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Histone deacetylase inhibition and the regulation of cell growth
with particular reference to liver pathobiology
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Abstract

The transcriptional activity of genes largely depends on the accessibility of specific chromatin regions to transcriptional regulators. This
process is controlled by diverse post-transcriptional modifications of the histone amino termini of which reversible acetylation plays a
vital role. Histone acetyltransferases (HATs) are responsible for the addition of acetyl groups and histone deacetylases (HDAGCs) catal-
yse the reverse reaction. In general, though not exclusively, histone acetylation is associated with a positive regulation of transcription,
whereas histone deacetylation is correlated with transcriptional silencing. The elucidation of unequivocal links between aberrant action
of HDACs and tumorigenesis lies at the base of key scientific importance of these enzymes. In particular, the potential benefit of HDAC
inhibition has been confirmed in various tumour cell lines, demonstrating antiproliferative, differentiating and pro-apoptotic effects.
Consequently, the dynamic quest for HDAC inhibitors (HDIs) as a new class of anticancer drugs was set off, resulting in a number of
compounds that are currently evaluated in clinical trials. Ironically, the knowledge with respect to the expression pattern and function of
individual HDAGC isoenzymes remains largely elusive. In the present review, we provide an update of the current knowledge on the
involvement of HDAGs in the regulation of fundamental cellular processes in the liver, being the main site for drug metabolism within
the body. Focus lies on the involvement of HDACs in the regulation of growth of normal and transformed hepatocytes and the transdif-
ferentiation process of stellate cells. Furthermore, extrapolation of our present knowledge on HDAC functionality towards innovative
treatment of malignant and non-malignant, hyperproliferative and inflammatory disorders is discussed.
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Introduction

Regulatory pathways of many cellular activities, including cell pro-  subsequent translation allow the cell to generate the necessary
liferation, merge on the fundamental process of transcription.  factors, i.e. proteins, in response to various intra- and extracellu-
Indeed, transcription of genetic information enclosed in DNA and  lar stimuli. One of the key mechanisms determining transcriptional
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activity of genes is the acetylation of histones. The latter are highly
conserved low molecular weight proteins encountered in the
nucleus of eukaryotic cells and in the nucleoid of some prokary-
otic species. Six main histone classes can be distinguished,
namely H1, H2A, H2B, H3, H4 and prokaryotic archeal histones
[1, 2]. Two copies of H2A, H2B, H3 and H4 compose the core of
the nucleosome structure, which is a basic unit of eukaryotic chro-
matin. Winded around the histone centre is a 146bp DNA strand
representing the second component of the nucleosome [3]. The
high lysine/arginine content of the histones endows them with
strong basic properties, which facilitate the interaction with the
negatively charged DNA. The introduction of acetyl groups by his-
tone acetyltransferases (HATS) reduces the affinity of the histone
cores to the DNA strands. As a result a relaxed chromatin struc-
ture is formed, enabling initiation of transcription. On the contrary,
histone deacetylation, which is a virtue of histone deacetylase
(HDAG), reconstitutes a dense chromatin configuration, being
impermissive for transcriptional factors [4]. Thus, generally, yet
not exclusively, histone hyperacetylation is associated with tran-
scriptional activation, whereas histone hypoacetylation leads to
transcriptional repression [5-7]. As many cellular activities find
their outcome at the transcriptional level, both HATs and HDACs
can be perceived as master regulators of cellular homeostasis.

Histone deacetylases

Classification

Taunton and colleagues identified the first mammalian HDAC isoen-
zyme, being HDAC-1 [8]. Since then, the existence of 17 other
enzymes with HDAC activity has been reported. They are divided in
four major classes based on phylogenetic analysis and homology to
yeast HDACs. Class | consists of HDAC-1, -2, -3 and -8 whereas
class Il is represented by HDAC-4, -5, -6, -7, -9 and 10. HDAC-11
constitutes the single representative of class IV [9]. Those enzymes
belong to a group of zinc-dependent aminohydrolases owing to the
presence of a Zn®" in their catalytic centre. Class Ill HDAGs, also
called sirtuins, constitute a distinct group of HDACs requiring NAD™
for their catalytic activity and will not be discussed in the current
review [10, 11]. Whereas class | HDACs are rather small proteins
with predominantly nuclear localization, class Il enzymes are large
and capable of translocating between cellular compartments [9, 12].

Histone-dependent mode of action

HDAC-1 and HDAC-2 as well as other HDACs do not act
autonomously but create multi-subunit protein complexes [13].
Because they lack intrinsic DNA-binding activity, HDACs require
DNA-binding proteins to localize specific genes destined for
deacetylation-mediated transcriptional repression. At the same
time, other protein components of the complex act as cofactors,
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augmenting the enzymatic activity of HDACs [13]. In fact, three
HDACG1/2-containing corepressor complexes have been identified:
(/) Sin3, (ii) the nucleosome remodeling and deacetylation com-
plex (NuRD) and (iii) the corepressor of RE1-silencing transcrip-
tion factor (coREST) [14, 15]. Another member of class | HDACs,
namely HDAC-3, resides in a complex with the nuclear receptor
corepressor (NCoR) and silencing mediator for retinoid and thy-
roid receptors (SMRT) [16, 17]. These HDAC-3 containing com-
plexes also take part in interactions occurring within the HDAC
family. SMRT/NCoR corepressors not only bind to class lla HDACs
but are also a prerequisite for their enzymatic activity [18, 19].

HDAC-dependent deacetylation of histones affects gene tran-
scription by at least two parallel mechanisms (Fig. 1). As described
before, histone deacetylation enhances the electrostatic interaction
between the histone core of nucleosomes and DNA, leading to chro-
matin condensation [4]. Apart from altering the physical properties
of chromatin, removal of acetyl groups modifies the array of post-
translational modifications of amino acids in histones’ amino termini.
These chemical modifications, including phosphorylation, acetyla-
tion, methylation, ubiquitination and sumoylation, are thought to cre-
ate a specific code, designated as the histone code [2]. Addition or
removal of a functional group on one amino acid residue may influ-
ence the status of neighbouring amino acid residues, not only in the
same histone tail but also in tails of other histones, or even in other
nucleosomes. As a result, the context of the encrypted message may
be changed [13, 20]. This secret molecular language of chemical
marks is deciphered by nuclear proteins such as transcription factors
or chromatin modifying enzymes. These are endowed with specific
recognition modules with bromo- and chromodomains that recog-
nize acetylated sites or amino acids in methylated form, respectively
[21, 22]. Depending on the nature of the recruited protein, a specific
action will be initiated. Thus, although we are used to associate his-
tone deacetylation with chromatin inactivation, the factual effect on
transcription not only depends on the net electric charge of all mod-
ifications on histone tails but also on the type of proteins, ie.
silencers or activators of transcription, recruited in response to
acetyl group displacement. As a consequence HDACs may either
positively or negatively affect gene expression. The latter was con-
firmed by the observations made in HDAC inhibitor (HDI)-treated
systems, where a similar number of genes was found to be either up-
regulated or down-regulated upon the treatment [23-25].
Furthermore, several independent groups reported the requirement
of HDAC activity in the activation of transcription in cytokine-
inducible systems such as interferon-controlled genes. (For an
extensive review of this topic we refer to [26, 27].)

