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Abstract
Histone deacetylase inhibitors (HDACi) are a novel class of structurally diverse anticancer compounds that alter gene expression and mediate diverse anti-tumour activities.
These activities include the inhibition of cell cycle progression, induction of tumour cell
apoptosis, suppression of ongiogenesis, modulation of immune responses and induction of
autophagy, and show promising activity against a range of tumour types in clinical trials.
Acetylation of histones ploys a major role in chromatin remodelling and it was first
proposed that HDACi mediate their biological effects through the regulation of gene
expression, though a growing list of non-histone targets has been identified which also play
a fundamental role in the anti-tumour activity of HDACi.
LAQ824 and LBH589 are members of the hydroxamic acid class of HDACi that show
anti-tumour activity in the low nanomolar range, and have progressed into early phase
clinical trials. LAQ824 and LBH589 can induce morphological and biochemical changes
associated with apoptosis, though exactly how these agents activate the apoptotic
pathway is still unclear.
Using the E|j-myc mouse model of B-cell lymphoma it was our aim to identify
proteins and pathways involved in LAQ824- and LBH589-mediated cell death, and to
determine the relationship between LAQ824- and LBH589-mediated cell death and
therapeutic efficacy. Using this model we showed a direct correlation between the
induction of tumour cell death induced by LAQ824 and LBH589 in vitro and therapeutic
efficacy in vivo. LAQ824 and LBH589 mediated morphological and biochemical changes
associated with apoptosis. Furthermore we show that both agents induced apoptosis by
activation of the intrinsic (mitochondrial) pathway. Induction of apoptosis by LAQ824 and
LBH589 was independent of the p53 DNA damage pathway, the extrinsic (death receptor)
pathway and the pro-apoptotic BH3-only proteins Bid and Bim. Interestingly, LAQ824 and
LBH589 induced cell death in E|j-myc lymphomas devoid of a functional apoptosome
concomitant with loss of mitochondrial membrane integrity, though these lymphomas did
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not display many of the hallmarks of apoptosis, instead displaying morphological features
of autophagy.
Aside from the studies described above, LBH589 was investigated in a phase I trial
for the treatment of patients with refractory cutaneous T cell lymphoma (CTCL). LBH589
was administered orally to patients with CTCL on Monday, Wednesday and Friday of each
week on a 28-day cycle. The dose of 30 mg was deemed to be the DLT dose and
subsequent patients were treated at the expanded MTD dose of 20 mg. Biopsies from six
patients taken 0, 4, 8 and 24 hours after administration, were subjected to microarroy gene
expression profiling and QRT-PCR of selected genes. LBH589 is well tolerated and induces
clinical responses in CTCL patients. Of ten patients, 2 attained a complete response, 4
attained a partial response, 1 achieved stable disease with ongoing improvement, and 2
progressed on treatment. Microarray analyses of tumour samples indicate that LBH589
induces rapid changes in gene expression and surprisingly more genes are repressed than
are activated. A unique set of genes that can mediate biological responses such as
apoptosis, immune regulation and angiogenesis were commonly regulated in response to
LBH589. These genes are potential molecular biomarkers for LBH589 activity and are strong
candidates for the future assessment of their function role(s) in mediating the anti-tumour
responses of LBH589.
In addition, T-cell lymphoma cell lines were also tested for sensitivity to LBH589 in
vitro. These cell lines were sensitive to LBH589-mediated cell death, though LBH589 could
only sensitize one of the three cell lines to TRAIL-mediated apoptosis. Furthermore, LBH589
treatment of SCID mice bearing T-cell lymphoma xenografts resulted in the inhibition of
tumour cell growth in vivo.
The work undertaken in this thesis provides evidence for the translation of LAQ824and LBH589-induced cell death in vitro to therapeutic efficacy in vivo. In addition, these
studies have demonstrated that treatment of T-cell lymphomas with LBH589 induce cell
death in vitro and inhibit tumour growth in vivo. Furthermore, LBH589 was well tolerated in
CTCL patients and induced clinical responses associated with induced hyperacetylation of
xxi

histone H3 and alterations in gene expression. The ability of HDACi to activate alternate
death pathways and induce clinical responses in CTCL patients is an exciting new direction
in the treatment of patients with various malignancies and definitely warrants further
investigation.
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Chapter 1. Literature Review

1.1

Introduction
Today cancer is considered as a disease that evolves fronn a connbination of

epigenetic and genetic abnormalities that cause the dysregulation of gene expression
and function (Jones and Baylin, 2007). The most common epigenetic modifications
observed are increased methylation of CpG islands v\/ithin promoter regions and
deacetylation of histone proteins resulting in aberrant silencing of gene expression (Esteller,
2005;

Jones and

Baylin, 2007; Thiagolingam

et al., 2003).

Recent

advances

in

understanding the role of epigenetics in cancer has seen the development of a new class
of epigenetic based therapies through the design of compounds that target either the
hypermethylation or hypoacetylation states of the epigenome. This chapter will focus on
the understanding of the opposing activities of histone acetyl transferases (HATs) and
histone deacetylases (HDACs) and their role in cancer development, how their posttranslational modifications influence chromatin structure and gene expression, and the
design of inhibitors to target HDACs in the treatment of cancer.

1.2

Ctiromotin Remodeling and the Nucleosome
Chromatin is a highly ordered structure consisting of repeats of nucleosomes

connected by linker DNA. Chromatin consists of DNA, histones and non-histone proteins
(Mai et al., 2005) condensed into nucleoprotein complexes and it functions as the
physiological template of all eukaryotic genetic information (Cho et al., 2004; Jenuwein
and Allis, 2001; Kornberg and Lorch, 1999). Furthermore, chromatin is divided into 2 distinct
conformation states; (i) heterochromatin which is densely compacted and transcriptionaly
inert, (ii) euchromatin which is decondensed and transcriptionaly active (Jenuwein and
Allis, 2001;Lugeret al., 1997) (figure 1-1).

Heterochromatin

HAT

HISTONE
ACETYLATION

Euchromotln

Transcriptional Repression

Transcriptional Activation

D e a c e t y l a t e d Hisfone

A c e t y l a t e d Histone
Open chromatin
Transcription factors
can access DNA

Closed chromatin
Transcription factors
cannot access DNA
HISTONE
DEACETYLATION

Figure 1-1: Chromatin remodeiing and gene regulation
HDACs remove acetyl groups from nucleosomal histories, inducing condensed
chromatin (heterochromatin)

and transcriptional repression. Opposing HDAC

activity, HATs increase the acetylation status to nucleosomal histones, relaxing
chromatin

confirmation

(euchromatin),

allowing

access

of

transcriptional

machinery and transcriptional activation.
Source: Adapted from Novortis Pharmaceuticals, Cambridge, Boston, USA.

200 ba&o nntrs

Figure 1-2: The Nucleosome
Animated schematic diagram displaying the nucleosome, which is composed of
approximately 146 base pairs of DNA (black line) wrapped around a histone
octamer consisting of a histone H3-H4 tetramer and two H2A/H2B dimers (H3; Red.
H4; Yellow, H2A; Blue, H2B; Green). Nucleosomes are linked by histone HI (purple).
Source: (Davis and Brackmann. 2003)

The nucleosome is the fundamental packaging unit of chromatin, consisting of 147
base pairs of DNA which is wound twice around an octamer of histones. The histone
octamer consists of 2 copies each of H2A, H2B, H3 and H4 (Cho et al., 2004). Histones are
small basic proteins containing a globular domain and a flexible charged NH2 terminus
known has the histone tail which protrudes from the nucleosome. Regulation of gene
expression occurs through post transiotional modifications of the histone tails provided by
covalent modifications including acetylotion, methylation, phosphorylation, ubiquitination
and ADP-ribosylation (Jenuwein and Allis, 2001; Strohi and Allis, 2000; Turner, 2000). It is the
post tronslational modifications to histone toils, the so called 'histone code' that govern the
structural status of chromatin and the resulting transcriptional status of genes within a
particular locus (Jenuwein and Allis, 2001) (figure 1-2).

1.2.1

Modification of Histones
Acetyloted histones have long been associated with transcriptionally active genes

and this phenomena was first identified in 1964 by Vincent Ailfrey (Allfrey et al., 1964). Of
the associated histones within the nucleosome, the acetylotion status of H3 and H4 lysine
residues within the histone tails largely dictates the tote of chromatin assembly, gene
expression and transcription (Grunstein, 1997). The lysine residues acetylated are conserved
sites positioned on the amino terminal of histone tails including lysines 8 and 16 on H4 and
lysines 9 and 14 on H3 (Luo and Dean, 1999) (more lysine residues acetylated by HAT
activity is detailed in table 1-2). Nucleosomes and chromatin ore postively charged and
have a great affinity for binding DNA and through acetylotion of histone tails this charge is
neutralized loosening the electrostatic grip, allowing necessary remodeling of chromatin
and access of DNA binding complexes to initiate gene transcription and expression
(Clayton et al., 2006; Luo and Dean, 1999). Histone toil acetylotion modifications ore
governed by the opposing activities of two particular enzymes, histone transferases (HATs)
and histone deocetyloses (HDACs) which will be discussed in further detail.

