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Abstract

Over the last 5 years, a plethora of histone deacetylase inhibitors (HDACi) have been evaluated in
clinical trials. These drugs have in common the ability to hyperacetylate both histone and nonhistone targets, resulting in a variety of effects on cancer cells, their microenvironment, and immune
responses. To date, responses with single agent HDACi have been predominantly observed in advanced hematologic malignancies including T-cell lymphoma, Hodgkin lymphoma, and myeloid
malignancies. Therefore, in this review we focus upon hematologic malignancies. Generally
HDACi are well tolerated with the most common acute toxicities being fatigue, gastrointestinal,
and transient cytopenias. Of note, few patients have been treated for prolonged periods of time
and little is known about long-term toxicities. The use of the biomarker of histone hyperacetylation has been useful as a guide to target specificity, but generally does not predict for response
and the search for more clinically relevant biomarkers must continue.

It is well recognized that chromatin modification plays an
important role in the control of gene transcription regulation
and the acetylation status of histones plays a critical role (1).
Hyperacetylated histones tend to result in transcriptionally
active genes, whereas hypoacetylation typically results in
repressed transcription. The degree of acetylation is mediated
by histone acetyltransferases and deacetylases (2, 3). Currently
a total of 18 histone deacetylases (HDACs) have been
described, and they have been divided into four general classes.
Class I includes HDACs 1, 2, 3, and 8, located within the cell
nucleus; class II includes the HDACs 4, 5, 6, 7, 9, and 10; and
class IV HDAC 11. In contrast to the other HDACs, class III
HDACs, consisting of the NAD+-dependant Sirtuin family 1 to
7, are not targeted by the currently available HDAC inhibitors
(HDACi).
In the clinical setting, relatively weak HDAC inhibition was
initially recognized with sodium butyrate, the prototype of the
small chain fatty acid group that was later found to include
sodium valproate and phenylbutyrate, and their efficacy as
HDACi has been evaluated, both as single agents and in
combination with other therapies, with modest results (4 – 8).
Since then, a range of much more potent, structurally diverse
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HDACi have been purified as natural products or have been
synthetically produced. These later HDACi are generally
subdivided into six groups on the basis of their chemical
structure (9). Pan-HDACi agents include vorinostat, panobinostat, and belinostat, whereas the more isotype-selective (class or
specific HDAC) agents include romidepsin, MGCD0103, and
entinostat. It should be noted however that this is based largely
on preclinical in vitro studies and few clinical studies report on
drug effect on specific HDAC isotype targets (10).
The various mechanisms of action of the HDACi are beyond
the scope of this review but it is important to recognize that
there are likely to be substantial differences between the various
HDACi drugs based not only on the targets for hyperacetylation
(i.e., the different classes of HDACs) but also the capacity to
hyperacetylate lysine residues on histones and nonhistone
targets, and individual pharmacokinetic properties (11 – 13).
For example it remains unclear whether pan-HDACi, which
inhibit both class I and II HDACs, are superior to class- or
isotype-specific HDACi (e.g., class I inhibitors alone). Along
with their similar modes of action HDACi seem to have a
general class toxicity profile, which includes gastrointestinal
disturbance, myelosuppression, and QTcF (QT interval corrected with Fridericia’s formula) prolongation, although
idiosyncratic side effects of particular HDACi have been noted
and may relate to differences in chemical structure. Hopefully,
as we learn more about the specific attributes of each individual
HDACi we may eventually be able to ‘‘match’’ individual
HDACi to particular tumors or genetic profiles to improve
clinical responses (14).
To date, the responses observed in studies using HDACi as a
single agent have predominantly been seen in advanced hematologic malignancies, with few seen in solid tumors (Table 1).
The focus of this review is to critically appraise clinical studies
of HDACi in hematologic malignancies, and examine the
various correlative studies linking drug dose, histone acetylation, pharmacology, and biomarker studies. For a review of
clinical studies of HDACi in solid tumors, we refer readers to
Marsoni and colleagues (15).
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Table 1. Key trials of single agent HDACi in hematologic malignancies
Agent

Study

Disease

Vorinostat (SAHA)

O’Connor et al (17)
Duvic et al (19)
Olsen et al (20)
Garcia-Manero et al (22)
Byrd et al (32)
Bates et al (35)
Kim et al (39)
Piekarz et al (40)
Garcia-Manero et al (45)
Lancet et al (46)
Bociek et al (47)
Crump et al (48)
Giles et al (52)
Duvic et al (56)
Ottmann et al (51)
Prince et al (54)
Gimseng et al (59)
Gojo et al (61)

HL/DLBCL/CTCL/other
CTCL
CTCL
Advanced leukemia/MDS
AML/CLL
CTCL
CTCL
PTCL
Advanced leukemia/MDS
Advanced leukemia/MDS
HL
DLBCL/FL
Advanced leukemia/MDS
CTCL
AML/MDS/MF/MM/HL/NHL
NHL/solid tumors
NHL/CLL/MM
Advanced leukemia/MDS

Romidepsin (depsipeptide)

MGCD0103

Panobinostat (LBH589)

Belinostat (PXD-101)
Entinostat (MS-275)

Phase
I
II
IIb
I
I
II
II
II
I
I
II
II
I
II
I/II
I
I
I

No.

Response

35
33
74
41
20
71
92
43
29
19
33
50
15
95
146*
19*
16
38

CR 1, PR 4, SD 3
PR 8 (SS 4)
CR 1, PR 21
CR 2, CRi 2, HI 3
Nil
CR 6, PR 24, SD 19
CR 7, PR 10
PR 10, CR 7
CR 3
SD 4
CR 2, PR 6
CR 1, PR 4, SD 22
HI 1
CR 4, Skin CR 2, PR
CR 3, CRi 1, PR 17, SD 14
CR 2 (CTCL), PR 2 (CTCL)
SD 5
Nil

Abbreviations: MF, myelofibrosis; HI, hematologic response.
*Ongoing.