Non-histone targets

Recent studies indicate that histones are not the sole target of
HDACs. In fact, phylogenetic analysis of bacterial HDACs revealed
that in the progress of evolution these enzymes emerged before
the histone proteins, strongly suggesting that other protein type(s)
were the primary HDACs’ substrates [9, 11]. In addition, a num-
ber of cytoplasmic and nuclear proteins, including transcription
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Fig. 1 Mechanisms by which HDACs may regulate the process of transcription. (A) Histone-related pathway: HDACs deacetylate histones leading to the
increase of chromatin compaction and alternations in the histone code. (B) Non-histone related pathway: HDACs deacetylate non-histone protein tar-
gets affecting diverse aspects of protein physiology. These pathways interconnect with each other (which is indicated by a black double-sided arrow),
e.g. modification of the histone code could result in the recruitment of a specific transcriptional regulator. If the latter is deacetylated by one of the
HDACs its DNA-binding activity, cellular localization or half-life may be affected. Consequently, the final decision whether the transcription of a particu-
lar gene will be initiated is a sum of all actions, some being transcription stimulating, others transcription inhibiting.

factors, DNA repair enzymes, cell-cycle regulators, molecular
chaperones as well as structural proteins were found to be
reversibly acetylated [28]. Acetylation/deacetylation may modify
the stability of the protein involved, its localization, DNA-binding
ability and its interactions with other proteins [29, 30]. Recently, a
novel nomenclature was proposed for some of the chromatin-
modifying enzymes, replacing the historical term of HATs by the
more general one, of, ‘lysine (K)-acetyltransferases’ (KATs) [31].
Rethinking of our perception of KATs and HDACs seems necessary
as their significance raises from transcriptome-related enzymes
to proteome-controlling enzymes and finally to masters of the
acetylome [29].

Cell cycle-related histone and
non-histone substrates of histone
deacetylases

The role of HDAGs in cellular proliferation was emphasized by the
discovery that their anomalous action constitutes a cornerstone of
carcinogenesis, a process which results from a disrupted balance
between cell proliferation and apoptosis, in favour of unlimited
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growth [10, 28, 29, 32]. Global loss of histone H4 acetylation is a
common trait of cancer cells, indicating disruption of the acety-
lome’s homeostasis [33]. The latter may occur due to aberrant
recruitment to specific loci or altered expression of individual HDAC
isoenzymes. Alternatively, disruption of KAT activity may be the
cause. Abnormal targeting of HDACs to promoters of genes
involved in the control of cell growth and differentiation by PML-
RAR-«, PZLF-RAR-« and AML1-ETO chimeric oncoproteins results
in leukaemias [34]. On the other hand, overexpression of distinct
HDACs was encountered in a number of tumour specimens: (/)
HDAC-1 in prostate, gastric and colon tumours, (i/) HDAC-2 in col-
orectal, cervical and gastric cancer and (/if) HDAC-3 in colon cancer
[10]. These observations triggered the development of new anti-
cancer drugs interfering with HDAC enzymatic activity.

The discovery of the first mammalian HDAC coincided in time
with the identification of the first HDI generation represented by
sodium butyrate (NaB) and trichostatin A (TSA) [35, 36].
Currently, there is an abundance of structurally diverse HDI mole-
cules available. Several of them have even reached advanced clin-
ical trials and recently the first HDI, for the treatment of cutaneous
T-cell lymphoma, marketed under the name Vorinostat®, was
approved by the Food and Drug Administration agency (for
detailed reviews see [10, 29, 37]).

As demonstrated by cDNA microarray studies, inhibition of
HDACs alters the expression of merely 2% to 10% of all genes,
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with as many genes up-regulated as down-regulated [23-25]. One
therefore would expect only negligible consequences for the cell’'s
physiology. In cancer cells, however, chemical down-regulation of
the HDAC activity as well in vitro as in vivo inhibits cell growth and
induces apoptosis. In addition, the action of HDIs proved to be can-
cer cell-selective, leaving normal, healthy cells unharmed. Recently,
additional anti-metastatic, anti-angiogenic and immunomodulatory
properties of HDIs were reported [10, 30, 32, 38, 39].

In the following paragraph, the importance of HDAC enzymes
in the regulation of cell cycle proteins such as retinoblastoma
(Rb), protein 53 (p53), protein 21 Cip1 (p21 Cipt ) and proliferating
cell nuclear antigen (PCNA) will be discussed in depth.

Retinohlastoma

Rb is an archetypal tumour suppressor, characterized by a dis-
tinctive binding region in the form of a pocket, which enables
specific protein—protein interaction (e.g. with E2F transcription
factors) [40, 41]. The Rb protein plays a crucial role in the
regulation of the mid-late G restriction point. It exerts a growth-
inhibitory function by a dual approach. Viaa pocket domain-medi-
ated binding, Rb sequesters E2F and inhibits its transcriptional
activity. The latter controls the expression of a panel of proteins
having a central role in DNA replication and cell cycle regulatory
activities, i.e. DNA polymerase «, PCNA, and cyclin A and E [42].
Rb also recruits HDAC-1 and directs it to E2F-responsive promot-
ers [43]. Different proteins act as a bridge between HDAC-1 and
Rb, including the Jumonji domain 2 A (JMJD2A) and Rb-binding
protein 1 (RBBP1) [44, 45]. HDAC-1-mediated histone deacetyla-
tion in the region of E2F-target promoters results in their tran-
scriptional repression and hinders Gi/S-phase transition. Upon
mitogenic stimulation, cyclin-dependent kinase (cdk)/cyclin com-
plexes phosphorylate the Rb protein and abrogate the HDAC-
1/Rb/E2F interaction. Liberated E2F can then activate its target
gene promoters, allowing initiation of the S-phase and subse-
quent cell cycle progression [28]. Additionally, the Rb and E2F
proteins as such can be directly subjected to reversible acetyla-
tion. In the case of E2F acetylation, highly conserved acetylation
sites lie next to its DNA-binding domain, resulting in the enhance-
ment of its DNA-binding activity, activation potential and protein
half-life. HDAC-1 can deacetylate E2F1 via an indirect Rb-medi-
ated mechanism [28]. In the case of Rb acetylation, it was found
that not only the efficiency of phosphorylation by the cdk/cyclin
complex was lowered, but also the binding affinity of MDM2
ubiquitin ligase was increased [28]. Yet, the biological relevance
of these observations remains elusive.