1.2.2

Histone Acetyltransferases (HATs)
The molecular events linking transcriptional activation and histone acetylation were

first identified when an enzynne responsible for histone acetylation activity was isolated
from Tetrahymena fhermaphila (Brownell and Allis, 1995), and displayed homology to an
already characterized yeast transcriptional coactivator, Gcn5 (Brownell et al., 1996).
Mammalian HATs are characterized on the basis of their homology, their acetylase activity
specifications and the complexes by which they conduct their activity (Davis and
Brackmann, 2003). HATs are thought to be transcriptional coactivators because their
actions aid transcription factors. HATs can be divided into 5 main families; the Gcn5-related
N-acetyltransferase (GNAT), the MYST family, the CBP/p300 family, a group of nuclear
receptor coactivators and TAFii250 of the TFIID family. Details of these HAT families and their
basic biological functions are summarized in table 1-1.
HAT activity is not just restricted to acetylation of histone proteins, non-histone
proteins can also be acetylated by HATs. PCAF, p300 and CBP have been identified as
HATs that have the ability to acetylate a variety of non-histone substrates (Davis and
Brackmann, 2003). Non-histone targets usually include transcription factors/machinery such
as retinoblastoma protein (pRB), HMG-14, p53, E2F1, MyoD, c-Myb, GATA 1/3 and Rel A
(Roth et al., 2001; Sterner and Berger, 2000). Previous in vitro and in vivo studies have
demonstrated that acetylation of non-histone proteins modulate their capacity for DNA
binding, resulting in either the activation or suppression of gene transcription (Chen et al.,
2002; Goodman and Smolik, 2000; Sano and Ishii, 2001).

Table 1-1: Histone acetyltransferases (HATs) and their basic biological function

HAT Family/member

Function

References

transcnptional coactivator
transcnptional cooctivator

Rothetal

hmonocyfic leukemia zirvc finger (MOZ)
MOZ-related factor (MORF)
Histone acetyltransferase/
recognition complex (HB01)
TAT interactive protein 60 (Tip60)

Bone fomiation within compie* \Aritti Ruru(2
Bone formation within complex with Runx2

iizuka ond Stillman. 1999; Ikura
et ai. 2000: Peftetier et al 2002:
Thomas e) ai 2000

CBP/p300 Family

Both regulate biological processes including
cell differentiation, proliferation and apoptosis
Both crucial for development (embryonic
tethol)

Goodman ar>d Snrwte 2000:
Sterner and Berger, 2000: Vo
and Goodman 200!

steroid receptor coactivator-1 (SRC-1)
steroid receptor coactivator-2 (SRC-2, nF2, GRIP1)
steroid receptor coactivator-3 (SRC-3, pCIP. AIBI)

All enhance transoctivation of nuclear
hormone receptors

Sterner and Berger. 2000

TATA-binding protein-associated factor

Resides within the basal transcription factor
complex TFIIO and initiates ocetytation of H3
and H4 once TFIID has bound its TATA box
within its promoter sequence

Naar et al., 2001 Wassarman
and Sauer, 2001

GNAT Family
hGcnS
P300/CBP associated factof (PCAF)

MYST Family

CREB binding protein (GBP)
p300

Nuclear Receptor Coactivator Family

TAFII250

2001

Regulatory role in DNA replication
DNA repair and apoptosis

Table 1 -2: Lysine residues acetyiated by HAT activity
aBotogtcariiiti:
Gcn5
P/CAF

H3K9, 14, 18 and 27
H4K8ancl 16

Transcriptional activation
Transcriptional activation

p300
CBP

H3K14and 23
H3K18
H4K5 and 8

Transcriptional activation
DNA replication
Transcriptional activation

TAF250
SRC-1

H3K9 and 14
H3K9 and 15

Transcriptional activation
Transcriptional activation

Ybf/Sas3

H3K14and 23
H4K16

Transcriptional activation/DNA repair
Transcriptional repression

Sas2

H2AK5
H3K14

Transcriptional repression
Transcriptional repression

Tip60

H4K5 and 8
H4K12
H4K16

Transcriptional activation
Transcriptional activation/DNA repair
Transcriptional activation/DNA repair

Source: (Dey, 2006: Kouzarides, 2007)

1.2.3

HATs and Cancer
Altered HAT activity has been reported in both hematological and solid cancers, by

inactivation of HAT activity through gene mutation or through inhibition of HAT activity by
viral oncoproteins. Such inhibition from viral oncoproteins such as the adenovirus El A and
SV40 T-antigen that targets and binds p300/CBP (Eckner et al., 1994), resulting in the
inactivation of tumor suppressor protein retinoblastoma (Rb) and an increase of p53
transcriptional activity promoting proliferation and tumor genesis (Arany et al., 1994).
Missense mutations of p300 have also been identified in a variety of solid tumors including
colorectal, gastric, breast and pancreatic cancers (Davis and Brackmann, 2003; Gayther
et al., 2000).
Chromosomal translocations involving HATs and their consequent fusion proteins
have been implicated in the onset and progression of acute leukemia's (Davis and
Brackmann, 2003). Examples of such translocation have been identified in acute myeloid
leukemia (AML) and acute lymphoblastic leukemia (ALL) cases where a translocation
t(l I;16)(q23;pl3) results in a fusion protein (MLL-CBP) consisting of the HAT CBP and the
mixed linage leukemia protein (MLL). The effects of this fusion protein in the formation of
AML are still unclear but possible underlying mechanisms may involve deregulation of MLL
target

genes

by CBP-mediated

chromatin

remodeling

and

increased

chromatin

accessibility (Ayton and Cleary, 2001). MLL can also be abberantly fused to p300 in AML
via the translocation t(l I;22)(q23;pl3) (Ida et al., 1997). Not only are p300 and CBP
associated with translocations in leukemia, the HATs TIF2, MOZ and MORF hove also been
identified in translocations resulting in fusion proteins and involvement in leukemia
development (Cairns, 2001; Goodman and Smolik, 2000; Liang et al., 1998; Ponagopoulos
et al., 2001). MOZ mutations in AML development has been identified within the
chromosomal translocation t(8;16)(pl l;pl3) where the MOZ gene is fused with the CBP
gene, though this fusion transcript results in the production of a non functioning protein.
MORF as been associated with childhood AML and myelodysplastic syndrome through the
translocation 1 (10;16)(q22;pl3), where the MORF gene is fused with the CBP gene, creating
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the MORF-CBP fusion gene (Champagne et al., 1999). TIF2 is another HAT found to be a
fusion partner that combines with MOZ through the chromosome inversion inv(8)(pn:q13)
that has been identified in both AML and mixed lineage leukemia (Carapeti et al., 1998;
Liang et al., 1998). Tip60 is a HAT that has also been associated with cancer progression. An
increase in Tip60 expression has been recently associated with the progression of epithelial
cancers (Hobbs et al., 2006) while down regulation of Tip60 has been found in large scale
screens of colon and lung carcinomas (ME et al., 2006). RNA interference screening studies
revealed that Tip60 is required for the induction of apoptosis by p53 (Berns et al., 2004)
through acetylation of specific lysine residues upon DNA damage. This modification
influences p53 choice of promoters, directing a switch from cell cycle arrest to apoptosis
(Avvakumov and Cote, 2007; Sykes et al., 2006). Decreased expression of Tip60 results in
hypo-acetylation of p53 and a defect in apoptotic signaling, increasing chances
malignant trosnfomotion of a cell. The major function of the HAT HBOl is in DNA replication,
and HBOl contains a common retroviral insertion site within its coding region which con
lead to the development of myeloid leukemia as well as B/T-cell lymphoma in mice (Suzuki
et al., 2002). While there is no strong evidence proving this mechanism, it is known that
viruses such as Epstein-Barr virus and the Kaposi's sarcoma associated herpesvirus (KSHV)
utilize the cells DNA replication machinery by inserting certain complexes for their own
replication requirements (Chaudhuri et al., 2001; Dhar et al., 2001; Stedman et al., 2004)
and HBOl has been co-purified with KSHV's origins of replication, implicating a possible role
for dysreguloted HBOl in oncogenesis (Stedman et al., 2004). Whatever the aberration,
HATs involvement in tumorgenesis usually stems from chromosomal abnormalities causing
altered HAT activity, aberrant histone acetylation and consequent alteration in gene
expression.
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1.2.4

Histone Deacetylases (HDACs)
The principle role of HDACs is to oppose the activity of HATs and regulate

transcription through the removal of acetyl groups from lysine resides of nucleosomal
histones and through the targeted deacetylation of non-histone substrates (Davie and
Spencer, 1999; Johnstone, 2002).
Since the initial cloning in 1996 of HDAC 1 (Taunton et al., 1996) and HDAC 2 (Yang
et al., 1996) an additional 16 human HDACs have been identified (Glozak and Seto, 2007).
These can be divided into 4 families (i) Class I comprising of HDAC 1, 2, 3 and 8 that have
homology to the yeast RPD3 and are localized to the nucleus, (ii) Class II include HDAC 4, 5,
6, 7, 9 and 10 and share similarities v\/ith yeast HDAl and are found in both the nucleus and
cytoplasm, (iii) Class III are the NAD^ HDACs, called Sirtuins, including SIRT 1-7 and are similar
to yeast SIR2 which are thought to be cytoplasmic as studies have shown that human Sir2
does not localize to the nucleus (Afshar and Murnane, 1999), (iv) Class IV consisting of
HDAC 11 which displays features of both class I and II HDACs (Glozak and Seto, 2007;
Gregoretti et al., 2004). Class I, II and IV HDACs share homology in both sequence and
structure and all require a Zn (Zinc) ion to conduct their catalytic activity. In contrast, the
Sirtuin family of HDACs shares no similarities in their sequence or structure with class I, II or IV
HDACs and requires nicotamide adenine dinucleotide (NAD^) for their catalytic activity
(Frye, 2000; Imai et al., 2000) (table 1-3).
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Table 1 -3: Human histone deacetylases sensitive to HDACi
Histone Deocetylase

