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A B S T R A C T

Abnormal epigenetic control is a common early event in tumour progression, and aberrant

acetylation in particular has been implicated in tumourigenesis. One of the most promising

approaches towards drugs that modulate epigenetic processes has been seen in the devel-

opment of inhibitors of histone deacetylases (HDACs). HDACs regulate the acetylation of

histones in nucleosomes, which mediates changes in chromatin conformation, leading

to regulation of gene expression. HDACs also regulate the acetylation status of a variety

of other non-histone substrates, including key tumour suppressor proteins and oncogenes.

Histone deacetylase inhibitors (HDIs) are potent anti-proliferative agents which modulate

acetylation by targeting histone deacetylases. Interest is increasing in HDI-based therapies

and so far, two HDIs, vorinostat (SAHA) and romidepsin (FK228), have been approved for

treating cutaneous T-cell lymphoma (CTCL). Others are undergoing clinical trials. Treat-

ment with HDIs prompts tumour cells to undergo apoptosis, and cell-based studies have

shown a number of other outcomes to result from HDI treatment, including cell-cycle ar-

rest, cell differentiation, anti-angiogenesis and autophagy. However, our understanding of

the key pathways through which HDAC inhibitors affect tumour cell growth remains in-

complete, which has hampered progress in identifying malignancies other than CTCL

which are likely to respond to HDI treatment.
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1. Histone deacetylase classes further compaction of DNA to form chromatin (Inche and La
The vast amount of genomic DNA in eukaryotic cells is assem-

bled onto histone proteins to allow it to be accommodated

within the nucleus. An octamer of histones, consisting of an

H3eH4 tetramer and two H2AeH2B dimers makes up a nucle-

osome, around which around 146 bp of DNA is wrapped

(Bentley et al., 1984). Nucleosomes interact with the linker his-

tone H1 and other chromatin-associated proteins to achieve
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Thangue, 2006).

The N-terminal tail regions of histones undergo a wide va-

riety of enzyme modifications, including acetylation, methyl-

ation, phosphorylation and ubiquitination which have

significant effects on gene expression, and are referred to as

the “histone code” (Moniot et al., 2012). Core histone proteins

are reversibly and dynamically acetylated at multiple lysine

residues in their N-terminal tails, and histone acetylation
e).

mical Societies. Published by Elsevier B.V. All rights reserved.

mailto:nick.lathangue@oncology.ox.ac.uk
www.sciencedirect.com/science/journal/15747891
http://www.elsevier.com/locate/molonc
http://dx.doi.org/10.1016/j.molonc.2012.09.003
http://dx.doi.org/10.1016/j.molonc.2012.09.003
http://dx.doi.org/10.1016/j.molonc.2012.09.003
http://dx.doi.org/10.1016/j.molonc.2012.09.003


M O L E C U L A R O N C O L O G Y 6 ( 2 0 1 2 ) 6 3 7e6 5 6638
and deacetylation play a key role in regulating gene expres-

sion in eukaryotes and modifying chromatin structure. This

takes place both by affecting the intrinsic properties of his-

tones and their interactions with other proteins and DNA

(Khan and La Thangue, 2008). Histone acetylation is controlled

by histone acetyl transferases (HATs) which transfer acetyl

groups to the side chain of lysine residues, and histone deace-

tylases (HDACs), which deacetylate lysine residues and coun-

terbalance activity of HATs (Khan and La Thangue, 2008).

The HDAC family of enzymes regulates not only the acet-

ylation level of histones in chromatin, but also a variety of

non-histone substrates, which include many proteins that

are involved with tumour progression, cell cycle control,

apoptosis, angiogenesis and cell invasion (Witt et al., 2009).

The HDAC family contains 18 genes which are grouped into

classes I, II, III and IV (Figure 1) based on their homology to

respective yeast orthologues Rpd3, HdaI and Sir2 (Gregoretti

et al., 2004).

HDAC inhibitors typically target the “classical” classes I, II

and IV HDACs, which comprise 11 family members in

humans (Witt et al., 2009). Class III HDACs are named sirtuins

(SIRT1-7) and differ from classical HDACs in that they use

NADþ as the essential cofactor, whereas classical HDACs con-

tain a Zn2þ catalytic ion in their active site (Liu et al., 2009).

There is increasing evidence for class III HDACs being impor-

tant in transcriptional regulation, for example, SIRTI upregu-

lation in cancer cells induces CpG island methylation and

aberrant silencing of tumour suppressor genes such as E-cad-

herin (Liu et al., 2009). However, this class of HDACs will not
1

2

3

8

4

5

6

7

9

10

11

N C
Size

(amin

482

488

428

377

1084

1122

1215

855

1011

669

347

CLASS I

CLASS II

CLASS IV

Zn2+ dependent catalytic domain

Nuclear localization signal

Ubiquitin-binding BUZ domain
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enzyme, as well as the process in which this substrate participates.
be covered in detail in this review (reviewed in Haigis and

Sinclair, 2010).

1.1. Class I HDACs

Class I HDACs consist of HDAC1, HDAC2, HDAC3 and HDAC8.

HDACs 1, 2 and 3 are located in the nucleus, whereas HDAC8 is

located both in the nucleus and the cytoplasm. HDACs 1, 2 and

3 are found as components of multi-protein complexes in-

volved in transcriptional repression. For example, Mi2 and

Co-REST contain the HDAC1eHDAC2 dimer, whilst the NCoR

complex forms around HDAC3 (Yang and Seto, 2008). HDAC8

has not been found in any transcriptional repressor complex

so far (de Ruijter et al., 2003).

Class I HDACs are ubiquitously expressed throughout all

cells and are likely to be important in regulating proliferation.

For example, the pRb tumour suppressor recruits HDAC1 into

a complex with E2F (Satoh et al., 2011), to result in HDAC1

binding E2F target promoters during the early G1 phase of

the cell cycle to cause decreased histoneH4 acetylation of spe-

cific lysines to result in gene silencing and cell cycle arrest

(Chalkiadaki and Guarente, 2012). The DNA damage response

is another process in which class I HDACs are involved in.

HDAC1 and HDAC2 are recruited to sites of DNA damage to

promote hypoacetylation of histone H3 K56, which is likely

to repress transcription and thus allow DNA repair to take

place, as well as potentially recruiting non-homologous end

joining factors (Miller et al., 2010). Cells in which HDACs 1

and 2 are depleted are hypersensitive to DNA damaging
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agents, due to faulty double-strand break repair by non-

homologous end joining (Miller et al., 2010).

The importance of class I HDACs is highlighted by the fact

that global deletion of HDAC1 in mice results in death by em-

bryonic day 9.5, whereas cardiac-specific deletion of HDAC1

and 2 together, but not each individually, causes neonatal le-

thality due to cardiac arrhythmia, suggesting HDACs 1 and 2

redundantly regulate cardiac morphogenesis, growth, and

contractility (Montgomery et al., 2007). HDAC2 also has also

been shown to regulate chromatin compaction and its inhibi-

tion results in chromatin decondensation and tumour cell

sensitization to chemotherapy (Marchion et al., 2009). Inacti-

vation of HDAC3 resulted in compromized DNA repair, with

DNA damage observed particularly in cycling cells, which

may lead to tumour cells with defective cell-cycle checkpoints

being especially sensitive to HDAC3 inhibition (Bhaskara et al.,

2008). HDAC8 has recently been shown to be required for tran-

scription of wild-type and mutant tumour suppressor p53,

suggesting that HDAC8 inhibition may be a way to prevent

mutant p53 expression in tumours (Yan et al., in press).

1.2. Class II HDACs

Class II HDACs are present in either the cytoplasm or nucleus,

and can be shuttled between these compartments. Their func-

tions are typically tissue specific: for example HDACs 4, 5 and

7 regulate muscle cell differentiation by changing localization

in response to specific signal which results in changed to gene

expression (de Ruijter et al., 2003). Class II HDACs are divided

into two subclasses: class IIAmembers are HDACs 4, 5, 7, and 9

and class IIB members are HDACs 6 and 10.