Vorinostat
Vorinostat (suberoylanilide hydroxamic acid, SAHA) is a
hydroxamic acid derivative that inhibits both class I and II
HDACs, and has been approved in the United States by the
Food and Drug Administration (FDA) for the treatment of
relapsed and refractory cutaneous T-cell lymphoma (CTCL;
ref. 16). Initial clinical experience of both the intravenous and
oral formulations of vorinostat in 35 patients with advanced
hematologic malignancies was reported as an extension of
separate phase I studies in advanced cancer (17). Intravenous
administration resulted in a fourfold higher Cmax, whereas oral
administration produced a significantly higher (22-fold) area
under the curve (AUC) value. It is yet to be fully determined if
such differences in pharmacokinetics (PK) impact on toxicities
or response.
The ability to hyperacetylate target histones (both in blood
lymphocytes and tumor cells) has been a useful biomarker in
early studies of HDACi. With vorinostat, peripheral blood
mononuclear cells (PBMCs) underwent transient histone
hyperacetylation 2 hours posttreatment, which returned to
the baseline level 8 hours posttreatment (Fig. 1). Although
higher doses did not produce an increase in the level of histone
acetylation, a longer duration of hyperacetylation was observed.
Moreover, hyperacetylation was shown in tumor biopsies
posttreatment, although no correlation between acetylation
status and tumor response was reported. Indeed, this and
numerous other studies have to date failed to show a
correlation between the level of hyperacetylation and response,
and although hyperacetylation of blood lymphocytes is a useful
biomarker to show that HDACi ‘‘hit their target,’’ it is likely that
there are numerous other targets and mechanisms of response
and or resistance that impact on antitumor effect.
In these studies, tumor reduction was observed in five patients
with Hodgkin lymphoma (HL), diffuse large B-cell lymphoma
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(DLBCL), and CTCL (17). Despite this encouraging response in
DLBCL, a subsequent study focusing on B-cell malignancies
showed only a few responders at the dose administered, with
one complete remission (CR), and one sustained stable disease
(SD; Fig. 2; ref. 18). Conversely, given the response of a patient
with CTCL to oral vorinostat, a successful single center phase II
dose finding study was initiated (19). A total of 33 patients with
relapsed/refractory CTCL were enrolled and treated with three
oral dosing schedules. There was an overall response rate (ORR)
of 24%, with a reduction in pruritus seen in 58% of patients.
The 400-mg/day dose was considered optimum in terms of
response-toxicity profile for evaluation in a phase IIb multicenter trial. This nonblinded single arm pivotal trial in CTCL
assessed responses by changes in overall skin disease score using
a modified severity-weighted assessment tool (mSWAT; ref. 20).
The objective response rate in 74 patients with stage IIB or
higher disease was 30%. As previously reported, the most
common toxicities were related to gastrointestinal or constitutional symptoms, hematologic abnormalities, or taste disorders,
and were mostly mild to moderate in severity.
Correlative studies that included skin biopsies collected prior
to treatment from 51 patients, attempted to identify biomarkers
predictive of vorinostat response (21). Immunohistochemical
analysis showed that nuclear accumulation of signal transduction and activators of transcription (STAT) 1 (STAT1) and high
levels of nuclear phosphorylated STAT3 in malignant T cells
correlated with a lack of clinical response, implying deregulation of STAT activity may play a role in vorinostat resistance in
CTCL, and may be of prognostic value in predicting response to
vorinostat.
A dose escalating study of vorinostat in 41 patients with acute
myeloid leukemia (AML) was recently reported (22). Grade 3/4
adverse events were predominantly fatigue, diarrhea, and
thrombocytopenia. Four patients (17%) with AML responded,
including two patients who achieved a CR. Rapid two- to
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Fig. 1. Long-term evaluation of PBMC
histone H3 acetylation in a patient receiving
vorinostat. Reprinted with permission,
#2009 American Society of Clinical
Oncology. All rights reserved. From Kelly
WK, et al.,‘‘Phase I study of an oral histone
deacetylase inhibitor, suberoylanilide
hydroxamic acid, in patients with advanced
cancer,’’ J Clin Oncol 2005;23:3923-31.

threefold histone H3 hyperacetylation was observed in blood
and bone marrow in all patients at all dose levels, with levels
returning to baseline during breaks in treatment. The question
remains about whether sustained hyperacetylation would result
in better clinical responses, and raises the larger question about
whether we should be aiming to dose patients according to
maximally tolerated dose (MTD) or using biomarkers such as
hyperacetylation.
As mentioned, there may be other biomarkers that predict for
response. Correlative studies on PBMC confirmed previous
in vitro data indicating that vorinostat-induced cytotoxicity is
dependant on reactive oxygen species (ROS) generation (23).
Gene expression of known ROS scavengers was up-regulated in
nonresponders (relative to responders) and predicted resistance, supporting the hypothesis that oxidative stress pathways
are important in disease growth. Overexpression of p21- and
p53-responsive genes have also been associated with resistance
to vorinostat (24). Indeed, the gene expression profile along
with STAT phosphorylation and ROS scavenger level may in
due course help to predict for responders to vorinostat.
A phase I study of oral vorinostat in multiple myeloma (MM)
was prematurely terminated because of sponsor withdrawal
with the MTD not determined (25). Despite this, there is great
interest in the combination of the proteasome inhibitor
bortezomib and HDACi, due to preclinical studies demonstrating marked synergy in induction of plasma cell apoptosis (26).
Following proteasome inhibition, misfolded proteins are
directed to a single perinuclear area along a tubulin, forming
an aggresome-a key ‘‘escape mechanism’’ or malignant plasma
cells. Hyperacetylation of a tubulin by HDACi, prevents
aggresome formation, resulting in an increase in apoptosis
(27). Early reports suggest the combination of bortezomib and
vorinostat in vivo seems tolerable, with near maximum single-
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agent doses of both drugs deliverable, along with promising
response rates (28 – 30).

Romidepsin
Romidepsin (depsipeptide, FR901228, FK228, NSC 630176)
is a relatively unique HDACi as it is a prodrug. Upon entering
cells romidepsin is reduced to an active compound, capable of
preferentially interacting with the zinc in the active site of
the HDAC class I enzymes, however, it is still generally
classified as a broad-spectrum inhibitor as it does inhibit class
II enzymes (31).
A dose escalation study in chronic lymphocytic leukemia
(CLL) and AML patients was done by Byrd and colleagues, with
the aim of achieving an in vivo dose that increased acetylation
of histone proteins H3 and H4 by 100% in vitro (32). Although
no formal CR or partial responses (PR) were seen in 10 CLL
patients, antitumor activity was noted. Of 10 patients with AML
none achieved CR or PR although one patient experienced
tumor lysis syndrome. Another study with 11 AML/myelodysplasia (MDS) patients had one CR with SD in six patients (33).
Correlative studies showed a modest but rapid increase in
apoptosis, and changes in myeloid maturation marker expression, although no consistent changes were observed in histone
H3 and H4 acetylation levels.
In 2001, responses in four patients with T-cell lymphoma
were reported in a phase I trial conducted at the National
Cancer Institute (NCI; ref. 34). Subsequently, two groups on
both sides of the Atlantic have been investigating romidepsin in
phase II trials. Bates and colleagues have reported the final
results of 71 patients with CTCL treated on the multicenter NCI
study of romidepsin administered as a 4-hour infusion on days
1, 8, and 15 of a 28-day cycle with a starting dose of 14 mg/m2
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(35). The ORR was 34%, with a CR observed in four patients, a
PR in 20, and SD in 26. The duration of responses improved
with increased depth of response and the median time to
progression for patients with a major response (CR or PR) was
15.1 months. CR was achieved even in patients with Sézary
syndrome. One of the striking features of romidepsin is the very
long duration of response extending beyond 3 years in some
patients, some after drug discontinuation. Indeed, one patient
remains in an ongoing CR off therapy after 63 months.
There was a significant correlation between global H3
histone acetylation at 24 hours and Cmax, AUC, and clearance,
and furthermore patients with major responses were more
likely to have higher levels of acetylated histones at this
timepoint. RNA analysis of both normal and malignant
circulating PBMCs in this trial showed increased histone
acetylation. Of interest, microarray analysis revealed specific
CTCL signature genes (which have been recognized to
differentiate between Sézary syndrome and aleukemic forms
of CTCL; ref. 36) were reversed following romidepsin treatment
(37), suggesting either effective peripheral blood tumor
elimination or differentiation. Because of early concerns about
cardiac toxicity, intensive electrocardiogram and ejection
fraction monitoring of patients receiving romidepsin has been
undertaken along with careful patient selection excluding those
with a significant cardiac history, and the use of aggressive
electrolyte replacement to reduce risks of QTc prolongation
(38). Although minor electrocardiogram changes are relatively