Protein 53 transcription factor

Another master regulator of cell cycle progression, of which the
activity is modulated by reversible acetylation, is p53 (Fig. 2). As
nicely portrayed by Shu and colleagues, p53 is a key tumour sup-
pressor protein at the crossroads of cellular stress response path-
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ways [46]. In unstressed cells, p53 is expressed at a steady, low
level and undergoes constant turnover due to polyubiquitination
and concomitant proteolytic breakdown. p53 ubiquitination is
catalysed by a group of E3-ubiquitin ligases including MDM2,
Pirh2, COP1, CHIP and ARF-BP enzymes [47, 48]. A myriad of
stress stimuli, such as DNA damage, hypoxia and oncogene acti-
vation, prompts the stabilization and subsequent accumulation of
the p53 protein in the nucleus [41]. Activated p53 binds to its p53-
responsive elements in the genome, initiating a suitable transcrip-
tional program in response to the stress-inducing trigger. The bio-
logical outcome may involve growth arrest, DNA repair, cellular
senescence or apoptosis [49]. Numerous studies indicate that
post-translational modifications play a significant role in modulat-
ing the p53 activity. In addition to ubigitination, various kinases,
including ATM, ATR and DNA-PK, phosphorylate p53. The addition
of phosphate groups takes place at the N-terminus of the protein,
which is engaged in MDM2 binding. As a result, the interaction
between p53 and ubiquitinase is disrupted. Early in vitro studies
suggested that acetylation of specific lysine residues in the
C-terminal domain, which could become the anchors for poly-
ubiquitin chains, could prevent the proteosomal degradation of the
p53 protein and hence increase its half-life [50]. Conversely,
recruitment of HDAC-1 either by the metastasis associated protein 2
(MTA2) or the HDAC-1-containing Sin3 complex mediated by
MDM2, and subsequent removal of acetyl groups, restores acces-
sibility of lysines to ubiquitin ligase [28, 51]. Unfortunately, this
rather plausible mechanism of modulating p53 protein stability by
acetylation could not be confirmed in the subsequent in vivo stud-
ies [52, 53]. On the other hand, strong evidence exists that site-
specific acetylation of p53 protein in the region of the DNA-binding
domain regulates the affinity of this transcription factor towards its
target promoters and hence shapes the downstream events. For
instance, the acetylation of K320 stimulates the actlvatlon of cell
cycle-restraining genes such as cdk inhibitor p21 'p, whereas
K373 acetylation provokes activation of pro-apoptotic genes such
as Bcl-2-associated X protein (Bax). The position of the acetylated
lysine is also not random but rather determined by the type of the
acetylation-inducing stimulus such as the type of DNA damage
(Fig. 2) [54]. Also, the HDAC-1 ‘sister’ enzyme, HDAC-2 was
recently implicated in the negative regulation of p53 activity [55]. By
using HDAC-2-targeting short hairpin RNAs, Harms and Chen could
demonstrate that HDAC-2 knock-down in MCF7 cell line inhibited
cellular proliferation and induced cellular senescence. These effects
were partially p53-dependent as demonstrated by activation of
major p53 target genes such as p21°P" and MDM2. Interestingly,
neither increased stability nor enhanced acetylation of the p53 pro-
tein could be detected. Instead, HDAC-2 silencing appeared to
improve the DNA-binding ability of the transcription factor. The
mechanism by which HDAC-2 interferes with the DNA-binding
activity of p53 however, remains relatively unknown [55].
Reversible acetylation of histones also constitutes one of the
mechanisms by which p53 regulates the transcription of its target
genes. Although some genes are up-regulated upon p53 activation
(p21°P' Gadd45, 14-3-3c), others are repressed [48, 56]. In the
latter instance, HDAC-1/Sin3 acts as a p53 corepressor by
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Fig. 2 Different levels of HDAC-mediated control in the p53 pathway. In unstressed cells, HDACs may facilitate p53 turnover by removal of acetyl groups
from lysines in p53. Those amino acids become ‘visible’ to ubiquitin ligases that are now able to attach ubiquitin particles destining p53 protein to pro-
teosomal degradation. In stressed cells, p53 becomes acetylated, increasing its half-life and leading to accumulation of p53 protein in the cell. The nature
of stress stimuli determines the acetylation site and subsequently the type of p53-controled transcriptional response. Although some genes are induced,
others are repressed via HDAC-mediated histone deacetylation in the region of corresponding promoters.

restraining the production of c-Myc proto-oncogene transcripts
and promoting a Gi-phase cell cycle arrest [57]. A study by
Imbriano and colleagues indicated that p53 also down-regulates
the expression of genes lacking a p53-regulatory sequence [58].
Instead, the promoter regions of these genes contain NF-Y-binding
boxes (CCAAT). Following DNA damage, p53 recruits, in concert
with the NF-Y transcription factor HDACs and represses cdk1 and
cyclin B2 transcription. The ensuing outcome is a Gp-phase cell
cycle arrest. Chromatin immunoprecipitation experiments revealed
the identity of the recruited HDAGCs. Although HDAC-1 was the first
to associate with the investigated promoters, HDAC-4 and HDAC-5
followed with a temporal delay, possibly due to the time required
for their translocation from the cytosol to the nucleus [58].

Cyclin-dependent kinase inhibitor p21%""!

One of the most renowned target genes of the p53 pathway is
p21%P1 [59, 60]. Its protein product negatively regulates cell cycle
progression by inhibiting the activity of several cdk/cyclin com-
plexes and blocking DNA replication [61].
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The first evidence of HDACs’ participation in the regulation of
p21%P" expression was delivered by Lagger and colleagues [62].
They demonstrated that targeted disruption of HDAC-1 alleles dur-
ing mouse embryogenesis leads to severe proliferation defects
associated with abnormal protein and mRNA levels of p21C'p1 and
p27 (a related cdk inhibitor). Analysis of core histones with
respect to their post-translational modifications’ status revealed
an increased acetylation in the regions of corresponding promot-
ers [62]. Recently, similar observations were made by another
group using HDAC-1-directed RNA interference to knock-down
the expression of the enzyme in mouse preimplantation embryos
[63]. Noteworthy, both groups detected elevated expression of
HDAC-2 and -3 enzymes following HDAC-1 elimination. However,
neither higher HDAC-2 nor HDAC-3 activity was able to counter-
balance the loss of HDAC-1. In the line with former findings, an
alternative approach uncovered reduced p21C'p1 mRNA expres-
sion in a transgenic mice overexpressing human HDAC-1 isoen-
zyme [64, 65]. These data underscore the unigue role of HDAC-1
in controlling the transcriptional status of p21C'p1 gene.