All class IIA members possess a conserved N-terminal do-

main, which is homologous to yeast yHDA1 (Verdin et al.,

2003) and regulates nuclear-cytoplasmic shuttling and DNA-

binding. Class IIAmembers also contain three conserved sites

for binding of 14-3-3 proteins, which regulates cellular traf-

ficking of class IIA HDACs in a phosphorylation dependent

manner. 14-3-3 binding site phosphorylation is dependent

on the action of a number of signalling pathways. Whether

these HDACs are retained in the cytoplasm or transported to

the nucleus regulates activity of transcription factors such

as myocyte enhancing factor-2 (MEF2) and, consequently,

myocyte development. In the nucleus, class IIA HDAC, such

as HDAC9, are bound to MEF2 proteins in a number of gene

promoters, repressing transcription until amyogenic differen-

tiation signal causes their export into the cytoplasm (Verdin

et al., 2003).

HDAC4 regulates chondrocyte hypertrophy and endochon-

dral bone formation by inhibiting the Runx2 transcription fac-

tor (Sun et al., 2009), its importance highlighted by the fact

that HDAC4 knockout mice display premature ossification of

developing bones and aberrant skeletogenesis (Vega et al.,

2004). HDAC9 has a role in cardiomyocyte differentiation

and mice lacking HDAC9 are sensitized to stress signals that

induce cardiac hypertrophy (Montgomery et al., 2007).

HDAC7 regulates apoptosis in developing thymocytes, in

part by inhibiting the Nur77 receptor via the transcription fac-

tor MEF2D. During T-cell receptor activation, HDAC7 is

exported from the nucleus, permitting expression of Nur77

can be expressed and abolishing TCR-mediated apoptosis
(Dequiedt et al., 2003). HDAC5 is also required for Nur77 re-

pression although it occurs at a lower level in the human thy-

mus (Dequiedt et al., 2003). HDAC5 also represses angiogenic

genes such as FGF2 and Slit2 in endothelial cells (Urbich

et al., 2009).

The two class IIB members HDAC6 and HDAC10 are struc-

turally related in that they both contain two catalytic domains

and a C-terminal zinc finger, although HDAC10 also possesses

an extra catalytically inactive domain. HDAC6 has a number

of functions both dependent and independent of its histone

deacetylase activity. HDAC6 deacetylates a-tubulin and heat

shock protein-90 (HSP-90) amongst other proteins, and

thereby regulates cell-motility and adhesion, as well as the re-

sponse to misfolded proteins (see also Section 4.3). HDAC6 is

a unique enzyme in that it has two catalytic sites and the ubiq-

uitin binding BUZ domain, which allows it to target cargo pro-

teins for subsequent processing. The zinc-finger ubiquitin

binding domain of HDAC6 is important in aggresome forma-

tion (Kawaguchi et al., 2003), autophagy (Lee et al., 2010),

heat shock factor-1 activation in response to cytotoxic protein

aggregates (Boyault et al., 2007) and platelet derived growth

factor (PDGF) function (Gao et al., 2007).

HDAC10 has fewer established roles than HDAC6, although

it may also regulate HSP-90 acetylation and thus vascular en-

dothelial growth factor receptor (VEGFR) degradation by the

proteasome. HDAC10 inhibition therefore is also able to in-

crease HSP90 acetylation, and causes VEGFR degradation

(Park et al., 2008). Interestingly, HDAC10 together with

HDAC9 have been shown to be necessary for homologous re-

combination activity, although it is not yet clear whether this

is by direct participation or transcriptional control (Kotian

et al., 2011).

1.3. Class IV

HDAC11 is the only HDAC in class IV and very little is known

about it at present, although it has been implicated in immune

system regulation via its role in interleukin-10 expression

(Lian et al., 2012) and OX40L surface expression in Hodgkin

lymphoma (Buglio et al., 2011).
2. HDACs and cancer

Altered expression, deregulation and mutations of HDAC

genes are linked to tumour development during cancer in

two ways: through modification of gene transcription and

via the non-histone HDAC substrates. Although somatic mu-

tations of HDAC genes are rare, HDAC4 mutations have been

identified in breast cancer samples during a large scale se-

quencing study (Sjoblom et al., 2006). Additionally, mutations

which result in HDAC2 protein truncation have been de-

scribed in human epithelial cancer cell lines (Ropero et al.,

2006). The altered expression profiles of various HDACs in dif-

ferent cancer types observed in studies so far and their poten-

tial prognostic relevance is summarized in Table 1.

HDACs frequently induce aberrant transcription of key

genes regulating cell proliferation, cell-cycle and apoptosis.

This takes place by HDACs acting as components of multi-

protein complexes containing corepressor DNA-binding
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Table 1 e HDAC expression in various cancer types and possible prognostic relevance.

Levels in cancer types Prognostic relevance

Class I HDACs

1 Upregulated in gastric, colorectal, esophageal

and pancreatic cancer

High expression in pancreatic cancer associated with poor prognosis

In hepatocellular carcinoma, high HDAC1 associated with invasion

into the portal vein

In lung cancer, high HDAC1 associated with later stages of disease

Better disease-free survival in breast cancer

2 Upregulated during early colorectal cancer

at the polyp stage

Upregulated in cervical dysplasia and invasive carcinoma

High levels in colorectal cancer associated with poor patient survival

Associated with advanced stage disease in gastric, colorectal

and prostate cancer

Associated with aggressive CTCL

3 Upregulated in lung cancer, prostate and colon cancer High levels in colorectal cancer associated with poor patient survival

Associated with advanced stage disease in gastric, colorectal

and prostate cancer

Poor prognostic indicator for post-liver transplantation HCC

8 Upregulated in neuroblastoma Higher expression associated with poorer outcome and advanced

stage disease in paediatric neuroblastoma

Class IIA HDACs

4 Upregulated in breast cancer samples compared

with renal, bladder and colorectal cancer

No data available

5 Upregulated in colorectal cancer in contrast to

renal, bladder and breast cancer

Downregulated in cancer and acute myeloid leukaemia

Low expression associated with poor prognosis in lung cancer

7 Upregulated in colorectal cancer in contrast to

bladder, renal and breast cancer

May present an anti-angiogenesis target

9 Overexpressed in medulloblastoma/astrocytoma High levels associated with poor prognosis and survival in childhood

acute lymphoblastic leukaemia

Class IIB HDACs

6 High in oral squamous cell carcinoma Associated with favourable outcome in CTCL in higher survival in

breast cancer

10 Overexpressed in hepatocellular carcinoma Poor prognostic indicator in lung cancer

Class IV HDACs

11 Overexpressed in breast cancer No data available
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proteins such as NcoR, SMRT and Sin3A (de Ruijter et al., 2003;

Khan and La Thangue, 2008). The consequent transcriptional

repression of tumour suppressor genes then promotes carci-

nogenesis. However, microarray analysis has indicated that

only 2e5% of genes are influenced by HDAC inhibition

(Glaser et al., 2003) and approximately equal numbers of genes

are induced and repressed (Xu et al., 2007). This suggests that

mechanisms other than regulation of transcription are impor-

tant in HDAC effects on cellular processes. For example, regu-

lation of the acetylation status of the diverse range of non-

histone HDAC substrate proteins is likely to be important.

