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10.1 Reversible Histone Acetylation and Histone
Deacetylases

One of the pivotal modifications associated with epigenetic gene regulation is the
acetylation of histone proteins within chromatin. Two enzymes are responsible for the
maintenance of the acetylation equilibrium. Histone acetyltransferases (HATs) medi-
ate the transfer of an acetyl group to the e-amino group of lysine residues in histones
and other proteins by using the cofactor acetyl-CoA. Histone deacetylases (HDACS)
catalyse the removal of the acetyl group. Upon acetylation, the positive charge of
lysines is neutralised, and in the case of histones, the interaction with the negatively
charged DNA backbone is diminished. This leads to a more open chromatin (euchro-
matin) that is available for binding of proteins like transcription factors. Deacetylation
restores the positive charge, and the intensified interaction with the DNA backbone is
leading to a more condensed form of the chromatin (heterochromatin). Generally,
acetylation is associated with transcriptional activation, whereas deacetylation is asso-
ciated with gene repression (Latham and Dent 2007). However, it was shown that
HDAC: are also located at active genes to reset the acetylation state in active genes
and maintain an adequate level of histone acetylation (Wang et al. 2009).

Histone deacetylases can be divided into four classes based on phylogenetic
comparison with yeast enzymes. The classes I, II and IV comprises zinc-dependent
deacetylases (HDACSs), whereas the class III enzymes have a NAD*-dependent
mechanism and are generally referred to as sirtuins because of their homology to the
yeast-silencing protein Sir2 (Sauve et al. 2006). Because of the different catalytic
mechanism, clinically relevant inhibitors that are active on class I, Il and IV HDACs
do not target sirtuins and vice versa. Class I consists of HDAC 1, 2, 3 and 8 and is
homologous to the yeast enzyme rpd3, and its members are predominantly located
in the nucleus. Class II can be further subdivided into class Ila and class IIb. The
isotypes 4, 5, 7 and 9 constitute the HDACs of class Ila, and the subtypes 6 and 10
belong to class IIb. HDAC 6 and 10 have two catalytic domains, and there is con-
flicting evidence on the relevance for in vivo enzyme activity. While some reports
indicated that both are required for enzymatic activity (Verdin et al. 2003; Zhang
et al. 2006), there is also evidence for the activity of only one site (Zou et al. 2006).
The enzymes of class II are homologous to the yeast protein hdal (Verdin et al.
2004) and shuttle between the cytoplasm and the nucleus (Yoo and Jones 2006). The
only member of class IV is HDAC 11 which is located in the nucleus.

Besides histones many other proteins have been recognised as substrates for
HDACs (Choudhary et al. 2009). Examples are transcription factors, hormone
receptors, signal transducers, chaperones and proteins of the cytoskeleton. Protein
acetylation and deacetylation influence a lot of processes besides transcription. An
important example is protein stability via the non-histone substrates tubulin, which
affects the aggresome pathway of protein degradation (Hideshima et al. 2005), and
the chaperone hsp90 (Bali et al. 2005). Most of the non-histone proteins, e.g. the
tumour suppressor p53 (Luo et al. 2000), are deacetylated by class I HDACs.
a-Tubulin and hsp90 are targets of HDAC 6. Because of the many non-histone tar-
gets, HDACs are sometimes referred to as protein or lysine deacetylases (KDACs)
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rather than histone deacetylases. The application of subtype-specific HDACi might
help to address the relevance of the different substrates in mechanistic studies, and
the investigation of unselective inhibitors in comparison to selective inhibitors in
the clinic will help to understand the underlying mechanisms (Glozak et al. 2005;
Buchwald et al. 2009).

10.2 HDACs and Disease

In recent years HDACs have emerged as potential therapeutic targets because their
inhibitors are able to reverse dysregulated epigenetic states associated with disease,
esp. cancer. It could be shown that there is aberrant acetylation and altered expression
of HDAGC: in cancer cells and tumour tissue (Bolden et al. 2006). Oncogenic fusion
proteins, present in some forms of leukaemia, recruit HDAC-containing repressor
complexes that constitutively repress expression of specific target genes. In acute pro-
myelocytic leukaemia, fusion proteins of the retinoic acid receptor-o with other pro-
teins that block transcription via recruitment of HDACs are responsible for
pathogenesis of the disease on a molecular level (Lin et al. 2001; Pandolfi 2001). In
diffuse large B-cell lymphomas, the transcription factor B-cell lymphoma 6 (BCL6)
is highly overexpressed. BCL6 itself is hypoacetylated by HDACs and recruits HDAC
2 to repress growth-regulatory target genes. Treatment of this disease with HDACi
results in hyperacetylation of BCL6, release of HDAC 2, reactivation of repressed
target genes and tumour cell apoptosis (Pasqualucci et al. 2003). Overexpression of
different HDACs has been reported in several cancers. In general, it was found that
class I expression was high in advanced, strongly proliferating tumours and thus asso-
ciated with negative prognosis in certain tumours. Class II HDACs were found to be
downregulated in human tumours, and high expression predicted better outcome.
These findings have to be further investigated because information about the acetyla-
tion status and HDAC expression in tumours compared to normal tissue might be an
important marker of prognosis and response to treatment (Weichert 2009).

Several other diseases are associated with HDAC activity. HDACi might be able
to overcome HIV latency by activation of HIV production from latently infected
cells and thereby enhance elimination of these cells (Wightman et al. 2012). HDACs
are also implicated to play a crucial role in cardiovascular diseases (Ohtani and
Dimmeler 2011). HDAC inhibitors have been shown to be efficacious in preclinical
models of heart failure (McKinsey 2012). Furthermore, altered histone acetylation
is involved in neurodegeneration (Fischer et al. 2010). HDACi have shown neuro-
protection in models for neurodegenerative diseases like Huntington’s disease or
spinocerebellar ataxias (Gottesfeld and Pandolfo 2009).

Overall, HDACs play an important role in processes like apoptosis, differentia-
tion and autophagy. Inhibitors targeting these enzymes are valuable to treat diseases
that underlie a dysregulation in acetylation. Thus, a lot of effort has been put in the
development of HDAC: in the last few years. The preclinical pharmacology has
been reviewed broadly, elsewhere (Khan and La Thangue 2012), and we will only
highlight selected findings and focus mainly on the clinical studies.
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10.3 HDAC Inhibitors (HDACi)

Originally, some HDACi have been discovered initially as inducers of cell differen-
tiation (Leder et al. 1975; Riggs et al. 1977). They are able to cause cell cycle arrest
in G1 and/or G2 phase, leading to inhibition of cell growth (Bolden et al. 2006).
HDAC: are also able to induce apoptosis by activating extrinsic (death receptor) and
intrinsic (mitochondrial) pathways (Ma et al. 2009). The advantage of HDACI is
that they show a high sensitivity towards transformed cells compared to normal
cells (Parsons et al. 1997).

