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Histone deacetylase
! Inhibitors as novel
anticancer therapeutics

ABSTRACT

Histone deacetylase inhibitors represent a promising
new class of compounds for the treatment of cancer.
Inhibitors of thiskind currently under clinical evalua-
tion mainly target the classical (Rpd3/Hdal) family of
histone deacetyl ases. Of particular note, the U.S. Food
and Drug Administration recently approved the first
histone deacetylaseinhibitor (Zolinza: Merck and Co.,
Whitehouse Station, NJ, U.S.A.) for the treatment of
cutaneous T-cell lymphoma. Dozens of such inhibitors
are now in phase 11—n clinical trials, sometimes in
combination with other chemotherapy drugs, for di-
verse cancer types, including both hematologic and
solid tumours. Inthismini-review, we providean over-
view of the histone deacetylase superfamily, highlight
the positive results of deacetylase inhibitorsin cancer
clinical trials, and comment on the prospects for the
next generation of such inhibitors.
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1. INTRODUCTION

Aberrationsin gene expression patternslie at the heart
of tumorigenesis. Specifically, inappropriate activa-
tion of oncogenes or silencing of tumour suppressor
genes, or both, drive cellular proliferation and pre-
vent apoptosis®. Not surprisingly, many proteinsin-
volved in regulating transcription are themselves
deregulated in cancer at the level of expression or
activity. One such family of proteins is the histone
deacetylase (HDAC) enzymes. As the name implies,
these enzymes remove acetyl groups from the side
chain of specificlysineresiduesl|ocated mainly at the
N-terminal flexibletails of core histones, thereby in-
creasing the affinity of histone octamers for the bna
that is wrapped around them (Figure 1). In addition,
deacetylation affectsinternucleosomal histone—histone
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interactions and association of other proteinswith chro-
matin. Because histone deacetylation resultsin atight-
ened chromatin structure, histone deacetylation is
generally associated with transcriptional repression?.
Conversely, acetylation of histones by histone
acetyltransferasesrelaxeschromatin (or altersitscon-
figuration) and leadsto activation of transcription. In
thisway, Hpbacs can influence the epigenetic status of
acell, thereby changing gene expression patternsin
the absence of mutationsto the genomeitself.

In addition to histones, Hoacstarget dozens of non-
histone proteins, including many transcription factors
(for exampl e, thetumour suppressor p53), o-tubulin, heat
shock protein 90 (Hsp90: animportant anticancer drug
target), and various signalling proteins (Figure 1) 3.
Therefore, Hbacs not only modul ate the structure and
dynamicsof chromatin, but also play akey roleinregu-
lating other cellular processes such as cell matility,
endocytosis, and membranereceptor signalling. Inthis
regard, a more appropriate name would be lysine
deacetylases, but for historical reasons, theterm Hpac
has been (and is still widely) used even for enzymes
that deacetylate non-histone proteins. Herein, wethere-
fore use the term HDAC to refer to lysine deacetylase
enzymesexclusively.

Thefollowing fivelines of evidence (among oth-
ers) suggest that altered Hpbac activity may play a
causative role in both tumorigenesis and metastasis
(Figurel)®:

e Firgt, histone hypoacetylation is characteristic of
most cancers”’.

e Second, in leukemia, HDACS are often aberrantly
recruited to gene promoters by fusion proteins de-
rived from chromosomal transl ocations®*.

e Third, overexpression of specific HDAcsOcCcursin
several cancer types, and the growth of cell lines
derived from these tumoursis suppressed by small
interfering rRNA (SIRNA)—Mediated knockdown of
the overexpressed Hpbac 19,

e Fourth, elevated expression of HbAcs may block
thefllJlnction of tumour suppressor proteinssuch as
p53+.
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FIGURE 1 Schematic of the molecular and physiol ogic effects of treatment with histone deacetyl ase (Hpac) enzymeinhibitors (Hpacis). Top panel:
HDACIS prevent the deacetyl ation of histones by Hpbacs (I eft), resulting in an open chromatin structure associated with transcriptional activation
or in non-histone substrates (right), which increases acetylation of these Hpac targets, resulting in changesin protein activity. Middle panel:
Cellular effects of Hpaci treatment. Lower panel: Systemic effects of Hpaci treatment. Hoact = inhibitor of histone deacetylase; NF-kB = nuclear
factor kappa B; Hpac = histone deacetylase enzymes. Note that although we here highlight the* good side” of Hpac inhibitors, inhibition of Hpac
activity may bedetrimental in certain situationsand thus giveriseto side effects (the“ dark side” ). And in some cases, activation of Hpacs may
even be beneficial. (This figure was kindly produced by Dr. Noriko Uetani at the Rosalind and Morris Goodman Cancer Centre, McGill
University, Montreal, QC. It was inspired by a previous model proposed by others10)

e Fifthandfinally, in addition to affecting chromatin
structure and regul ating gene expression and ge-
nomic stability, HDAcs target oncogenic regula-
tors such as Hsp90 that are important for cancer
development 1213,