CU&s i
HDAC 1
0—2
HDAC2

Amino Acids

Localisation

482

nuclear

488

nuclear

428

nuclear

377

nuclear

1084

nuclear/cytoplasm

1122

nuclear/cytoplasm

952

nuclear/cytoplasm

1011

nuclear/cytoplasm

1215

cytoplasm

669

nuclear

347

nuclear

HDAC:^

JU
HDA( «
Cld&v lU
HDAC 4
HD AfS
HDAC
r
HDAC
lib
HiJAt t
n

HDAt 10
1 — r
Claii IV
HDA( 11
n r —

n

Q I- I.IN1 I I .If.llvli' JonuiK
B C US
l S il ll.llvtli :l()(ll<IMI
[3 Clus^i li I .ilalyfli .lIK ii.iit livf doiiuHii

DC-ldM IV s <it.ilv<<^ dtmuiiii
B ' nlcil uil M-qiuli

Source: Adapted from Bolden et cl (Bolden et al., 2006).
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1.2.5

HDACs and Cancer
Deregulation of HDAC activity by chromosomal translocations has been strongly

implicated in the silencing of genes resulting in the promotion of oncogenesis, especially in
leukemias. A well understood link between tumorgenesis and HDAC activity is possibly best
described in acute promyelocytic leukemia (APL). Important for myeloid differentiation is
the retinoic acid receptor (RAR) which acts as transcriptional regulator by binding its
heterodimerization partner RXR, which in turn bind to retinoic acid response elements
(RAREs) (He et al., 2001; Matsushita et al., 2006). In the absence of retinoids, transcriptional
complexes including RAR, RXR and HDACs act to repress transcription, while the addition of
ligand releases this transcriptional hold and allows the binding of HATs to RAR/RXR,
including TIF2 and CBP, to activate transcription of RAR target genes (Cress and Seto, 2000;
Lin et al., 2001; Pandolfi, 2001; Zelent et al., 2001).
In APL, the chromosomal translocations t(15;17) and t(ll;17) result in the fusion
proteins RARa-PML (promyelocytic leukemia protein) and RARa-PLZF (promyelocytic zinc
finger) respectively. These aberrant proteins retain the ability to bind RAREs and HDACs with
high affinity and are non-responsive to retinoids, resulting in the transcriptional silencing of
RAR-targeted genes and prevention of cell differentiation (Cress and Seto, 2000; Lin et al.,
2001; Pandolfi,

2001; Zelent

et

al., 2001). Other

examples

of

translocations

in

leukemogenesis that produce fusion proteins capable of altering the epigenome include
AMLl-ETO t(8;21) and CBF^-MYHll containing chromatin inversion 16(pl3;q22) in cases of
acute myeloid leukemias (AML). Similar to that discussed above, fusion proteins from these
translocations result in the recruitment of HDACs to target gene promoters and consequent
gene silencing (Bhalla, 2005; Wang et al., 2007). In the case of the AMLl-ETO fusion protein,
the result is the inhibition of myeloid differentiation by the fusion protein which exhibits the
DNA binding capabilities of AMLl as well as the HDAC binding capabilities of the
corepressor ETO, allowing the AMLl-ETO fusion protein to act as a dominant negative
inhibitor of AMLl transcriptional activity (Bhalla, 2005).

Many non-hodgkins lymphomas

display irregular expression of the onco-protein Bcl-6 which recruits HDACs resulting in the
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repression of forget gene involved in cell cycle arrest and apoptosis (Bereshichenko et ol.,
2002; Bhialla, 2005; Glozok and Seto, 2007; Wang et al., 2007).
Wfiile aberrant HDAC recruitment con be on underlying event in the developnnent
of hiaematological nnalignancies, the level of HDAC expression nnay prove to be the
mechanism behind their involvement in the development of solid tumors. Cell lines and
primary tumors from mouse models of colon cancer demonstrate on up-regulation of
HDAC2 which is proposed to be necessary for disease development by HDAC2 mediated
repression on transcription (Zhu et a!., 2004). As v/ell as being over expressed in colon
carcinoma, HDAC2 over expression has also been noted in cervical and gastric
carcinomas (Wilson et ol., 2006). Over expression of HDACl has been reported in prostate,
gastric, colon and breast carcinomas (Choi et ol., 2001; Hoikidou et al., 2004; Wilson et ol.,
2006; Zhang et ol., 2005b). HDAC3 has also been identified as being over expressed in
colon carcinomas (Wilson et al., 2006), whereas HDAC6 has been observed to be over
expressed in breast carcinoma specimens (Zhang et ol., 2004b).

1.2.6

Non-histone proteins regulated by ocetylation
The terms HATs and HDACs that describe these enzymes suggest by their names

that their sole function is to directly target histone proteins. However, it now well established
that this is not the case. An array of non-histone proteins have demonstrated to be
functionally regulated by ocetylation mediated by HAT and HDAC activity (Kouzorides,
2000). Since the discovery that p53 transcriptional activity can be regulated

by

acetylation/deacetylation mechanisms (Olsson et al., 2007), the list of non-histone targets
as expanding rapidly.
As already stated, the transcription factor p53 was the initial non-histone target
identified that could be acetylated by HATs (Gu and Roeder, 1997). Acetylation of p53 is
regulated by p300/CBP at multiple lysine residues of the C-terminus. which results in
stabilization of p53 and increased DNA binding activity resulting in increased transcription
of p53 target genes (Glozok et ol., 2005). p53 con also interact with HDACl (Murphy et ol.,
14

1999) and in vitro studies have shown that HDACl can deacetylate p53 and furthernnore,
MDM2, a downstream regulator of p53, induces deacetylation of p53 via the recruitment
of a complex containing HDACl (Ito et a!., 2002; Juan et al., 2000; Luo et al., 2000). This
series of acetylation/deactylation of p53 mediated by MDM2 results in the degradation of
p53 as the lysine residues acetylated correspond with those that are ubiquitinated and
target p53 for degradation. Not all deacetylation events of p53 though lead to its
degradation. The class III HDAC, SIRTl, can deacetylate p53, but this only decreases p53
transcriptional activity and more specifically decreases transcription of the cell cycle
inhibitor p21, allowing re-entr/ of cells into the cell cycle following DNA repair (Luo et al.,
2001; Vaziriet al., 2001).
Another class of transcription factors influenced by acetylation/deactylation are
the nuclear receptors. CBP/p300 and Tip60 can acetylate the androgen receptor (AR),
which is required for hormone dependent activation of transcriptional activity (Fu et al.,
2000; Gaughan et al., 2002) and deacetylation by HDACl inhibits the activation function of
AR. Furthermore, mutation analysis of the lysine residues acetylated by HATs revealed
inhibition of acetylation prevents transcriptional co-activator recruitment and enhances
transcriptional co-repressor binding, resulting in the prevention of apoptosis (Fu et al., 2002).
The estrogen receptor alpha (ERa), just like the androgen receptor, can have its
transcriptional activity regulated by acetylation mediated by p300 (Glozak et al., 2005).
Acetylation of the ERa was shown to regulate ligand sensitivity and increased basal
transcription, though acetylation seems to attenuate hormone-dependent transcription
(Wong et al., 2001). While HDACl reverses acetylation of ERa by p300, it also influences ERa
protein expression. Over-expression of HDACl results in reduced expression of ERa, which is
restored by the inhibition of HDACl following treatment with the HDACl trichostatin A
(TSA)(Kawai et al., 2003). Deacetylation of both AR and ERa is thought to be a vital
mechanism in controlling their transcriptional activity, as the deacetylated lysine residues
are able to be ubiquitinated and the proteins targeted for degradation, as is the case with
p53.
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The E2F family which promote proliferation are another non-histone

target

influenced by ocetylation. Acetylation of E2F1 increases its affinity for DNA and
consequently, E2F1 transcriptional activation potential and also the half life of E2F1 are
increased (Martinez-Balbas et al., 2000; Marzio et al., 2000). Increased half life of E2F1 is
important in E2F1 mediated apoptosis. Stabilization of E2F1 by acetylation mediated by
DNA damaging agents increases E2F1 mediated apoptosis through transcription of proapoptotic genes such as p73 (lonari et al., 2004; Pediconi et al., 2003).
Ku70 is a multi-functional protein, most noted for its role in the DNA repair pathway
by repairing double-strand breaks (Collis et al., 2005). Another important role for Ku70 is its
regulation of apoptosis. Through interactions with the pro-apoptotic protein bax, Ku70 is
able to inhibit apoptosis. Acetylation of Ku70 by CBP and PCAF, inhibits Ku70-Bax
interactions, allowing Bax to translocate to the mitochondria and induce apoptosis (Cohen
et al., 2004).
These few examples stipulate that regulation by acetylation of non-histone
substrates maybe just as important as their histone substrate counterparts in mediating
HDACi apoptosis. A summarized list of non-histone proteins affected by acetylation can be
seen in table 1-4.
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Table 1 -4: Acetylation of Non-histone proteins
Biological activity
following acetylation

Protein

Increase in ONA binding
affinity

p53

IGu and »oede<

SRY

[Theveneletol. 2004)

STAT3

(Boyeietoi !998)

GATA2

(Hayokowo et 01 3004)

Increase in
transcriptional activity

Y¥1

Protein

D e c r e a s e in
tronscripitional activity

ER a (ligond
dependent)

IWonaelol 2001)

HIFlo

Ueong el 01 2002)

p53
cMyc

|lto el ol. 2002)
(Pole) el ol 2004)

Increase in protein
stability

(Mortnez Bo(bm et al 2000 Marao el oi
20001

AR

lYooeiol 20011

H M G A)

IMumhi et ol. !998|

HMGN2

(Luhnelol. 2002)

p65

(tiefnor el ol 2003I

pS3

(GuordRoeaef 1997 Luoetal 20041

H M G A1

Biological activity
following acetylation

{Wang el ol 2005 Yuonelol 20051

GATAI

E2F1

D e c r e a s e in ONA
binding affinity

References

IWongetol 2005: Yuon el ol 2005)

AR

(Fu el ol 2000 Goughan el a! 2002)

( G o u ^ n e l o l . 2005)

ERo

(Kowoi el ol 2003)

E2F1

IMortiner-Bolbas el ai 2000)

Snnod?