The function of many transcription factors, chaperones

and structural proteins depends on their acetylation state,

which in turn impacts on a multitude of physiological path-

ways. For example, HDAC6 deacetylates HSP-90 which

enhances ATP binding and thus promotes assembly of func-

tional HSP-90 chaperone complexes (Kovacs et al., 2005).

b-catenin is another HDAC6 substratewhich is frequentlymu-

tated in anaplastic thyroid cancer. Epidermal growth factor

(EGF) induces HDAC6 translocation, after which HDAC6 asso-

ciates with b-catenin and deacetylates it, causing nuclear

localisation of b-catenin which promotes Wnt signalling and

c-myc activation (Li et al., 2008). This implicates HDAC6 as

a link between EGF andWnt signalling during tumour progres-

sion, and suggests that inactivation of HDAC6 could be bene-

ficial in tumourswhere such signalling is deregulated (Li et al.,

2008). HDACs 1 and 2 are also implicated in Wnt signalling via
disruption of the b-catenineTCF interaction (Ye et al., 2009).

Also,Wnt-dependent increasedHDAC2 expression as a conse-

quence of the loss of the adenomatosis polyposis coli tumour

suppressor gene is found in the majority of human colon can-

cers, where HDAC2 is thought to prevent apoptosis (Zhu et al.,

2004).

Acetylation also influences key tumour suppressor pro-

teins, for example p53 and retinoblastoma (pRb) and oncopro-

teins such as c-Myc and E2F1. Recruitment of histone

deacetylase activity has been implicated in repression of tran-

scription by the E2FeRb complex in the G1 phase of the cell cy-

cle. The lysine residues on which E2F1 is acetylated are highly

conserved and adjacent to the DNA-binding domain, and their

acetylation increases E2F1 DNA-binding activity, trans-

activation potential and half-life (Martinez-Balbas et al., 2000).
3. HDAC inhibitors

HDIs are potent anti-proliferative agents which have been ob-

served to cause apoptosis in cell-based studies, hence there

has been great interest to develop these drugs as potential

anti-cancer agents, as well as agents to dissect HDAC roles

(Khan et al., 2010). Most inhibitors being developed as anti-

cancer agents target classes I, II and IV enzymes, although in-

terest in the class III sirtuin family is increasing (Stimson et al.,

2009). Many compounds are in clinical trials or other stages of
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preclinical development. HDIs can be classified according to

their chemical structure into hydroxamates, cyclic peptides,

benzamides and fatty acids (Marks, 2010), or according to their

specificity for various HDAC classes (summarized in Table 2).

More recently, chemoproteomic approaches combining affin-

ity capture and quantitative mass spectrometry have been

useful in identifying which HDAC complexes are targeted by

HDIs, rather than isolated HDACs. For example, valproate af-

fects the Sin3 complex to a lesser degree than other class I

complexes with the same catalytic subunit (Bantscheff et al.,

2011).

The inhibitory effect of a large number of HDAC inhibitors

depends on the Zn2þ dependency of HDAC enzymes (Stimson

et al., 2009). A classic example of this is trichostatin A (TSA),

which was one of the first HDIs to be identified. As the crystal

structure of TSA bound to anHDAC analogue reveals, the con-

served deacetylase active site contains a tubular pocket,

a zinc-binding site and two AspeHis charge relay systems

necessary for the enzymatic activity. The long aliphatic chain

of TSA fits into the tubular pocket, with the hydroxamic group

at the end of the aliphatic chain coordinating the zinc through

its carbonyl and hydroxyl groups (Finnin et al., 1999). The

hydroxamic group of SAHA chelates the zinc ion in the

same way, but SAHA’s aliphatic chain makes fewer van-der-

Waals contacts to the HDAC tubular pocket compared to

TSA, explaining the weaker inhibitory activity of SAHA

relative to TSA (Finnin et al., 1999). A number of other

HDIs have a similar mechanism of action including belino-

stat, givinostat, panobinostat and dacinostat (Khan and La

Thangue, 2012).
4. Mechanisms of action to induce cell death:
targeting pleiotropic activities of HDACs

HDACs act not only on histones, but rather have many differ-

ent cellular substrates and target proteins, both in the nucleus

and in the cytoplasm. On the one hand, a redundant activity of

some HDACs has been reported; on the other hand, some

HDACs are very specific to client proteins and consequently

cause distinct effects. For example, HDAC6 displays
Table 2 e HDI classification by chemical structure and clinical trial use.

Classification by
chemical structure

Named examples (INN)

Hydroxamates SAHA (vorinostat)

PXD101 (belinostat)

LBH589 (panobinostat)

ITF2357 (givinostat)

4SC-201 (resminostat)

PCI 24781 (abexinostat)

Cyclic peptides Depsipeptide/FK228 (romidepsin)

Benzamides MS-275 (entinostat)

MGCD0103 (mocetinostat)

Aliphatic fatty acids Valproic acid

Butyrate
pleiotropic functions and regulates many genes and proteins.

Therefore, they influence the entire acetylome (Choudhary

et al., 2009). HDACs are involved in regulation of the cell cycle

and mitosis, the DNA damage response, cellular stress re-

sponse, protein degradation, cytokine signalling, immunity

and inflammation, angiogenesis and cell survival. Because of

this plethora of different functions in the cell, HDAC inhibition

can cause a broad spectrum of cellular changes, including ap-

optosis in cancer cells (Figure 2).

4.1. Interference with the cell cycle and mitosis

It is well known that HDACs, including HDACs 1, 2, 3, 4 and 6,

are involved in cell cycle progression and cell proliferation, es-

pecially in cancer cells (Glaser et al., 2003; Haberland et al.,

2009). HDAC1 is seen as a positive regulator of proliferation,

demonstrated with HDAC1 knockout mice which display de-

velopmental abnormalities followed by elevated levels of the

cyclin-dependent kinase inhibitors (CKI) p21WAF1/CIP1 and

p27/KIP1 and lethality. In support of these results, HDAC1 tar-

gets not only genes involved in proliferation, but also in devel-

opmental processes (Zupkovitz et al., 2006). An upregulation

of HDAC2 was observed after downregulation of HDAC1, but

could not rescue the defects in proliferation and development

in mice. Although HDAC1 and HDAC2 share a protein se-

quence identity of 86%, they appear to have only partially

overlapping functions and cannot rescue loss of each other.

Experiments with certain differentiated cell types, e.g. cells

from the haematopoietic system or fibroblasts, suggest that

HDAC1 and HDAC2 have some functions in common, but

knockdown of both enzymes causes abnormalities in develop-

ment as well as aberrant cell cycle progression (Wilting et al.,

2010; Yamaguchi et al., 2010). When both HDAC1 and HDAC2

were absent, progression to G1 and proliferation was blocked

in several cell types leading to the hypothesis that the con-

certed action of HDAC1 andHDAC2 promote G1eS progression

(Yamaguchi et al., 2010). Similar results were obtained with

experiments in tumour cells lacking both HDAC1 and

HDAC2 (Haberland et al., 2009). Inhibitors with potential to

block both HDAC1 and HDAC2 could therefore be important

in the anti-cancer drug development.
HDAC specificity Clinical trial stage

Pan-inhibitor Approved for CTCL, phase III

alone or in combination

Pan-inhibitor Phase II alone or in combination

Classes I and II Phase III alone or in combination

Pan-inhibitor Phase II alone or in combination

Pan-inhibitor Phase II alone or in combination

Classes I and II Phase II alone or in combination

Class I Approved for CTCL and PCTL,

phase III alone or in combination

Class I Phase II alone or in combination

Class I Phase II alone or in combination

Classes I and IIa Phase II alone or in combination

Classes I and IIa Phase II alone or in combination

http://dx.doi.org/10.1016/j.molonc.2012.09.003
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Figure 2 e Influence of HDACs on different cell biological processes and consequences of HDAC inhibition. HDACs are involved in many

cellular processes, including progression through the cell cycle, cell differentiation and development, cell migration and motility, angiogenesis and

autophagy. These processes could promote tumour cell survival, proliferation and metastasis. HDAC inhibition blocks some of these processes,

indicated by red lines, or favours other processes such as apoptosis, here indicated by the green arrow.
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HDAC4 was also able to influence cell proliferation and to