With the benefit of hindsight, it isnot surprising that
early studieson HpAc inhibitors (Hpacis) revealed their
selective toxicity toward cancer cells, a property that
positioned them as promising anticancer therapeutics.
In the past decade or so, various HpAcis have entered

theclinical trial stagefor avariety of cancers14. Inthis
mini-review, we provide an overview of thehuman HbAc
superfamily, describe recent success in clinical trials
for Hpaais, and discussthepotential of class- andisotype-
selective HDAcI.

2. THE HDAC SUPERFAMILY

The 18 known human Hbacsare grouped into two fami-
liesand four classesthat differ from each other interms
of structure and biologic activity 1516, The Rpd3/Hdal
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(“classical”) family is composed of class | (HDACL,
HDAC2, HDAC3, and HDAC8), class na (Hpac4, HDACS,
HDACY, and HDACY), class 1b (Hpac 6 and HDAC10),
and class v (HDAc1l1). The class 111 HpAacs (sIRT1
through sirT7) comprisethe sirtuin (Sir2-related pro-
tein) family (Table1). Thefamily nameswerederived
from the yeast deacetylase prototypes Rpd3 (reduced
potassium dependency 3), Hdal (histone deacetylase
1), and Sir2 (silent information regul ator 2). Within each
family, members display sequence similarity in the
deacetylase domain, but thetwo families show no ho-
mology at all. In addition, the two families have en-
tirely different catal ytic mechanisms and are thus not
targeted by the sameinhibitor molecules?’.

The term Hpac is often used to describe com-
pounds that inhibit the classical HpAcs of classes |,
11, and iv—compounds to which sirtuins are insensi-
tive (Table1). Owing to their much more advanced
clinical progress, wefocus primarily oninhibitors of
Rpd3/Hdal—the“ classical” Hpbacs. Compoundstar-
geting sirtuins are briefly discussed toward the end of
this paper.

Class | HpAcs (excluding HDAC8) are subunits of
multi-protein chromatin-modifying complexes®. Class
11a HpAcs shuttle between the nucleus and the cyto-
plasm in response to extracellular signals; they are
unique among HpAcsfor apparently weak deacetylase
activity of vertebrate homologs *21, The class 11b
member, HDACH, is found mostly in the cytoplasm,
where it deacetylates cytoskel etal proteins such as o-
tubulin and cortactin 2223, In sum, the Rpd3/Hdal
HDACS play rolesin many cellular processes, includ-
ing proliferation, differentiation, apoptosi s, autophagy,
cell motility, and stress responses*®.

3. HDAC INHIBITORS AS ANTICANCER
DRUGS

TheHbacisrepresent abroad family of chemical com-
poundsthat comprisesfour main structural classes:

e Short-chainfatty acids[butyrate and valproic acid
(vea)]

e Hydroxamates [trichostatin A, saHA (sub-
eroylanilide hydroxamic acid or vorinostat),

LBH589 (panobinostat), PXD101 (belinostat),
oxamflatin, and tubacin]

e Benzamides [SNDX275 (MS275) and
MGCDO0103]

e Cyclictetrapeptides[FK 228 (romidepsin), trapoxin
A, and apicidin]

Not only do these compoundsvary in structure, they
also have distinct affinities for various HDAcS.
Hydroxamates are the only known pan-Hpacis, with
the ability to target all classical Hpacs. In contrast,
butyrate, vea, and trapoxin A target class 1 and na
HDAcS. Other compounds are more specific:
SNDX 275 inhibits class | Hpbacs (but not HDACS),
romidepsin preferentially targets Hpbacl and HDAC2,
and tubacin selectively inhibits Hbac6 1°. The chemi-
cal structures and pharmacokinetic propertiesof HpbAcis
have been extensively reviewed elsewhere?.