{&onfooi et ol, 2002)

D e c r e a s e in protein
stability

HIFl a

Ueong et ol 2002)

Promotes proteinprotein interaction

STAT3

2005 Yuon el ol 2005)

IMunshielal 1998)

STAT3

References

IBoyeietol. 1998. wortg el ol
AR
EKLF
Impoftin a

IFuetol 2002)
(Zhang etol 2001)
|6annclei el Gl- 2000)

E(?'a (bosal)
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1.3

Additional histone modifications
While this chapter focuses on the ocetylotion and deacetylation of histones, other

covalent nnodifications of histone tails occur and may have an agonistic or antagonistic
role towards acetylation. Other post tronslational modifications that occur to histone tails
are methylation (Zhang and Reinberg, 2001), phophorylation (Nowak and Corces, 2000),
ubiquitination

(Shilatifard, 2006), sumolaytion (Nathan et al., 2006), ADP-ribosylation

deimination (Cuthbert et al., 2004) and proline isomerization (Nelson et al., 2006).
Of the above mentioned additional post tronslational histone modifications,
methylation and phosphorylation are the most characterized and best understood.
Histones may be mono-, di- or tri-methyloted at lysine residues and mono- or di-methylated
at arginine residues, and depending on the number and pattern of methylated histones,
can have varied effect of gene expression (Shilatifard, 2006). Mono-histone methylation
patterns such as H3Lys4, H3Lys36 and H3Lys79 are associated with transcriptional
activation, whereas patterns of histone tri-methylation including H3Lys9, H3Lys27 and
H3Lys20 ore associated with transcriptional repression (Kouzarides, 2007). Methylation of
histone arginine residues has largely been associated with transcriptional activation which
has been more extensively studied in the recruitment of arginine methyl-tronsferases by
nuclear receptors for transcription of nuclear hormone regulated genes (Kouzarides, 2007;
Metivier et al., 2003; Shilatifard, 2006).
Biological processes such as chromosomal segregation in mitosis, DNA repair and
gene transcription activation may be regulated by phosphorylation of histones. An early
event recognized in response to DNA damage is the phosphorylation of the histone varient
Y-H2AX. The phosphorylation of this histone allows for the recognition and accessibility of
DNA repair machinery to sites of DNA damage (Fillingham et al., 2006). During the cell
cycle, two phosphorylation events have been identified in mammalian cells and are
considered

to

be

vital

for

condensation

and

decondensation

of

chromatin.

Phosphor/lotion of H3SerlO affects the processes required for necessary chromatin
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distribution like spindle assembly during mitosis (Fischle et al., 2005). Another required
phosphorylation event of histones for cell cycle progression is at H3Thr3, which is required
for normal metaphase chromosome alignment (Dai et al., 2005a).

1.4

Histone Deacetylase Inhibitors
An extensive number of structurally diverse HDACi have been purified from natural

sources or chemically synthesized, and many of these HDACi have advanced to clinical
development.

The actions of HDACi were first described in experiments whereby

treatment of erythroleukemic cells with butyric acid (BA) induced cell differentiation (Leder
et al., 1975), and it was later observed that this biological effect induced by BA was
possibly mediated through acetylation of histones (Riggs et al., 1977). Some years later it
was determined that there was a clear link between inhibition of HDAC activity, induction
of histone hyperacetylation and cancer cell proliferation and growth (Richon et al., 1998;
Yoshida et al., 1990). The initial findings of investigators during the 1970's lead to a child with
acute myeloid leukemia (AML) to be treated with a daily IV infusion of BA (500 mpk), which
resulted in the reduction and eventually the disappearance of the patients myeloblasts
(Leder et al., 1975). Unfortunately, repeat clinical trials with this treatment regime failed to
reproduce initial results, which was possibly due to BA short half life (ti/2 = 6min) and low
Cmax

of 50|JM. HDACi con be categorized into 6 distinct groups based on their chemical

structure; (1) Short chain fatty acids, (2) Hydroxamic acids, (3) Aminobenzamides, (4)
Cyclic tetropeptides, (5) Electrophilic ketones, (6) Miscellaneous (table 1-5).
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1.5

Biological effects of Histone Deacetylase Inhibitors (HDACi)
As research grows into the how HDACi execute their antitumor effects, the

biological effects of HDAC inhibition is expanding. HDACi can mediate multiple biological
responses including inhibition of cell cycle progression, induction of cell death (apoptosis),
induction of autophagy, inhibition of angiogenesis, induction of cell differentiation,
induction of reactive oxygen species (ROS) and immunomodulatory effects. HDACi have
been demonstrated to induce cell cycle arrest in both normal and transformed cells (Marks
and Dokmonovic, 2005; Ungerstedt et al., 2005) in a concentration dependent manner,
where

low

HDACi

concentrations

often

results

in

Gi

arrest

and

higher

HDACi

concentrations induce a G2M arrest (Richon et al., 2000). HDACi-mediated cell death in
transformed cells is usually associated with cell cycle arrest with increased p21 expression
(Huang and Pardee, 2000; Xu et al., 2006), though HDACi can kill both proliferating and
non-proliferating cells (Burgess et al., 2004). HDACi-mediated autophagic cell death was
first demonstrated by Shao et al, where treatment with Hela cells either devoid of Apaf-1 or
over-expressing BCIXL with vorinostat or butyrate were killed by a caspase-independent
mechanism called autophagy (Shao et al., 2004). These findings were recently confirmed
by experiments where treatment of Hela S3 cells with vorinostat resulted in autophagic cell
death by induction of Beclin-1 and downregulation of mTOR (Coo et al., 2008). Contrary to
these findings, inhibiting autophagy has been shown to augment vorinostat-mediated
apoptosis in BaF3 (CML) cell lines (Carew et al., 2007), suggesting that autophagy may play
a role in survival and mediating resistance to HDACi treatment. HDACi can block
angiogenisis by inhibiting pro-angiogenic genes including hypoxia-inducible factor-la (HIFla), vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) as
demonstrated by in vitro and in vivo experiments (Deroanne et al., 2002; Michaelis et al.,
2004; Pili et al., 2001; Qian et al., 2006a; Sasakawa et al., 2003). These results demonstrat
that HDACi-mediated inhibition of angiogenesis may contribute to their anti-tumor activity.
Increased levels of reactive oxygen species (ROS) occur in transformed cells treated with
HDACi (Rosato et al., 2003; Ruefli et al., 2001; Ungerstedt et al., 2005; Xu et al., 2006).
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Accumulation of ROS following HDACi treatment occurs quickly, within 2 hours, and
precedes mitochondrial damage and is suggested to be an important mechanism in
HDACi-induced cell death as free radical scavengers have been shown to suppress the
apoptotic ability of HDACi (Rosato et al., 2003; Ruefli et al., 2001). In respone to increased
ROS levels, expression of the anti-oxidant scavenger thioredoxin (TRX) is up-regulated to
inhibit cell death. HDACi treatment has been shown to counter TRX production by two
mechanisms; firstly the up-regulation of thioredoxin binding protein 2 (TBP2) (Butler et al.,
2002; Xu et al., 2006) which binds and inhibits TRX and secondly by down-regulating the
expression of TRX itself in transformed cells but not normal cells (Butler et al., 2002;
Ungerstedt et al., 2005). HDACi may also induce apoptosis by downstream events following
induction of TBP2 expression. TRX inhibits the apoptosis signaling regulating kinase 1 (ASKl)
(Saitoh et al., 1998). The inhibition of TRX by TBP2 allows apoptotic signaling to resume via
ASKl, which interestly increases the expression of the pro-apoptotic protein Bim through a
positive feedback on E2F1 activity (Tan et al., 2006), which demonstrates a link between
ROS production and activation of the intrinsic apoptotic pathway following HDACi
treatment. HDACi may also exert their anti-tumor activity by directly effecting tumor cells to
be recognized by the immune system or by affecting immune cell activity. The
immunogencity of tumor cells maybe augmented following HDACi treatment by upregulating expression of major histocompatibility complex (MHC) class I and II proteins, and
co-stimulatory/adhesion molecules including CD40, CD80, CD86 and intracellular adhesion
molecule 1 (ICAMl) (Maeda et a!., 2000; Magner et al., 2000). These are a few examples
by which HDACi mediate cell death by non-apoptotic mechanisms. For a more extensive
list of non-apoptotic genes regulated by HDACi refer to table 1-6 and the following reviews
(Bolden et al., 2006; Minucci and Pelicci, 2006; Xu et al., 2007).
While it is important to recognize the various biological effects mediated by HDACi,
the purpose of this study was to investigate the HDACi-mediated cell death (apoptotic)
mechanisms and their correlation with therapeutic efficacy, and so this section will focus

22

on the apoptotic machinery as well as the apoptotic genes influenced by HDACi
treatment.