Although the p21°P" gene promoter contains several p53-
binding sites, p53 is not always directly responsible or even
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obligatory for the transcriptional induction of p21c'p1 gene. Other
transcription factors, namely SP-1 and SP-3, may be in command.
Depending on the circumstances, SP-1 can choose between two
interaction partners, either p53 or HDAC-1. Cooperation between
p53 and SP-1 results in the p21 Cip1 induction, whereas interaction
with HDAC-1 has the opposite effect [66]. Recently, also other
members of the HDAC family, namely HDAC-3 and -4, were impli-
cated in the repression of p21°P" by a similar SP-1 involving
mode of act|on [67]. The finding that HDAC-4 interacts with SP-1
at the p21 Cipt promoter is particularly interesting as this HDAC is
thought to be enzymatically inactive. Yet, upon silencing of HDAC-4,
hyperacetylation of histones at the former promoter was detected,
followed by the induction of p21 G This phenomenon could
be ascribed to the fact that class IIa HDACs often ‘borrow’
deacetylase activity of class | members [18, 19]. Indeed, this
assumption recently was proven by Wilson et al. [68] showing
that HDAC-4 could repress the p21 I expression by cooperation
with the HDAC-3-NCoR/SMRT corepressor complex [68].
Dormant HDAC-4 may act as a sort of assembly platform connect-
ing transcription factors (e.g. SP-1 and SP-3) to enzymatically
active HDAC isoenzymes.

Proliferating cell nuclear antigen

An additional example of the involvement of HDAC enzymes in
cell cycle control is the regulation of DNA replication, the latter
being an intrinsic element of every cell division. It requires a
plethora of factors, including PCNA (also known as processivity
factor for DNA polymerase &). Milutinovic and colleagues found
that PCNA physically interacts with HDAC-1. Co-localization of
HDAC-1 with PCNA, the resident protein of the DNA replication
fork, suggests that this enzyme might participate in the reproduc-
tion of the histone acetylation pattern of the parental cells upon
DNA replication. Because high fidelity of this process is crucial
for maintaining a proper chromatin structure, HDAC-1 could be
perceived as a guardian of the chromosomal stability [69].
Alternatively, Naryzhny and Lee proposed a model in which
HDAC-1 and p300 acetyltransferase cooperate in the PCNA func-
tion/location switch [70]. They identified three PCNA isoforms
based on their acetylation status: (/) highly acetylated PCNA was
detected in nuclear extract, chromatin and nuclear matrix frac-
tions; (/i) moderately acetylated PCNA protein was found in all
cellular fractions tested, including cytoplasm and (/i) deacety-
lated-PCNA mainly was present in the nuclear fraction extract.
Interestingly, the ratio of PCNA subspecies seemed to be cell
cycle-regulated: whereas cells arrested in Go-phase exhibited low
levels of highly acetylated and deacetylated PCNA isoforms, the
quantity of the latter increased upon progression towards the
S-phase of cell cycle. Because deacetylated PCNA exhibited a
lower binding affinity to B- and 3-DNA polymerases, it probably
could be involved in the termination of DNA replication whereas
highly and moderately acetylated PCNA varieties might regulate
earlier stages of the process [70].
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Inhibition of histone deacetylases
in liver cells

Hyperproliferation, uncontrolled inflammation and a distorted bal-
ance between cell survival and apoptosis could underlie a multi-
tude of pathologies. Consequently, HDIs are perceived as promis-
ing drug candidates in the treatment of a wide range of diseases
(reviewed by [71]), including fibroproliferative disorders, such as
liver fibrosis, systemic sclerosis, pulmonary fibrosis and renal
fibrosis. HDI-based treatment could also involve diseases of dys-
regulated immunity, i.e. autoimmune disorders (for review see
[38, 72—74]). This is, however, not the end of the list. As demon-
strated by recent research, HDIs may also be valuable tools in the
prevention of neuronal degeneration as occurring in, e.g.
Huntington’s disease [75-77]. It has also been suggested that
HDIs could be helpful in combating infections with protozoan par-
asites [78] or with viruses, including HIV [79-81].

Physiological condition: effects of histone
deacetylase inhibitors on primary hepatocytes

The majority of somatic cells in the mature organism stops divid-
ing and enters a state of quiescence, i.e. Go-phase of the cell cycle.
Some of these cells will irreversibly lose their ability to proliferate
and finally progress into a state of senescence, whereas others
retain their capacity to divide upon stimulation [82]. Hepatocytes
which represent the predominant cell type in the liver (~80% of
the organ mass) belong to the latter group of cells that are semi-
permanently withdrawn from the cell cycle [83]. These parenchy-
mal cells perform multiple metabolic and secretory functions
including protein synthesis, storage and transformation of carbo-
hydrates, synthesis of cholesterol, bile salts and phospholipids,
metabolism of endogenous substances and, most importantly,
biotransformation of xenobiotics [84]. In fact, the majority of
drugs undergoes biotransformation in the liver. In particular oral
drugs are absorbed by the gut and transported via portal circula-
tion directly to the liver.

Due to the high proliferative capacity of the hepatocytes, the
liver is among the few internal organs that are capable of natural
regeneration of lost tissue. This capability is imperative for its sur-
vival. In the case of acute liver injury, hepatocyte proliferation is
aimed at replacing necrotic and apoptotic cells [85]. Basically, all
types of cells in the liver, namely hepatic stellate cells (HSCs),
Kupffer cells, Pit cells, bile duct epithelial cells and fenestrated
endothelial cells, contribute to the regeneration of liver
parenchyma, not only by their own proliferation, but also by stim-
ulation of hepatocyte proliferation [86].

The in vivo regenerative response in the liver is manifested by
a semi-synchronous cell-cycle re-entry of surviving hepatocytes,
accompanied by an induction of a number of differentiation-
promoting pathways [87, 88]. These allow preservation of meta-
bolic homeostasis during the regeneration of the organ. /n vitro,
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the proliferation and differentiation programmes are inversely
related. Thus, in sharp contrast to the in vivo situation, cultured
primary hepatocytes are unable to redifferentiate upon cell divi-
sion and lose their liver-specific functions [89]. Therefore, cur-
rently available in vitro models based on primary hepatocytes fail
to effectively reproduce the in vivo status of the cells for longer
periods, restricting their applicability in, for instance, long-term
pharmaco-toxicological tests of new chemical entities and imply-
ing the use of animal-based tests.