Because of these findings, the development of HDACi has become a major goal
especially since clinical efficacy could be demonstrated for vorinostat and
romidepsin (see below). So far inhibitors of four structurally different classes are
in clinical development. All of them have a functional group that is responsible
for chelating the zinc ion in the active centre and hence enzyme inactivation (see
Fig. 10.1). Structural differences among the inhibitors lead to different HDAC
subtype selectivity profiles. So far it is not clear whether pan-inhibitors or sub-
type-selective compounds are better for cancer treatment. This may vary with the
disease indication. Additionally, it remains to be determined whether the chemical
classification is associated with certain benefits or risks for one chemical group or
the other.

One group is the cyclic peptides like romidepsin (Istodax®). Romidepsin, a
natural product isolated from Chromobacterium violaceum, is a prodrug that is
activated in the cell by reduction of the disulfide and is a class I-selective inhibitor
(Furumai et al. 2002). Romidepsin inhibits tumour growth in mouse models and
humans (Ueda et al. 1994) and was approved by the FDA in 2009 for the treatment
of refractory cutaneous T-cell lymphoma. Another important structural group is
the hydroxamic acids. The first compound found to inhibit HDACs was the natu-
ral product trichostatin A (Yoshida et al. 1990). Further compounds like vorino-
stat, panobinostat, belinostat, givinostat and SB939 have shown great inhibitory
activity and are currently under clinical investigation. Vorinostat (Zolinza®) was
the first HDACI to be approved by the FDA for the treatment of cutaneous T-cell
lymphoma in 2006. It has been shown that vorinostat is able to induce differentia-
tion, cell growth arrest and apoptosis in numerous cancer cell lines at low micro-
molar concentrations and inhibits tumour growth with little toxicity in a wide
range of animal models (Jones 2009). Panobinostat, an orally available HDAC],
shows antiproliferative and cytotoxic activity in a variety of cancer cell lines and
induces hyperacetylation of histone H3 and H4 (Atadja 2009). Belinostat is a
potent (ICs, 27 nM) HDAC: that induces apoptosis in human tumour cell lines and
xenografts (Plumb et al. 2003). Pracinostat (SB939) is a novel HDACi with
improved pharmacokinetic properties. It shows a fourfold improved bioavailabil-
ity and a threefold increased plasma half-life over vorinostat and accumulates in
tumour tissue (Novotny-Diermayr et al. 2010). Furthermore quisinostat (JNJ-
26481585), a hydroxamic acid-containing inhibitor with potent antitumoural
activity and favourable pharmacodynamic properties was developed and is cur-
rently investigated in clinical studies (Arts et al. 2009). New pyrimidine hydroxa-
mates with potent protein inhibition have been synthesised with CHR-3996 being
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Fig. 10.1 HDAC inhibitors currently investigated in clinical trials

the most promising one. CHR-3996 shows class I subtype selectivity, and good

oral bioavailability as well as complete inhibition of growth in human tumour
xenografts is described (Moffat et al. 2010). Another structurally different class of
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HDACI are the short-chain fatty acids like valproic acid and phenylbutyrate.
These compounds show only low inhibitory (100-1000-fold weaker than romidep-
sin or vorinostat) effects but are applied already in the clinic for other indications.
Valproic acid is already approved for the use as an antiepileptic drug and induces
differentiation and hyperacetylation of histones (Géttlicher et al. 2001). Because
of its well-characterised pharmacodynamic and pharmacokinetic profile and man-
ageable side effects, it is investigated in different trials as antileukaemic agent,
usually in combination with other drugs.

Benzamides like entinostat, mocetinostat and CS055 are another class of
HDAC:. Here the amino anilide group is responsible for enzyme inhibition and
also confers a selectivity to class I HDACs (Bressi et al. 2010). Entinostat and
mocetinostat are class I-selective inhibitors and cause cell cycle arrest and hyper-
acetylation of histone H4. Entinostat inhibits cell proliferation and growth in
human tumour xenografts (Saito et al. 1999). Mocetinostat induces histone hyper-
acetylation and apoptosis and shows antiproliferative activities against several
human cancer cell lines and xenografts (Fournel et al. 2008). CS055 has a similar
chemical structure like entinostat. However, it displays lower toxicity, better toler-
ance and higher stability during administration to animals. It is a class I-selective
inhibitor and induces growth arrest, apoptosis and differentiation of leukaemia
cells (Gong et al. 2012).

HDAC: are investigated in several clinical trials in haematological and solid
malignancies as single agents, but in quite a number of cases, the efficacy was
not satisfying. Therefore, in many studies HDACi are used in combination with
other anticancer agents. The epigenetic combination HDACi and DNA-
methyltransferase inhibitors like azacytidine in haematological malignancies is
supported by the fact that in these malignancies, abnormal recruitment of HDACs
to nuclear protein complexes takes place (Khan and La Thangue 2012).
Furthermore, as outlined above there is a role of HDAC6 in protein degradation,
and therefore, it was logic to combine HDACi with proteasome inhibitors that
target the other major protein degradation pathway. This combination has shown
efficacy, even in patients with relapsed/refractory disease who have previously
received proteasome inhibitor treatment (Jagannath et al. 2010). In the light of
the differentiation inducing abilities of HDACI, another obvious combination is
one with other differentiating agents, such as retinoids. Additionally, many other
mechanistically different agents are investigated. Also a combination with radio-
therapy is based on preclinical evidence (Kim et al. 1999) and is applied clini-
cally (see below).

Besides the question of mono- versus combination therapy, the question of class
selectivity has to be addressed. It has to be proven whether class-specific HDACi
will reveal greater clinical benefit or if pan-HDAC inhibition has greater efficacy.
Due to the presence of HDACi in multi-protein complexes, there is also evidence for
a complex rather than subtype selectivity of HDAC inhibitors (Bantscheff et al.
2011). A thorough overview of clinical trials of HDACi has been reported by us a
few years ago (Wagner et al. 2010). Here we provide an update of the clinical trials
reported between 2010 and the middle of 2012.
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10.4 Clinical Trials of Vorinostat

Vorinostat was approved by the FDA for the treatment of refractory cutaneous T-cell
lymphoma. It was the first HDACi to be approved and is currently under investiga-
tion in clinical trials as monotherapy as well as in combination with several other
antitumour agents for various cancers (see Table 10.1).