repress p21 WAF1/CIP1 in cancer cells. Conversely, reduced

function of HDAC4 increases p21 WAF1/CIP1 in some cancer

cell lines and inhibits cell proliferation and tumour growth

(Mottet et al., 2009; Wilson et al., 2008). Furthermore,

HDAC3 is involved in cell cycle arrest in the G2/M phase,

but also in aberrant mitosis. S10 phosphorylation in histone

3 is mediated by the Aurora B kinase. It was shown that in-

hibition of HDAC3 or reduced levels of HDAC3 lead to

reduced phosphorylation at S10 and aberrant mitosis

(Wilson et al., 2006). Another explanation of the G2/M arrest

after administration of HDAC inhibitors, especially during

the inhibition of HDAC3 and HDAC6, is increased degrada-

tion of Aurora A and B kinases, highlighting the importance

of HDAC6 during protein degradation (Cha et al., 2009). Addi-

tional evidence for the role of HDACs in mitosis was

provided by experiments where HDAC inhibitors were able

to interfere with spindle checkpoint proteins, hinder spindle

formation (Stevens et al., 2008) and disrupt reversible peri-

centric heterochromatin and centromere function (Taddei

et al., 2001).
4.2. DNA damage response

TheDNAdamage response (DDR) consists of several processes

and interconnected macromolecular complexes which are

able to sense and repair DNA damage. There are two major

types of DNA breaks: DNA double strand breaks (DSB) and

DNA single strand breaks. In order to allow repair of DSBs,

cells can activate cell cycle arrest before the DNA replication

machinery processes the site. The DNA damage is sensed by

a complex consisting of Mre11, Rad50 and NBS1, abbreviated

as MRN, and the human single strand DNA binding protein 1

(hSSB1). Further downstream, ataxia telangiectasia mutated

kinase (ATM) becomes activated in the case of DSBs. With

DNA single strand breaks, the ataxia telangiectasia Rad3-

related (ATR) kinase recognizes and amplifies the signal

(Bolderson et al., 2009). Both kinases transmit the signal

downstream to the checkpoint proteins 1 and 2 (CHK1 and

CHK2), which are kinases that amplify the signal and activate

the executionery proteins of the DDR. Normal cell functions

are re-established, providing the DDR was successful, other-

wise cell death is initiated (Jackson and Bartek, 2009).

http://dx.doi.org/10.1016/j.molonc.2012.09.003
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There are several reports that HDAC inhibitors negatively

influence these processes, but also activate the DDR

(Bakkenist and Kastan, 2003). Several possibilities have been

suggested by which HDAC inhibitors could promote the

DDR. One explanation could be that due to increased acetyla-

tion, the chromatin becomes relaxed and is more susceptible

to harmful agents, such as radiation, DNA damaging drugs or

reactive oxygen species (ROS). It was demonstrated that ele-

vated ROS levels were present after treatment with HDAC in-

hibitors and HDAC inhibitors were able to activate cell death

after ROS-induced DNA damage (Eot-Houllier et al., 2009). Ele-

vated levels of ROS species after HDAC inhibitor treatment

may force cells into a stress response followed by apoptosis

(Bhalla et al., 2009; Petruccelli et al., 2011). Similar outcomes

were observed in combination with a proteasome inhibitor

(Bhalla et al., 2009; Dasmahapatra et al., 2011; Feng et al.,

2007) and the combination of these drugs led to synergistic ef-

fects (see also section 5.5).

However, other mechanisms might be involved in the DDR

after administration of HDAC inhibitors to human cells. For

example, it has been reported that HDAC inhibitors suppress

RAD51 expression, inhibit homologous recombination

(Adimoolam et al., 2007) and additionally downregulate other

repair genes through themodulation of E2F1 activity (Kachhap

et al., 2010). HDAC 9 and HDAC10, both class II HDAC mem-

bers, are required for the process of homologous recombina-

tion (Kotian et al., 2011). A direct inactivation of DDR

components at the level of post-translational modification

via blocking of HDAC1 and HDAC2 action is also likely to con-

tribute to the HDAC inhibitor actions (Miller et al., 2010). Other

suppressed proteins involved in the DDR include DNA-PK,

RAD50, Ku80, and Ku86which sensitize the HDAC inhibitor re-

sponse to radiation in different cell types (Blattmann et al.,

2010; Deorukhkar et al., 2010; Mueller et al., 2011). Moreover,

HDAC inhibitors are able to act synergistically with other

agents such as anti-cancer drugs or radiation which cause

DNA damage directly or indirectly (Camphausen and

Tofilon, 2007; Eot-Houllier et al., 2009; Richon et al., 2009). A re-

cent report showed that the HDAC inhibitor sodium butyrate

sensitizes E1A-Ras-transformed cells to DNA damaging

agents by facilitating formation and persistence of so-called

gH2AX foci which are markers of DSBs (Eot-Houllier et al.,

2009). Several other studies emphasize the occurrence and

prolonged duration of phosphorylated histone H2AX

(gH2AX) nuclear foci after treatment with HDAC inhibitors

and DNA damage causing agents (Eot-Houllier et al., 2009;

Mueller et al., 2011; Zhang et al., 2009a).

4.3. Influence on protein quality control mechanisms

Cells and therefore whole organisms have to permanently

control the integrity of all their proteins, the proteome. In or-

der to react to developmental changes, senescence or exoge-

nous influences, they adjust the concentration, localisation,

conformation and interaction of proteins to maintain the sta-

tus quo. These adjustments and maintenance of the proteome

is named protein homeostasis or proteostasis (Balch et al.,

2008; Hartl et al., 2011). Cells achieve this crucial proteostasis

through concerted action of several protein quality control

systems, namely protein biogenesis, protein folding,
posttranslational modifications and protein degradation.

HDACs, especially HDAC6, play an important role in the differ-

ent protein quality control systems, particularly in the initial

steps of the stress response, post-translational modifications

and protein degradation (Figure 3).

Heat shock factor 1 (HSF1) is a transcription factor that ac-

tivates transcription of genes coding for proteins which pro-

tect the cell against harmful stresses. In HDAC6-deficient

cells re-constituted with either wild-type HDAC6 or mutant

HDAC6, VCP/p97 is recruited by HDAC6 and associates with

the heat-shock protein 90/heat-shock factor 1 (Hsp90/HSF1)

complex under unstressed conditions (Boyault et al., 2007).

Hsp90 and HDAC6 dissociate under stress conditions from

HSF1 which trimerizes and locates to the nucleus to act as

transcription factor. This mechanism also offers the intrigu-

ing possibility that HDAC6 senses misfolded proteins and ini-

tiates the stress response by releasing HSF1 together with

Hsp90. Both HSF1 and HDAC6 are relevant in the process of

carcinogenesis, since they are involved in the RAS/MAPK sig-

nalling cascade (Dai et al., 2007; Lee et al., 2008). Pan-HDAC in-

hibitors or inhibitors showing specificity for HDAC6 could

contribute to cell death by inhibiting these pathways. Sirt1,

belonging to the HDAC class III, prevents HSF1 acetylation at

K80 and thus inhibits DNA binding (Westerheide et al., 2009).

It was also shown that administration of HDIs results in re-

versible hyperacetylation of Hsp90 and, following release of

Hsp90 client proteins, inhibition of the Hsp90 chaperone func-

tion and subsequent proteasome degradation of the Hsp90 cli-

ent proteins. Amongst the released proteins, some oncogenic

proteins such as Akt, Bcr-Abl, c-Raf and ErB2 were found

which are then more susceptible to polyubiquitination and

proteasomal degradation (Bali et al., 2005; Nimmanapalli

et al., 2003).