1.5.1

Apoptosis
Apoptosis, also known as programmed cell death, is a regulated process important

in tissue homeostasis and development. Apoptosis is morphologically characterized by
plasma membrane blebbing, cell shrinkage, chromatin condensation, phosphatidylserine
exposure, DNA degradation and fractionation of the cell into smaller vesicles which ore
engulfed by phagocytes (Cory and Adams, 2002; Meech et al., 2001). The apoptotic
pathways ore tightly regulated at a number of levels and dysregulation of apoptosis can
result in the manifestations of human disease, including cancer (Rossi and Gaidano, 2003;
Vermeulen et al., 2005). Apoptosis is executed by the activation of cysteine proteases
known as caspases (Thornberry and Lozebnik, 1998) mediated by two functionally distinct,
yet moleculorly linked, apoptotic pathways, the death receptor (extrinsic) pathway and
the mitochondrial (intrinsic) pathway (Johnstone et at., 2002).
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Table 1-6: Non-apoptotic genes regulated by HDACI
HDACI regulated genes (non-apoptotic)
Biological effect/gene

Regulation

Reference

Cell-cycle
(Gabnell et al.. 2002: Johnstone. 2002:

CDKNlA{p21WAF/CIPI)
cyclin D
cyclin A
CDK2
CDK4
CTP synthase
thymidylote synthase
GADD45a
GADD45P
c-MYC

UR
DR
DR
DR
DR
DR
DR
UR
UR
DR

ROS production/actlvtty
TBP2
Thioredoxin

UR
UR

Angiogenesis
VEGF

DR

Urvjr

HK
P
U

HIFlo
T1E2
eNOS
Angiopoietin
CXCR4

DR
DR
DR
DR
DR

Immune modulation
MHC Class 1 and class II
CD40. CD80 and CD86
ICAMI
MICA and MICB
TNFa
IFNy

UR
UR
UR
UR
DR
DR

AutoDhaav
Beclin-1
ATG-7
LC3I
LC3II

UR
UR
DR
UR

MofKs et oL, 2003: Marks et ol., 2000)
(Kimetal., 1999: Qiu et ol.. 2000: Sonctor el
OL 2000)

(Gtaser et ol., 2003)
(Cfien etol.. 2002)
(Joboinetol..2002)

(Butler et ol.. 2002)
(Ungerstedt et al.. 200S1

(Deroonne et oi.. 2002: Micnoelis et ol..
2004: Pli et ol.. 2001: Oion et ol.. 2006:
Rosslg et ol.. 2002: Sosokawo et al., 2003)

(Crozzotoro et al.. 2002: Qian et ol.. 2006)

(Moeda et al.. 2000: Magner et al.. 2000)
(Armeanu etol.. 2005: Skov etol.. 2005)
(Reodv et al.. 2004)

(Coo etol.. 2008)

CDK (cyclin dependent kinase), TBP2 (thioredoxin binding protein 2), VEGF (vascular endottieliai growtli factor),
bFGF (fibroblast growtti factor), HIFla (hypoxia-inducible factor-la), TIE2 (tunica intima endottieliai kinase 2),
eNOS (endottieliai nitric oxide synttiase), MHC (major tiistocompatability complex), ICAMI (intracellular adtiesion
molecule I), TNFo (tumour necrosis factor-o), IFNy (interferon-y), ATG-7 (autoptiagic specific protein-7), UR (upregulated), DR (down-regulated). Source: (Bolden et ol., 2006).
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1.5.2

The death receptor 'extrinsic' pathway
The death receptor pathway can be triggered by plasma membrane receptors

belonging to the tumor necrosis factor (TNF)-receptor superfamily, which include Fas (Apo1 or CD95), TNF-receptor-1 (TNF-Rl), TNF-receptor-related apoptosis mediating protein
(TRAMP), TNF-related apoptosis inducing ligand receptor-1 (TRAIL-R1/DR4), TRAIL-R2 (DR5 or
Apo-2) and DR6 (Ashkenazi and Dixit, 1998; Pitti et al., 1996; Smith et oL, 1994). All receptors
induce apoptosis similarly through the binding of ligand (usually cytokines) to its cognate
death receptor, resulting in the binding of adaptor proteins (ie: FADD, TRADD). The adaptor
proteins recruit and activate initiator caspases-8 and -10 which in turn activate
downstream effector caspases-3, and -7 inducing apoptosis (Stennicke et al., 1998).
Regulation of the extrinsic apoptotic pathway can occur both at the level of the
membrane or within the cytosol. For example, death decoy receptors (DcR) which are
incapable of intracellular signaling but are able to bind ligands such as TRAIL ligand, can
antagonize TRAIL mediated apoptosis (Sheikh and Fornace, 2000). Within the cell, antiapoptotic proteins such as flice like inhibiting protein (FLIP) and viral proteins like CrmA,
which are able to inhibit pro-caspase-8 activation and the inhibitor of apoptosis proteins
(lAPs) which inhibit both initiator and effector caspases and inhibit cell death (Goyal, 2001).

1.5.3

The mitochondrial 'intrinsic' apoptotic pathway
Diverse stimuli such as chemotherapeutic drugs, oncoproteins, hypoxia, growth

factor withdrawal and ionizing radiation are capable of activating the intrinsic apoptotic
pathway (Cory and Adams, 2002). Activation of the intrinsic pathway is regulated by the
Bcl-2 family, consisting of roughly 17 or more members in mammalian cells (Cory and
Adams, 2002). The Bcl-2 family is made of three subgroups consisting of the pro-survival
members (Bcl-2,

BCI-XL,

BCI-W,

MCI-1,

A l and Bcl-B in humans), the multidomain pro-

apoptotic members (Box, Bak and Bok) and the BH3-only members (Bik, Bad, Bid, Bim, Bmf,
Hrk, Puma and Noxa) (Huang and Strasser, 2000; Willis and Adams, 2005). Intrinsic 'stress' to
the cell is recognized by the BH3-only proteins which bind to and antagonize Bcl-2 anti-
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apoptotic proteins which protect mitochondrial mennbrane integrity allowing the Box like
proteins to pertubate the mitochondrial membrane and possibly the endoplasmic
reticulum (ER). Upon mitochondrial membrane damage multiple mitochondrial proteins
are released such as apoptosis inducing factor (AIF), Omi/HtrA2, endonuclease G and
most importantly for the discussion of the work presented here, Smac/Diablo and
cytochrome c (Vermeulen et al., 2005). Smac/Diablo has the capacity to interact with and
neutralize the inhibitor of apoptosis proteins (lAPs) which effectively inhibit the ability of the
effector caspases-3, -7 and -9 to be activated and potentiate the apoptotic signal post
mitochondrial damage (Johnstone et oL, 2002; Van Loo et al., 2002a; van Loo et al.,
2002b). Cytoplasmic cytochrome c forms a complex called the apoptosome with the
caspase adaptor protein Apaf-1, caspase-9 and ATP resulting in auto-activation of
caspase-9. Active caspase-9 then activates the effector caspases-3 and -7 to induce
apoptosis (Korsmeyer, 1999; Wang, 2001). The extrinsic and intrinsic apoptotic pathways
although separate are linked by the activation of the BH3 only protein Bid by caspase-8,
which facilitates cytochrome release (Green, 2000).
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Figure 1-3: Simpified schematic of the apoptotic pathways that are activated by
chemotherapy agents.
Chemotherapy agents activate functionally separate, yet molecularly linked apoptotic
pathways. Proteins that activate apoptosis are in green and proteins that inhibit apoptosis
are in red.
Source: (Johnstone et al., 2002).
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1.5.4

Tumor cells evade elimination by dysregulating the opoptotic pathways
While disruptions in apoptotic signaling via the extrinsic apoptotic pathway occur

less frequently than the intrinsic apoptotic pathway, they have still been identified and
found to play a role in tumor development, apoptosis and drug resistance (Johnstone et
al., 2002). Multiple reports hove implicated defects in the extrinsic apoptotic pathway
including loss-of-function or down regulation of the death receptors CD95 and TRAIL-R1/R2
(Muschen et al., 2000; Shin et al., 2001) and transcriptional silencing of caspase-8 in child
neuroblastomas (Teitz et al., 2000). c-FLIP is over expressed in some cancers (mentioned
above in section 1.4.2.1) which prevents activation of caspase 8 and apoptosis by
chemotherapeutic drugs (Tepper and Seldin, 1999). Frequently overexpressed in cancers
are lAPs, which inhibit the activation of caspases-3, -7 and -9 (Deveraux and Reed, 1999).
This inhibition not only inhibits signaling through the extrinsic apoptotic pathway but also
the intrinsic apoptotic pathway. Other common alterations to the intrinsic apoptotic
pathway involve mutations to the p53 tumor suppressor gene. Studies using animal models
have demonstrated that the disabling of the p53 DNA damage pathway leads to inhibition
of apoptosis, acceleration in tumorgenesis and resistance to chemotherapy (Attardi and
Jacks, 1999; Fridman and Lowe, 2003; Hemann et al., 2005; Lowe, 1995; Lowe et al., 1994;
Lowe et al., 1993a; Lowe et al., 1993b; Ryan et al., 2001; Wendel et al., 2006). Mutations or
altered expression resulting in the loss of function or absence of the tumor suppressor pi
can have indirect control of the functioning capabilities of p53 by allowing MDM2 to inhibit
p53 signaling (Sherr and Weber, 2000). Moreover MDM2 itself has been observed to be
over expressed in some tumors, which results in the negative regulation of p53 giving rise to
resistance to drug induced apoptosis (Sherr and Weber, 2000). Apaf-1 is a gene required to
maintain downstream signaling post mitochondrial damage and was found to be
commonly silenced in melanoma and leukemia patients giving rise to chemoresistance
(Soengas et al., 2001; Soengas et al., 2006). The pro-apoptotic Bcl-2 members Box and Bak
may be mutated in various cancers resulting in loss of function or decrease in expression of
the protein. This may allow cancer cells to become resistant to drug induced apoptosis by
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the inability of the drug to induce nnitochondria permeabilization (Kondo et al., 2000;
Rompino et al., 1997). Anti-apoptotic proteins including BCIXL (Hajji et a!., 2007; Shao et al.,
2004), Bclw (Lee et al., 2003) and Bcl-2 (Cory and Adams, 2002; Johnstone et al., 2002;
Schmitt and Lowe, 2001b) is also over expressed in many cancers and mediate
chemoresistance. The Bcl-2 oncogene was the first apoptotic regulator to be identified via
the tl4;18 chromosomal translocation in human follicular lymphoma (Cory and Adams,
2002; Vaux et al., 1988). Continuous studies further displayed that Bcl-2, rather than driving
cellular proliferation, enabled tumour progression through promoting cell survival by
impairing apoptosis (Hanahan and Weinberg, 2000; Johnstone et al., 2002; Strasser et al.,
1990; Vaux et al., 1988). While Bcl-2 has been shown to potentiate malignant progression,
studies have also shown that over-expression of Bcl-2 results in chemoresistance (Schmitt et
al., 2000; Sentman et al., 1991; Strasser et al., 1991). Chemoresistance mediated by the
over expression of , BCIXL, Bclw or Bcl-2 antagonizes both Bak and Bak from inducing
mitochondrial