Recently, five trials of vorinostat as single-agent therapy have been reported. In
a phase I trial, the effect of vorinostat in patients suffering from advanced solid
tumours and hepatic dysfunction was investigated. Fifty-seven patients were
enrolled of which 42 had hepatic dysfunction. The recommended phase II dose for
patients with mild, moderate and severe hepatic dysfunction was determined to be
300, 200 and 100 mg/day. Twelve patients experienced stabilisation of disease. Of
five patients with adenoid cystic carcinoma, one patient had a partial response, and
four patients had stable disease. As adenoid cystic carcinoma is usually refractory
to chemotherapy, treatment with vorinostat is a concept to be further investigated in
future trials (Ramalingam et al. 2010). In a phase I/II study, the impact of UDP-
glucuronyltransferase 2B17 genotype on vorinostat metabolism and clinical out-
come in Asian women with breast cancer was investigated. UGT2B17 is a key
enzyme in the metabolism of vorinostat (Balliet et al. 2009). Vorinostat is gluc-
uronidated by UGT2B17 and thereby inactivated. Patients received 400 mg/day
vorinostat in a lead-in phase I followed by a phase II study. Patients were genotyped
for UGT2B17 null genotype (UGT2B17%2), a deletion variant that reduced vorino-
stat glucuronidation. Wild-type homozygotes (UGT2B17*1/*%1), heterozygotes
(UGT2B17%1/*%2) and homozygotes (UGT2B17%2/*2) for the deletion were com-
pared. Patients who carried at least one copy of a functional UGT2B7 variant were
expected to have clinically relevant enzymatic activity (UGT2B17*1/*1 or *1/*2),
whereas patients who were homozygous for the null variant (UGT2B17%2/*2) were
expected to possess minimal enzyme activity. UGT2B17*%2 homozygotes were
more likely to experience a serious adverse event, to derive clinical benefit and have
longer progression-free survival compared to those who carried at least one copy of
UGT2B17%*1, although these differences were not statistically significant due to the
small patient population. Twenty-six patients received treatment, one patient
achieved a partial response and six patients had stable disease lasting for 12 weeks
or more (Wong et al. 2011). Another phase I study of 16 patients with gastrointesti-
nal cancer was reported. They were treated with vorinostat 300 mg bid for three
consecutive days followed by four rest days per cycle or vorinostat 400 mg qd for
21 consecutive days per cycle. Five patients taking 300 mg bid and two patients tak-
ing 400 mg qd maintained stable disease for more than 8 weeks. The 300 mg bid
dosing regimen was better tolerated in regard to hematologic toxicities. The most
common drug-related adverse events were anorexia, nausea, fatigue and hypergly-
caemia (Doi et al. 2013). In a phase II study, 35 patients with relapsed or refractory
indolent non-Hodgkin’s lymphoma and mantle cell lymphoma were treated with
vorinostat at a dose of 200 mg twice daily on days 1 through 14 of a 21-day cycle.
Five patients had complete responses and five partial responses (Kirschbaum et al.
2011). In another phase II study, 25 patients with relapsed/refractory Hodgkin
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Table 10.1 Vorinostat trials reported in the years 2007-2012

Combination Patients

therapy Type of cancer Phase number Outcome Literature

None Advanced solid I 57 12 SD Ramalingam
tumours, hepatic et al. (2010)
dysfunction

None Breast cancer i 26 1 PR Wong et al.

6 SD (2011)

None Gastrointestinal cancer I 16 5SD Doi et al.

(2013)

None Relapsed or refractory 11 35 5CR Kirschbaum
indolent non-Hodg- 5PR etal. (2011)
kin’s lymphoma,
mantle cell lymphoma

None Relapsed or refractory 11 25 1 PR Kirschbaum
Hodgkin lymphoma 125D etal. (2012)

None Cutaneous T-cell 11 33 8 PR Duvic et al.
lymphoma (2007)

None Cutaneous T-cell IIb 74 1 CR, 22 PR Olsen et al.
lymphoma (2007)

Marizomib Melanoma, pancreatic | 22 11 SD Millward
and lung cancer et al. (2012)

Vinorelbine Advanced cancers 1 7 MDT =200 mg Gandia et al.

once daily (2011)

Decitabine Solid tumours, I 43 MTD=200 mg Stathis et al.
non-Hodgkin’s twice a day (2011)
lymphomas 11 SD

Tamoxifen Hormone therapy- 1I 43 Response rate 19 % Munster et al.
resistant breast cancer (2011)

5-Fluorouracil Refractory solid 1 43 21 SD Fakih et al.

Leucovorin ~ tumours 1 PR (2010)

5-Fluorouracil Refractory colorectal — II 58 1,400 mg/day Fakih et al.

Leucovorin ~ cancer PFS=2.9 (2012)

0S=6.7

800 mg/day
PFS=2.4 month
0OS=6.5 month

Bevacizumab  Recurrent 1 19 MTD =400 mg Chinnaiyan

Irinotecan glioblastoma etal. (2012)

Bortezomib Recurrent I 37 No response Friday et al.
glioblastoma (2012)

Bortezomib ~ Myeloma 1 23 Response rate 42 % Badros et al.

(2009)

Bexarotene Cutaneous T-cell I 23 4 PR Dummer et al.
lymphoma 15SD (2012)

Gemtuzumab  Acute myeloid II 31 6 CR Walter et al.

ozogamicin leukaemia (2012)

In all tables only papers that have not already been mentioned in Wagner et al. (2010)
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lymphoma received oral vorinostat, 200 mg twice daily, for 14 days on a 21-day
cycle. The overall response rate was 4 %. One patient had a partial response and 12
had stable disease, seven of them remaining progression-free for more than a year
(Kirschbaum et al. 2012). Taken together vorinostat as a single agent is well toler-
ated but shows in many cases only weak clinical activity, especially in solid tumours.
Further studies of vorinostat in combination with other active agents will investigate
the beneficial effect of a combination therapy. In the last few years, a lot of trials of
vorinostat combination therapy for various cancers have been reported.