In the late 1970s and then in the early 1990s, a
small number of studies ushered in the era of Hpbacis
as chemotherapeutic agents. The HpAc inhibitory ac-
tivity of the naturally occurring compounds butyrate
and trichostatin A (Tsa) was found to be responsible
for their ability to cause differentiation and cell cycle
arrest of transformed cells?>28, L ater, chemically syn-
thesized hydroxamates (including saHa), which were
known to induce differentiation or apoptosis of cancer
cell lines (or both), were also identified as Hpacis?.
These cell culture results have been recapitulated in
animal modelsof cancer andin clinical trialswith hu-
man cancer patients. Of note, saHA was approved by
the U.S. Food and Drug Administration in October 2006
under the trade name Zolinza (Merck and Co.,
Whitehouse Station, NJ, U.S.A.), for the treatment of
cutaneous T-cell lymphoma 8. Zolinza and other
HDAcIS are achieving successful resultsin phasen and
m clinical trials for awide range of cancers®1014.29,
including chronic myel ogenous|eukemia[ panobinostat
(Faridak: Novartis Pharmaceuticals, St. Louis, MO,
U.S.A))], acute myeloid leukemia (MGCDO0103:
MethylGene, Montreal, QC; belinostat: TopoTarget
U.K., Abingdon, U.K.; SNDX275: Bayer Schering
PharmaAG Berlin, Germany), cutaneous T-cell lym-
phoma (panobinostat; romidepsin: Astellas Pharma,
Tokyo, Japan), B-cell lymphoma (Zolinza, belinostat),

TABLE I Comparison of the two families of histone deacetylase (HpAc) enzymes

Member HDAC1—+HDACIL Srtuin (SrT1l-SRT7)
Family Rpd3/Hdal (“ classical”) Sr2 (sirtuin)
Class 1,1, and v n
Cofactor Zn%* NADY
Activator : Resveratrol
Inhibitor Butyrate, TsA, and saHA Sirtinol, EX-527, and tenovin
Inhibitor for clinical trial Yes Yes
U.S. Fpa approval SAHA Not yet

NAD = nicotinamide adenine dinucleotide; Tsa = trichostatin A; saHa = suberoylanilide hydroxamic acid; U.S. Foa = U.S. Food and Drug

Administration.
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breast cancer (Zolinza), prostate cancer (Zolinza,
romidepsin), multiple mye oma(Zolinza, panobinostat,
romidepsin), pancreatic cancer (M GCDO0103, romi-
depsin), colorectal cancer (Zolinza), thyroid cancer
(belinostat, romidepsin), non-small-cell lung cancer
[Zolinza; AN9 (a butyrate derivative): Bar-llan Re-
search and Development Co., Ramat-Gan, Israel], and
both Hodgkin and non-Hodgkin lymphoma (Zolinza,
panobinostat, belinostat, MGCDO0103).

3.1 Mechanism of HDAC Inhibitor-Mediated
Tumour Suppression

Because of the function of HpAcs as canonical tran-
scriptional co-repressors, the global transcription
changes elicited by Hpacis are somewhat surprising.
It is estimated that the expression level of approxi-
mately 2%%—-10% of genesisaltered by HpbAc treatment,
with as many genes downregulated as upregul ated 0.
Themost studied of theupregulated genesisCDKN1A,
which encodesthe cell cycleinhibitor kinase p21. Al-
though the re-expression of this gene explains the
antiproliferative effect of Hpaci, cell-cycle arrest is
not crucial for Hbaci-mediated tumour suppression
because HpAcis cause cell-cycle arrest in normal and
cancer cellsalike, and unlike many chemotherapeutic
drugs, Hpacis can Kill proliferating cancer cells30.

Asfor themethod of thistumour cell killing, there
are a plethora of routes through which it can occur.
The main process through which Hpacis induce can-
cer cell cytotoxicity is apoptosis (programmed cell
death). Apoptosis can occur through the extrinsic
(death-receptor) or theintrinsic (characterized by cy-
tochrome C release from mitochondria) pathway 3°.
Interestingly, the potent pro-apoptotic transcription fac-
tor p53 does not appear to be required for HDAcI-iN-
duced apoptosis. Instead, the pro-apoptotic Bax and
BH3-only proteins Bid or Bim are necessary for this
effect 3132, Moreover, overexpression of the anti-
apoptotic proteins Bcl2 or Bel X, abrogates apoptosis
induction by Hpaci 31,

Apoptosisinduced by Hpaci aso dependson eleva-
tionsin reactive oxygen species (ros) caused by HDAC
treatment. Thisphenomenon likely reflectstheinability
of tumour cellsto upregul ate thioredoxin, an antioxidant
protein, during Hpaci-induced ros accumul ation 32,

The HpbAcis can also induce genomic instability
by impairing pna damage repair 34 and by causing
mitoti c catastrophe (mis-segregation of chromosomes
because of defectsin the mitotic spindle checkpoint).
Further, in experimental conditionsof blocked apoptos's,
HDAcIS can still induce cancer cell death by an au-
tophagy-dependent process 3. This latter finding is
exciting, because it indicates that Hbacis may still be
effective against cancers with apoptosis defects 0.