frequent there have been no reports of raised cardiac enzymes
or altered left ventricular function due to drug administration,
even with prolonged treatment.
Favorable responses in CTCL have been confirmed in a
European-U.S. study of 96 patients, with remarkably similar
outcomes to that of Bates and colleagues (39). The ORR was
32%, as measured by SWAT, with CR observed in six patients.
Very encouraging responses have also been reported in
patients with peripheral T-cell lymphoma (PTCL). Piekarz and
colleagues reported an ORR of 31%, as a single agent in 48
patients, including four CR and 11 PR (40). The overall
median duration of response for all patients was 9 months
(range 2-61+ months). Responses were observed independent
of prior therapy, with some patients having undergone prior
stem-cell transplant, and were observed in a variety of
subtypes of PTCL. An example of response to romidepsin is
given in Fig. 3.
Single-agent romidepsin has been trialed in myeloma, with
no clinical responses, although some patients obtained SD with
demonstrable decreases in monoclonal protein (41). An
ongoing Australian phase I/II trial is examining the combination of romidepsin with bortezomib in heavily pretreated
myeloma patients, including six patients who had received
prior bortezomib, and the study has shown good tolerability in
the 22 patients treated to date, with four CR, two very good
partial responses (VGPR), six PR, five minimal responses (MR),
and one SD (42).

Fig. 2. FDG-PETand CTscans of a 59-year-old patient with relapsed DLBCL
who achieved complete remission on vorinostat. A, FDG-PETscans at
baseline and on day 29 are shown. Corresponding CTscans are shown in B
and C. Reproduced from Crump M, et al.,‘‘Phase II trial of oral vorinostat
(suberoylanilide hydroxamic acid) in relapsed diffuse large-B-cell lymphoma,’’
Ann Oncol 2008;19;964-9 by permission of Oxford University Press.
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Fig. 3. A patient with PTCL (NOS) with skin
involvement pre- and post-romidepsin.

MGCD0103
MGCD0103 is an isotype-specific aminophenylbenzamide
that inhibits HDAC classes I and IV, with almost no class II
effect. It is yet to be determined if targeting HDAC isotypes
results in reduced toxicity while achieving responses equivalent
to pan-HDACi (41, 43). Novel whole cell HDAC enzyme
assays, using cell permeable deacetylase substrates show a dosedependent inhibitory activity of MGCD0103 sustained for
greater than 48 hours in PBMCs in patients with solid tumors.
This prolonged pharmacodynamic (PD) effect may allow less
frequent dosing (44).
Recently clinical development of this compound has been
suspended because of reports3 of pericarditis or pericardial
effusion. Patients currently enrolled in MGCD0103 trials with
no signs or symptoms suggestive of pericardial disease are
continuing in their respective studies. Other reported toxicities
of MGCD0103 include fatigue and gastrointestinal symptoms,
with apparently less hematologic toxicity than other HDACi
reported thus far (45 – 48).
A multicenter phase 1 trial of oral MGCD0103 in patients
with leukemia and myelodysplastic syndromes was recently
published (45). The majority had AML and responses were
observed in three of 23 patients treated at or near the MTD. PK
data showed dose-dependant acetylation of histone H3, and
whole-cell enzyme assays showing HDAC inhibition increasing
in a dose-dependent manner. A second trial in advanced

3

Unpublished data.
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leukemia/MDS utilized a less intensive regimen of twice weekly
with no rest week (46). Four of 19 patients had SD, and
inhibition of whole cell total HDAC activity was seen in
PBMCs, although was not reported to predict for response.
MGCD0103 was evaluated in a phase II trial in relapsed and
or refractory classical HL at a dose of either 85 mg or 110 mg
thrice weekly (47). Of 33 patients enrolled, 29 (88%) had
received a prior transplant. Among 21 evaluable patients in the
110-mg cohort, two had a CR and six PR. The patients in CR
had progression free survivals (PFS) of 270+ and 420+ days.
Another patient had SD for more than 6 months. Of five
evaluable patients in the 85-mg cohort, all showed tumor
reduction, with one formal PR and two SD. All grade 3
toxicities seemed to be significantly less in the 85-mg cohort. In
this study they assayed thymus and activation regulated
chemokine (TARC) levels. TARC is able to attract activated
TH2 T cells and is highly expressed by Hodgkin Reed-Sternberg
(HRS) cells in HL and dendritic cells in the HRS environment
(49, 50). Indeed, the antitumor activity of vorinostat in in vitro
studies of HL is associated with a decrease in TARC production
(50). These observations are mirrored in the MGCD0103
clinical trial in which a decrease in plasma TARC levels
measured by ELISA from baseline to day 8 correlated with
clinical responses (47). It remains to be proven whether these
in vivo observations are related to ‘‘on target’’ antitumor or ‘‘off
target’’ antiinflammatory mechanisms.
The same group has reported initial results in a phase II trial
in adults with relapsed or refractory DLBCL or follicular
lymphoma (FL), nearly all of whom had received prior
rituximab (48). Responses in 17 patients with DLBCL included
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one CR and three PR, with PFS for these responders ranging
from 168 to greater than 336 days. Interestingly, five patients
with DLBCL with SD had PFS ranging from 112 to greater than
336 days. It is of interest that like this study, several HDACi
have been reported to prevent disease progression for prolonged periods of time despite the lack of conventional
radiological responses (40, 51). One of 10 patients with FL
achieved a PR. Inhibition of HDAC activity in PBMCs was seen
in 13 out of 18 patients and seemed similar between the 85-mg
or 110-mg treated groups.

Panobinostat
Panobinostat (LBH589) is a structurally novel cinnamic
hydroxamic acid analog, and both intravenous and oral
formulations are being investigated. Based on the hypothesis
that leukemic cells might require an extended dosing period for

disease control, a two-arm, dose-escalation phase IA/II study in
patients with advanced hematologic malignancies was initiated
with a 7-consecutive-day dose schedule of intravenous panobinostat (52). Fifteen patients were treated but asymptomatic
grade 3 QTcF prolongation was reported in four patients,
resulting in premature discontinuation of the study, and all
subsequent studies have utilized an intermittent dosing
schedule with minimal cardiac effects observed (53).
A phase I dose-escalation study of oral panobinostat on a
Monday, Wednesday, and Friday (MWF) schedule on weekly
and alternate weekly treatments in advanced solid tumors or
non-Hodgkin lymphoma (NHL) enrolled 10 CTCL patients,
with two achieving CR, four PR, two SD, and two patients PD
(54). Dose-limiting diarrhea and thrombocytopenia was seen,
and 20 mg was determined to be the MTD dose level for the
MWF every week schedule. PD analysis of histones from
normal PBMCs reveal increased acetylation at doses of 15 mg