A phase I study of vorinostat combined with the proteasome inhibitor marizomib
in patients with melanoma, pancreatic and lung cancer was conducted. Twenty-two
patients received weekly marizomib in combination with 300 mg vorinostat daily
for 16 days in 28-day cycles. No confirmed responses were reported, but of 18
evaluable patients, 11 had stable disease (61 %, all having melanoma). Combining
marizomib with vorinostat in patients was seen to be feasible and tolerable (Millward
et al. 2012). The MTD of vorinostat in combination with vinorelbine was investi-
gated in a phase I study. Seven patients with advanced cancers were treated with a
starting dose of 200 mg oral vorinostat once daily for 7 days every 21 days in com-
bination with a weekly infusion of vinorelbine (25 mg/m?). This dosing was deter-
mined to be the MTD (Gandia et al. 2011). The safety, tolerability, pharmacokinetics
and preliminary efficacy of vorinostat in combination with the DNA-
methyltransferase inhibitor decitabine were also investigated in a phase I study in
patients with advanced solid tumours and non-Hodgkin lymphomas. Forty-three
patients were treated in a sequential or a concurrent dose schedule. Intravenous
decitabine was administered on days 1-5 combined with oral vorinostat in a sequen-
tial (vorinostat starting on day six) or a concurrent schedule (vorinostat starting on
day three), in 28-day cycle. The recommended phase II dose is decitabine 10 mg/
m?*day on days 1-5 with 200 mg vorinostat twice daily on days 6-12 on a sequen-
tial schedule. The most frequent adverse events were neutropenia and thrombocyto-
penia. Of 38 patients evaluable for response, 11 had stable disease for 4 or more
cycles of treatment (Stathis et al. 2011). The effect of vorinostat in combination
with tamoxifen for the treatment of patients with hormone therapy-resistant breast
cancer was studied in a phase II trial. Tamoxifen has antiproliferative effects on
cancer cells. In combination with an HDACI, it could be shown that tamoxifen
induces apoptosis rather than growth inhibition. Data from preclinical models sug-
gest that the combination of tamoxifen with an HDACi resensitises hormone
therapy-resistant breast cancer cells. Forty-three patients with ER-positive meta-
static breast cancer progressing on endocrine therapy were enrolled and treated with
400 mg of vorinostat daily for 3 of 4 weeks and 20 mg tamoxifen daily, continu-
ously. Eight patients had objective responses and nine patients had stable disease for
more than 24 weeks. Histone H4 hyperacetylation in PBMCs was measured, and it
was found that patients with a response or stable disease showed pronounced his-
tone H4 hyperacetylation compared to nonresponders. This trial demonstrates that
the combination of vorinostat and tamoxifen in patients with hormone receptor-
positive breast cancer results in tumour regression or prolonged disease stabilisation
in patients who had progressed on prior therapy and is worth to be further
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investigated (Munster et al. 2011). Two studies evaluated the effect of vorinostat in
combination with 5-fluorouracil and leucovorin in patients with refractory solid
tumours. A phase I study determined the MTD of daily or twice daily vorinostat on
3 days when combined with fixed doses of 5-fluorouracil and leucovorin every
2 weeks. Forty-three patients were treated and the MTD of vorinostat in this combi-
nation was found to be 1,700 mg orally once daily on three consecutive days or
600 mg orally twice daily on three consecutive days every 2 weeks. Of 38 patients
with 5-fluorouracil-refractory colorectal cancer, 21 had stable disease and one had a
partial response (Fakih et al. 2010). In a phase II study, it was investigated whether
the combination of relatively high doses of intermittent vorinostat overcomes resis-
tance to 5-fluorouracil in refractory metastatic colorectal cancer. Fifteen patients
received high-dose (1,400 mg) vorinostat, and 43 received low-dose (800 mg) vori-
nostat. The median progression-free survival and overall survival on the high-dose
arm were 2.9 and 6.7 months, compared to 2.4 and 6.5 months on the low-dose arm,
respectively. Accrual on the high-dose arm had to be halted because the number of
patients without progression at 2 months did not reach the threshold. On the low-
dose arm, one patient had a partial response and eight patients had stable disease.
However, the progression-free survival rate did not reach the prespecified threshold
of 27 out of 43 patients, and the combination was not deemed interesting enough for
further evaluation (Fakih et al. 2012). Two trials have been reported using vorinostat
in combination therapy for the treatment of recurrent glioblastoma. In a phase I trial,
vorinostat was combined with bevacizumab and CPT-11. Nineteen patients were
treated. The MTD of vorinostat was established at 400 mg on days 1-7 and 15-21
every 28 days when combined with bevacizumab and CPT-11. The median
progression-free survival (PFS) among patients receiving higher-dose vorinostat
had an improved response, although not statistically significant (Chinnaiyan et al.
2012). Furthermore, a phase II trial of vorinostat in combination with bortezomib
was conducted. Thirty-seven patients were treated with vorinostat at a dose of
400 mg daily for 14 days of a 21-day cycle, and bortezomib was administered at a
dose of 1.3 mg/m? intravenously on days 1, 4, 8 and 11 of the cycle. The trial failed
to meet the interim analysis threshold for continuation. None of the 34 patients were
progression-free at 6 months (Friday et al. 2012). Another phase I trial was reported
to investigate the MTD of vorinostat in combination with bexarotene in patients
with advanced (stage IB or higher) CTCL who were refractory to at least one prior
systemic treatment and were suitable for bexarotene therapy. The study was divided
into two parts. For patients enrolled in part I, up to three dose levels of vorinostat
(200, 300 and 400 mg daily) and up to three dose levels of bexarotene (150, 225 and
300 mg/m?) were tested. For patients enrolled in part II, dosing began at dose level
6 with vorinostat at 400 mg once daily and bexarotene at 150 mg once daily. Four
patients had partial responses and 15 patients had stable disease. The MTD of part
I was established at vorinostat 200 mg/day plus bexarotene 300 mg/m?/day. The
MTD for part II was not reached; a result of early study termination due to low
enrolment. The efficacy of vorinostat and the retinoid bexarotene at an optimum
dose and schedule could not be fully explored in patients with advanced CTCL
because of the aggressive nature of the underlying disease. Furthermore, the number
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of patients treated in this study was small, and thus no general conclusions are pos-
sible regarding efficacy (Dummer et al. 2012). A phase II trial of vorinostat in com-
bination with gemtuzumab ozogamicin (GO), as induction and post-remission
therapy in older adults with previously untreated acute myeloid leukaemia, has been
conducted. Patients received vorinostat 400 mg orally once daily on days 1-9 and
GO 3 mg/m’ on day 8. Hydroxyurea was given to reduce the white blood cells to
less than 10x 10%/L before treatment with vorinostat. Thirty-one patients have been
enrolled of which six achieved complete remission and one achieved complete
remission with incomplete platelet recovery. Four patients are in ongoing remission
after 455, 496, 956 and 988 days (Walter et al. 2012). As already reviewed in
(Wagner et al. 2010), vorinostat was also investigated in combination with radio-
therapy (Ree et al. 2010).

10.5 Clinical Trials of Panobinostat

Panobinostat is a highly potent HDACi with antitumour activities at low nanomolar
concentrations in several preclinical studies, and its clinical efficacy is currently
under investigation in several clinical trials (see Table 10.2). There are several trials
investigating the effect of panobinostat as single agent. In two phase I trials, the
safety and tolerability of intravenous and oral panobinostat in solid tumours are stud-
ied. In a multicenter phase I dose-escalation study, 14 patients received intravenous
panobinostat on days 1 and 8 of a 21-day cycle. Stable disease for more than 4 months
was observed in six patients, and the MTD of 20 mg/m? was thought to be safe and
potentially effective in patients with advanced solid tumours (Morita et al. 2012). In
another phase I, open-label, dose-escalation study, panobinostat was administered
orally once daily on MWF weekly on a 28-day cycle to 13 patients with advanced
solid tumours or CTCL. Seven patients had stable disease but the MTD was not
reached (Fukutomi et al. 2012). The most frequently reported adverse event in both
trials was thrombocytopenia, which could be observed for several other HDAC:.
Panobinostat was also administered as single agent in a phase II trial of patients with
refractory metastatic renal cell carcinoma. Patients received 45 mg panobinostat
twice a week. After 8 weeks of treatment, 12 patients had progressed disease, and
because of the lack of efficacy, the trial was closed (Hainsworth et al. 2011). A phase
II study of panobinostat in patients with low- or intermediate-risk myelodysplastic
syndrome was conducted. Thirteen patients were treated to determine the clinical
efficacy, safety and tolerability of oral panobinostat at a dose of 20 mg three times a
week followed by 1 week of rest. One patient achieved a haematological improve-
ment, and six patients had stable disease for a median duration of 6 months. Treatment
was well tolerated but overall the study showed only limited clinical activity and was
closed to further patient entry (Dimicoli et al. 2012). In a phase II study in patients
with relapsed and/or refractory Hodgkin’s lymphoma after autologous stem-cell
transplantation, the activity of panobinostat was examined. One hundred and twenty-
nine patients were treated with 40 mg panobinostat orally three times per week in a
21-day cycle. Reductions in tumour size were observed in 74 % of the patients with
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Table 10.2 Panobinostat trials reported in the years 2010-2013