The antitumorigenic properties of Hpacisalso ex-
tend to more systemic effects involving the tumour
blood supply, metastatic potential, and host immune
response. Thenbacisinhibit angiogenesisby repressing

the expression of pro-angiogenic factorssuch asvascu-
lar endothelial growth factor and by reducing the sensi-
tivity of endothelial cellsfor angiogenic stimuli 1236, In
addition to preventing the new blood supply crucial to
agrowing tumour, Hbacis also inhibit the expression
of matrix metall oprotei nase enzymes, which degrade
the basement membrane surrounding tumours, anim-
portant initial step in metastasis1®. Moreover, stimu-
lation of the host immune response by HbpAcis can
sensitize tumour cells for destruction by the immune
system 37. Therefore, Hpacis can induce diverse cel-
lular and physiologic processes that act in concert to
prevent theinitiation and progression of cancer.

3.2 Potential of Isotype- or Class-Selective HDAC
Inhibitors

The fact that class 1-selective Hpacis (for example,
MGCDO0103, SNDX275, and romidepsin) possess
antitumorigenic capacities strongly suggeststhat inhi-
bition of class1 Hbacs may be sufficient for chemo-
therapy. In support of thishypothesis, genetic deletion
and sirna-mediated knockdown studies support the
non-redundant role of these HbAcsin controlling cell
proliferation and survival 6. In particular, HDAC1
knockout micedieduring embryogenesisbecause of a
lack of cell proliferation %8; gene trap—mediated dis-
ruption of HDAC2 reducestumour growth in atumour-
prone mouse model 39; and loss of HDAC3 causes
embryonic lethality associated with decreased prolif-
eration, ona damage, and apoptosis 34. Moreover,
overexpression of each of these HpbAcsis seenin sev-
eral cancer types®.

In addition to these class 1 HDAcS, the class 11b
member HDACH is likely also an important target of
HDAcI-mediated cancer suppression because of its
ability to control cell migration through deacetylation
of a-tubulin and cortactin, and through its ability to
deacetylate Hsp90 and to disrupt that protein’s func-
tion as a chaperone for oncogene products®.

In contrast, thereis much less evidenceimplicat-
ing class na HbAcs in tumorigenesis. In fact, inhibi-
tion of class 11a Hpbacs (as occurs during treatment
with pan-Hpacis such as vorinostat, Tsa, vea, or bu-
tyrate) could lead to a host of unwanted side effects,
asinferred from therole of classnaHpacsin limiting
the activation of myocyte enhancer factor 2 (Mef2) tar-
get genes. Genetic deletion of each class 1a member
causes unrestrained MEF2 activation, leading to skel-
etal defects, pathol ogic cardiac hypertrophy, or collgpse
of thevascular system?. Thus, it will be of interest to
compare long-term recipients of class 1-selective
HDACIS with recipients of pan-HpAcis to see if pa
tientsin thelatter group selectively suffer from these
types of side effects.

Although it has not yet been established whether
class I—selective Hpacis dlicit fewer side effects than
pan-Hpbacis do, it is clear that HDAcis in general are
associated with certain toxicities, including fatigue,
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nausea, diarrhea, and vomiting 241, The issue of
HDACI toxicity must be addressed if drugswith abroad
range of clinical utilitiesin diverse patientsareto be
developed. Currently, only one truly specific HpAcl
has been developed. Tubacin selectively targets
HDACB, and it can induce apoptosis of multiple my-
elomacellsin vitro*2 and inhibit transforming growth
factor B—induced epithelial-to-mesenchymal transi-
tion“3. However, thiscompound hasyet to enter clini-
cal trials, and thusitstoxicity profileisnot yet known.
Of course, whether isotype-selective Hpacis will re-
ducetoxic side effectswill remain unknown until such
agents are devel oped and tested. Yet, even if the next
generation of HpAcislack better toxicity profiles, they
will nevertheless be instrumental in elucidating the
function or functions of individual Hbacsinvolvedin
varioustypes and stages of cancer and in other human
diseases.