Proteins can be degraded via the ubiquitineproteasome

system (UPS) or via autophagocytic pathways both of which

act as key protein quality control mechanisms. To defend

the cell against misfolded proteins and aggregation, caused

by heat stress, chemical substances or mutations, the UPS

and autophagy are also possible routes of degradation. A spe-

cialized form of aggregates in the cytoplasm of mammalian

cells, the aggresome, is located close to the microtubule-

organisation centre (MTOC) (Johnston et al., 1998). HDAC6 is

involved in the recognition and transport of aggregated pro-

teins to aggresomes (Figure 3). One hypothesis suggests that

HDAC6 acts as an adaptor protein that recognizes polyubiqui-

tin chains of substrates and also the motor protein dynein. It

then transports the ubiquitinated substrates along the dynein

to the MTOC, enabling formation of aggresomes (Kawaguchi

et al., 2003). K63-linked polyubiquitination could present a rec-

ognition site for HDAC6-dependent transport of misfolded

proteins towards the aggresome, which has also been ob-

served after inhibition of the UPS (Olzmann et al., 2007; Tan

et al., 2008). HDAC6 inhibition could lead to destruction of

the HDAC6-dynein-substrate complex and impair the forma-

tion of larger aggresomes (Kawaguchi et al., 2003).

A genome-wide loss-of-function screen identified HR23B,

which shuttles ubiquitinated cargo proteins to the protea-

some, as a sensitivity determinant for HDAC inhibitor-

induced apoptosis (Fotheringham et al., 2009). HR23B is in-

volved in nucleotide excision repair on the one hand, but it

http://dx.doi.org/10.1016/j.molonc.2012.09.003
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Figure 3 e Pleiotropic activities of HDAC6 in protein quality control. Misfolded proteins accumulate upon cellular stress or proteasome

inhibition. These ubiquitinated misfolded proteins are recognized by HDAC6 and displace basal interactors of HDAC, in particular Hsp90, HSF1

and VCP. Subsequently, client proteins can be released from Hsp90, HSF1 can trimerize and act as a transcription factor on HSE determined

proteins, e.g. Hsp70. VCP exerts its segregase activity and helps in DSB repair upon cellular stress. HDAC6 targets misfolded proteins to the

MTOC via microtubules and is also involved in the process of autophagy.
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is also known to function as a shuttling factor for proteins tar-

geted for proteasomal degradation (Verma et al., 2004). The

level of HR23B influences the response of tumour cells to

HDAC inhibitors, and HR23B is at high levels in cutaneous

T-cell lymphoma (CTCL) in situ, a malignancy that responds

favourably to HDAC inhibitor-based therapy. These results

suggest that deregulated proteasome activity contributes to

the anti-cancer activity of HDAC inhibitors (Fotheringham

et al., 2009). In a following study, it was demonstrated that

HR23B governs the sensitivity of CTCL cells to HDAC inhibi-

tors. Furthermore, proteasome activity is deregulated in
HDAC inhibitor-treated CTCL cells through a mechanism de-

pendent on HR23B, and HDAC inhibitors sensitize CTCL cells

to the effects of proteasome inhibitors (Khan et al., 2010).

Autophagy, and especially the process of macroautophagy

(referred to as autophagy in the following sections), uses spe-

cialized double-membrane structures that engulf substrates

and form autophagic vesicles that later fuse with lysosomes

(He and Klionsky, 2009). Autophagy is strongly upregulated

in response to stress such as starvation, growth factor with-

drawal or oxidative damage (White and DiPaola, 2009). During

autophagy, whole organelles such as mitochondria can be

http://dx.doi.org/10.1016/j.molonc.2012.09.003
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degraded, as well as misfolded protein aggregates (Ravikumar

et al., 2004; Rubinsztein, 2006). It is hypothesized that auto-

phagy is a salvage pathway to complement the UPS when it

is overwhelmed or impaired by undegradable substrates,

such as aggregating proteins (Webb et al., 2003).

Similar to its role in the formation of aggresomes, it turned

out that HDAC6 is also a key component in the turnover of

misfolded proteins by autophagy (Figure 3). HDAC6 controls

the fusion of the autophagosomes with lysosomes and re-

cruits the actin-remodelling machinery (Lee et al., 2010).

A missing link to couple ubiquitinated proteins and proteins

on the autophagosome membrane could be the p62 protein,

acting as a cargo receptor. It has been shown that p62 can

bind ubiquitinated proteins with its ubiquitin-associated

(UBA) domain and a component of autophagic vesicle LC3

(Bjorkoy et al., 2005).

There are contradictory results for whether autophagy has

a tumour-suppressor role or whether it has a protecting role

for tumour cells which defends against the influences of can-

cer drugs (Guo et al., 2011;White andDiPaola, 2009; Yang et al.,

2011). This is because autophagy is also used to obtain nutri-

ents and ATP for the cells which could prolong cell survival

of tumour cells (Hippert et al., 2006). It has been demonstrated

that several anti-cancer drugs induce autophagy in tumour

cells (Rodriguez-Rocha et al., 2011), and a number of studies

have shown that autophagy can be induced by HDAC inhibi-

tors in normal cells and in cancer cells (Rikiishi, 2011; Shao

et al., 2004). Impairment of autophagy with the antimalarial

drug chloroquine increases HDAC inhibitor-mediated apopto-

sis in colon cancer cells (Carew et al., 2010), whereas in an-

other study, SAHA-induced autophagy leads to autophagy-

associated cell death (Yamamoto et al., 2008). In further

studies, it was shown that HDAC inhibitors can trigger

mitochondrial-mediated apoptosis and caspase-independent

autophagic cell death. HeLa cells with APAF-1 knocked out

or Bcl-xL over-expressed underwent autophagic cell death in

the presence of HDAC inhibitors (Shao et al., 2004). The mam-

malian target of rapamycin (mTOR) plays an important role in

the initiation of autophagy and displays an inhibitory effect on

autophagy (Janku et al., 2011). mTOR and phosphorylated

mTOR levels decreased after the treatment of endometrial

stromal sarcomas with SAHA (Hrzenjak et al., 2008). The con-

nection between theUPS and autophagy lead to new combina-

tion therapies with HDAC and proteasomal inhibitors

(see section 5.5).

4.4. HDAC inhibitors induce apoptosis

HDAC inhibitors are able to activate apoptosis, either via theex-

trinsic (death receptor) pathway or intrinsic (mitochondrial)

pathway or both in many cancer types and models (Rosato

et al., 2003). The extrinsic pathway is activated through

ligands, suchasTRAILor FASL, binding to theirdeath receptors.

The pan-HDAC inhibitor SAHA has been shown to induce

TRAIL expression in breast cancer cells, and enhanced the

cytotoxicity induced by other anti-cancer drugs (Xu et al.,

2008). Theadaptorprotein FADDcouldbe recruited to the initial

signalling complex, followed by caspase-8 activation. A study

usingbothHDAC inhibitors and death receptor agonists in can-

cer cells demonstrated synergistic effects in this combination
approach (Frew et al., 2008). Various stress stimuli can activate

the intrinsic pathwaycharacterizedby thedisruptionof themi-

tochondrial membrane, causing release of pro-death proteins

such as cytochrome C and SMAC. Cytochrome C release

initiates apoptosome formation, which is followed by the

activation of caspase-9. Caspase-9 and the aforementioned

caspase-8 can activate the effector caspases �3, �6, and �7,

which execute the apoptotic response (Maiuri et al., 2007),

and in leukaemia cells, SAHA can induce mitochondrial dys-

function and apoptosis through enhanced production of ROS,

downregulation of XIAP and activation of JNK (Dai et al.,

2005). It has been demonstrated in various solid and haemato-

logical cancer cell lines, cancer models and patient material

that HDAC inhibitors can upregulate death receptors and li-

gands, whereby the UPS is involved (Borbone et al., 2010;