Fig. 4. Effects of panobinostat on histone
acetylation. A, tumor biopsies from patients
obtained directly before their first dose
of panobinostat and at 4, 8, and 24 h
following therapy. Immunohistochemistry
shows an increase in acetylated histone
H3 in mononuclear cells over time following
treatment. B, the increase in acetyl histone
H3 staining over background in tumor
biopsy samples, and C, PBMCs. Adapted
with permission from Ellis et al. (55).
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and above, and duration of effect for at least 72 hours in 50% of
patients post last dose at doses of 20 mg and 30 mg in both arms
1 and 3 (Fig. 4). Correlative skin biopsies were taken from six
patients at 0, 4, 8, and 24 hours after drug administration, and
the gene expression profiling showed that the large majority of
affected genes were down-regulated, although only 23 genes
were commonly up- or down-regulated in all patients tested.
These genes had wide ranging functions including cell cycle, cell
proliferation, angiogenesis, and immune regulation (55). An
example of a sustained clinical response in a patient with
transformed chemotherapy-refractory CTCL is shown in Fig. 5.
On the basis of these results, a phase II study of oral panobinostat
MWF is enrolling patients with refractory CTCL (56).
A large, ongoing, two-arm phase IA/II dose-escalation study,
with one arm receiving weekly MWF dosing and the other
alternate weekly MWF dosing, has enrolled 146 patients thus
far with doses ranging from 20 mg to 80 mg (51). At doses
z20 mg, panobinostat increased histone acetylation in PBMCs
and bone marrow core biopsies relative to baseline, however as
for other HDACi, the relationship between acetylation status
and tumor response remains unclear. Clinical activity in AML
seems dose- and schedule-dependant. No antileukemic activity

was observed in patients evaluable for response treated
alternative weekly, or those treated weekly at doses <40 mg,
however, antileukemic activity was seen in seven of 36
evaluable patients treated at dose levels z40 mg, including
two CR, one CR incomplete (CRi), and four patients with
z50% reduction in bone marrow and/or peripheral blood
blasts. Moreover, three patients achieved maximum responses
several weeks after discontinuation of treatment. With regards
to HL, in which response was assessed by both 18fluorodeoxyglucose (FDG)-positron emission tomography (PET) and
computed tomography (CT), one out of 28 patients showed a
metabolic CR, 16 PR, and eight SD, whereas one achieved an
anatomical CR, nine PR, and 12 SD (Fig. 6). Furthermore, seven
patients had resolution of their constitutional symptoms,
whereas two patients have been on therapy for more than
18 months. On the basis of these results an international
multicenter trial for relapsed HL has been initiated.
Preliminary results have been reported from a phase II study
in which 38 patients with MM were treated with oral
panobinostat 20 mg MWF with modest results (57). The
combination of oral panobinostat with bortezomib in patients
with relapsed disease is under evaluation (58).

Fig. 5. Photographs of a patient with Se¤zary
syndrome taken at baseline (top) and after
24 mo of treatment with panobinostat
(bottom) with ongoing partial remission.
Adapted with permission from Ellis et al. (55).
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Fig. 6. Radiological responses to panobinostat
in Hodgkin lymphoma. 29-year-old male
with widespread extra nodal disease. A, CTat
baseline and after cycle 8 demonstrating stable
disease; B, PET imaging at baseline and
after 2 mo of treatment (left) and 4 mo of
treatment (right) with reduced FDG-avidity
in all bone sites and spleen.

Belinostat (PXD101)
Belinostat (PXD101) is a hydroxamic acid derivative, which
has been administered as an infusion on days 1 to 5 of a 21-day
cycle in a phase I study in patients with advanced B-cell
malignancies refractory to standard therapy (59). Sixteen
patients received a total of 37 cycles (median treatment duration
two cycles; range 1-9) of belinostat with common adverse events
being nausea, vomiting, and fatigue, and myelotoxicity was
relatively spared. At the MTD, cardiac arrhythmia occurred in
one patient. This type of cardiac toxicity seems to occur more
commonly when HDAC regimens are delivered intravenously
for consecutive days, as was seen in the early panobinostat trials
(52). PBMC histone hyperacetylation was rapid, modest, and
relatively short with the duration related to dose. The equivalent
solid tumor study also reported dose-related increase in H4
acetylation (60). The same study showed a significant increase
in interleukin-6 (IL-6) levels. Of note, IL-6 has been implicated
as a putative mediator of HDACi-induced fatigue (60). A trial in
PTCL and CTCL is underway.

Entinostat
Entinostat (MS-275) is an isotype-selective synthetic benzamide derivative HDACi with predominant class I inhibition.

www.aacrjournals.org

Entinostat has been investigated in patients with advanced
refractory acute leukemias, mainly AML (61). Fatigue and
gastrointestinal symptoms were reported, however no CR or PR
was seen, despite 12 patients having a transient reduction in
peripheral blood blasts. Histone and protein hyperacetylation
was shown at all dose levels on multiparameter flow cytometry
but this was difficult to correlate with patient drug exposure as
there was substantial interindividual PK variation observed at
all dose levels studied. Increases in p21 expression and caspase3 activity were shown. The MTD of entinostat administered
weekly was reported as oral 8 mg/m2, but given the biomarker
data, this may be higher than the biologically effective dose.
Furthermore, the half life was 36 hours, far longer than
predicted in the animal studies, whereas the AUC did not
increase proportionally with dose. Given these issues, a phase I
study examining PK and MTD with entinostat in both fasting
and nonfasting patients is underway (62).

CombinationTherapy with Demethylating Agents
There is particular interest in the sequential administration of
the epigenetically active demethylating agents 5-azacytidine or
decitabine, followed by a potent HDACi (5, 7, 63 – 66).
Ongoing studies have explored the combination of standard
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Table 2. Combination studies involving new generation HDACi
New generation HDACi

Study

Combination

Disease

Demethylation/HDACi

Garcia-Manero et al (67)
Silverman et al (68)
Gore et al (69)
Odenike et al (70)
Weber et al (30)
Badros et al (29)
Siegel et al (58)
Harrison et al (42)

Aza/MGCD0103
Aza/vorinostat
Aza/MS-275
Aza/belinostat
Bort/vorinostat
Bort/vorinostat
Bort/panobinostat
Bort/romidepsin

AML/MDS
AML/MDS
AML/MDS
AML/MDS/MF
MM
MM
MM
MM

Bortezomib/HDACi

Phase

Number

I
I
I
I
I
I
I
I

24
20
31
21
34
23
14
22

Response
CR 3, CRi 3, PR 1
CR 5, CRi 1, HI 3,
CR 2, PR 4, HI 6
CR 2, PR 1, HI 4
PR 9, MR 7, SD 18
VGPR 2, PR 7, SD 10
PR 3
CR 3, VGPR 3, PR 6, MR 5

Abbreviations: MF, myelofibrosis; Bort, bortezomib; CR, complete response; HI, hematologic response.

dose 5-azacytidine with escalating MGCD0103 in patients with
AML/MDS (67), 5-azacytidine with vorinostat (68), 5-azacytidine and entinostat (69), and 5-azacytidine and belinostat (70).
These studies have already shown that such combinations are
tolerable at doses near single agent MTD. Preliminary results are
promising with respect to response and CR rates even in poor
risk cytogenetic groups. Long-term outcomes are however still
awaited, as are the results of an ongoing randomized study
comparing 5-azacytidine alone with 5-azacytidine and entinostat (Tables 1 and 2; ref. 71). For greater detail on the preclinical
and clinical aspects of demethylating agents please refer to the
articles by Issa and colleagues (72) and McCabe and colleagues
elsewhere in this issue (73).