The specific Hpbaci used for specific cases may
also beof critical importanceindependent of the Hpacs
it inhibits. A recent study demonstrated that specific
HDAcIS can have dramatically different effects depend-
ing on the molecular profile of thetumour. Inamouse
model of B cell lymphoma, Bcl2 overexpression blocks
the ability of the hydroxamates, but not of the cyclic
tetrapeptide romidepsin to prevent lymphoma 44,
Whether thisdifferential blocking istheresult of dif-
ferent substrate specificitiesisunknown, but it at |east
pointsto the phenomenon that not all Hoacisare equal
intermsof biologic activity. Thisresult also providesa
glimpse into a future, when therapies are tailored to
theindividual gene expression profiles of tumoursin
patients 4. In this case, a lymphoma patient with
overexpressed Bcl2 would be better served with
romidepsin than with a hydroxamate HpAcI.

3.3 Use of HDAC Inhibitor in Combination with
Other Chemotherapies

The optimal use of Hpacis is highly likely to be in
combi nation with other anticancer therapies. Several
studies have shown that HpbAcis can synergize with a
large set of other chemotherapeutic drugs such as
cisplatin, etoposide, bortezomib, and gemcitabine.
Other therapeuticsthat exhibit an additive or synergistic
effect when used with Hpbacis include differentiation
agentssuch asretinoic acid (rRa) and all-transretinoic
acid (aTra) for the treatment of leukemic cells;
imatinib, an inhibitor of the Bcr-Abl tyrosine kinase
expressed by the Philadel phiachromosomein chronic
myelogenous leukemia; the breast cancer drug
trastuzumab, amonoclonal antibody against the HERZ/
neu (ErbB2) receptor; and 17AAG, aninhibitor of the
oncogenic protein chaperone Hsp901030, 1n all these
cases, at least in vitro, these drugs cooperate with
HDACIS t0 enhance apoptosis—or, in the case of ra
and atra, differentiation—of cancer cells. Further,
HDAcIS can inducedifferentiation or apoptosis, respec-
tively, of ra- or imatinib-resistant cells. In addition,

HDAcIS enhance the radiosensitivity of gamma- or ul-
traviolet-irradiated tumours and can bol ster the effect
of theTrAIL (tumour necrosi sfactor—related apoptosis-
inducing ligand) death receptor ligand on tumour cell
death 1030, A |ink is emerging between Hpbac activity
and pna methylation in controlling gene expression 18,
it is therefore not surprising that the combination of
HDAcCIS and bNA methyltransferase inhibitors also ex-
hibit enhanced anti-neopl astic activity 102,

Excitingly, it appearsthat the principle of synergism
between Hpacis and other compounds can be reca-
pitulated in asingle hybrid compound. Thefirst com-
pound of thiskind, termed triciferol, inwhichtheside
chain of 1,25-vitamin D, (the activeform) isreplaced
with the dienyl hydroxamic acid of Tsa 4, possesses
characteristics of both 1,25-D, (vitamin D receptor
agonism) and T1sa (histone hyperacetylation) and ex-
hibitseffectssimilar to co-treatment with thetwo origi-
nal compoundsin terms of cancer cell cytotoxicity in
vitro 4647, It will be greatly interesting to see if this
compound is effective in animal studies and human
clinical trials, and also to see whether Hpacis can be
combined with other drugsto form new antitumorigenic
hybrid compounds.

4. SUMMARY AND FUTURE PERSPECTIVES

Theflurry of activity surrounding the devel opment of
HDAcIS has paralleled the rapid expansion over the past
decade of research into the molecular details of HpbAc
activity and the biologic roles of these enzymes. The
discovery of their importance to multiple stages of tu-
mour initiation and progression provided astrong ra-
tionale for the use of compounds targeting these
epigenetic regulators in cancer treatment. With cur-
rent compounds exhibiting positiveclinical results, and
one HpAcl already on the market in the United States,
it is clear that Hoacis will likely represent an impor-
tant class of chemotherapeutic drugs in the near fu-
ture. Whether newer Hpacis, possibly isotype-selective
versions, will ultimately supplant the current collec-
tion remains to be seen, but would not be surprising
given the modest toxicity problems associated with
today’s generation of HpAacis. Nevertheless, the clini-
cal utility of altering Hpac activity has been unam-
biguousy demonstrated.