Combination Patients
therapy Type of cancer Phase number Outcome Literature
None Solid tumours I 14 6 SD Morita et al.
MDT=20 mg/m? (2012)
None Solid tumours I 13 7SD Fukutomi
MTD not reached et al. (2012)
None Refractory metastatic 11 20 No response Hainsworth
renal cell carcinoma etal. (2011)
None Myelodysplastic 1I 13 1 HI Dimicoli
syndrome 6 SD etal. (2012)
None Relapsed/refractory 11 129 5CR Younes et al.
Hodgkin’s lymphoma 30 PR (2012)
None Cutaneous T-cell 11 139 Response rate Duvic et al.
lymphoma 17.3 % (2013)
None Castration-resistant 1 16 None: no Rathkopf
Docetaxel prostate cancer response et al. (2010)
Docetaxel:
2PR
4SD
Lenalidomide  Relapsed/refractory Ib 46 1 CR,8 PR, 7SD Mateos et al.
Dexamethasone multiple myeloma (2010)
Gemcitabine Solid tumours 1 17 5SD Jones et al.
(2011)
Bevacizumab Advanced solid tumours I 12 1 PR Strickler
Everolimus 3SD etal. (2012)
Bevacizumab High-grade glioma I 12 3 PR Drappatz
7SD etal. (2012)
Bortezomib Pancreatic cancer 1I 7 No response Wang et al.
(2012)
Melphalan Relapsed/refractory 11 31 12 PR Offidani
Thalidomide multiple myeloma 2 CR etal. (2012)
Prednisone 11 SD

5 patients having complete response and 30 patients having a partial response lasting
for 6.9 months in the median. Panobinostat monotherapy in patients who were heav-
ily pretreated demonstrated antitumour activity, resulting in durable responses. This
promising data suggest that further investigation especially in combination with
other agents might be valuable to improve therapy (Younes et al. 2012). In a phase I
study, treatment of patients with castration-resistant prostate cancer with panobino-
stat as single agent in comparison to panobinostat in combination with docetaxel was
investigated. Eight patients received 20 mg panobinostat on 3 days a week for two
consecutive weeks followed by a 1-week break. Eight patients received 15 mg pano-
binostat on the same schedule in combination with 75 mg/m? docetaxel every 3 weeks
and 5 mg prednisone orally twice a day. None of the patients in the panobinostat
monotherapy arm responded. In the combination arm, 2 of 7 evaluable patients had a
partial response and four patients had stable disease (Rathkopf et al. 2010). Thus,
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also panobinostat as a single agent shows limited clinical response so far. Therefore,
panobinostat is also investigated in several trials in combination with various other
antitumour agents.

In a phase Ib study, the safety, tolerability and preliminary efficacy of panobino-
stat in combination with the immune modulator lenalidomide plus dexamethasone in
patients with relapsed or refractory multiple myeloma were evaluated. Forty-six
patients have been treated of which 30 were evaluable for response. One patient had
a partial response, 7 had stable disease and 6 progressed on treatment. Some safety
concerns were identified, but as preliminary efficacy was very encouraging, further
studies with a lower dexamethasone dose and a noncontinuous panobinostat dosing
schedule will be conducted (Mateos et al. 2010). A phase I study investigated the
effect of panobinostat in combination with the nucleoside analogue gemcitabine in
the treatment of solid tumours. Seventeen patients were enrolled, and after several
dose de-escalations because of myelosuppression, the recommended doses for fur-
ther studies were found to be intermittent oral panobinostat administered at a dose of
10 mg three times weekly for 2 weeks in combination with 800 mg/m? gemcitabine
administered intravenously on days 1 and 8 every 21 days. One patient with ovarian
cancer had an unconfirmed partial response, and five patients had stable disease last-
ing more than 4 cycles (Jones et al. 2011). The combination of bevacizumab, evero-
limus and panobinostat was investigated in a phase I trial of 12 patients with advanced
solid tumours. Patients received 10 mg of panobinostat three times weekly, 5 or
10 mg everolimus daily and bevacizumab at 10 mg/kg every 2 weeks. One patient
with breast cancer had a partial response lasting for 2 months, and three patients with
metastatic colorectal cancer had stable disease. HDAC activity of PBMCs was evalu-
ated on day 1 and 15, but no significant difference was detected. These findings sup-
port 20 mg three times per week as the minimum dose level to ensure consistent
HDAC inhibition. The addition of panobinostat to the combination bevacizumab/
everolimus revealed added toxicity which compromised the tolerability of the full
combination (Strickler et al. 2012). Panobinostat in combination with bevacizumab
for the treatment of recurrent high-grade glioma was investigated in a phase I trial.
Twelve patients received 10 mg/kg bevacizumab every 2 weeks and panobinostat at
different dose levels. Three patients had partial response and 7 had stable disease.
Although the MTD could not be found, a 30 mg dose in combination with bevaci-
zumab was deemed to represent the maximum feasible dose (Drappatz et al. 2012).
A phase II study to examine the efficacy and safety of panobinostat and bortezomib
in patients with pancreatic cancer progressing on gemcitabine-based therapy was
conducted. Patients received 1.3 mg/m? bortezomib twice weekly and 20 mg panobi-
nostat three times weekly during the first 2 weeks, followed by 9 days of rest. Seven
patients were enrolled but the study had to be closed due to lack of treatment
responses and early treatment-related toxicity (Wang et al. 2012). Panobinostat in
combination with melphalan, thalidomide and prednisone was investigated in a
phase II study in patients with relapsed and or refractory multiple myeloma. Thirty-
one patients received a fixed dose of melphalan, thalidomide and prednisone with
escalating doses of panobinostat three times weekly for 3 weeks, followed by a 9-day
rest period. Two patients achieved a complete response, 12 patients achieved a partial
response and 11 had stable disease, but 8 progressed on treatment. This study
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suggests that the combination of panobinostat plus melphalan, thalidomide and pred-
nisone at this dose and schedule has no therapeutic benefit compared to the combina-
tion without HDACI but is more toxic. However, further studies with an improved
dose schedule might improve efficacy (Offidani et al. 2012).

10.6 Clinical Trials of Romidepsin

Romidepsin was the second HDACi approved in 2009 by the FDA for the treatment
of CTCL of patients who had received at least one systemic therapy. Besides this
application, the effect of romidepsin is investigated in the last years in several trials
against other haematologic cancers and solid tumours primarily as single agent (see
Table 10.3).