Expert Opinion
Without doubt, HDACi have established antitumor activity
in selected malignancies and from this early clinical data some
key questions emerge. T-cell lymphoma seems to respond to
most of the newer HDACi. Is this an HDACi ‘‘class-effect’’ and if
so, what is the mechanism of action? By doing detailed
correlative studies we will not only advance our understanding
of what biological mechanisms drive these diseases, but also in
turn these studies will further focus our treatment targets and
lead to the development of more specific HDACi. In the short
term however, we are asking: which will be the most effective

(and hence most prescribed) HDACi for CTCL and or PTCL?
Ultimately as more HDACi become approved for this indication, the answer is going to be based on the balance between
the antitumor efficacy, convenience, side effect profile, and the
capacity to partner HDACi to other drugs active in T-cell
lymphomas. Clearly these are important questions as we move
these drugs earlier in the treatment paradigm. Similar questions
seem to be arising for HL and the myeloid malignancies.
Another question is how important is drug specificity?
Indeed, as more isotype-specific HDACi develop, are we going
to see more specific disease-targeted activity and reduced
toxicities such as thrombocytopenia, diarrhea, and fatigue?
MGCD0103 is the prototype example of a highly isotypeselective HDACi with clear evidence of antitumor activity in HL,
with the implication that class I HDACs may be the most
important target in cancer, however the efficacy of this drug is
yet to be compared with the pan-HDACi such as vorinostat and
panobinostat. Such comparisons of clinical efficacy and
biological targets will be fascinating.
The arena of epigenetic modification and cancer therapeutics
is moving rapidly (74). New HDACi are being developed with
all the current drugs in varying stages of drug development
with each pharmaceutical company targeting different tumors,
varying schedules, and a variety of drug combinations. Indeed,
combination studies will be the next major area of investigation with partner drugs including chemotherapy agents,

Table 3. Potential biomarkers for correlation with clinical response in clinical studies of HDACi
Biomarker

Disease

HDACi

Tumor and/or PBMC hyperacetylation (variably by
immunohistochemistry, RNA analysis, flow cytometry)

AML

Vorinostat (22), MGCD0103 (45, 48), panobinostat (51),
entinostat (61), belinostat (59, 60)
Vorinostat (19), romidepsin (35), panobinostat (55)
Romidepsin (40)
MGCD0103 (44)
Vorinostat (21)
Vorinostat (23)
Vorinostat (24), entinostat (61)
Romidepsin (35)
Belinostat (60)
MGCD0103 (47), vorinostat (50)

Inhibition of whole cell total HDAC activity in PBMC
Tumor STAT1 localization and STAT3 phosphorylation
Tumor reactive oxygen species generation by gene array
Overexpression of p21 and p53 responsive genes
MDR-1 gene expression and blood fetal hemoglobin
Plasma IL-6
Plasma TARC level

CTCL
PTCL
AML
CTCL
AML
AML
CTCL and PTCL
B-cell NHL
HL

Abbreviations: MDR-1, multidrug resistance 1.
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demethylating agents, monoclonal antibodies, proteasome
inhibitors, and other small molecules (75).
In addition to T-cell lymphomas, HL and myeloid malignancies are being investigated relatively extensively with
promising data. It is somewhat surprising that B-cell neoplasms
have not been studied so extensively. Indeed, the results of
larger studies with mantle cell lymphoma will be particularly
interesting-this tumor is driven by cell cycle abnormalities that
are clear targets of HDACi-however results to date have been
modest. Again appropriate correlative studies incorporated into
the trials’ designs will be critical.
Lastly, of course, why are responses seen far more often in
hematologic malignancies rather than solid tumors? Preclinical data have shown nanomolar activity of HDACi against
solid tumor cell types, albeit generally higher than those seen
in most hematologic cancer cell lines. Despite this, clinical
responses have been disappointing. Potential reasons for the
somewhat surprising lack of response in these tumors in vivo
include differences at both the cellular and microenvironment level. For example, it is known that different HDACi
have been shown to have differential activities against cells
that over- or under-express pro- and antiapoptotic molecules,
such as p53 and Bcl-2 and many others. Specific HDAC
expression of cancer cells may also affect clinical responses to
HDACi, with reports suggesting high class I HDAC expression
associated with advanced, proliferative solid tumors and
adverse clinical outcome (76). An example of how the
microenvironment may be profoundly affected by these drugs
is suggested by the often profound early metabolic responses
seen with MGCD0103 and panobinostat in HL, which may
be due to alterations in the ‘‘reactive nonmalignant’’
infiltrates rather than direct cytotoxic effects on ReedSternberg cells (47).

Future Perspectives
There is evidence of potential synergy of HDAC inhibition in
combination with many chemotherapeutic and biologically
active anticancer compounds in preclinical studies. This
observation suggests that combination strategies should be a

major focus in future studies. Diseases such as PTCL and CTCL
currently have a high relapse rate after standard chemotherapy
and one can envisage HDACi being incorporated in front-line
studies in such diseases.
The early phase clinical trial data indicate that HDACi have
clinical activity in myeloid disorders. It remains to been seen
whether specific cytogenetic or molecularly defined subgroups
can predict for response or resistance, and this should be a focus
of future studies. A number of studies examining combination
strategies with chemotherapy and demethylating agents are
underway but only large phase III studies will determine efficacy.
In addition it will be crucial that studies should be designed to
allow testing of these drugs in older frailer patients to improve
survival as well as examining whether HDACi improve remission- and cure-rates when combined with aggressive chemotherapy in younger patients.
Although no major long-term toxicities have been recognized
with the HDACi, one needs to recognize that there are very few
patients who have been treated continuously for prolonged
periods of time. Long-term effects will need monitoring with a
focus on lymphocyte, hematopoietic, hormonal function, and
viral reactivation.
Finally, we need to be mindful that there is still much to be
learned about which of the targets of these agents that lead to
responses. Although biomarkers such as tumor and PBMC
histone acetylation have some value in correlating dose to the
level and duration of hyperacetylation, it does not generally
predict for response. Indeed, it remains unclear whether the
intensity or duration of histone acetylation is key to tumor
response or whether nonhistone targets are more important.
Examples of potentially useful biomarkers used to date are
listed in Table 3. It is critical that extensive biomarker studies
examining tumor and nontumor targets, such as immune
effectors, continue to be incorporated into all early phase
clinical trials with these agents.

Disclosure of Potential Conflicts of Interest
H.M. Prince, commercial research grants, Novartis Pharmaceuticals, Gloucester
Pharmaceuticals, Merck; consultant, Novartis Pharmaceuticals, Merck.