Althoughwe havefocused oninhibitorsof the Rpd3/
Hdal family of deacetylases herein, modulators of
sirtuin activity (Table 1) may prove to be important
therapeuticsfor the treatment of various diseases, in-
cluding cancer 8. For instance, the sirt1 activator
resveratrol—a polyphenol famously contained inred
wine—can prevent cancer by targeting multiple stages
of progression in mice*°. In addition, it was recently
reported that tenovins, novel sirtl and sirT2 inhibi-
tors, increase apoptosis of cancer cell linesand delay
tumour growthin mice, in part by increasing the acetyla-
tionand transcriptional activity of TP53%. Despitethese
advances, sirtuin-targeting compounds (inhibitorsand
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activators alike) lag behind conventional HDAcIS in
terms of their progression from the lab to the phar-
macy. Their continued devel opment, alongside that of
HDACIS, is crucial to fully exploit the importance of
protein acetylation in cancer.

The present mini-review hasdealt primarily with
theideathat increasing acetylation of histonesor other
proteins through Hbac inhibition is always desirable,
but it isimportant to notethat it isthe balance of Hbac
and histone acetyltransferase activities, and hencethe
rel ative acetylation level s of key proteins (which may
vary in different tissues and disease states) that is of
ultimate importance. For thisreason, cases may occur
in which too much acetylation is pathologic, and in-
hibitors of histone acetyltransferases may therefore be
efficacious®-52, Indeed, inhibition of the acetyltrans-
ferase activity of p300 by curcumin—the polyphenol
contained in the curry spiceturmeric—blocks cardiac
hypertrophy and heart failure in mouse models 2.
Curcumin has also been touted as apotential antican-
cer compound, athoughitisnot yet known whether its
potential activity isafunction of itshistone acetyltrans-
feraseinhibitory function®4.

Although cancer hastraditionally been viewed as
agenetic disease, the perspective of cancer asan epige-
netic diseaseisrapidly emerging. Thus, in additionto
mutations in the pna code, it is increasingly clear
that cancer can result from aberrationsin chromatin
and chromatin-modifying proteins such asHpbAcs. As
aresult, HDAcISrepresent one promising subgroup of
compoundsfor epigenetic therapy. The e ucidation of
the mechanisms through which Hpacis suppress tu-
mours, the discovery of the particular Hpbacsthat are
involved in each stage or type of cancer, the contin-
ued devel opment of isotype-selective Hpbacis, and the
optimization of HbAcis as a component of combina-
tion chemotherapy represent important breakthroughs
that will undoubtedly occur in the near future. With
continued research and development, HpbAcis are
likely to figure prominently in cancer treatment plans
in the near future.

5. ACKNOWLEDGMENTS

Thework reported hereis supported by research grants
from the Canadian I nstitutes of Health Research (ciHR)
and the Canadian Cancer Society (to X.J.Y.) and by a
Canada Graduate Scholarship from ciHr (to D.R.W.).

6. REFERENCES

1. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell
2000;100:57-70.

2. Shahbazian MD, Grunstein M. Functions of site-specific his-
tone acetylation and deacetylation. Annu Rev Biochem
2007,76:75-100.

3. Glozak MA, Sengupta N, Zhang X, Seto E. Acetylation and
deacetylation of non-histone proteins. Gene 2005;363:15-23.

4. Sterner DE, Berger SL. Acetylation of histones and transcrip-

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

tion-related factors. Microbiol Mol Biol Rev 2000;64:435-59.
Yang XJ, Seto E. Lysine acetylation: codified crosstalk with other
posttrand ational modifications. Mol Cell 2008;31:449-61.
Glozak MA, Seto E. Histone deacetylases and cancer. Oncogene
2007;26:5420-32.

Bhaumik SR, Smith E, Shilatifard A. Covalent modifications of
histones during development and disease pathogenesis. Nat
Sruct Mol Biol 2007;14:1008-16.

LinRJ, Sternsdorf T, Tini M, Evans RM. Transcriptional regu-
lation in acute promyelocytic leukemia. Oncogene
2001;20:7204-15.

Minucci S, Pelicci PG, Histone deacetylase inhibitors and the
promise of epigenetic (and more) treatments for cancer. Nat
Rev Cancer 2006;6:38-51.

Bolden JE, Peart MJ, Johnstone RW. Anticancer activities of
histone deacetylase inhibitors. Nat Rev Drug Discov
2006;5:769-84.

Tang Y, Zhao W, Chen'Y, Zhao Y, Gu W. Acetylation isindis-
pensablefor p53 activation. Cell 2008;133:612—-26.
KovacsJJ, Murphy PJ, Gaillard S, et al. Hpac6 regul ates Hsp90
acetylation and chaperone-dependent activation of glucocorti-
coid receptor. Mol Cell 2005;18:601—7.