Our previous research clearly shows that HDI therapy may be
beneficial for cultured primary rat hepatocytes. Exposure of hepa-
tocytes to HDIs allows overcoming the isolation procedure-
induced cell cycle re-entry of the cells [90]. As a consequence,
mitogen-stimulated primary hepatocytes cease to proliferate in the
presence of TSA. The specific timing of cell cycle arrest is dictated
by the onset of exposure to the HDI involved [90]. We found that
hepatocytes exposed to TSA from cell seeding onwards respond
with an early S-phase cell cycle arrest, as demonstrated by block
of DNA replication and lack of the S/Go/ M-phase marker cdk1 (Fig. 3).
When HDI exposure is initiated already during the isolation
process of the cells, namely when hepatocytes are still in the state
of considerable quiescence, neither the proto-oncogene c-jun, nor
cyclin D1 could be detected, pointing towards an early Gi-phase
cell cycle arrest [90]. Interestingly, w-carboxypenthyl p-dimethy-
laminobenzamide hydroxamate (4-Me2N-BAVAH), a metabolically
more stable structural TSA analogue, is a more potent inhibitor of
hepatocyte proliferation. Indeed, we found that 4-Me2N-BAVAH
could already promote Gi-cell cycle arrest when exposed from the
time of plating onwards. Unexpectedly, p21 Cipt , controlling the
progression through the Gi-phase and as such a potentlal media-
tor of the observed cell cycle arrest, was not induced. Instead,
diminished activation of transcription factor NF-x3 seemed to
underlie the transcriptional repression of the cyclin D1, although,
the exact mechanism remains to be elucidated [91]. HDACs regu-
late NF-«x@ signalling pathways at multiple levels. For instance,
both HDAC-1 and HDAC-3 have been implicated in the transcrip-
tional silencing of NF-xp-controlled genes [92-94]. In addition,
HDAC-3 directly deacetylates the transcription factor promoting
its export from the nucleus and sequestration by its inhibitor, Ik
[95]. Inhibition of deacetylase activity would augment the NF-x3
function by relieving HDAC-mediated repression. Nevertheless, a
study in mouse epithelial JB6 cells revealed that HDIs down regu-
lated cyclin D1 expression by diminishing NF-kx3-DNA binding
[96]. Another study could demonstrate that TSA prevented the
phosphorylation of the inhibitor Ixg and its subsequent degrada-
tion, resulting in a decreased NF-«xf activation [97]. Whether
similar mechanisms are responsible for the inhibition of NF-xf
activation in primary hepatocytes upon exposure to HDIs is still to
be determined. )

Our finding, namely a p21c'p1-independent cell cycle arrest in
response to exposure of primary hepatocytes to HDIs, was con-
firmed by another group [98]. Indeed, normal human skin flbrob-
lasts and primary neuronal cells did not demonstrate p21 Cipt up-
regulation upon HDI exposure. The latter findings may suggest
that p21C'p1-independent cell cycle arrest is a common feature of
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HDAC inhibition in healthy, (primary) cells [23, 99] Nevertheless,
there is a subtle indication that HDACs control p21 Cipt expression
in hepatic tissue. Indeed, forced ex ressmn of human HDAC-1
diminishes the expression of p21“®" mRNA in mouse liver
[64, 65]. Unfortunately, the authors did not clarify whether this
phenomenon was of a primary or secondary nature. Accordingly,
the following question Was not answered; was an increased
HDAC-1 activity at the p21 Cip1 gene promoter responsible for
observed decrease of p21“®" mRNA or rather the diminished pro-
duction of its upstream regulator, i.e. p53? Furthermore, the
expression of p21 Cipt protein in response to HDAC-1 overexpres-
sion was not investigated [64, 65].

Recently, new light was shed on the role of HDAC-1 in the con-
trol of liver proliferation by Wang et al. [100]. They showed that in
the quiescent liver of aged mice HDAC-1 protein was elevated and
interacted with the negative regulator of liver proliferation, namely
CCAAT-enhancer-binding protein (C/EBP)-a.. The latter guided the
HDAC-1 enzyme to E2F-responsive gene promoters enabling
deacetylation of local histones and subsequent transcriptional
silencing of the corresponding genes. The expression of prolifera-
tion-specific transcription factors, ie. Forkhead box M1 B
(FoxM1B) and c-myc, was inhibited in the former manner reflect-
ing a diminished ability of the liver to regenerate during the aging
process. Furthermore, the observed increase of the HDAC-1 pro-
tein was cyclin D3-dependent and resulted from an intensified
translation of HDAC-1 mRNA [100]. Surprisingly, HDAC-1 was
also elevated in the liver of young mice undergoing partial hepate-
ctomy (PH) [64, 65, 101]. Nonetheless, as opposed to the previ-
ous study, a related transcription factor, namely C/EBP-B acted as
a primary HDAC-1 interaction partner instead of C/EBP-a.
Following PH, the HDAC-1-C/EBP-B complex repressed the tran-
scription of the former G/EBP isoform, and by doing so abolished
the C/EBP-a-mediated block of liver proliferation [101]. A sub-
stantial role of HDAC-1 in this process was underlined by the fact
that depletion of the enzyme by siRNA technology prevented cyclin
D1 and PCNA induction upon PH, whereas C/EBP-a protein was
expressed at high levels [101].

Our research group has shown that apart from cell prolifera-
tion, HDACs also modulate other aspects of hepatocyte physiol-
ogy. As such, exposure of cultured adult rat hepatocytes to TSA
improved both their xenobiotic biotransformation capacities and
albumin secretion, and their gap junctional intercellular communi-
cation [102—-104]. Additionally, an increased survival rate of hepa-
tocytes was seen in conventional monolayer cultures by delaying
activation of programmed cell death pathways [104, 105].

Pathophysiological condition

Liver malignancy-hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is one of the most frequent and
one of the five deadliest malignancies on a global scale [106]. Viral
infection with hepatitis B and/or C, as well as chronic exposure to
toxic compounds, lead to uncontrolled inflammation with conse-
quent expansion of liver fibrosis/cirrhosis, creating favourable
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Fig. 3 (A) Schematic representation of the cell cycle and cell cycle-related targets of HDIs described in liver cells. Positive or negative effect of HDIs on
the expression/activity of cell cycle-specific proteins or events is indicated by a “+’ or “=" sign respectively. (B) Summary of biological effects of HDIs
in cultures of primary hepatocytes, hepatoma cell lines and myofibroblast-like cells. Symbols; |- down-regulation, 1 - up-regulation, ~ no change of
expression/activity, ‘€’-findings described in myofibroblasts of non-hepatic origin. Abbreviations not appearing in the text of the current review are:
B-cell CLL/lymphoma 2 (Bcl-2), BH3-interacting domain death agonist (Bid), Bcl-2-associated X protein (Bax), cytochrome P450 (CYP), connexin (Cx)

and hepatocyte nuclear factor (HNF).