Nebbioso et al., 2005). There are many other proteins which

tightly regulate proapoptotic (e.g. Bak, Bax, Bim, Bid) and anti-

apoptotic (e.g. Bcl-2, Bcl-xL, XIAP) stimuli. Most HDAC inhibi-

tors, including SAHA and TSA, decrease the antiapoptotic

proteins Bcl-2, Bcl-xL and XIAP, but increase the proapototic

proteins, followed by a TRAIL-mediated apoptotic response in

many cancer cell models. There is evidence that both the ex-

trinsic and the intrinsic apoptotic pathway is affected (Fulda,

2008) and further that crosstalk between autophagy and apo-

ptosis exists. However, the complexity of the apoptotic and

autophagic pathways make this relationship difficult to inves-

tigate, since it varies between different tissues, cell types and

stimuli (Behrends et al., 2010; Zhang et al., 2009b). Autophagy

and apoptosis are not only connected through various key pro-

teins playing a role in both processes, such as beclin-1 (Wang

et al., 2007), JNK (Lorin et al., 2009), p53 (Morselli et al., 2008)

and Atg5 (Bommareddy et al., 2009), but autophagy might

also act as an alternative mechanism in rescuing the cell

or the surrounding tissues when cancer cells undergo

apoptosis.

4.5. Anti-angiogenesis

The formation of new blood vessels from pre-existing blood

vessels is the process of angiogenesis. Angiogenesis is impor-

tant for progression andmetastasis of both solid tumours and

haematological malignancies (Carmeliet, 2005; Moehler et al.,

2001) to supply the tumour with oxygen and nutrients and

remove CO2 and waste products. As hypoxia and deficiency

of nutrients in the tumour microenvironment leads to

a growth delay, it is an important therapeutic goal to identify

proteins involved in angiogenic pathways. The tightly regu-

lated hypoxia-inducible factor 1a (HIF-1a) is one of the key

modulators in angiogenesis (Semenza, 2003), although con-

stitutively expressed HIF-1b is required to build transcription-

ally active heterodimers. HIF-1a is acetylated and

hydroxylated under normoxic conditions, interacting with

the von-Hippel-Lindau (pVHL) ubiquitin E3 ligase complex,

which triggers rapid degradation via the UPS (Maxwell et al.,

1999). Hypoxic conditions and therefore lack of hydroxylation

of HIF-1a leads to a stabilisation of this protein and an in-

creased activity as a transcription factor. HIF-1a regulates

the expression of several genes involved in angiogenesis

and other cellular signalling pathways, including the vascular

endothelial growth factor (VEGF) (Forsythe et al., 1996;

http://dx.doi.org/10.1016/j.molonc.2012.09.003
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Maxwell et al., 1997). HDACs can influence the response to

hypoxic conditions; HDAC1, HDAC2 and HDAC3 seem to be

involved in the process of angiogenesis as under hypoxic con-

ditions, an increased expression of HDACs 1, 2 and 3 has been

reported (Kim et al., 2001). Increased expression of HDAC1

leads to a decrease in pVHL, followed by increases in levels

of HIF-1a and VEGF, whilst HDAC inhibitors abrogate these ef-

fects (Kim et al., 2001). Additionally, the class II HDACs 4 and 6

are able to influence the process of angiogenesis, and HDAC

inhibition may contribute to their function. HDAC4 and

HDAC6 can probably bind directly to HIF-1a and influence

its stability, independent from VHL (Qian et al., 2006). There

is also evidence that HDAC3 and possibly HDAC1 can directly

interact with HIF-1a, and reduction in the expression levels of

HDACs can trigger the degradation of HIF-1a (Kim et al., 2007),

a mechanism which may play a role also for drug-induced

HDAC inhibition. Another VHL independent pathway of

HIF-1a degradation involves the enhanced interaction of

HIF-1a with HSP70, mediated by HDAC-6 (Kong et al., 2006).

Taken together, there is increasing evidence that class I and

class II HDAC are useful therapeutic agents for anti-

angiogenesis.

4.6. Effects on immunity and inflammation

There are many studies demonstrating the important role of

HDACs both in innate and adaptive immunity. In particular

Toll-like receptor (TLR) and interferon (IFN) signalling path-

ways are modulated and regulated by HDACs. HDACs, and in

anoppositemannerHDAC inhibitors, canacton theexpression

of TLR target genes (Halili et al., 2010). Among the genes and

proteins which are positively regulated by HDACs are pro-

inflammatory candidates such as cytokines (e.g. IL-6, IL-12,

TNF), chemokines (e.g. CCL2, CCL7 and CXCL) and other medi-

ators (e.g. MMP-9 and endothelin-1) (Bode et al., 2007; Roger

et al., 2011). As discussed in Section 4.5, HDACs modulate

HIF-1a stability andmanner of action. HIF-1a is a proinflamma-

tory transcription factor in TLR4-dependent inflammatory re-

sponses in macrophages (Peyssonnaux et al., 2007), and is

important for myeloid-dependent inflammation in vivo

(Cramer et al., 2003).

However, HDACs are also involved in repression or silenc-

ing of TLR-target genes, for example they can affect TLR4-

target genes through chromatin remodelling (Foster et al.,

2007). HDAC1 has been shown tomodulate TLR-induced activ-

ities of several inflammatory gene promoters, including IL-12

(Lu et al., 2005) and IFN-b (Nusinzon and Horvath, 2006). Addi-

tionally, class II HDACs are involved in the regulation of TLR

responses. Interestingly, HDAC6 is able to reduce the forma-

tion of the MyD88 complex and initiates ubiquitin-

dependentMyD88 aggregation, which consequently abrogates

the TLR4 response (Into et al., 2010).

HDACs also play various roles in the adaptive immune re-

sponse, and therefore, HDAC inhibitors could be used asmod-

ulators of these processes. HDAC inhibition has been shown

to reduce the production of cytokines involved in Th cell dif-

ferentiation and chemokines in Th cell migration (Brogdon

et al., 2007). A negative regulation of antigen-presentation is

initiated by the deacetylation of CIITA through HDAC2 fol-

lowed by CIITA degradation (Kong et al., 2009; Zika et al., 2003).
HDACs are important enzymes in regulating T and B cell

development and modulating their activities. HDAC7 is

exported from the nucleus into the cytoplasm after a stimulus

by T cell receptors which facilitates the expression of proteins

involved in T cell selection (Dequiedt et al., 2005). It has been

demonstrated that deletion of both HDAC1 and HDAC2 in B

cells impairs B cell development; however, the deletion of ei-

ther HDAC1 or HDAC2 has no strong effect on B cell develop-

ment (Yamaguchi et al., 2010). HDAC6 has been shown to

influence the levels of IgG and IgM to antigen exposure:

HDAC6�/� mice have lower IgG and IgM levels and a reduced

antibody response (Zhang et al., 2008), recapitulatingwhat has

been observed with HDAC inhibition.