perturbation

and inhibiting drug induced apoptosis

by

maintaining

mitochondrial membrane integrity (Reed, 1999).

1.5.5

Histone deacetylase inhibitor (HDACi) induced apoptosis
HDACi induce tumor cell death with all the biochemical and morphological

characteristics of apoptosis, and it appears that that HDACi-induced apoptosis involves
transcription-dependent and transcription-independent mechanisms (Bolden et al., 2006;
Dokmanovic and Marks, 2005; Lindemann et al., 2004; Minucci and Pelicci, 2006; Rosato
and Grant, 2005). Recently, gene expression studies using cDNA microorrays showed that
7-10% of genes were altered in their expression following HDACi treatment (Chambers et
al., 2003; Glaser et al., 2003; Mitsiades et al., 2004; Peart et al., 2005; Sasakawa et al., 2005).
Experiments using various cell lines including leukemia, multiple myeloma, carcinomas of
the colon, bladder, kidney, prostate and breast were examined. Cell lines were treated for
up to 48 hours with different HDACi such as butyrate, TSA, vorinostat, MS-275, or
depsipeptide using a cut off value of two fold change in gene expression. The total
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number of genes with altered expression increased in a dose- and time-dependent
manner in response to HDACi treatment, and in a similar number of genes were induced as
were repressed (Chambers et ol., 2003; Closer et al., 2003; Mitsiades et al., 2004; Peart et
al., 2005; Sasokowo et al., 2005). From these previous reports a common subset of genes
related to cell cycle, DNA synthesis, proliferation and apoptosis were found to be altered in
response to HDACi treatment (for extensive gene lists please refer to; Chambers et al.,
2003; Glaser et al., 2003; Mitsiades et al., 2004; Peart et al., 2005; Sasakowa et al., 2005)
indicating that the capacity for HDACi to induce cell death may be related to HDACi
therapeutic activities (Lindemonn et al., 2007). Given the pleiotropic biological effects
demonstrated by HDACi, it appears unlikely that a single molecular pathway will be
targeted by HDACi to exert their anti-tumor activities. Moreover the effects of HDACi
maybe cell type dependent, with the transformation events intrinsic to the cell influencing
the molecular and/or biological responses to HDACi (Bolden et al., 2006).

1.5.6

HDACi alter expression of genes involved in signaling of the extrinsic opoptotic
pathway
The promoter regions of genes encoding TRAIL and its receptor DR5 (TRAIL-R2), Fas

and Fas ligand have been reported to be directly hyper-acetyloted in response to HDACi
(Insinga et al., 2005b; Nebbioso et al., 2005). Reports exist showing HDACi con induce
selective transcriptional up-regulation of genes involved in extrinsic opoptotic signalling
including TRAIL, DR5, Fas, FosL, and TNFo (Imai et al., 2003; Insinga et al., 2005a; MocForlane
et ol., 2005a; Nakota et al., 2004; Nebbioso et ol., 2005; Singh et al., 2005; Sutheesophon et
al., 2005). Further evidence exists supporting the role of extrinsic opoptotic signalling in
HDACi-mediated apoptosis. Treatment of human osteosarcoma cells pre-treated with
neutralising antibodies towards FasL or transient over-expression of dominant negative
FADD or FLIP resulted in over 50% reduction in HDACi-mediated apoptosis (Imai et al.,
2003). Anti-leukemic activities of HDACi were also diminished by over-expression of
dominant negative caspase-8, dominant negative FADD or the viral serpin CrmA (Rosoto
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et al., 2003). Experiments also have been carried out to display that the inhibition of
signalling by the TNF pathway by the use of neutralising antibodies to TNF-a or the
expression of siRNA to limit the expression of TNF-Rl resulted in diminished caspase
activation and HDACi-mediated apoptosis (Sutheesophon et al., 2005). Insinga and
colleagues shov^ed that neutralizing antibodies to Fas and DR5 in vitro caused the
reduction of HDACi-induced apoptosis in AML cells by approximately 50% and 40%
respectively, and both antibodies used together abolished HDACi-induced apoptosis
(Insinga et al., 2005a). In vivo confirmation v^as obtained by hydrodynamic delivery of
SiRNA against Fas and TRAIL into APL mice to interfere v^ith their respective proteins and
treated v^ith VPA. APL mice treated with TRAIL and Fas siRNA displayed decreased
expression of target genes respectively, which caused a marked reduction (about 50%) of
VPA-induced apoptosis in the bone marrow and spleen of mice compared to GFP siRNA
control treated mice (Insinga et al., 2005a). Nebbioso and colleagues also showed the
importance of TRAIL for HDACi-mediated apoptosis in vivo. Utilising the SCID xenograft
model, mice bearing either U937 cells (empty vector) or U937 cells (shRNA-TRAIL vector)
were treated with MS275. MS275 treatment remarkably increased sun/ival of mice bearing
U937 cells where as no increased survival was observed in mice bearing shRNA-TRAIL U937
cells treated with MS275 (Nebbioso et al., 2005).
The requirement for the death receptor pathway in mediating apoptosis by HDACi
however does not seem universal, as other reports find that (i) there is no requirement for
the activation of the death receptor pathway in induction of apoptosis or therapeutic
efficacy of HDACi and (ii) HDACi do not have the capacity to induce expression of
components of the death receptor pathway as discussed above (Bernhard et al., 2001;
Peart et al., 2003; Rosato et al., 2006; Ruefli et al., 2001). Contrary to the studies detailed
above there is also evidence that exists displaying HDACi-mediated apoptosis can be
independent of the extrinsic apoptotic pathway. In vitro studies of cell lines over-expressing
the viral serpin CrMA, which inhibits the activation of caspase-8 and caspase-10 (in
humans), effectively inhibiting the extrinsic apoptotic pathway (Ruefli et al., 2001),
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displayed that the HDACi vorinostat (Ruefli et al., 2001), oxamflatin and romidepsin (Peart
et al., 2003) were able to induce apoptosis independent of a functional extrinsic apoptotic
pathway. Lindermann and colleagues later added to these studies by showing that in vivo
therapeutic efficacy of vorinostat was successful in nnice bearing E^J-myc lymphomas overexpressing CrMA (Lindemann et al., 2007). Analysis of U937 cells in vitro treated with LAQ824
displayed no change in expression of cell surface expression of DR4 and DR5. and LAQ824induced cell death was not inhibited by co-incubation with neutralising antibodies towards
TRAIL and Fas-L (Rosoto et al., 2006). These data clearly demonstrate that HDACi-mediated
apoptosis and therapeutic efficacy does not necessarily require a functional death
receptor pathway (for a summary please refer to table 1-7).

1.5.7

HDACi alter expression of genes involved in signaling of the intrinsic apoptotic
pathway
A major pathway by which HDACi induces cell death is the intrinsic apoptotic

pathway, though the mechanisms by which this occurs ore still not well understood. The
requirement of the intrinsic apoptotic pathway by HDACi is best demonstrated in studies
where the over expression of the anti-apoptotic proteins Bcl-2 or BCI-XL, which protect
mitochondria, inhibit HDACi induced apoptosis irrespective of cell type (Johnstone, 2002;
Wang et al., 2006; Xu et al., 2006). While studies have exclusively been performed in vitro,
recent data by Lindemann et al now shows that mice bearing E|j-myc lymphomas overexpressing Bcl-2 are completely resistant to vorinostat therapy (Lindemann et al., 2007),
indicating that the activation of the intrinsic apoptotic pathway is necessary for HDACi
mediated therapy, though whether this is mouse model specific remains to be elucidated.
Furthermore, it was also obsen/ed that vorinostat required the BH3 only pro-apoptotic
proteins Bid and Bim to mediate its apoptotic and therapeutic effects (Lindemann et al.,
2007). The role for direct transcriptional activation or activation at the protein level of Bia
and Bim for HDACi mediated apoptosis, has also been reported by other researchers
(Inoue et al., 2007; Peart et al., 2003; Ruefli et al., 2001; Xu et al., 2006; Zhang et al., 2004a;
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Zhao et al., 2005). HDACi have also been implicated in the transcriptional activation of a
number of other BH3-only proteins including Bmf, Bok and Noxa (Inoue et al., 2007; Xu et
al., 2006; Zhang et al., 2006), as well as the Box like protein Bok (Peart et al., 2005; Xu et al.,
2006; Zhang et al., 2004a). While there is a clear focus on the transcriptional activation of
up stream initiators of mitochondrial damage like the BH3-only and Bax-like proteins. Peart
et al also observed that pro-apoptotic proteins dov\/nstream of mitochondrial damage
were also transcriptional activation targets of HDACi. An extensive list of pro-apoptotic
related genes was identified by Peart et al, though of interest was the activation of the proapoptotic molecules Apaf-1 and cospases -3 and -6 (Peart et al., 2005).
Just as HDACi have the ability to up-regulate the transcription of a number proapoptotic proteins, HDACi con also down-regulate anti-apoptotic genes which maintain
mitochondrial membrane integrity and inhibit intrinsic opoptotic signaling. It has been
shown that HDACi down-regulate the expression of anti-apoptotic proteins of the Bcl-2
family, such as Bcl-2,