References
1. Jones PA, Baylin SB. The fundamental role of epigenetic events in cancer. Nat Rev Genet 2002;3:415 ^
28. PubMed doi:10.1038/nrg962.
2. Redner RL, Wang J, Liu JM. Chromatin remodeling
and leukemia: new therapeutic paradigms. Blood
1999;94:417 ^ 28. PubMed.
3. Jones LK, SahaV. Chromatin modification, leukaemia
and implications for therapy. Br J Haematol 2002;118:
714 ^ 27. PubMed doi:10.1046/j.1365-2141.2002.
03586.x.
4. Kuendgen A, Strupp C, Aivado M, et al. Treatment of
myelodysplastic syndromes with valproic acid alone
or in combination with all-trans retinoic acid. Blood
2004;104:1266 ^ 9. PubMed doi:10.1182/blood2003-12-4333.
5. Garcia-Manero G, Kantarjian HM, Sanchez-Gonzalez
B, et al. Phase 1/2 study of the combination of 5-aza2¶-deoxycytidine with valproic acid in patients with
leukemia. Blood 200 6; 108: 3271 ^ 9. PubMed
doi:10.1182/blood-2006-03-009142.
6. Gore SD, Weng LJ, Zhai S, et al. Impact of the putative differentiating agent sodium phenylbutyrate on

www.aacrjournals.org

myelodysplastic syndromes and acute myeloid leukemia. Clin Cancer Res 2001;7:2330 ^ 9. PubMed.
7. Gore SD, Baylin S, Sugar E, et al. Combined DNA
methyltransferase and histone deacetylase inhibition
in the treatment of myeloid neoplasms. Cancer Res
2006;66:6361 ^ 9. PubMed doi:10.1158/00085472.CAN-06-0080.
8. Bishton M, Kenealy M, Johnstone R, Rasheed W,
Prince HM. Epigenetic targets in hematological malignancies: combination therapies with HDACis and
demethylating agents. Expert Rev Anticancer Ther
2007;7:1439 ^ 49. PubMed doi:10.1586/14737140.
7.10.1439.
9. Marks PA, Richon VM, Rifkind RA. Histone deacetylase inhibitors: inducers of differentiation or apoptosis
of transformed cells. J Natl Cancer Inst 2000;92:
1210 ^ 6. PubMed doi:10.1093/jnci/92.15.1210.
10. Finnin MS, Donigian JR, Cohen A, et al. Structures
of a histone deacetylase homologue bound to theTSA
and SAHA inhibitors. Nature 1999;401:188 ^ 93.
PubMed doi:10.1038/43710.
11. Bhalla KN. Epigenetic and chromatin modifiers as

3967

targeted therapy of hematologic malignancies. J Clin
Oncol 2005;23:3971 ^ 93. PubMed doi:10.1200/
JCO.2005.16.600.
12. Bolden JE, Peart MJ, Johnstone RW. Anticancer activities of histone deacetylase inhibitors. Nat Rev Drug
Discov 2006;5:769 ^ 84. PubMed doi:10.1038/
nrd2133.
13. Dokmanovic M, Marks PA. Prospects: histone
deacetylase inhibitors. J Cell Biochem 2005;96:
293 ^ 304. PubMed doi:10.1002/jcb.20532.
14. Peart MJ,Tainton KM, Ruefli AA, et al. Novel mechanisms of apoptosis induced by histone deacetylase
inhibitors. Cancer Res 2003;63:4460 ^ 71. PubMed.
15. Marsoni S, Damia G, Camboni G. A work in progress: the clinical development of histone deacetylase
inhibitors. Epigenetics 2008;3:164 ^ 71. PubMed.
16. Mann BS, Johnson JR, He K, et al. Vorinostat for
treatment of cutaneous manifestations of advanced
primary cutaneous T-cell lymphoma. Clin Cancer Res
2007;13:2318 ^ 22. PubMed doi:10.1158/10780432.CCR-06-2672.
17. O’Connor OA, Heaney ML, Schwartz L, et al. Clinical

Clin Cancer Res 2009;15(12) June 15, 2009

Downloaded from clincancerres.aacrjournals.org on May 9, 2021. © 2009 American Association for Cancer
Research.

CCR FOCUS
experience with intravenous and oral formulations of
the novel histone deacetylase inhibitor suberoylanilide
hydroxamic acid in patients with advanced hematologic malignancies. J Clin Oncol 2006;24:166 ^ 73.
PubMed doi:10.1200/JCO.2005.01.9679.
18. Crump M, Coiffier B, Jacobsen ED, et al. Phase II
trial of oral vorinostat (suberoylanilide hydroxamic acid) in relapsed diffuse large-B-cell lymphoma. Ann
Oncol 2008; 19: 964 ^ 9. PubMed doi:10.1093/
annonc/mdn031.
19. Duvic M, Talpur R, Ni X, et al. Phase 2 trial of oral
vorinostat (suberoylanilide hydroxamic acid, SAHA)
for refractory cutaneous T-cell lymphoma (CTCL).
Blood 2007;109:31 ^ 9. PubMed doi:10.1182/blood2006-06-025999.
20. Olsen EA, Kim YH, Kuzel TM, et al. Phase IIb multicenter trial of vorinostat in patients with persistent,
progressive, or treatment refractory cutaneous T-cell
lymphoma. J Clin Oncol 2007;25:3109 ^ 15. PubMed
doi:10.1200/JCO.2006.10.2434.
21. Fantin VR, Loboda A, Paweletz CP, et al. Constitutive activation of signal transducers and activators of
transcription predicts vorinostat resistance in cutaneousT-cell lymphoma. Cancer Res 2008;68:3785 ^ 94.
PubMed doi:10.1158/0008-5472.CAN-07-6091.
22. Garcia-Manero G, Yang H, Bueso-Ramos C, et al.
Phase 1study of the histone deacetylase inhibitor vorinostat (suberoylanilide hydroxamic acid [SAHA]) in
patients with advanced leukemias and myelodysplastic syndromes. Blood 2008;111:1060 ^ 6. PubMed
doi:10.1182/blood-2007-06-098061.
23. Ruefli AA, Ausserlechner MJ, Bernhard D, et al. The
histone deacetylase inhibitor and chemotherapeutic
agent suberoylanilide hydroxamic acid (SAHA) induces a cell-death pathway characterized by cleavage
of Bid and production of reactive oxygen species.
Proc Natl Acad Sci U S A 2001; 98: 10833 ^ 8.
PubMed doi:10.1073/pnas.191208598.
24. Loboda A, Fantin VR, Bueso-Ramos CE, et al. Clinical responses to oral vorinostat (suberoylanilide
hydroxamic acid, SAHA) are associated with specific
gene expression signatures in patients with advanced
leukemias: results of a phase I trial [abstract]. ASH
Annual Meeting Abstracts 2006;108:2320.
25. Richardson P, Mitsiades C, Colson K, et al. Phase I
trial of oral vorinostat (suberoylanilide hydroxamic acid, SAHA) in patients with advanced multiple myeloma. Leuk Lymphoma 2008;49:502 ^ 7. PubMed
doi:10.1080/10428190701817258.
26. Prince HM, Bishton M, Harrison S. The potential of
histone deacetylase inhibitors for the treatment of
multiple myeloma. Leuk Lymphoma 2008;49:385 ^ 7.
PubMed doi:10.1080/10428190801950058.
27. Catley L,Weisberg E, KiziltepeT, et al. Aggresome induction by proteasome inhibitor bortezomib and a-tubulin hyperacetylation by tubulin deacetylase (TDAC)
inhibitor LBH589 are synergistic in myeloma cells.
Blood 2006;108:3441 ^ 9. PubMed doi:10.1182/
blood-2006-04-016055.
28. Weber D, Badros AZ, Jagannath S, et al. Vorinostat
plus bortezomib for the treatment of relapsed/refractory multiple myeloma: early clinical experience
[abstract]. ASH Annual Meeting Abstracts 2008;112:
871.
29. Badros A, Philip S, Niesvizky R, et al. Phase I trial of
suberoylanilide hydroxamic acid (SAHA) + bortezomib (Bort) in relapsed multiple myeloma (MM)
patients (pts) [abstract]. ASH Annual Meeting
Abstracts 2007;110:1168.
30.Weber DM, Jagannath S, MazumderA, et al. Phase I
trial of oral vorinostat (suberoylanilide hydroxamic acid, SAHA) in combination with bortezomib in patients
with advanced multiple myeloma [abstract]. ASH Annual Meeting Abstracts 2007;110:1172.
31. Furumai R, Matsuyama A, Kobashi N, et al. FK228
(depsipeptide) as a natural prodrug that inhibits class I
histone deacetylases. Cancer Res 2002;62:4916 ^ 21.
PubMed.
32. Byrd JC, Marcucci G, Parthun MR, et al. A phase 1