A phase II study was conducted to confirm the efficacy of romidepsin in patients
with treatment refractory cutaneous T-cell lymphoma. Ninety-six patients were
treated with romidepsin as an intravenous infusion at a dose of 14 mg/m? on days 1,
8 and 15 every 28 days. The overall response was 34 % with six patients having
complete response. This study showed that romidepsin has significant activity as a
single agent with durable responses in patients with refractory CTCL with an
acceptable safety profile and is a valuable therapeutic agent for these patients
(Whittaker et al. 2010). Two phase II studies investigated romidepsin in the treat-
ment of patients with peripheral T-cell lymphoma. Piekarz et al. reported the treat-
ment of 45 patients with 14 mg/m? romidepsin on days 1, 8 and 15 of a 28-day
cycle. Eight patients experienced complete responses and nine patients experienced
partial responses (Piekarz et al. 2011). A further trial confirmed the efficacy of
romidepsin in patients with relapsed or refractory peripheral T-cell lymphoma. One
hundred and thirty patients received 14 mg/m? romidepsin on days 1, 8 and 15 every
28 days. The overall response rate (ORR) was 25 % with 19 patients having com-
plete response and 3 having stable disease (Coiffier et al. 2012). Furthermore, a
phase II study was conducted investigating the efficacy of romidepsin in patients
with multiple myeloma. Thirteen patients were treated with 13 mg/m? romidepsin
on days 1, 8 and 15 every 28 days. Five patients showed clinical benefit and two
patients showed reduction of pain, but no patient achieved an objective response
(Niesvizky et al. 2011). A phase II study investigated the effect of romidepsin in
patients suffering from relapsed small-cell lung cancer. Sixteen patients were
enrolled and received weekly infusions of romidepsin at 13 mg/m? on days 1, 8 and
15 on a 4-week schedule. The best response seen was stable disease in three patients.
The study was closed because it did not reach the target response rate (Otterson
et al. 2010). Haigentz et al. reported a phase II trial of romidepsin in patients with
recurrent/metastatic head and neck cancer. Fourteen patients were treated with
13 mg/m? romidepsin on days 1, 8 and 15 of 28-day cycles. The best response seen
was stable disease in two patients. Because the study lacked efficacy, it was termi-
nated early (Haigentz et al. 2012). In a phase I/II trial, the effect of romidepsin in 50
patients with recurrent malignant glioma was studied. In phase I of the study, the
maximum tolerated dose in patients receiving strong CYP3A4-inducing antiepilep-
tic drugs (EIAEDs) was determined. Romidepsin is metabolised by cytochromes
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Table 10.3 Romidepsin trials reported in the years 2009-2012

Combination Patients
therapy Type of cancer Phase number Outcome Literature
None Cutaneous T-cell II 96 34 % ORR Whittaker et al.
lymphoma 6 CR (2010)
None Peripheral T-cell II 45 8 CR Piekarz et al.
lymphoma 9 PR (2009)
None Peripheral T-cell I 130 25 % ORR Coiffier et al.
lymphoma (2012)
None Multiple myeloma I 13 No response Niesvizky et al.
(2011)
None Small-cell lung cancer 1I 16 3SD Otterson et al.
(2010)
None Head and neck cancer 1I 14 2SD Haigentz et al.
(2012)
None Glioma /11 50 1 PES Iwamoto et al.
>6 months (2011)
None Cutaneous T-cell 1I 71 4 CR, 20 PR Piekarz et al.
lymphoma (2009)
Gemcitabine  Solid tumours I 36 MTD=12mg/ Jonesetal.
m? (2012)

CYP3A4 and CYP3A514, and EIAEDs potently induce CYP3A4. It could be
shown that EIAEDs did not affect romidepsin exposure. Because of the potential
cardiotoxicity with doses of more than 17.7 mg/m?, the MTD for patients receiving
EIAEDs was not defined. In phase II the PFS at 6 months was investigated. Phase II
patients were treated with romidepsin at dosage of 13.3 mg/m*day on days 1, 8 and
15 of each 28-day cycle. Among the 35 patients receiving romidepsin in phase II,
one had progression-free survival for more than 6 months but developed tumour
progression at 32 weeks. The trial showed that romidepsin had no significant clini-
cal activity as a single agent in patients with recurrent glioma (Iwamoto et al. 2011).

A phase I trial of romidepsin in combination with gemcitabine in patients with
advanced solid tumours was reported in 2012. Thirty-six patients with solid tumours
were treated, and the MTD of 12 mg/m? romidepsin and 800 mg/m? gemcitabine
was determined. Twenty-seven patients were evaluable of which 2 had a partial
response and 14 had stable disease (Jones et al. 2012). The outcome of the described
studies showed that the treatment with romidepsin is also effective in patients with
peripheral T-cell lymphoma. However, in solid tumours a combination therapy with
other agents might be valuable to improve efficacy.

10.7 Clinical Trials of Valproic Acid

Valproic acid is a well-tolerated drug already used in the treatment of epilepsy with
a good characterised safety profile. Although it shows a 1,000-fold lesser HDAC
activity compared to other HDACI like vorinostat, it is successfully applied in sev-
eral trials against different cancers (see Table 10.4).
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Table 10.4 Valproic acid trials reported in the years 2010-2012

Combination Patients
therapy Type of cancer Phase number Outcome Literature
None Neuroendocrine II 8 5SD Mohammed
carcinoma etal. (2011)
Cytarabine  Acute myeloid leukaemia 1I 31 8 CR Corsetti et al.
Refractory anaemia with (2011)
excess of blasts
AraC Acute myeloid leukaemia 15 No response  Lane et al.
(2012)
Hydralazine Myelodysplastic I 12 6 OR Candelaria et al.
syndrome 1 CR (2011)
IPR
Hydralazine Chronic myeloid 8 2CR Cervera et al.
leukaemia 3 SD (2012)
ATRA-IV Solid tumour I 9 1SD David et al.
MTD could (2010)
not be
established
Doxorubicin Mesothelioma I 45 7PR Scherpereel

etal. (2011)

Preclinical data showed that Notchl is a tumour suppressor in neuroendocrine
tumours. Notchl signalling is very minimal or nonexistent in neuroendocrine
tumours, and the activation of Notchl signalling leads to a decrease in tumour
growth. Valproic acid has been shown to activate the Notchl signalling pathway
leading to a decrease in tumour markers. Because of these data, a phase I study to
evaluate the effects of valproic acid on tumour marker production, tumour response,
survival and Notch1 signalling has been conducted. Eight patients received a val-
proic acid dose of 500 mg orally, two times a day with a goal target serum level
between 50 and 100 g/mL. Five patients had stable disease over the course of the
treatment. It could be shown that the majority of patients experienced an improve-
ment in their tumour markers and after treatment there was a tenfold induction of
Notchl mRNA compared to pretreatment levels (Mohammed et al. 2011).

