and chromatin remodelling.
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phenylephrine (PE) appears to induce HDAC5 nuclear export by a pathway involv-
ing an atypical PKC isoform that phosphorylates PKD, which delivers the signal 
directly to the two critical serines in HDAC5. In contrast, endothelin acts through 
a PKC-independent pathway to activate PKD and induce HDAC5 nuclear 
export.

There also appears to be specifi city among class II HDACs with respect to their 
responsiveness to upstream signals. For example, HDAC5 and HDAC9 are not 
responsive to CaMKII signalling, whereas HDAC4 is effi ciently exported from 
the nucleus to the cytoplasm by activated CaMKII. We have pinpointed the spe-
cifi c residues in HDAC4 that confer CaMKII responsiveness and have shown that 
HDAC4 contains a specifi c docking site for CaMKII that is not present in other 
class II HDACs. Intriguingly, although HDACs 5 and 9 cannot respond directly 
to CaMKII signalling, they can be exported from the nucleus in the presence 
of HDAC4 and activated CaMKII. We have shown that HDAC4 dimerizes 
with these class II HDACs and thereby confers CaMKII responsiveness to 
them.

Paradoxical effects of HDAC inhibitors on cardiac growth

The enhanced cardiac growth response of knockout mice lacking HDAC5 and 
HDAC9 predicts that HDAC inhibitors, which are currently in use as anti-cancer 
drugs, would also promote cardiac growth. Paradoxically, HDAC inhibitors have 
the opposite effect—that is, they inhibit cardiac hypertrophy (Antos et al 2003, 
Kook et al 2003).

The surprising ability of HDAC inhibitors to prevent cardiac hypertrophy raises 
interesting questions about the enzymatic target of these inhibitors and their 
mechanism of action. One interpretation of these fi ndings is that one or more 
HDACs play a pro-hypertrophic role, such that their inhibition prevents cardiac 
growth (Fig. 5). The HDAC inhibitors shown to block hypertrophy inhibit both 
class I and II HDACs. However, based on the well-documented role of class II 
HDACs as repressors of cardiac growth and fetal gene expression, we postulate 
that HDAC inhibitors are most likely to act on class I HDACs to prevent hyper-
trophy. Perhaps the target genes of class I HDACs are dominant over those of 
class II HDACs.

What might be the gene targets of pro-hypertrophic HDACs? We speculate that 
such HDACs are required for repression of genes whose products repress hyper-
trophy. Accordingly, inhibition of these HDACs could result in derepression of 
such anti-hypertrophic genes and a consequent block to hypertrophy. Expression 
of the cyclin-dependent protein kinase inhibitor p21 has been shown to be up-
regulated by HDAC inhibitors in cancer cells, resulting in inhibition of cell growth. 
It is interesting in this regard that p21 has been implicated in the inhibition of 
cardiomyocyte hypertrophy (Hassig et al 1997, Nozato et al 2000).
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While most studies to date have focused on the roles of HDACs in the deacetyla-
tion of histones and consequent effects on gene expression, these enzymes can 
deacetylate a variety of cellular proteins. Thus, it is not unreasonable to anticipate 
that changes in the acetylation of other types of proteins, such as components of 
signalling pathways or the cytoskeleton, might also be affected by HDAC inhibi-
tors and might thereby disrupt hypertrophic signalling.

Regardless of the precise mechanism, the fortuitous discovery that HDAC 
inhibitors prevent cardiac hypertrophy and normalize cardiac gene expression in 
the face of stress points to intriguing possibilities for the use of such inhibitors in 
the treatment of hypertrophy and heart failure in humans. Importantly, HDAC 
inhibition results in downregulation of βMHC expression with a concomitant 
increase in levels of αMHC. HDAC inhibitors therefore have the potential to not 
only antagonize deleterious cardiac growth, but also to increase myofi brillar 
ATPase activity and improve contractility in the failing heart.