4.7. Effects on IFN signalling

HDACs are involved in cytokine signalling, especially IFN sig-

nalling, where HDAC inhibition predominantly targets Janus

kinases (JAKs) and STATs. Aberrant STAT3 signalling has

been demonstrated in haematological malignancies such as

T-cell lymphomas, resulting in increased cell survival, p53 in-

hibition and induction of angiogenesis (Yu and Jove, 2004; Yu

et al., 2009). HDACs are also able to modulate the acetylation

status of the IFN receptors directly. The IFN-a/b receptor 2

subunit of the type I IFN receptor is acetylated after stimula-

tion with its ligand, followed by recruitment and acetylation

of interferon-stimulated gene factor (ISGF)3 (Tang et al.,

2007). The underlying transcription factor complex consists

of STAT1 and STAT2 in addition to IRF9. Down-regulation

of HDACs or HDAC inhibition leads to a hyperacetylated sta-

tus of STAT signalling proteins, and as a result, cells are more

prone to undergo apoptosis (Kramer et al., 2009). There are in-

dications that HDACs positively regulate the IFN response

and it has been reported that cytoplasmic HDACs are able

to modulate STAT1 and promote reactivation in response to

its ligand (Kramer et al., 2009). There are other reports under-

lying the modulating activities of HDACs in type I IFN in-

duced gene expression (Chang et al., 2004) and IFN-g

induced gene expression (Klampfer et al., 2004). The impact

of HDACs and their inhibitors on IFN signalling is empha-

sized by results showing that HDAC inhibitors are able to in-

crease the susceptibility to pathogens in mice (Roger et al.,

2011).
5. Clinical application

Two HDAC inhibitors have been approved by the FDA so far to

treat cancer: SAHA (vorinostat) and FK228 (romidepsin) were

licensed for the treatment of advanced cutaneous T-cell lym-

phoma whilst in addition romidepsin for the treatment of pe-

ripheral T-cell lymphoma. However, histone deacetylase

inhibitors have been used in neurology for many years as

mood stabilizers and anti-epileptic drugs, valproic acid being

the most prominent amongst them. To act on neurons, it is

important for HDIs to cross the bloodebrain barrier, which is

the case for valproic acid, SAHA, MS-275, sodium butyrate

and phenyl butyrate (Grayson et al., 2010). Here, we will pro-

vide an overview of the clinical applications of HDAC inhibi-

tors in cancer therapy (Table 2).
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5.1. Hydroxamic acid derivatives

Initial clinical studies with SAHA demonstrated that the sub-

stance is well tolerated and promising anti-cancer activity

was observed in different types of cancer, e.g. Hodgkin lym-

phoma, diffuse large B-cell lymphoma and cutaneous T-cell

lymphoma (O’Connor et al., 2006). There were also correlative

studies to investigate the underlying mechanism of SAHA ac-

tion in CTCL and to identify potential predictive biomarkers

(see also section 6.3). As mentioned in section 4.7, it was dem-

onstrated in clinical samples that the JAK/STAT pathway is in-

volvedwhich could explain some of the resistance observed to

SAHA (Fantin et al., 2008). A low response with SAHA was ob-

served in multiple myelomas, AML and Hodgkin lymphoma

(Garcia-Manero et al., 2008; Kirschbaum et al., 2007a;

Richardson et al., 2008), whereas more promising results

came out in a phase II study in non-Hodgkin lymphoma pa-

tients (Kirschbaum et al., 2007b). Although some of the results

are auspicious, no clinical response was observed in AML, CLL

or CML.

Other hydroxamic acids or cinnamic hydroxamic acids de-

rivatives currently in clinical trials are belinostat (PXD101),

panobinostat (LBH589) and givinostat (ITF2375). Belinostat

has been reported to have a good safety profile and patients

showed clinical response both during preclinical trials and

a phase II trial (Plumb et al., 2003; Pohlman et al., 2009). Addi-

tionally, the pan-HDAC inhibitor givinostat showed some

promising results for haematological malignancies, e.g. multi-

ple myeloma or Hodgkin lymphoma, but has also been shown

to reduce the production of proinflammatory cytokines in vitro

and systemic inflammation in vivo (Leoni et al., 2005).

5.2. Benzamide derivatives

Mocetinostat and entinostat are two examples of benzamide

derivatives currently in clinical studies. The latter is an exam-

ple of a selective HDAC inhibitor for class I HDACs, and is tol-

erated well both alone and in combination with other drugs

(Pili et al., 2012). Phase II clinical studies in patients with re-

lapsed or refractory Hodgkin’s lymphoma are underway.

Mocetinostat is a benzamide derivative with specificity for

the classes I and IV HDACs (Fournel et al., 2008). The drug

was in “partial clinical hold”, now removed, by the FDA be-

cause it caused pericardial effusion in patients (Boumber

et al., 2011). However, the use of mocetinostat showed favour-

able clinical data in a recent phase II study in patients with

Hodgkin’s lymphoma (Younes et al., 2010).

5.3. Romidepsin (depsipeptide)

The cyclic peptide romidepsin (FK228 or FR901228), also

named depsipeptide, was approved in 2009 by the FDA for

the treatment of CTCL. It represents an atypical HDAC inhibi-

tor, a natural product which has to be metabolized in order to

become activated in human cells (Konstantinopoulos et al.,

2006). Besides its positive effects in CTCL, several clinical trials

have been conducted to determine its activity in other cancer

types. Clinical responses were seen in peripheral T-cell lym-

phoma (Coiffier et al., 2011; Piekarz et al., 2011). Limited anti-

tumour activity has been reported in AML, CLL and MM
patients (Byrd et al., 2005; Klimek et al., 2008; Niesvizky

et al., 2011), as well as inmany solid tumours such as prostate,

colorectal and renal cancer (Molife et al., 2010; Stadler et al.,

2006; Whitehead et al., 2009). The results of two multicentre

phase II studies lead to the approval of romidepsin for the

treatment of CTCL patients who have undergone at least one

previous systemic therapy and 6% of the patients had com-

plete responses (FDA, 2009).

5.4. Short chain fatty acids

One member of the short chain fatty acids which has been

shown to inhibit HDACs is valproic acid (VPA), also known to

raise the levels of gamma-amino butyric acid (GABA). Besides

its use in treatment of epilepsy for more than two decades, it

also displays HDAC inhibition for class I HDACs (Gottlicher

et al., 2001). VPA leads to differentiation of carcinoma cells

as well as haematopoietic progenitor cells from AML patients.

However, it was subsequently shown that this substance,

alone or in combination therapy, has also beneficial effects

in solid tumours, including neuroblastomas (Hrebackova

et al., 2010), neuroendocrine carcinomas (Mohammed et al.,

2011), glioblastomas under certain conditions (Tsai et al.,

2011) and in cervical cancer (Chavez-Blanco et al., 2005).

5.5. HDAC inhibitors in combination therapy with other
anti-cancer agents

Several preclinical studies and early clinical trials gave evi-

dence that HDAC inhibitors can be used in combination with

other targeted anti-cancer drugs, anti-angiogenesis drugs or

radiation (Nolan et al., 2008). It has been demonstrated in

many preclinical studies that HDAC inhibitors have synergis-

tic effects with other anti-cancer or cytotoxic agents.

One example is the combination of HDAC inhibitor and all-

trans retinoic acid in the treatment of acute promyelocytic

leukaemia, which was seen to be effective both in vitro and

in vivo preclinical models (Kuendgen et al., 2006). It is also

known that DNA hypermethylation can lead to a more com-

pact chromatin status which is more resistant to acetylation.

This is one of the reasons for the ongoing trials of combination

therapy with HDAC inhibitors and DNA demethylating agents

or methyltransferase inhibitors. According to these results,

sequential administration of demethylating agents or methyl-

transferase inhibitors seems to be important. For example, the

substances 5-azacytidine or 20-deoxycytidine gave promising

results in various cancer types, such as myeloid neoplasms

(Gore et al., 2006). Other anti-cancer agents such as carbopla-

tinum (Ramalingam et al., 2010), taxanes (Dowdy et al., 2006;

Ramalingam et al., 2010), topoisomerase inhibitors (Munster

and Daud, 2011), nucleoside analogues (De Schutter et al.,

2009; Kalac et al., 2011), tyrosine kinase inhibitors (Bruzzese

et al., 2011; Huang et al., 2011; Nguyen et al., 2011), the

Hsp90-inhibitors analogue to geldanamycin (Rao et al., 2008;

Yu et al., 2011), as well as radiation therapy (Chinnaiyan

et al., 2005), displayed synergistic effects in combination

with HDAC inhibitors and lead to promising results in various

cancer types. An interesting aspect emerging from these com-

bination therapies is the development of dual targeting

agents that could target two or more target groups in cells.
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An example of such a bivalent agent, combining two comple-

mentary chemo-active groups within a single molecular ar-

chitecture, is the dual-acting histone deacetylase and

topoisomerase II inhibitor. These dual-acting agents are de-

rived from SAHA and the anthracycline daunorubicin, proto-

typical histone deacetylase (HDAC) and topoisomerase II

(Topo II) inhibitors, respectively (Guerrant et al., 2012).