conditions for HCC development [107]. In current clinical practise,
treatment options are limited to surgical resection and liver trans-
plantation. Due to the scarcity of healthy liver transplants, only a
limited number of patients can be treated. Fifty to 80% of the
patients undergoing surgery will suffer from recurrence within
5 years from resection [108]. There is, however, a growing under-
standing of the molecular events that participate in hepatocarcino-
genesis. They may include telomere shortening, evoking chromo-
somal instability, loss of cell cycle checkpoints (p53, Rb, IGF2R),
activation of proliferation and survival promoting pathways (PI3K,
ERK, Wnt/B-catenin, NF-xB) as well as inhibition of apoptosis
(imbalance in the pro- and anti-apoptotic members of the Bcl-2
family) [109-112]. Recently, a direct link between HDAC activity
and HCC incidence was discovered. It was indeed found, that
chronic hepatitis B virus patients, being carrier of the specific
HDAC-10 sequence variant, HDAC10-589C>T, run a higher risk of
HCC development. Additionally, this specific allele demonstrates
higher transcriptional activity probably suggesting that increased
HDAC-10 expression could be one of the contributors to the car-
cinogenesis process [113].

Although HDIs constitute a large group of structurally and
chemically diverse compounds, their effects on tumour cells are
surprisingly uniform. In contrast to primary non-transformed
cells, HDIs- medlated cell cycle arrest in cancer cell lines bears the
emblem of p21 CiP1 induction. As early as in 1998, the elevated
expression of p21 Cipt upon exposure of human hepatoma cell
lines to the weak HDI NaB was detected [114] In the following
years, several other groups reported p21 P! induction in human
and rodent hepatoma cells using distinct HDIs such as, TSA, val-
proate, ITF2357 (hydroxamic acid derivative), 4-phenylbutyrate
and a bloconjugate of butyrate with hyaluronan [98, 115-119].
The reported p21 Cip1 up-regulation was associated with cyclin D1
or cyclin A gene repression, indicating a Go/Gi- or Go/ M-phase cell
cycle arrest, respecnvely (Fig. 3) [115, 119]. HDIs activate the
expression of p21 Cip by enhancing histone acetylation and pro-
moting co-activator recruitment in the region of the p21 Cipt gene
promoter. A number of stud|es indicate a key role of the SP-1
transcription factor in p21 Cipt activation, autonomous of the p53
pathway [61, 120]. It was suggested that the exposure to HDIs
dlscharges the HDAC-1 enzyme from SP-1 binding sites at the
p21 Cipt gene promoter. As a consequence, repression is relieved
and transcription is initiated [121]. Dispensability of p53 in this
process was illustrated using the PLC/PRF/5 HCC cell line
expressing mutant p53, and the Hep3B HCC cell line which lacks
production p53. These cell lines were not impaired in their
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p21%P-induction ability upon HDI exposure [114, 116, 119 122].
Nevertheless, the p53 involvement in HDI-mediated p21 Cip gene
transcription cannot be completely ruled out. As such a site-specific
p53 acetylatlon as a consequence of HDAC inhibition followed by
p21 Cipt |nduct|on was described [123]. A general conclusion is
that the p21 CiPt induction pathway, in response to HDI treatment,
is dependent on both the cell type and the functionality of p53.

Liver fibrosis
Liver fibrosis is a disease arising as a result of dysregulated repair
processes in reaction to liver insults [124]. It is believed that HSCs
are major perpetrators of the pathological changes. HSCs belong
to the non-parenchymal subpopulation in the liver. In normal,
healthy liver, these cells occupy the space of Disse, embracing the
hepatic sinusoids with their long protrusions. In their quiescent
state they are known to store retinoids within the numerous cyto-
plasmic lipid droplets [125]. Upon liver injury, HSCs undergo a
complete metamorphosis during a process commonly referred to
as ‘transdifferentiation’. HSCs become ‘activated’ and adopt a dis-
tinct myofibroblastic phenotype [126]. The latter is characterized
by a higher proliferative capacity, fibrogenic and pro-inflammatory
properties and enhanced contractility. The cell morphology is also
transformed and is accompanied by a loss of lipid droplets [127].
HSC-derived myofibroblasts constitute a prominent cell type in the
pathogenesis of liver cirrhosis. It must be stressed that also other
cells, including portal fibroblasts, biliary epithelial cells and bone
marrow-derived fibrocytes, may give rise to myofibroblast-like
cells [125, 128, 129]. A common feature of the whole myofibrob-
last population, independent of cell origin, is the expression of the
myogenic marker a-smooth muscle actin («-SMA) (Fig. 4) [86].
Damage to liver parenchyma induces a regenerative response
that is characterized by three phases, namely initiation, perpetua-
tion and resolution [127]. (/) During the initiation phase, injured
hepatocytes, HSCs, bile duct cells and activated immune system
cells secrete a plethora of pro-inflammatory mediators, rendering
the surviving liver cells responsive towards cytokines and growth
factors. (/i) In the perpetuation phase, the activated cells synthe-
size and excrete growth-promoting stimuli in a paracrine and
autocrine manner. These enhance the signalling spiral aimed at
promoting hepatocyte proliferation and extracellular matrix (ECM)
deposition by HSCs/myofibroblasts to replace the damaged tissue.
(ifiy 1t is speculated that upon restoration of proper liver architec-
ture, activated HSCs may reverse to a quiescent state or undergo
spontaneous apoptosis, accompanied by degradation of the ECM
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Fig. 4 Schematic representation of HSC activation. Liver damage (caused by viral infection, metabolic disease, drugs, toxins, cholestasis) leads to the
transdifferentiation of quiescent HSCs into activated myofibroblast-like cells under the influence of different mediators secreted by resident liver cells
as well as non-liver resident cells. The most striking phenotypical changes are the loss of lipid droplets, fibrogenesis and the increase in contractile
capacity. During resolution of liver damage, it is not yet clear what the fate of the activated stellate cells is: re-differentiation into quiescent HSCs or
apoptosis of the activated myofibroblast-like cells. Abbreviations not appearing in the text of the current review are: platelet derived growth factor
(PDGF), endothelin 1 (ET-1), reactive oxygen species (ROS) and monocyte chemotactic protein 1 (MCP-1). The figure has been adapted from [127].