Future prospects

The signal-dependent control of cardiac growth by differential association of 
HDACs and HATs with MEF2 is illustrative of the mechanism of action of tran-
scriptional coactivators and corepressors. Indeed, we have recently identifi ed 

FIG. 5. A model to account for the roles of HDACs in cardiac growth. Stress signals activate 
prohypertrophic kinases that inactivate class II HDACs, leading to activation of MEF2 and 
pro-hypertrophic genes. Other transcription factors may also be regulated by class II HDACs. 
Class I HDACs may repress expression of anti-growth genes or potentially may activate 
pro-growth genes. HDAC inhibitors may act on class I HDACs or potentially may perturb 
stress signalling. Lighter grey denotes pro-hypertrophic effectors. Black denotes anti-
hypertrophic effectors.
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several other coactivators that stimulate cardiac gene expression during develop-
ment and disease. These include myocardin, a cofactor of SRF, CAMTA, a cofactor 
of Nkx2.5, and TAZ, a cofactor of Tbx5. In the future, it will be important to 
determine whether these different transcriptional partnerships act redundantly or 
uniquely in the heart and how they may respond to the signalling inputs that 
control cardiac growth and function.

In summary, a common feature of cardiac remodelling regardless of aetiology 
is fetal cardiac gene induction, which is likely to contribute to cardiac demise 
through dysregulation of genes encoding proteins involved in cardiac contractility. 
Histone deacetylation plays a key role in the control of cardiac growth in response 
to stress signalling. The regulation of class II HDAC function by stress signalling 
pathways opens opportunities for therapeutically manipulating cardiac gene 
expression through modulation of protein kinase pathways. In addition, the fi nding 
that HDAC inhibitors prevent hypertrophy has the potential to allow for the rapid 
advancement of compounds into human patients for the treatment of pathological 
hypertrophy and heart failure.
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DISCUSSION

Leinwand: Have you looked at CAMTA in your constitutively active Gsk3 mouse 
hearts?

Olson: You are referring to experiments in which we have expressed a mutant 
form of Gsk3 in the heart, which can render hearts resistant to hypertrophy. We 
haven’t looked at how CAMTA is regulated in these hearts, but this would be an 
interesting thing to do. We are now beginning to look at CAMTA in many differ-
ent mouse models of cardiac disease.

Rosenthal: It looks to me as if cardiomyocytes have a decision to make. If PKC 
is activated, it can either activate PKD and give cardiac hypertrophy, or it can 
activate CAMTA and give cardiac hyperplasia. What do you think is making the 
difference?

Olson: That’s a good question. The data on CAMTA in hyperplasia are all based 
on gross overexpression. I don’t know whether this is its in vivo function yet. Recent 
data also indicate that CAMTA can induce cardiomyocyte hypertrophy. So, it 
remains to be determined how it regulates one response versus the other. Perhaps 
hypertrophy occurs in myocytes that are unable to re-enter the cell cycle.

Muslin: The docking site you showed on HDAC4 had an arginine residue and 
there were a lot of leucines. In some ways this seems similar to the D-box that 
Roger Davis described for Jnk. Have you compared this with the D-box?

Olson: That is an interesting point. What does the D-box look like?
Muslin: It has three lysine or arginine residues followed by two leucines or iso-

leucines. The motif is similar to what you showed. Obviously, Jnk is a proline-
directed kinase, and here you have an arginine-directed kinase, but the comparison 
might be interesting.

Olson: Tim McKinsey, you have worked with Jnk. Have you ever looked at 
whether it might regulate HDAC4?

McKinsey: No. We know that Jnks don’t regulate HDAC5 though.
Schneider: Along the lines of Nadia Rosenthal’s question and the potential role 

of CAMTA2 in cardiac cell cycle control, activation of PKC in vivo doesn’t result 
in a markedly hyperplastic phenotype in myocardium. This suggests that what you 
have unmasked by forced expression of CAMTA2 is a way to inhibit cardiac cell 
cycle regulation rather than an effect of the endogenous protein and its pathophysi-
ological state of activation. I am curious as to whether you have looked in cultured 
cells to see whether forced expression of CAMTA2 can override cell cycle con-
straints. If we are titrating out pocket proteins, this would be an expected 
phenotype.

Olson: We have put CAMTA into a virus. When we infect neonatal myocytes 
with this it clearly induces their growth, both hyperplastic and hypertrophic. We 
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haven’t yet done this in adult myocytes. Neonatal myocytes can undergo a few 
addition rounds of division, so I am not sure whether CAMTA2 is prolonging the 
proliferation or driving post-mitotic cells into the cell cycle.