BCI-XL, BCI-W

and Mcl-l (Peart et al., 2005; Rosato and Grant, 2005; Xu

et a!., 2006; Zhang et al., 2004a) and XIAP (Rosato et oL, 2006; Ruefli et al., 2001). HDACi
can also directly inhibit XIAP by suppressing its transcription (Rosato et al., 2006; Zhang et
al., 2004a) or by inducing protein degradation (Rosato et al., 2006) (for a summary pleae
refer to table 1-7).
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Table 1-7: Apoptotic genes regulated by HDACi
HDACI r e g u l a t e d g e n e s ( a p o p t o t i c )
Gene/protein

Regulation

Reference

Extrinsic a p o p t o t i c
pothwoy
TRAIL
DR5
Fas
FasL

UR
UR
UR
UR

TNFa
c-FLIP

UR
DR

Intrinsic a p o p t o t i c
pathway
Bcl2
BclXL
Bclw
Men
XIAP
Caspase-9
Apaf-1
Bak
Bid
Bim
Bmf
Bad
Noxa
Puma

DR
DR
DR
DR
DR
UR
UR
UR
Cleaved
UR,
phosphiorylated
UR
ptiosptiorylated
UR
UR

(Imai et al., 2003; Insinga et al.. 2005: Kwon
et al.. 2002: MacFarlane el al.. 2005a:
MacFarlane et al.. 2005b: Nakata et al..
2004: Nebbioso et al.. 2005: Rosato et al..
2003: Singh et al . 2005: Sutheesophon et
al.. 2005)

(Chamoers ef al.. 2003: Duan et al
2005: Fondy et al.. 2005: Mitsiodes et al
2004: Mitsiades et al., 2003: Moore et al
2004: Peart et al,, 2005: Peart et al
2003: Rosato et a l „ 2003: Rosato et al
2006; Ruefll et a l „ 2001; Shankar et at
2005; Ton et a l „ 2006: Zhang et a l „ 2004
Zhang et a l „ 2006: Zhao et al,, 2005)

Source: (Bolden et a!., 2006)

34

1.6

LAQ824 and LBH589
LAQ824 was first discovered through structural exploration studies of cinnamyl

hydroxamates based on the Novartis compound NVP-LAK974, and showed ability to
induce cell cycle arrest and apoptosis in HI299 and HCT116 hunnan colon carcinonna cell
lines. In vivo efficacy was also seen in mice bearing HCT116 xenografts and A549 human
lung carcinoma models treated with LAQ824 (Remiszewski, 2003). Initial studies by Catley et
al revealed that LAQ824 inhibited cell growth of the multiple myeloma (MM) cell line
MMl.S and primary cells isolated from MM patients in a time- and dose-dependent
manner (Catley et al., 2003). Futuremore, LAQ824 also induced apoptosis in MM cells as
shown by cell cycle analysis and annexin V staining along with proteosome inhibition. In
vivo efficacy was also seen in BNX mice bearing RPMI 8226 cells treated with LAQ824
(Catley et al., 2003). Further studies showed that treatment of patient CML cells in blast
crisis (CML-BC) treated with LAQ824 reduced Bcr-AbI levels and induced p21wafi and
p27'^iP' expression causing Gi cell cycle arrest and apoptosis in these cells (Nimmanapalli et
al., 2003). LAQ824 also acetylated heat shock protein 90 (Hsp90) inhibiting the binding of
Hsp90 and Bcl-AbI causing the proteosomal degradation of Bcr-AbI (Nimmanapalli et al.,
2003). Breast cancer cells SKBR-3 and BT-474 overexpressing of Her-2/neu treated with
LAQ824 also resulted in ocetylation of Hsp-90 and decreased expression of Her-2/neu
protein (Fuino et al., 2003). LAQ824 also increased trastuzumob, taxotere, epothilone and
gemcitobine induced apoptosis (Fuino et al., 2003). MicroRNA (miRNA) array analysis
showed that treatment of SKBR-3 cells with LAQ824 induced rapid alterations in miRNA
levels where 22 miRNA species were downregulated and 5 miRNA species were
upregulated (Scott et al., 2006) indicating that post-translational mRNA regulation by
HDACi as well as their effects on promoter driven gene expression may be a vital
mechanism behind HDACi-mediated apoptosis. LAQ824 was also found to alter toll-like
receptor 4 (TLR4)-dependent activation and function of macrophages and dendritic cells
(DC), specifically DC-controlled T helper 1 (Thl) but not Th2 effector cell and activation
(Brogdon et al., 2007). These data indicated that HDACi can modulate innate and
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adaptive immune responses, highlighting the potential for HDACi to alter the Thl and Th2
balance in therapeutic and possibly clinical settings (Brogdon et al., 2007). Most recently,
LAQ824

has

been

demonstrated

to induced

mitotic

damage

by depleting

the

centrosomal protein Aurora-A kinase (Park et al., 2008). Aurora-A kinase levels vv^ere dov/nregulated by HDAC 6 inhibition, induction of Hsp90 acetylation and disassociation of Hsp90
and Aurora-A kinase complex. As a result, Aurora-A kinase binds with Hsp70 inducing
proteosomal degradation of Aurora-A (Park et al., 2008).
LBH589 is a pan HDAC inhibitor and the more potent analog of LAQ824
(Remiszewski, 2003) which have been developed by Novartis. Initially LBH589 was studied
extensively for its ability to regulate the choperone protein heat shock protein 90 (Hsp90)
and the degradation of Hsp90 client proteins. Initial reports demonstrated that in vitro
LBH589 not only induced the acetylation of histones H3 and H4 but also induced the
acetylation of Hsp90 in leukemia cell lines with activating mutations of either FLT-3 or BcrAbl, allowing the induction of LBI-1589 mediated apoptosis. Results showed that LBH589
induced apoptosis was enabled by the direct down-regulation of either FLT-3 or Bcr-AbI
protein levels, inhibition of DNA binding by p-STAT5 which requires HDAC activity (Rascle et
al., 2003) or the direct acetylation of Hsp90 resulting in the ubiquitination and proteosomal
degradation of Hsp90 client proteins (George et al., 2005). The importance of LBH589
inhibition of Hsp90 function was supported by the combination of LBH589 with the direct
inhibitor of Hsp90, 17-AAG, resulting enhanced killing of those cells.
Additional studies also supported the importance of acetylation of Hsp90 in HDACi
mediated apoptosis of leukemia cell lines. Bali et al went on to add to the original findings
of George et al that HDAC6 is an Hsp90 deacetylase through co-immunopreciptotion
studies, and also knockdown of HDAC6 by siRNA or inhibition of HDAC6 function by HDACi
results in the acetylation of Hsp90 (Bali et al., 2005) and the downstream results as
described above by George etal. A later report further demonstrated that in the induced
acetylation of Hsp90 by HDAC6 inhibition resulted in the ubiquitination and degradation of
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estrogen-receptor-(ER)a also resulting in increased apoptosis and loss of survival in human
breast carcinoma cell lines (Fiskus et al., 2007).
While a strong emphasis was placed on the importance for inhibition of Hsp90 for
LBH589 induced apoptosis, alternate mechanisms have also been reported of LBH589 antitumor activity. For example, the anti-angiogenic potential of LBH589 reported by Qian et al
was demonstrated by treating HUVECs in vitro as well as the prostate carcinoma cell line
PC-3 in vivo with LBH589 displaying pleiotropic effects resulting in the inhibition of tumor
angiogenesis. More recently, LBH589 was demonstrated In reduce expression of members
of the polycomb repressive complex and the methyl transferase DNMTl, responsible for
methylation of histone H3. This LBH589-mediated depletion of these proteins resulted in loss
of clonogenic survival and induced differentiation of human acute leukemia cells (Fiskus et
al., 2006a).

1.7

Clinical application of HDACi
To date numerous HDACi ore being developed in the clinic as monotherapies or in

combination in Phase I and II clinical trials for a variety of heamatological and solid tumors.
Most recently, the hydroxamic acid vorinostat has been approved by the FDA to be used
as a monotherapy for the treatment of cutaneous T cell lymphoma.

1.7.1

Cutaneous T cell Lymphoma; why more effective treatment options are required
Primary cutaneous T cell lymphoma (CTCL) is a heterogeneous form of non-

hodgkins lymphoma (NHL), and is defined by clonal proliferation of skin homing malignant T
lymphocytes and natural killer cells that home to the skin (Gemmill, 2006; Rosen and
Querfeld, 2006). CTCL accounts for between 75-80% of reported cutaneous lymphoma
and can be categorised into 4 main subtypes including mycosis fungoides (MF), sezary
syndrome (SS), primary cutaneous anaplastic large cell lymphoma and lymphomatoid
papulosis (a benign disease), which collectively moke up 95% of oil CTCL cases (Gemmill,
2006; Rosen and Querfeld, 2006). Of these, MF and SS CTCL variants are most commonly
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encountered consisting of approximately 70% of the respective subtypes described above
(Klennke et al., 2006).