surplus. These latter events characterize the final stage of the
regeneration process, i.e. the resolution [127]. In contrast, repet-
itive or persistent liver damage may eradicate the resolution
phase. Liver cells, predominantly HSCs, become entrapped in a
vicious inflammatory circle of cell activation, proliferation and
ECM overproduction, being the hallmark of liver fibrosis.
Paradoxically, the regenerative capabilities of hepatocytes become
compromised in the former setting. Funakoshi et al. [130] have
shown that cyclin D1 levels decline in hepatocytes whereas
the expression of cdk inhibitors such as p15 and p16, increase in
the progression of liver fibrosis [130]. Simultaneously, the chief
profibrogenic cytokine transforming growth factor (TGF)-g, pro-
duced by activated HSCs, is known to have detrimental effects on
hepatocyte survival [131]. Impaired proliferation combined with
diminished viability of the hepatocytes result in substitution
of functional liver parenchyma by a collagen-rich matrix. Threads
of newly synthesized collagen force themselves between groups of
liver cells, creating nodules of surviving hepatocytes which
attempt to regenerate. Over time, progressive parenchymal
remodelling leads to deformation of the lobular organization of the
liver which actually defines liver cirrhosis [132]. Abnormal cir-
rhotic architecture severely diminishes blood flow in the liver,
resulting in portal hypertension and hepatocellular insufficiency. In
these circumstances, hepatocytes are not able to perform their
usual biochemical tasks, bringing about grave consequences for
the functioning of the whole organism. Moreover, there exists a
well-documented positive correlation between the occurrence of
liver cirrhosis and subsequent HCC development [133].

© 2009 The Authors

Histone deacetylase inhibitors as modulators of the hepatic
stellate cell myofibroblastic phenotype
Activated HSCs are master regulators of ECM production and
turn-over, and thus appear attractive targets for antifibrotic ther-
apy. Exposure of primary rat HSCs to TSA or NaB was shown to
hinder their transdifferentiation, which otherwise occurs sponta-
neously when cultured on a plastic substrate. Most notably, HDI
treatment had an impact on several key features of the myofibrob-
lastic phenotype, namely on cell morphology, proliferation, ECM
production and cell contractility. These changes were accompa-
nied by histone H4 hyperacetylation. The effects of HDAC inhibi-
tion were less pronounced when full HSCs activation already had
occurred [134, 135]. It is also worth mentioning that the TSA con-
centration that was effective in blocking HSCs transformation was
significantly lower than that inhibiting hepatocyte proliferation
(100 nM versus 1 wM). Consequently, at this low concentration,
HDIs are effective in blocking HSCs transdifferentiation; however,
they do not compromise the ability of hepatocytes to regenerate.
Further analysis of TSA-exposed HSCs revealed several HDI sen-
sitive genes implicated in actin cytoskeleton formation, such as
nucleating proteins Arp2 and Arp3, capping proteins ADDL70 and
gelsolin, in addition to type Il intermediate filaments (Fig. 3). TSA-
induced alterations of actin dynamics preserved the actin
cytoskeleton typical for quiescent HSCs. As a consequence, the
migration ability of HSCs was severely affected [136].

The authenticity of the above described findings was confirmed
in other in vitro systems. The disproportionate deposition of ECM
leading to fibrotic changes is not a unique feature of the fibrotic liver,
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but rather a common component of a group of disorders which may
assault eye, kidney, lung and heart. The main perpetrators in these
cases are fibroblasts that undergo a transdifferentiation process.
The latter is analogous to that of HSCs in the damaged liver and also
gives rise to myofibroblast-like cells [137]. The myofibroblastic
phenotype may be mimicked in vitro by stimulating cultured fibrob-
lasts with TGF-B. Several studies describe that HDIs are able to
inhibit TGF-B-induced transformation of human, murine and rat
skin fibroblasts in culture [138—-140]. A common feature of HDAC
inhibition is the reduced production of collagen I. Other effects of
exposure of TGF-B-stimulated fibroblasts or fibroblasts isolated
from systemic sclerosis patients to HDIs included diminished
expression of fibronectin, «-SMA and induction of the cdk inhibitor
p21C"°" [140, 141]. Additionally, Young and colleagues reported that
TSA had a negative impact on the TGF-g mediated expression of
TIMP-1, tissue inhibitor of matrix metalloproteinases (MMPs).
Interestingly, valproic acid did not block the TGF--induced expres-
sion of TIMP, demonstrating HDAC specificity in this process [142].
Under normal conditions, matrix metalloproteinases orchestrate
ECM turnover. They break down the key components of ECM, main-
taining a balanced ECM production/degradation ratio. However, in
pathological situations, although abundant in the extracellular envi-
ronment, MMPs remain latent due to elevated levels of TIMPs
[132]. An up-regulated expression of TIMP-1 and TIMP-2 is
believed to be an intrinsic element of progressive fibrosis, further
augmenting the effect of ECM overproduction [143]. The ability of
TSA to inhibit TIMP-1 expression has more than one implication.
Apart from the direct effect on of the ECM degradation rate,
TIMP-1 also acts as an anti-apoptotic factor for activated HSCs
[144]. Lowering TIMP levels by TSA may thus accelerate fibrosis
regression by promoting ECM proteolysis and elimination of profi-
brogenic cells. However, a cell-type specific response should be
anticipated and experiments on HSCs should be carried out to
demonstrate the importance of these original findings.

The role of histone deacetylases in the regulation

of pro-fibrogenic and pro-inflammatory cascades

The mechanism by which HDIs modulates the transdifferentiation
process of myofibroblast-like cells, including activated HSCs,
remains a subject of speculation, although a few recent studies
may provide a hint. An evident candidate appears to be the TGF-g
signalling pathway, because TGF-B controlled gene promoters
include collagen | and I, «-SMA, TIMP-1 and MMP-1 [129, 145].
The canonical TGF- signal transduction pathway is initiated upon
molecular bridging of specific receptors by TGF-B ligand and sub-
sequent recruitment of cytosolic mediators, the Smads proteins.
The first to associate with the activated receptors are Smad-2 and
Smad-3, i.e. receptor-activated Smads (R-Smads). They are further
joined by another family member, Smad-4. This multi-subunit
complex translocates to the nucleus to exert its transcription-
related effects. Two additional, though inhibitory Smads
(I-Smads), Smad-6 and Smad-7, are responsible for counteracting
this process [129, 145]. This simplistic illustration of the TGF-B
pathway becomes much more complex if one considers the diver-
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sity of proteins that associate and interact with Smads and the non-
Smad pathways induced by TGF-B. Although the Smads possess
intrinsic DNA-binding ability, they must cooperate with other pro-
teins to increase the binding affinity and selectivity towards their
target gene promoters [146]. Furthermore, the activated R-Smad/
Smad-4 complex may select interaction partners with either gene
transcription-inducing or repressive properties. These mulitprotein
factors contain the chromatin modulating enzymes, KATs or HDACs,
respectively, and compete for binding to Smad proteins. The tran-
scriptional outcome will be determined by the ratio of rivalling
transcriptional coactivators and corepressors [147, 148].