Bali P, Pranpat M, Bradner J, et al. Inhibition of histone
deacetylase 6 acetylates and disrupts the chaperone function
of heat shock protein 90: anovel basisfor antileukemiaactiv-
ity of histone deacetylase inhibitors. J Biol Chem
2005;280:26729-34.

Glaser KB. Hpac inhibitors: clinical update and mechanism-
based potential. Biochem Pharmacol 2007;74:659—71.
KhochbinS, Verdel A, Lemercier C, Seigneurin—Berny D. Func-
tional significance of histone deacetylase diversity. Curr Opin
Genet Dev 2001;11:162—6.

Yang XJ, Seto E. The Rpd3/Hdal family of lysine deacetylases:
from bacteriaand yeast to mice and men. Nat Rev Mol Cell Biol
2008;9:206-18.

Grozinger CM, Schreiber SL. Deacetylase enzymes: biological
functions and the use of small-moleculeinhibitors. ChemBiol
2002;9:3-16.

Walkinshaw DR, Tahmasebi S, Bertos NR, Yang XJ. Histone
deacetylases as transducers and targets of nuclear signaling. J
Cell Biochem2008;104:1541-52.

Fischle W, Dequiedt F, Hendzel MJ, et al. Enzymatic activity
associated with class 11 HDAcs is dependent on a multiprotein
complex containing Hdac3 and Smrt/N-CoR. Mol Cell
2002;9:45-57.

Lahm A, Paalini C, Pallaoro M, et al. Unraveling the hidden
catalytic activity of vertebrate class 11a histone deacetylases.
Proc Natl Acad Sci U SA 2007;104:17335-40.

SchuetzA, Min J, Allali—Hassani A, et al. Human HpAc7 harbors
aclass ia histone deacetylase—specific zinc binding motif and
cryptic deacetylase activity. J Biol Chem 2008;283:11355-63.
Boyault C, Sadoul K, Pabion M, Khochbin S. Hpac6, a the
crossroads between cytoskel eton and cell signaling by acetyla-
tion and ubiquitination. Oncogene 2007;26:5468-76.

Zhang X, YuanZ, Zhang'Y, et al. Hpac6 modulates cell motility
by altering the acetylation level of cortactin. Mol Cell
2007;27:197-213.

Miller TA, Witter DJ, Belvedere S. Histone deacetylaseinhibi-
tors. J Med Chem 2003;46:5097-116.

CURRENT ONCOLOGY—VoLuME 15, NumBER 5



25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

38.

39.

40.

41.

WALKINSHAW and YANG

Davie JR. Inhibition of histone deacetylase activity by bu-
tyrate. J Nutr 2003;133:2485S-93S.

YoshidaM, KijimaM, AkitaM, Beppu T. Potent and specific
inhibition of mammalian histone deacetylase both in vivo and
in vitro by trichostatin A. J Biol Chem 1990;265:17174-9.
Richon VM, Emiliani S, VerdinE, et al. A classof hybrid polar
inducers of transformed cell differentiation inhibits histone
deacetylases. Proc Natl Acad Sci U SA 1998;95:3003—7.
Marks PA, Breslow R. Dimethyl sulfoxide to vorinostat: de-
velopment of this histone deacetylase inhibitor as an antican-
cer drug. Nat Biotechnol 2007;25:84—90.

Bonfils C, Walkinshaw DR, Besterman JM, Yang XJ, Li Z.
Pharmacological inhibition of histone deacetylasesfor thetreat-
ment of cancer, neurodegenerative disordersand inflammatory
diseases. Expert Opin Drug Discov 2008;3:1-25.

Xu WS, Parmigiani RB, Marks PA. Histone deacetylase in-
hibitors: molecular mechanisms of action. Oncogene
2007;26:5541-52.

Lindemann RK, Newbold A, WhitecrossKF, et al. Analysis of
the apoptotic and therapeutic activities of histone deacetylase
inhibitors by using a mouse model of B cell lymphoma. Proc
Natl Acad Sci U SA 2007;104:8071-6.

Subramanian C, Opipari AW Jr, Bian X, Castle VP, Kwok RP.
Ku70 acetylation mediates neuroblastoma cell death induced
by histone deacetylase inhibitors. Proc Natl Acad Sci U SA
2005;102:4842—7.

Butler LM, Zhou X, Xu WS, et al. The histone deacetylase
inhibitor saHA arrests cancer cell growth, up-regulates
thioredoxin-binding protein-2, and down-regul ates thioredoxin.
Proc Natl Acad Sci U SA 2002;99:11700-5.