In several trials valproic acid is applied in combination with other therapeutic
agents. Two studies in combination with cytarabine in acute myeloid leukaemia
were conducted. A phase II study investigated the effect of valproate in acute
myeloid leukaemia (AML) and refractory anaemia with excess of blasts (RAEB).
Thirty-one patients were treated with subsequent courses of low-dose cytarabine
(20 mg) twice daily for 8 days and valproic acid with a starting dose of 5 mg/kg.
Dose escalation of valproic acid was performed according to patient tolerance until
the therapeutic range of 50-100 pg/mL was reached. Eight patients had complete
response, with nearly complete clearing of marrow blasts and normalisation of
blood counts at a median of 5 months. Three patients showed haematologic improve-
ment. It could be shown that low-dose cytarabine in combination with valproic acid
is well tolerated and shows good therapeutic activity in elderly patients with AML/
RAEB (Corsetti et al. 2011). In another trial 15 patients were treated with a starting
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dose of 200 mg valproic acid three times a day. The dose was increased according
to patient tolerance to achieve serum valproate levels of 50-100 pg/mL. Additionally,
patients received 10 mg/m? cytarabine daily for the first 14 days of therapy. In con-
trast to the study mentioned before, no responses were observed (Lane et al. 2012).
A possible explanation might be that the dose of valproic acid could not be escalated
due to poor tolerance of this patient population. In the trial reported by Corsetti
et al., the patients received a higher dose of cytarabine with a longer duration, and
the patients had a better prognosis at the time of inclusion of the study. In a phase II
study, valproate in combination with the DNA-methyltransferase inhibitor hydrala-
zine was investigated in 12 patients with myelodysplastic syndrome. Patients
received 83/182 mg hydralazine and 30 mg/kg valproic acid on a daily schedule.
Overall response was seen in six patients, including 1 complete response and 1 par-
tial response and 4 haematological improvements. A follow-up after about
14 months showed that only two patients progressed to AML. Overall this study
shows that the combination of valproate and hydralazine may be an effective and
safe combination in the treatment of MDS; however, so far only a small number of
patients were treated (Candelaria et al. 2011). In another trial valproate in combina-
tion with hydralazine was administered to eight patients with chronic myeloid leu-
kaemia who were refractory to imatinib. Patients received 83/182 mg hydralazine
and 30 mg/kg valproic acid on a daily schedule and continued receiving imatinib at
the same dose they were receiving at the time of progression. Two patients had a
complete response and 3 had stable disease and only 1 did not respond. This trial
gives evidence that therapy using an epigenetic agent can overcome imatinib resis-
tance. However, the number of patients in this study is too small to make a clear
statement (Cervera et al. 2012).

Besides haematological malignancies, the efficacy of valproic acid was studied
in two trials in solid tumours. In a phase I study, valproic acid in combination with
ATRA-1V is investigated in solid tumours refractory to prior therapy. One patient
had stable disease lasting for 16 weeks. The MTD of both drugs in combination
could not be established due to early closure of the trial (David et al. 2010). In
another trial the combination of valproic acid with doxorubicin in patients with
mesothelioma was examined. In the phase Il trial, 45 patients were treated with oral
valproic acid until a serum valproate level of 50-100 pg/mL was reached. Then
patients were treated additionally with doxorubicin at 60 mg/m?* every 3 weeks.
Valproic acid administration continued during the whole treatment. Seven patients
had a partial response. In recurrent mesothelioma after first-line cisplatin-based
chemotherapy, this treatment regimen seems to be effective and warrants further
trials (Scherpereel et al. 2011).

10.8 Clinical Trials of Belinostat

Belinostat is a hydroxamic acid-based HDAC: that is currently investigated in clini-
cal trials (see Table 10.5).

Two trials investigated the efficacy of belinostat as single agent. Cashen et al.
reported the application of belinostat in the treatment of myelodysplastic syndrome.
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Table 10.5 Belinostat trials reported in the years 2010-2012

Combination Patients
therapy Type of cancer Phase number  Outcome Literature
None Myelodysplastic syndrome 11 21 1 CR Cashen et al.
(2012)
None Thymic epithelial tumours  1I 41 2PR Giaccone
25SD etal. (2011)
Carboplatin and/  Solid tumours 1 23 2 PR Lassen et al.
or paclitaxel 6 SD (2010)
Carboplatin Platinum-resistant ovarian,  II 27 1CR Dizon et al.
fallopian tube or primary 1 PR (2012a)
peritoneal carcinoma 12 SD
Carboplatin Ovarian cancer I 35 3CR Dizon et al.
Paclitaxel 12 PR (2012b)

Twenty-one patients were enrolled and treated with 1,000 mg/m? belinostat on days
1-5 of a 21-day cycle. One patient received a partial response lasting for 2.1 months.
The study was closed after the first stage of enrolment (Cashen et al. 2012).

Another trial using belinostat as single agent was reported in 2011 by Giaccone
et al. In this phase II study, patients with recurrent or refractory advanced thymic
epithelial tumours were treated with 1 g/m? on days 1-5 of a 21-day cycle. Forty-
one patients were enrolled of which 25 had thymoma and 16 had thymic carcinoma.
Two patients achieved a partial response and 25 had stabilisation of disease lasting
for 5.8 months (median), and treatment was well tolerated. In general, patients with
thymic carcinoma had significantly shorter survival than those with thymoma.
Protein hyperacetylation was analysed, but no correlation between hyperacetylation
and response could be found (Giaccone et al. 2011). Several studies describe the
combination of belinostat with other agents in solid tumours. In a phase I study, the
combination of belinostat with carboplatin and/or paclitaxel was investigated in
patients having solid tumours. Belinostat was administered in escalating doses of
600, 800 and 1,000 mg/m?*/day on days 1-5 of a 21-day cycle. Carboplatin and
paclitaxel were administered on day 3. Treatment was well tolerated and the recom-
mended dose of belinostat was 1,000 mg/m?/day. The pharmacokinetics of belino-
stat, paclitaxel and carboplatin were unaltered by the concurrent administration.
There was one complete CA-125 response, two patients had a partial response and
six patients had stable disease for more than 6 months (Lassen et al. 2010). Another
phase II study investigated the effect of the combination belinostat and carboplatin
in the treatment of recurrent or persistent platinum-resistant ovarian, fallopian tube
or primary peritoneal carcinoma. Twenty-seven patients received belinostat in a
dose of 1,000 mg/m? for 5 days every 3 weeks and carboplatin on day 3. There was
one complete response, one partial response and 12 patients had stable disease.
Because the overall response rate did not meet the criteria for further development,
the study was closed at the first stage (Dizon et al. 2012a).

The activity of belinostat, carboplatin, and paclitaxel in women with previously
treated ovarian cancer was also investigated by Dizon et al. Thirty-five patients were
treated with belinostat (1,000 mg/m?) daily for 5 days; carboplatin and paclitaxel
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were given on day 3 of a 21-day cycle. Three patients had a complete response, and
12 had a partial response. The overall response rate among resistant patients was 44
and 63 % among sensitive patients. This study could show that the addition of beli-
nostat to standard therapy could enhance the outcome and is worth to be further
investigated (Dizon et al. 2012b).

10.9 Clinical Trials of Mocetinostat

Preclinical data have shown that mocetinostat, an oral class I-selective HDAC inhib-
itor, has potent antiproliferative activity against a wide range of cancers (Fournel
et al. 2008). To investigate its clinical efficacy, several clinical trials for haemato-
logic malignancies and solid tumours were conducted (Wagner et al. 2010). In the
last year a phase II trial of mocetinostat in patients with relapsed Hodgkin’s lym-
phoma was reported (see Table 10.6). Fifty-one patients were treated with
Mocetinostat three times a week and a dose of 85 mg was found to be the best toler-
ated. Two patients had a complete response, 12 had a partial response and one had
stable disease. These results show that mocetinostat has significant clinical efficacy
and its use either as single agent or in combination should be further investigated
(Younes et al. 2011).