Schneider: Have you looked in skeletal myocytes, where the dichotomy between 
proliferative growth and terminal differentiation is even clearer?

Olson: We haven’t done that yet. With respect to its role in pocket protein biology, 
the CG1 motif binds weakly to a sequence related to the E2F binding sequence, 
so we are exploring whether CAMTA2 might have an effect on E2F activity.

Dorn: There are some in vivo expression data on PKC showing that if you activate 
endogenous PKCε or δ, rather than overexpress a wild-type or constitutively active 
PKC, you get a hyperplastic heart. This results in hypertrophy of the organ due to 
increased calculated number of normally proportioned cells. I believe these data 
support what you are suggesting: perhaps it is the timing of the growth stimulus 
in the early neonatal period, when the cardiac myocytes continue to proliferate, 
rather than the nature of the growth stimulus per se that determines whether 
growth is hyperplastic or hypertrophic.

Seidman: Your screen for atrial natriuretic factor (ANF) luciferase was in COS 
cells. You identifi ed a molecule that in the end binds Nkx2.5. But I don’t under-
stand why you found this: there isn’t much Nkx2.5 in COS cells.

Olson: I think there must be an endogenous NK-type protein in COS cells that 
it is utilizing.

Seidman: Did you look for binding to Tbx5?
Olson: It doesn’t bind strongly to Tbx.
Seidman: Your PKD model involves looking at neonatal myocytes. Is there a 

possibility that the regulation in neonatal myocytes is different from that in adult 
myocytes?

McKinsey: It is always a concern. However, there is an abundance of PKD in 
adult myocytes and it can be readily activated by various agonists. I believe the 
pathways will be conserved from neonatal to adult myocytes, but this still needs 
to be proven formally.

Olson: Mike Bristow, don’t you have data that HDACs are nuclear in human 
adult cardiomyocytes and they become cytoplasmic in failing hearts?

Bristow: Yes, we have data that in failing heart there is less nuclear HDAC5 
compared with non-failing hearts, as if it has been exported from the nucleus. With 
HDAC4 there is a greater amount in the cytoplasm in failing versus non-failing 
hearts, again as if it has been nuclear exported. The two HDACs differ in terms 
of where they are primarily found, but in both cases there is evidence of nuclear 
export in failing heart.

Sugden: This takes me back to work on calmodulin overexpression in the hearts 
of transgenic mice by Gruver et al (1993). Is there any connection here with the 
protein that you are describing?
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Olson: That paper showed that overexpression of calmodulin will drive 
hypertrophy

Sugden: They said that there was also signifi cant cardiac myocyte hyperplasia.
Olson: So there may be a tie in then.
Field: It was through the ANF promoter and it turned off in the ventricle, so it 

was only a transient burst effect.
Sugden: You talked in general terms about PKC. There are many PKC isoforms, 

and I believe that each may have a different, independent mode of regulation and 
different sustrate preferences. When ‘PKC’ is used in rather general terms, I 
wonder what is going on and which isoform is involved.

Olson: Tim McKinsey did a lot of this work on PKCs, so he may want to elabo-
rate on this. The atypical, Ca2+ -independent PKCs in our hands were the strongest 
inducers of HDAC5 nuclear export.

Sugden: Was this with wild-type or constitutively activated PKCs?
McKinsey: These were constitutively activated.
Sugden: Was this with the pseudosubstrate site mutation?
McKinsey: Yes. We looked at a panel of PKCs for their ability to drive PKD-

dependent nuclear export of HDAC5. PKCε and δ were the strongest activators. 
Eric Olson, with CAMTA it is PKCα : did you look at the other isoforms?

Olson: We have only looked at the effects of PKCα on CAMTA2 activity so 
far.

Schneider: I have a question about the bait in the Gal4 HDAC screen. Did you 
take the step of mutationally inactivating the HDAC, or under the conditions of 
that screen does the recruitment of the VP16 activation domain override the 
functional activity of the bait?

Olson: That’s a good question. The way we engineered this is that we deleted 
the whole catalytic domain, so it is just the N-terminus. For the afi cionados, this 
is analogous to MITR, which is a naturally occurring splice variant.

Muslin: In terms of the nuclear export of CAMTA, I was wondering whether 
there are potential 14-3-3 binding sites or other potential binding partners that 
you have identifi ed.