and pharmacodynamic study of depsipeptide
(FK228) in chronic lymphocytic leukemia and acute
myeloid leukemia. Blood 2005;105:959 ^ 67. PubMed
doi:10.1182/blood-2004-05-1693.
33. Klimek VM, Fircanis S, Maslak P, et al. Tolerability,
pharmacodynamics, and pharmacokinetics studies of
depsipeptide (romidepsin) in patients with acute myelogenous leukemia or advanced myelodysplastic syndromes. Clin Cancer Res 2008;14:826 ^ 32. PubMed
doi:10.1158/1078-0432.CCR-07-0318.
34. Piekarz RL, Robey R, SandorV, et al. Inhibitor of histone deacetylation, depsipeptide (FR901228), in the
treatment of peripheral and cutaneous T-cell lymphoma: a case report. Blood 2001;98:2865 ^ 8. PubMed
doi:10.1182/blood.V98.9.2865.
35. Bates S, Piekarz R, Wright J, et al. Final clinical
results of a phase 2 NCI multicenter study of romidepsin in recurrent cutaneous T-cell lymphoma (molecular analyses included). J Clin Oncol In press
2009.
36. Nebozhyn M, Loboda A, Kari L, et al. Quantitative
PCR on 5 genes reliably identifies CTCL patients with
5% to 99% circulating tumor cells with 90% accuracy.
Blood 2006;107:3189 ^ 96. PubMed doi:10.1182/
blood-2005-07-2813.
37. Piekarz R, Frye R,Wright J, et al. Update of the NCI
multiinstitutional phase II trial of romidepsin, FK228,
for patients with cutaneous or peripheral T-cell lymphoma [abstract]. J Clin Oncol (Meeting Abstracts)
2007;25 Suppl 18:8027.
38. Piekarz RL, Frye AR,Wright JJ, et al. Cardiac studies
in patients treated with depsipeptide, FK228, in a
phase II trial for T-cell lymphoma. Clin Cancer Res
2006;12:3762 ^ 73. PubMed doi:10.1158/10780432.CCR-05-2095.
39. KimY,Whittaker S, Demierre MF, et al. Clinically significant responses achieved with romidepsin in treatment-refractory cutaneous T-cell lymphoma: final
results from a phase 2B, international, multicenter,
registration study [abstract]. ASH Annual Meeting
Abstracts 2008;112:263.
40. Piekarz R,Wright J, Frye R, et al. Results of a phase
2 NCI multicenter study of romidepsin in patients with
relapsed peripheral T-cell lymphoma (PTCL) [abstract]. ASH Annual Meeting Abstracts 2008;112:
1567.
41. Niesvizky R, Ely S, DiLiberto M, et al. Multicenter
phase II trial of the histone deacetylase inhibitor depsipeptide (FK228) for the treatment of relapsed or refractory multiple myeloma (MM) [abstract]. ASH
Annual Meeting Abstracts 2005;106:2574.
42. Harrison SJ, Quach H,Yuen K, et al. High response
rates with the combination of bortezomib, dexamethasone and the pan-histone deacetylase inhibitor romidepsin in patients with relapsed or refractory multiple
myeloma in a phase I/II clinical trial [abstract]. ASH
Annual Meeting Abstracts 2008;112:3698.
43. Fournel M, Bonfils C, Hou Y, et al. MGCD0103, a
novel isotype-selective histone deacetylase inhibitor,
has broad spectrum antitumor activity in vitro and
in vivo. Mol Cancer Ther 2008;7:759 ^ 68. PubMed
doi:10.1158/1535-7163.MCT-07-2026.
44. Bonfils C, Kalita A, Dubay M, et al. Evaluation of the
pharmacodynamic effects of MGCD0103 from preclinical models to human using a novel HDAC enzyme
assay. Clin Cancer Res 2008;14:3441 ^ 9. PubMed
doi:10.1158/1078-0432.CCR-07-4427.
45. Garcia-Manero G, Assouline S, Cortes J, et al.
Phase 1 study of the oral isotype specific histone
deacetylase inhibitor MGCD0103 in leukemia. Blood
2008;112:981 ^ 9. PubMed doi:10.1182/blood-200710-115873.
46. Lancet JE, Nichols G, Assouline S, et al. A phase I
study of MGCD0103 given as a twice weekly oral
dose in patients with advanced leukemias or myelodysplastic syndromes (MDS) [abstract]. J Clin Oncol
(Meeting Abstracts) 2007;25 Suppl 18:2516.
47. Bociek RG, Kuruvilla J, Pro B, et al. Isotype-selective
histone deacetylase (HDAC) inhibitor MGCD0103