Table 10.6 Other HDAC: trials reported in the years 2010-2012

Patients
Study medication ~ Type of cancer Phase number Outcome Literature
Mocetinostat Hodgkin’s lymphoma 1T 51 2 CR Younes
12 PR etal. (2011)
1SD
Entinostat Solid tumours 1 19 MTD=4 mg/m? Pili et al.
13-cis retinoic acid No response (2012)
Givinostat Chronic I 29 3CR Rambaldi
myeloproliferative 6 PR et al. (2010)
neoplasms
CS055 Solid tumours and I 31 5PR Dong et al.
lymphomas 11 SD (2012)
SB939 Refractory solid I 30 MTD=80mg/ Yongetal.
malignancies day (2011)
5SD
SB939 Advanced solid tumours | 38 RP2D=60 mg Razaketal.
on five (2011)
consecutive
days every
2 weeks
CHR-3996 Solid tumours I 39 RP2D=40 mg/ Banerji
day et al. (2012)
1 PR

9 SD
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10.10 Clinical Trials of Entinostat

The ability of HDAC:i to resensitise tumour cells to retinoids was investigated in a
phase I trial of entinostat in combination with 13-cis retinoic acid in patients with
solid tumours (see Table 10.6). Nineteen patients were treated with entinostat
orally once a week and 13-cis retinoic acid orally twice a day (1 mg/kg) for 21 days
every 4 weeks. The MTD was determined at 4 mg/m? entinostat. There were no
complete or partial responses. However, seven patients had stable disease (Pili
et al. 2012).

10.11 Clinical Trials of Givinostat

The safety and efficacy of givinostat in the treatment of JAK2V617F-positive
chronic myeloproliferative neoplasms, including polycythaemia vera, essential
thrombocythaemia and myelofibrosis, was studied in a phase II trial (see
Table 10.6). Twenty-nine patients received oral givinostat for 24 weeks at a dose of
50 mg twice daily. Among the patients having polycythaemia vera or essential
thrombocythaemia, one patient had a complete haematological response, and six
patients had a partial response. Furthermore, complete control of pruritus was
observed in all but one patient. Among the patients having myelofibrosis, three
patients had achieved a complete response. JAK2V617F tumour allele burden was
monitored during treatment and a progressive decrease of the JAK2V617F mutated
allele during treatment could be found. The treatment was well tolerated with the
most common side effects being mild gastrointestinal disorders like diarrhoea,
nausea and gastric or abdominal pain. This study confirmed that givinostat shows
clinical activity. In vitro experiments implied that the efficacy of givinostat could
be improved by combining it with hydroxycarbamide or other JAK2V617F inhibi-
tors (Rambaldi et al. 2010).

10.12 Clinical Trials of Chidamide

Chidamide is a new orally available benzamide-containing HDACI. Preclinical data
have shown that chidamide has in vitro and in vivo antitumour activity against sev-
eral cancer cell lines. In a phase I trial, tolerability and dose-limiting toxicities of
chidamide in patients with advanced solid tumours or lymphomas were determined
(see Table 10.6). Thirty-one patients received oral doses of 5, 10, 17.5, 25, 32.5 or
50 mg chidamide either twice (BIW) or three times (TIW) per week for four con-
secutive weeks every 6 weeks. Five patients had a partial response and 11 patients
had stable disease. Chidamide is well tolerated, exhibited a relatively long half-life
of 17-18 h and showed a long-lasting histone H3 acetylation (Dong et al. 2012).
This data suggest that chidamide is a promising new HDACi and its clinical efficacy
should be further evaluated.
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10.13 Clinical Trials of Pracinostat (SB939)

Because of the favourable preclinical pharmacological properties of pracinostat, the
maximum tolerated dose, the pharmacokinetics, the pharmacodynamics and pre-
liminary efficacy of pracinostat in patients with advanced solid malignancies were
investigated in a phase I trial (see Table 10.6). Thirty patients received oral pracino-
stat (10-80 mg/day) three times a week for 3 weeks in a 4-week cycle. Five patients
had stable disease. The maximum tolerated dose using this regimen was determined
at 80 mg/day, and the recommended dose for phase II studies is 60 mg/day. Although
no partial responses were seen, prolonged nonprogression of breast cancer, follicu-
lar thyroid carcinoma, neuroblastoma and hepatocellular carcinoma were promising
observations and should be further evaluated (Yong et al. 2011).

Another phase I trial was reported by Razak et al. 38 patients received oral praci-
nostat. The maximal administered dose was 90 mg, and the recommended phase 11
dose was 60 mg given five consecutive days every 2 weeks. No objective tumour
responses were observed, but ten patients showed stable disease for 5.7 months
(median) (Razak et al. 2011).

The most common adverse events were toxicities that included fatigue, nausea,
vomiting, anorexia and diarrhoea and are common among HDAC: application.

10.14 Clinical Trials of CHR-3996

CHR-3996 is a new, orally available, class I-selective HDACi that has shown promis-
ing activity against a wide range of cancer cell lines. In a phase I study, the pharmaco-
kinetics and pharmacodynamics of CHR-3996 were investigated in patients with
refractory solid tumours (see Table 10.6). Thirty-eight patients received CHR-3996
(5-160 mg) once a day. One patient had a partial response and nine patients had stable
disease. The recommended phase II dose was 40 mg/day. The most common seen
DLTs were thrombocytopenia, fatigue and elevated plasma creatinine. Because of the
manageable toxicity profile and favourable pharmacokinetic and pharmacodynamic
properties, CHR-3996 should be investigated in further studies (Banerji et al. 2012).

Conclusions

HDAC: are antiproliferative agents with manageable side effects, successfully
applied in the clinic for the treatment of mainly haematological diseases. Besides
vorinostat and romidepsin which are already approved by the FDA, several other
potent HDAC: are currently investigated for their clinical efficacy in the treat-
ment of cancer.

Even though some promising results could be observed, especially in combi-
nation with other anticancer agents, the treatment of solid malignancies with
HDAC: remains to be unsatisfactory and has to be further investigated in clinical
trials. Several trials could demonstrate that HDACi can be administered in
combination with standard therapy without decrease of the doses and without
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additional side effects. Improvement of the dosing and the schedule as well as the
optimisation of combination therapies might help to achieve an increased
response especially in solid tumours.

Especially interesting in that regard is the question of surrogate biomarkers
for HDAC inhibitor dosing. Diagnostic as well as prognostic biomarkers are
valuable tools to optimise therapy and improve safety. Although biomarkers like
the acetylation of tumour tissue and PBMCs to correlate treatment and response
are used in many trials, a clear correlation could not be verified yet. Standard
procedures are the analysis of histone hyperacetylation by western blotting,
ELISA or mass spectrometry (Chung et al. 2006) Alternatively, total cellular his-
tone deacetylase activity measured with a cell-permeable small molecule sub-
strate has been suggested (Hoffmann et al. 1999; Bonfils et al. 2008).

Another question that has to be addressed is if class-selective inhibitors can
increase efficacy or reduce side effects. To answer that, more information about
the role of specific isoforms and their function in cancer is needed. Some experi-
ments using knockout mice have been done to elucidate this (Haberland et al.
2009), but a lot still needs to be learned to fully understand the distinct roles of
the HDAC subtypes. In this context the role of protein versus histone acetylation
and the clinical application has to be investigated. This will be especially true for
the planned clinical development of HDAC6-selective inhibitors.

Altogether, despite many years of HDAC research, there are still many funda-
mental issues that we have to understand better. Still, HDAC inhibitors are
already used in the clinic with some success, and we expect to exploit their
potential even better in the upcoming years.
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