Olson: I don’t think that CAMTA exports by a 14-3-3-dependent pathway. There 
is not an obvious site. We have narrowed down the region required for export and 
import. There is clearly a phosphorylation site there, but we still need to fi gure out 
how this works.

Sadoshima: I am interested in the differences between class I and class II HDACs. 
Is class I using a similar mechanism as class II to affect cardiac hypertrophy?

Olson: You have raised an important point. The genetics and biochemistry 
suggest strongly that class II HDACs are repressors of cardiac hypertrophy 
and pathological remodelling, and that this mechanism is blocked by upstream 
kinases. The paradox comes from work by our lab and others showing that HDAC 
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inhibitors (such as trichostatin A; TSA) can also block hypertrophy. This is the 
opposite of what we would expect. We’d expect HDAC inhibitors to function like 
a genetic deletion of an HDAC, and sensitize the cell to hypertrophic stimuli. On 
the basis of this we have proposed a model. Class II HDACs function as suppres-
sors of growth, but class I HDACs counterbalance the function of class IIs, 
leading to the repression of anti-growth genes. HDAC inhibitors such as TSA lead 
to the expression of anti-growth genes by blocking the activity of class I HDACs. 
HDAC inhibitors are now deep into clinical trials for anti-cancer treatment. They 
are extremely well tolerated with few side-effects. It is thought that one of their 
mechanisms of action is to up-regulate p21, which is a negative regulator of cell 
growth. This may be the mechanism by which class I HDACs are functioning. 
HDAC inhibitors might also be acting far upstream from histone acetylation. It 
will likely turn out that components of hypertrophic and stress-responsive signal-
ling pathways have acetylated components. HDAC inhibitors might be knocking 
out these pathways far upstream of the genome. A prediction of this model would 
be that the class I HDACs are pro-hypertrophic, whereas class II HDACs are 
anti-hypertrophic. Consistent with such a model, we have over-expressed class I 
HDACs in the heart and this leads to massive cardiac growth. In contrast, if you 
express the class IIs in this setting you will have a shrunken heart if you have one 
at all.

Seidman: Is the cardiac enlargement you observe with over-expression of class I 
HDACs hyperplasia or hypertrophy?

Olson: This is hypertrophy.
Field: When you showed the CAMTA image in the COS cells, you said you had 

both cytoplasmic and nuclear expression of the wild-type protein. If I remember 
rightly, there are some cells which had very obvious nuclear localization, but in 
others it was through the entire cell. Have you tried to correlate cell cycle stage 
with the subcellular localization?

Olson: We haven’t done this yet. You are right: if we look at the CAMTA locali-
zation in COS cells or other cell types, the majority have it distributed in the 
nucleus and cytoplasm, but there is a subset where it will be in one place or the 
other. The obvious question is whether this correlates with the phase of the cell 
cycle.

Simpson: Relative to the set of questions you posed in the introduction, what do 
you think you are looking at in this system with HDAC export? Is this a good 
thing or a bad thing in terms of myocardial remodelling? You are sort of using the 
fetal program as a symbol of pathological remodelling.

Olson: Your question really touches on one of the key issues I hope to resolve in 
this meeting. I think we should throw this question out to the audience.

Sugden: I worry that you may be looking at ANF expression per se rather than 
anything that is necessarily related to hypertrophy. Although ANF expression has 
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been used extensively as a criterion of the hypertrophic response, the correlation 
may not be as strictly linked as previously thought. How many of the processes 
that have been linked to ANF expression, such as HDAC export, do you think 
need to occur for the hypertrophic response (as opposed to increased ANF 
ex pression)? Is one suffi cient? What are the targets of these molecules? Ex vivo, 
the system can sometimes be manipulated to give a result that you want to see, 
but I am not clear what is happening in vivo in terms of whether a single change 
in terms of location of HDAC is suffi cient to drive hypertrophy. It could be that 
you need a multiplex of these factors going in and out of the nucleus at different 
times in order to establish the overall phenotype.

Olson: This is one of the issues we need to confront at this meeting. Are many 
of these things operating independently and in parallel, or are there nodal points 
that can be therapeutically targeted? My own bias is that the phosphorylation 
of class II HDACs is a nodal point, on the basis of the results of their genetic 
deletion. If they are deleted then the heart becomes sensitized to stress, and if 
one converts a serine to a non-phosphorylatable residue it blocks the hypertrophic 
response. There are other pathways involved, but how they cross-talk with this 
pathway is an open question.