Clin Cancer Res 2009;15(12) June 15, 2009

3968

demonstrates clinical activity and safety in patients
with relapsed/refractory classical Hodgkin Lymphoma
(HL) [abstract]. J Clin Oncol (Meeting Abstracts)
2008;26 Suppl 15:8507 ^ .
48. Crump M, Andreadis C, Assouline S, et al.Treatment
of relapsed or refractory non-hodgkin lymphoma with
the oral isotype-selective histone deacetylase inhibitor
MGCD0103: Interim results from a phase II study [abstract]. J Clin Oncol (Meeting Abstracts) 2008;26
Suppl 15:8528.
49. van den Berg A,Visser L, Poppema S. High expression of the CC chemokine TARC in Reed-Sternberg
cells. A possible explanation for the characteristic Tcell infiltrate in Hodgkin’s lymphoma. Am J Pathol
1999;154:1685 ^ 91. PubMed.
50. Buglio D, Georgakis GV, Hanabuchi S, et al. Vorinostat inhibits STAT6-mediated TH2 cytokine and TARC
production and induces cell death in Hodgkin lymphoma cell lines. Blood 2008;112:1424 ^ 33. PubMed
doi:10.1182/blood-2008-01-133769.
51. Ottmann OG, Spencer A, Prince HM, et al. Phase
IA/II study of oral panobinostat (LBH589), a novel
pan-deacetylase inhibitor (DACi) demonstrating efficacy in patients with advanced hematologic malignancies [abstract]. ASH Annual Meeting Abstracts
2008;112:958.
52. Giles F, FischerT, Cortes J, et al. A phase I study of
intravenous LBH589, a novel cinnamic hydroxamic
acid analogue histone deacetylase inhibitor, in
patients with refractory hematologic malignancies.
Clin Cancer Res 200 6; 12 : 4628 ^ 35. PubMed
doi:10.1158/1078-0432.CCR-06-0511.
53. Zhang L, Lebwohl D, Masson E, Laird G, Cooper
MR, Prince HM. Clinically relevant QTc prolongation
is not associated with current dose schedules of
LBH589 (panobinostat). J Clin Oncol 2008;26:
332 ^ 3 [discussion 333-4]. PubMed doi:10.1200/
JCO.2007.14.7249.
54. Prince HM, George D, Patnaik A, et al. Phase I study
of oral LBH589, a novel deacetylase (DAC) inhibitor
in advanced solid tumors and non-hodgkin’s lymphoma [abstract]. J Clin Oncol (Meeting Abstracts) 2007;
25 Suppl 18:3500.
55. Ellis L, Pan Y, Smyth GK, et al. Histone deacetylase
inhibitor panobinostat induces clinical responses with
associated alterations in gene expression profiles in cutaneous T-cell lymphoma. Clin Cancer Res 2008;14:
4500 ^ 10. PubMed doi:10.1158/1078-0432.CCR07-4262.
56. Duvic M, Becker JC, Dalle S, et al. Phase II trial of
oral panobinostat (LBH589) in patients with refractory cutaneous T-cell lymphoma (CTCL) [abstract].
ASH Annual Meeting Abstracts 2008;112:1005.
57.Wolf JL, Siegel D, Matous J, et al. A phase II study of
oral panobinostat (LBH589) in adult patients with advanced refractory multiple myeloma [abstract]. ASH
Annual Meeting Abstracts 2008;112:2774.
58. Siegel Dd. Sezer O, San Miguel JF, et al. A
phase IB, Multicenter, pen-label, dose-escalation
study of oral panobinostat (LBH589) and I.V. bortezomib in patients with relapsed multiple myeloma
[abstract]. ASH Annual Meeting Abstracts 2008;
112:2781.
59. Gimsing P, Hansen M, Knudsen LM, et al. A phase I
clinical trial of the histone deacetylase inhibitor belinostat in patients with advanced hematologic neoplasia.
Eur J Haematol 2008;81:170 ^ 6. PubMed doi:10.1111/
j.1600-0609.2008.01102.x.
60. Steele NL, Plumb JA,Vidal L, et al. A phase 1 pharmacokinetic and pharmacodynamic study of the histone deacetylase inhibitor belinostat in patients with
advanced solid tumors. Clin Cancer Res 2008;14:
804 ^ 10. PubMed doi:10.1158/1078-0432.CCR-071786.
61. Gojo I, Jiemjit A, Trepel JB, et al. Phase 1 and pharmacologic study of MS-275, a histone deacetylase inhibitor, in adults with refractory and relapsed acute
leukemias. Blood 2007;109:2781 ^ 90. PubMed.
62. Donovan EA, Sparreboom A, Figg W, et al. Phase I

www.aacrjournals.org

Downloaded from clincancerres.aacrjournals.org on May 9, 2021. © 2009 American Association for Cancer
Research.

Clinical Studies of HDAC Inhibitors

trial of the oral histone deacetylase inhibitor MS-275
administered with food [abstract]. J Clin Oncol
(Meeting Abstracts) 2006;24 Suppl 18:13036.
63. Cameron EE, Bachman KE, Myohanen S, Herman
JG, Baylin SB. Synergy of demethylation and histone
deacetylase inhibition in the re-expression of genes silenced in cancer. Nat Genet 1999;21:103 ^ 7. PubMed
doi:10.1038/5047.
64. Maslak P, Chanel S, Camacho LH, et al. Pilot study
of combination transcriptional modulation therapy
with sodium phenylbutyrate and 5-azacytidine in
patients with acute myeloid leukemia or myelodysplastic syndrome. Leukemia 20 0 6; 20 : 212 ^ 7.
PubMed doi:10.1038/sj.leu.2404050.
65. Blum W, Klisovic RB, Hackanson B, et al. Phase I
study of decitabine alone or in combination with valproic acid in acute myeloid leukemia. J Clin Oncol
2007;25:3884 ^ 91. PubMed doi:10.1200/JCO.2006.
09.4169.
66. Soriano AO,Yang H, Faderl S, et al. Safety and clinical activity of the combination of 5-azacytidine, valproic acid, and all-trans retinoic acid in acute myeloid
leukemia and myelodysplastic syndrome. Blood 2007;

www.aacrjournals.org

110:2302 ^ 8. PubMed doi:10.1182/blood-2007-03078576.
67. Garcia-Manero G,Yang AS, KlimekV, et al. Phase I/II
study of a novel oral isotype-selective histone deacetylase (HDAC) inhibitor MGCD0103 in combination
with azacitidine in patients (pts) with high-risk myelodysplastic syndrome (MDS) or acute myelogenous
leukemia (AML) [abstract]. J Clin Oncol (Meeting
Abstracts) 2007;25 Suppl 18:7062 ^ .
68. Silverman LR, Verma A, Odchimar-Reissig R, et al.
A phase I/II study of vorinostat, an oral histone
deacetylase inhibitor, in combination with azacitidine in patients with the myelodysplastic syndrome
(MDS) and acute myeloid leukemia (AML). Initial
results of the phase I trial: A New York Cancer
Consortium [abstract]. J Clin Oncol (Meeting
Abstracts) 2008;26 Suppl 15:7000.
69. Gore SD, Jiemjit A, Silverman LB, et al. Combined
methyltransferase/histone deacetylase inhibition with
5-azacitidine and MS-275 in patients with MDS,
CMMoL and AML: clinical response, histone acetylation and DNA damage [abstract]. ASH Annual Meeting Abstracts 2006;108:517.

3969

70. Odenike O, Green M, Larson RA, et al. Phase I
study of belinostat (PXD101) plus azacitidine
(AZC) in patients with advanced myeloid neoplasms. J Clin Oncol (Meeting Abstracts) 2008;26
Suppl 15:7057 ^ .
71. Clinicaltrials.gov [homepage on the Internet].
Bethesda (MD): U.S. National Institutes of Health.
Available from: http://www.clinicaltrials.gov.
72. Issa JJ, Kantarjian HM. Targeting DNA methylation.
Clin Cancer Res 2009;15:3938 ^ 46.
73. McCabe MT, Brandes JC,Vertino PM. Cancer DNA
methylation: molecular mechanisms and clinical implications. Clin Cancer Res 2009;15:3927 ^ 37.
74. Bates SE, Piekarz RM. Overview of Focus series
on epigenetic therapies. Clin Cancer Res 2009;15:
3918 ^ 26.
75. Bots M, Johnstone RW. Rational combinations
using HDAC inhibitors. Clin Cancer Res 2009;15:
3970 ^ 8.
76. Shrump DS. Cytotoxicity mediated by histone
deacetylase inhibitors in cancer cells: mechanisms
and potential clinical implications. Clin Cancer Res
2009;15:3947 ^ 57.

Clin Cancer Res 2009;15(12) June 15, 2009

Downloaded from clincancerres.aacrjournals.org on May 9, 2021. © 2009 American Association for Cancer
Research.

Clinical Studies of Histone Deacetylase Inhibitors
H. Miles Prince, Mark J. Bishton and Simon J. Harrison
Clin Cancer Res 2009;15:3958-3969.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://clincancerres.aacrjournals.org/content/15/12/3958

This article cites 69 articles, 32 of which you can access for free at:
http://clincancerres.aacrjournals.org/content/15/12/3958.full#ref-list-1
This article has been cited by 38 HighWire-hosted articles. Access the articles at:
http://clincancerres.aacrjournals.org/content/15/12/3958.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://clincancerres.aacrjournals.org/content/15/12/3958.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from clincancerres.aacrjournals.org on May 9, 2021. © 2009 American Association for Cancer
Research.