Thus far, several Smad-linked corepressors with deacetylase
activity have been identified, but only few studies have demon-
strated actual recruitment of these HDAC complexes by Smads to
TGF-B-responsive genes [149]. These include TGIF, Ski and SnoN,
Evi-1 and PIASy [150-152]. Only few of them (i.e. TGIF and
PIASy) can directly interact with HDACs. Nonetheless, the most
common mode of action involves the recruitment of HDAC-
containing complexes, such as mSin3 (TGIF, Ski and SnoN), CtBP
(TIGF and Evi-1) or NcoR (Ski and SnoN) [147, 150-152]. The
chromatin-condensing properties of HDACs will act as a silencing
tool of Smads for TGF-B-controlled genes. Interestingly, HDACs
not only regulate the transcriptional activity of Smad-responsive
genes, but also of Smads themselves. Although there is no actual
evidence on reversible acetylation of R-Smads or Smad-4, the for-
mer mechanism seems to regulate the stability of I-Smad, Smad-7
[28]. In this regard, the acetylation of specific lysine residues,
which alternatively may be used as ubiquitination sites, protects
Smad-7 from proteolytic degradation. Conversely, HDAC-
mediated deacetylation of these lysines decreases the half-life of
the protein [153]. These observations support the notion that
HDAGs are involved in the regulation of TGF-g signalling at multiple
levels and hence, might occupy a central position in TGF-@ driven
myofibroblastic differentiation.

At present no studies have been carried out to demonstrate an
effect of HDIs on the TGF-B-mediated events in primary HSCs
in vivo or in vitro. Several studies, however addressed this issue
by using skin fibroblasts. Rombouts et al. demonstrated in rat skin
fibroblasts that, apart from its pronounced effects on collagen |
and «-SMA mRNA levels, TSA also alters the transcription of
TGF-B as well as of its downstream mediators in activated rat skin
fibroblasts [140]. The TSA-induced TGF-B expression was paral-
leled by the up-regulation of Smads-3, -4 and -7 whereas the
Smad-2 mRNA level decreased. It is difficult to interpret those
observations because HDACs regulate the TGF-g pathway at multi-
ple levels. Increased TGF-B production together with up-regulation
of Smad-3 and -4 indicate that TSA treatment could amplify the
profibrogenic cascade. On the other hand, down-regulation of
Smad-2 could limit the formation rate of transcriptionally active
Smad complexes. Similarly, elevated Smad-7 could constrain sig-
nal transduction within the pathway. Nevertheless, judging from
the reduced expression of fibrosis-related proteins (collagen | and
Ill, «-SMA), one could expect an antifibrogenic net outcome of
HDI treatment. In a study by Rishikof et al. [139], the HDI phenyl-
butyrate was used to inhibit TGF-B mediated effects in human lung
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fibroblasts. Although type | collagen expression was decreased,
the responsible mechanism in these cells seemed to be Smad
independent. A mechanism including a phenylbutyrate-dependent
stimulation of cAMP production and histone acetylation was pro-
posed [139]. A similar observation was made by Ghosh et al.
[138] in human foreskin fibroblasts where TSA treatment did not
directly modulate Smad activity. There, exposure of TGF-g acti-
vated fibroblasts to TSA resulted in diminished SP-1 levels (Fig. 3)
[138]. As SP-1-Smad interaction is essential for the activation of
the transcription from the collagen | gene promoter in response to
TGF-B signals, the SP-1 levels might suggest an important
response of the cells to TSA exposure [154]. Glenisson and col-
leagues took these analyses one step further. They explored the
contribution of individual HDAC isotypes to TGF-B-induced myofi-
broblastic differentiation in primary human skin fibroblasts [155].
By comparing the effect of TSA treatment with the result of silenc-
ing of a single HDAC in TGF- treated cells, they found that knock-
ing-down expression of HDAC-4, and in lesser extent HDAC-6
and -8, mimics the effects of TSA-induced HDAC inhibition with
respect to the down-regulation of «-SMA. Interestingly, HDAC-2
and HDAC-7 knock-down potentiated the production of «-SMA
gene transcripts. This study indicates that different members of
the HDAC family govern the TGF-B-induced a-SMA transcription
in human skin fibroblasts. It also suggests that during fibrogene-
sis this process might be HDAC-4 dependent. Therefore, HDAC-4-
specific inhibitors could perhaps ameliorate liver condition by
inhibiting the transdifferentiation process. Thus far, neither in vivo
studies nor studies in primary HSCs were carried out.

Conclusions

The observations discussed in this paper accentuate the multiple
and diverse roles of the HDAC family in the control of cellular
homeostasis. Consequently, these enzymes may present attractive
pharmacological targets to modulate disease processes. However,
finding the equilibrium between blocking ‘pernicious’ and promot-
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ing ‘beneficial’ HDAC(s) seems to be a prerequisite. It is clear that
the function of HDACs varies with cell type, signalling pathway and
target gene promoter. Additionally, HDACs may regulate the same
processes by a dual mechanism, namely by operating at the level
of chromatin and/or at the protein level (Fig. 2). Furthermore,
HDACs are debarred of DNA-binding ability and require multiple
associates in order to localize target genes. It is therefore of key
importance to identify the cell- and process-specific functions of
each HDAC isoenzyme and their potential interaction partners. A
total shutdown of the deacetylation machinery obtained by a gen-
eral HDI, such as TSA, and subsequent apoptosis is desired when
cancer cells are targeted. Adverse effects by inhibition of all
HDACs in healthy primary cells, particularly during long-term
treatment, might occur. For instance, in the TGF-B signalling path-
way, driving the fibrogenic cascade in HSCs, HDACs play opposite
roles. Inhibition of HDAC activity by TSA prevents the manifesta-
tion of myofibroblastic features (i.e. collagen production, a-SMA
expression) and induces the inhibitors of Smad signalling (TGIFs
and Smad-7). The same inhibitors, TGIF as well as Ski and SnoN,
require HDAC activity to repress the transcription on target gene
promoters involved in non-benign processes in HSCs but also in
other liver cells.

To the best of our knowledge, no in vivo studies with HDIs in
animal models of liver fibrosis have been published. It would,
however, be tempting to speculate, based on the in vitro studies
with HSCs and fibroblasts that HDIs could be of therapeutic use as
antifibrotics. The current HDIs that entered pre-clinical and/or clin-
ical trials for their use in the treatment of cancer, i.e. suberoy-
lanilide hydroxamic acid or valproic acid in breast cancer, have
according to the readily available scientific literature not been
tested for their in vivo antifibrogenic capacity.

In summary, HDIs have an enormous potential as pharmaco-
logical agents for the treatment of various diseases and as modu-
lators of the phenotype of primary cells in vitro. To fully benefit
from the advantageous effects of these agents, however, we need
to fathom the enzymes they are targeting. With the advent of new
technologies, such as RNA interference, elucidation of their spe-
cific roles can be awaited in the near future.
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