Bhaskara S, Chyla BJ, Amann JM, et al. Deletion of histone
deacetylase 3 revea s critical rolesin S phase progression and
pNA damage control. Mol Cell 2008;30:61-72.

ShaoY, Gao Z, Marks PA, Jiang X. Apoptotic and autophagic
cell death induced by histone deacetylaseinhibitors. Proc Natl
Acad Sci U SA 2004;101:18030-5.

Deroanne CF, Bonjean K, Servotte S, et al. Histone deacetylases
inhibitors as anti-angiogenic agents altering vascul ar endothe-
lial growth factor signaling. Oncogene 2002;21:427-36.
Johnstone RW. Histone-deacetylase inhibitors: novel drugsfor
the treatment of cancer. Nat Rev Drug Discov 2002;1:287-99.
Lagger G O’ Carrall D, Rembold M, et al. Essential function of
histone deacetylase 1 in proliferation control and Cdk inhibitor
repression. Embo J 2002;21:2672-81.

Zimmermann S, Kiefer F, Prudenziati M, et al. Reduced body
size and decreased intestinal tumor rates in HDAC2-mutant
mice. Cancer Res2007;67:9047-54.

Potthoff MJ, Olson EN. Mef2: a central regulator of diverse
developmental programs. Devel opment 2007;134:4131-40.
Karagiannis TC, EI-Osta A. Will broad-spectrum histone
deacetylase inhibitors be superseded by more specific com-
pounds? Leukemia 2007;21:61-5.

42.

43.

46.

47.

49.

50.

51.

52.

HideshimaT, Bradner JE, Wong J, et al. Small-moleculeinhibi-
tion of proteasome and aggresome function induces synergistic
antitumor activity in multiple myeloma. Proc Natl Acad Sci U
SA2005;102:8567-72.

Shan B, Yao TP, Nguyen HT, et al. Requirement of HpAc6 for
transforming growth factor-f1-induced epithelial-mesenchy-
mal transition. J Biol Chem 2008;283:21065—-73.

Newbold A, Lindemann RK, Cluse LA, Whitecross KF, Dear
AE, Johnstone RW. Characterisation of the novel apoptotic
and therapeutic activities of the histone deacetylase inhibitor
romidepsin. Mol Cancer Ther 2008;7:1066—79.

van't Veer LJ, Bernards R. Enabling personalized cancer medi-
cine through analysis of gene-expression patterns. Nature
2008;452:564-70.

Tavera-Mendoza LE, Quach TD, Dabbas B, et al. Incorpora-
tion of histone deacetylase inhibition into the structure of a
nuclear receptor agonist. Proc Natl Acad Sci U S A
2008;105:8250-5.

Khanim FL, Gommersall LM, Wood VH, et al. Altered svrt
levelsdisrupt vitamin D, receptor signalling in prostate cancer
cells. Oncogene 2004;23:6712-25.

Shankar S, Singh G, Srivastava RK. Chemoprevention by
resveratrol: molecular mechanisms and therapeutic potential.
Front Biosci 2007;12:4839-54.

Baur JA, Sinclair DA. Therapeutic potential of resveratrol: the
in vivo evidence. Nat Rev Drug Discov 2006;5:493-506.

Lain S, Hollick JJ, Campbell J, et al. Discovery, in vivo activ-
ity, and mechanism of action of asmall-molecule p53 activator.
Cancer Cell 2008;13:454-63.

Lee KK, Workman JL. Histone acetyltransferase complexes:
onesizedoesn't fit all. Nat Rev Mol Cell Biol 2007;8:284-95.
Yang XJ, Seto E. Hats and Hpacs: from structure, function and
regulation to novel strategies for therapy and prevention.
Oncogene 2007;26:5310-18.

Epstein JA. Currying favor for the heart. J Clin Invest
2008;118:850-2.

Hsu CH, Cheng AL. Clinical studies with curcumin. Adv Exp
Med Biol 2007;595:471-80.

Correspondence to: Xiang-Jiao Yang, Rosalind and
Morris Goodman Cancer Centre, Cancer Pavilion,
Room 408, 3655 Promenade Sir-William-Odler, Mon-
treal, Quebec H3G 1Y6.

E-mail: xiang-jiao.yang@mcgill.ca

*

Rosalind and M orris Goodman Cancer Centre (for-
merly the McGill Cancer Centre, renamed in Sep-
tember 2008), M cGill University, and Department
of Medicine, McGill University Health Centre,
Montreal, QC.

CURRENT ONCOLOGY—VoLuME 15, NumBER 5