Sugden: PKC seems to be an essential feature.
Katz: We talk about the hypertrophic response as if it was a single response, but 

heart failure is a syndrome encompassing many abnormalities, including cell elon-
gation, cell thickening and reversion to the fetal phenotype. We now know that 
hypertrophy is good and bad at the same time, so that to look at organ size, cell 
size or cell number may over-simplify the endpoint. To relate signal transduction 
to the clinical reality is going to be diffi cult as you set out beautifully in your 
introductory remarks: testing any form of therapy will be very diffi cult until you 
have defi ned a subset of patients in whom that therapy seems rational. As an 
example, the blocking of the gp130 pathway was believed to be a good thing 
because cytokines, as we all know, are evil. It turns out that this is actually the 
wrong result. Until we know more about the relationship between the growth 
patterns and human disease, simply to know the details of these regulatory mecha-
nisms may not be all that helpful.

Muslin: Another fundamental issue we should discuss is whether it is growth 
that is the primary problem with heart failure, or whether it is ‘growth plus’. When 
growth is extreme it can be deleterious, but in general it is growth plus apoptosis 
or fi brosis or cell elongation that causes the problem.

Olson: One of the original questions I posed was, what is the importance of 
hypertrophy versus fetal gene activation, Ca2+ cycling, contractility, energy metab-
olism, fi brosis or apoptosis? Is it adequate to block any one of these or do we 
need to be looking for upstream effectors that are controlling all these things 
globally?



18 OLSON ET AL

Nemer: We are taking it for granted that ANF is an indicator of hypertrophy. 
Some of the early work we did shows that ANF goes up in response to stress way 
before there is hypertrophy. The way we look at hypertrophy is probably the way 
that people looked at cancer 20 years ago. So many things can get you there. When 
we look at organ size in these transgenics or knockouts, it is just saying that 
something has happened. It doesn’t mean it was pro-growth; it may have been 
anti-growth.

Seidman: I agree that ANF provides an indicator of at least one hypertrophic 
pathway. What are the other genes in this pathway? Are they regulated by the same 
transcriptional activators?

Nemer: To qualify this, the binding site on ANF that is ‘well characterized’ is 
actually not so well characterized. Just about everything we have tested can bind 
over this proximal element, which is 50 base pairs or so. It is up-regulated in 
response to just about any stimulus.

Rosenthal: From the point of view of a cardiologist, wouldn’t it be important to 
know what the functional output of those big hearts is? Does a hyperplastic heart 
have the same ejection fraction as a hypertrophic heart? I’ve been told by cardiolo-
gists that unless I can show this I can’t publish my paper on fi xing hearts.

Dovendans: I would support that strongly as a cardiologist. The functional assay 
should be done before you publish.

Schneider: Nadia Rosenthal adds an important element to what the phenotyping 
of the models has to be. I would argue that another one illustrated by the example 
Arnie Katz gave by the example of the gp130 knockout is the response to 
stress. One could have a heart that is enlarged and appears to function relatively 
normally at baseline, whether it does or doesn’t have the hallmarks of fetal gene 
activation to a high degree. Whether this heart is a normal heart or a severely 
diseased one can be unmasked by the response of the enlarged heart to aortic 
banding, ischaemic stress and mating with different genetic models that activate 
single cardiac signalling pathways. The issue of basal versus provokable pheno-
types provides one portal to answering the question about whether large hearts 
are endangered.

Katz: From a clinical standpoint, what is often most important is what the heart 
will be like six months or six years from now. Today’s haemodynamics are interest-
ing, but what is going to happen to the heart in the future? Progression also needs 
to be defi ned. Is it cell elongation, apoptosis or necrosis? These are but three ways 
that the heart can deteriorate, each of which has its own set of control mechanisms. 
To take the complexity of signal transduction and then juxtapose this with the 
complexity of the clinical syndrome is going to be an incredible challenge for all 
of us to sort out.

Leinwand: One thing we have found interesting is that the mice that express 
constitutively active Gsk3 are blocked in pathological responses, but they are 