There are also resultswhich show evidence of beneficial ef-

fects of the combination of HDAC inhibitors with proteasome

inhibitors. Phase I and phase II studies are ongoing with the

proteasome inhibitor bortezomib in combination with SAHA

or romidepsin, for the treatment of multiple myeloma

(Badros et al., 2009; Harrison et al., 2008; Weber et al., 2008).

A possible explanation for these beneficial outcomes and syn-

ergistic effects could be that HDACs are also involved in pro-

tein quality control, influencing both the UPS (Fotheringham

et al., 2009) and alternative ways of proteasome inhibition.

Taken together, these studies imply that HDAC inhibition is

more efficient in certain types of cancer when used in combi-

nation with other anti-cancer agents.
6. Biomarker development

Onecandistinguishbetweenprognostic, predictive, pharmaco-

dynamic and surrogatemarkers. Prognostic biomarkers antici-

pate the likelihood of the clinical outcome and give indications

whether a particular therapy may be required. Pharmacody-

namic biomarkers measure the effect of a drug on the disease

and are therefore closely related to surrogate markers which

measure the effect of a treatment that can correlatewith a clin-

ical endpoint. Predictive biomarkers give the probability of

a certain disease, such as a tumour, responding to the treat-

ment (La Thangue and Kerr, 2011). An ideal biomarker should

beable togive informationnotonlyon theselectionof the treat-

ment, but also its possible outcome and response.

6.1. Surrogate markers

Histone acetylation, especially H3 and H4 acetylation, can be

used as a surrogate marker. The advantage of using the his-

tones as biomarkers is that they can be measured in solid tu-

mours as well as in peripheral blood mononuclear cells

(Stimson and La Thangue, 2009). PXD101 has been shown to

promote acetylation of H4 in amousemodel at concentrations

which can cause tumour regression (Plumb et al., 2003). A

phase I study of the histone deacetylase inhibitor SAHA in pa-

tients with advanced leukaemia and myelodysplastic syn-

dromes measured hyperacetylation in peripheral blood

mononuclear cells, which was induced in the patients regard-

less of the response and a deacetylation of histones, was ob-

served after the drug treatment (Garcia-Manero et al., 2008).

Histone acetylation appears to be a useful surrogate marker

for pan-HDAC inhibition at least, but one cannot predict the

treatment and tumour response from its outcome (Steele

et al., 2008).

As discussed earlier, there are many other proteins both in

the cytosol and in the nucleus which are deacetylated by

HDACs and therefore affected by HDAC inhibition. It has

been demonstrated that many HDAC inhibitors including
SAHA, PXD101 and MS-275 increased the levels of p21, so

that p21 could act as a general biomarker of pan-HDAC inhibi-

tion (Arts et al., 2007; Noro et al., 2010). Components of the

JAK/STAT pathways are also susceptible to HDAC inhibition

and could be considered as targets for HDI use in patients

(see also Section 4.7). A phase I pharmacokinetic and pharma-

codynamic study of LAQ824, a hydroxamate histone deacety-

lase inhibitor, indicated that Hsp90 client proteins including c-

Raf as well as Hsp70 could act as surrogatemarkers in patients

with solid tumours (de Bono et al., 2008).

6.2. Prognostic biomarkers

Possible prognostic biomarkers for the outcome of different

types of cancers are theHDACs themselves. Expressionprofiles

of class I histone deacetylases in human cancer tissues

revealed that these HDACs are over-expressed in oesophageal

and prostate cancer (Nakagawa et al., 2007). Class I HDAC over-

expression seems to correlate with poor prognosis in oesopha-

geal, pancreatic, colon, gastric and lung cancer (Khan and La

Thangue, 2012; Krusche et al., 2005; Minamiya et al., 2011;

Miyake et al., 2008; Sasaki et al., 2004; Sudo et al., 2011;

Theocharis et al., 2011). Overexpression of other HDACs such

as HDAC3 (Wu et al., 2010) and HDAC8 (Oehme et al., 2009)

seem to correlatewith poor outcome. Another study shed light

on theprognostic significanceof the therapeutic targetsHDACs

1, 2, and 6 and acetylated histone H4 in CTCL (Marquard et al.,

2008). It was evident that over-expression of HDAC2 and his-

tone H4 correlates with aggressive forms of CTCL, whereas

the class II enzyme HDAC6 showed a different relationship:

HDAC6 overexpression correlated with a better prognosis re-

gardless of the CTCL type. Overexpression of the class II mem-

bers HDAC4, HDAC5 and HDAC7 has been observed in human

solid cancers (Ozdag et al., 2006), whereas low expression pro-

files of HDAC5 and HDAC10 correlate with a poor prognosis in

patients with lung cancer (Osada et al., 2004).

In summary, HDACs are often over-expressed in human

cancers, but the different expression profiles between differ-

ent tissues and cancer types make it difficult to use them rou-

tinely as prognostic biomarkers. Advanced techniques, such

as array systems and high throughput analyses, could give

a more differentiated picture of the expression profiles within

tissues and tumours.

6.3. Response specific biomarkers

There are not many predictive biomarkers known regarding

HDAC inhibition in tumours. As already mentioned in section

4.3, one promising candidate could be HR23B, one of the iden-

tified genes in a loss of function screen (Fotheringham et al.,

2009). It has been demonstrated that CTCL correlates with

high HR23B expression (Khan et al., 2010). This study also

revealed correlation between reduced HR23B expression in

CTCL biopsies and lack of clinical response. This is an indica-

tion for HR23B as a predictive biomarker for HDAC inhibitor

therapy. It remains to be tested whether this will be the case

also for other tissues and malignancies, but it has been re-

ported in a recent study that down-regulation of HR23B signif-

icantly inhibited SAHA-induced apoptosis in 1/6 SAHA-

sensitive MPM cell lines (Hurwitz et al., 2012).
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7. Summary and conclusions

HDAC inhibitors represent a promising group of anti-cancer

agents, with two of them now approved for cutaneous T-cell

lymphoma and one for peripheral T-cell lymphoma, and

many are in clinical trials for various cancer types, both hae-

matological and solid malignancies. Besides the promising ef-

fects on haematological cancer cells and the use of VPA in

epilepsy and bipolar disorders, there is growing evidence

that HDAC inhibitors have other beneficial effects when

used as anti-inflammatory drugs or as therapies for neurode-

generative disorders.

There are many reports of different biological functions of

HDACs and therefore consequences of HDAC inhibition. How-

ever, many of the underlying mechanisms and functions of

HDACs in human cells are poorly understood and remain un-

clear. Different HDACs are involved in different pathways and

functions in the cell. They often occur in complexes and are

embedded in a network of interactions, and the possibility of

crosstalk between the different pathways is high. With this

in mind, more studies are needed to reveal different functions

of HDACs and determine their interactors and critical sub-

strates in the cell. This should allow rationally designed ther-

apy in different types of cancers, possibly in combination with

other anti-cancer agents, when the targeted pathway is

known for each type of HDAC and each type of cancer. The

discovery of biomarkers, both response specific and prognos-

tic, will allow a more personalized treatment and conse-

quently reduce side effects. Methods such as gene arrays or

laser dissection in combination with proteomic analyses

could lead to more extensive biomarker resolution. Another

key question is whether the pan-HDAC inhibitors or the selec-

tive HDAC inhibitors will be more beneficial, alone and in

combination with other therapies. The many ongoing clinical

studies in combination with basic biological research should

enable us to resolve some of these questions soon.
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