1.7.2

Mycosis Fungoides and Sezary Syndrome
Mycosis Fungoides was first described by Alibert, a French) dermatologist in 1806. His

initial observation was on a patient that presented with a skin eruption that developed into
mushroom-like tumours (Gemmill, 2006; Rosen and Querfeld, 2006), while in 1938, Sezary
and Bouvrain described a leukaemia variant of CTCL.
MF is considered as a chronic, slowly progressing mature T cell lymphoma with an
indolent onset and development (Rosen and Querfeld, 2006), variable from 1 year to
decades (Gemmill, 2006). Initial presentation of MF can frequently be mistaken for benign
inflammatory conditions such as psoriasis or eczema, making diagnosis difficult (Duvic and
Edelson, 2004; Fung et al., 2002; Smith and Wilson, 2003). With disease development,
disseminated or atypical T cells infiltrate the epidermis with cerebriform (indented) nuclei
that are CD4^, CLA^, CD7-, CD26-, CD3^, CDS*. CD45RO^ CD8- memory positive and CD30(Foss, 2004; Willemze, 2003). These infiltrates form patch lesions or plaques and untreated
can form intraepidermal Pautrier's microabscesses, and a biopsy reveal clusters of
malignant CTCL cells in mitosis surrounded by immature dendritic cells, a key diagnostic
feature in CTCL (Berger et al., 2002; Girardi et al., 2004). Further progression leads to
erythema and 80% of the patient's surface may be involved resulting in body hair loss and
impairment of the bodies thermoregulation function (Gemmill, 2006). Tumours develop with
final stage of disease and with this tumour necrosis increases along with skin ulceration and
secondary skin infections from bacteria (septsis). Septicemia results in death of 50% of
patients diagnosed with MF (Duvic and Edelson, 2004).
SS is a leukaemic variant of MF and considered as an aggressive form of CTCL that
can be characterised by circulating, atypical, malignant T lymphocytes with cerebriform
nuclei (Sezary cells), erythoderma and often lymphodenopathy (Gemmill, 2006; Rosen and
Querfeld, 2006), with a median survival of 2.5 to 5 years. Patients that present with SS usually

38

display clinical manifestations including intense diffuse pruritic erythroderma, leather/
infiltration and edema of the skin among others (Fung et ol., 2002). Diagnosis can occur by
the following methods; (i) absolute sezar/ cell count, (ii) a CD4/CD8 ratio count of
circulating T cells with an aberrant loss of pan T cell markers, (iii) increased lymphocyte
count with evidence of a T cell clone and (iv) presence of a chromosomally abnormal T
cell (Fung et al., 2002; Girardi et al., 2004; Willemze, 2003).

1.7.3

Etiology of Cutaneous T cell Lymphoma
To date, the cause of CTCL is still unknown and appears very heterogeneous.

Research advances have started to identify possible causes behind CTCL development.
While there is no conclusive evidence, viral infection by human T-lymphocyte virus type-1
(HTLV-1) which is responsible for adult T cell leukaemia/lymphoma and human herpes-8,
has been speculated by various research teams as playing a possible role in the
development of MF/SS (Diamandidou et al., 1996). Patients with late stage MF/SS in a study
conducted by Heme et al observed an association between cytomegalovirus (CMV) and
MF/SS, where 97% of MF/SS patients were seropositive for CMV (Heme et al., 2003).
Studies have shown a correlation between the rate of chromosomal aberrations
and disease activity and progression (Klemke et al., 2006). CTCL patients with existing
disease were found to have aberrations of chromosomes 1, 6 and 11, while patients with
active and progressive disease were found to have aberrations of chromosomes 8 and 17
(Karenko et al., 2003). Epsinet et al described in a recent study where 71.4% (15/21) of
sezary syndrome patients were positive for aberrations in the above

mentioned

chromosomes (Espinet et al., 2004). Hypermethylation of promoters of tumour suppressor
genes such as pi5, pi6, MLHl and Bcl7a resulting in defective DNA repair mechanisms
have been identified in MF patient skin biopies by microsatellite analysis suggesting a role
for an increase in tumour progression (Rubben et al., 2004; van Doom et al., 2005).
Another suggestion for the development of CTCL is the chronic stimulation from an
unknown antigen/allergen source (Gemmill, 2006). The mechanism underlying an antigen
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driven malignancy and development of CTCL is where CD4+ T cells foil to respond to
immunoregulation, instead continuing to proliferate and stimulate mature neighbouring
naive dendritic cells, thus facilitating disease progression (Berger et al., 2002; Gemmill,
2006).
Evasion of immune surveillance as also been noted through a defect in Fas ligand
to induce T cell opoptosis (Ni et al., 2001). Expression analysis has demonstrated CTCL cells
express a high level of CD95 (Apol/Fos) receptor which declines with disease progression.
Progressive decline in expression is due to possible mutations within the CD95 gene and
splice variants all resulting in functional disturbances (Dereure et al., 2002; Dereure et al.,
2001; van Doom et al., 2002). Zhang et al also demonstrated a correlation with apoptotic
factors and disease progression. Skin biopsies from MF and SS patients revealed increased
expression of the anti-apoptotic protein Mcl-l and phosphorylation of the pro-apoptotic
protein Bad, resulting in its inactivation (Zhang et al., 2003). The role of the anti-apoptotic
protein Bcl-2 in CTCL development is unclear. Conflicting evidence shows an increase of
Bcl-2 expression in both MF and SS patients (Dummer et al., 1995; Klemke et al., 2006), while
it has also been reported that Bcl-2 RNA and protein were decreased in CTCL coinciding
with an increase in Jun B expression in primary CTCL cases (Mao et al., 2004). Whether
expression of these apoptotic factors are influenced by the staging of either MF/SS patients
still remains to be delineated, but this could be important information when treating CTCL
patients. Other mechanisms have also been thought to play a role in inhibiting opoptosis
and facilitating CTCL development is the constitutive activation of STAT3 (Sommer et al.,
2004) and NFKB (Sors et al., 2006), two transcriptional factors that regulate many cellular
processes including cell division, cytokine production and survival of B and T cells (Levy and
Lee, 2002; Zheng et al., 2003).
The dermal micro environment may also ploy a role in the survival and persistence
of CTCL, where neighbouring fibroblasts have been shown to have membrane bound IL15, which enhances the proliferation of activated T cells (RappI et al., 2001a; RappI et al..
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2001b), while keratincytes secrete IL-7 facilitating the inhibition of apoptosis and survival of
tumour cells respectively (Dalloui et al., 1992).

1.7.4

Treatment of Cutaneous T cell Lymphoma
CTCL is a disease of heterogeneous etiology and therefore a broad range of

treatments are available for the clinical manifestations encountered at diagnosis. The
available therapies can be divided into 3 main catergories: (i) Topical treatments, (ii)
Systemic treatments and (iii) Investigational treatments (table 1-8).

1.7.5

Topical Treatments for Cutaneous T cell Lymphoma
Topical treatments are the first line of treatment when CTCL is diagnosed in early

development.

One of the

first treatments

for the

use in early

stage

MF was

mecholarethomine (nitrogen mustard), while a more recent topical chemotherapy,
carmustine is also widely used (Rosen and Querfeld, 2006). Both treatments achieve clinical
response (CR) in patients in a stage dependent manner ranging between 32% and 84%
(Rosen and Querfeld, 2006; Zackheim et al., 1990), with common side effects such as
contact dermatitis and hypersensitivity. Topical corticosteroids used in early stage CTCL
hove resulted in promising results with a trial investigation finishing with 25%-63% response
rate. Just like the topical chemotherapies, corticosteroid response is stage dependent,
though less side effects are encountered (Zackheim et al., 1998).
Retinoids such as Bexarotone have been approved by the FDA for treatment of
early stage MF and achieve an overall response rate of 44%-63% and include side effects
such as local skin irritation, hypertriglyceridemia, hypercholesterolemia, hypothyroidism and
leukopenia (Duvic et al., 2001a; Duvic et al., 2001b). Because Bexarotone only acts on cell
proliferation,

differentiation

and

apoptosis

(Farol

and

Hymes,

2004)

but

not

immunosuppression it will most likely be most efficient in combination therapy, as CTCL is a
manifestation of chronic activated immune cells (T cells), exposing patients to other
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problems including long term inflommation

(Foss, 2004; Fung et al., 2002; Rosen and

Querfeld, 2006).
Radiation therapy has been used successfully in early stage CTCL patients with 40%98% of patients achieving CR though skin related side effects ore commonly encountered
and a constant problem for patients (Jones et ol., 1995; Quiros et al., 1997; Ysebaert et al.,
2004).
For more than 25 years PUVA (psoralen with ultraviolet light A) has been a well
established, safe and effective therapy for patients with early stage MF (Rosen and
Querfeld, 2006). Psoralen is used to sensitize the patient's skin to UVA. PUVA use is usually
maintained until the patient achieves remission at which time maintenance therapy con
be administered to maintain longer remission periods, with CR seen in 71.4% in patients with
early stage MF (Honigsmann et al., 1984; Querfeld et al., 2005). Unfortunately, PUVA
effectiveness is limited to the treatment of superficial lesions and is not as effective in
treating deeper infiltrating lesions in later stage disease, with disease free survival
decreasing to 30%-74% depending on the stage of disease (Querfeld et al., 2005).
Combination of PUVA with other topical chemotherapies (eg: nitrogen mustard) has been
used and while CR are achievable, relapse usually occurs within 5 years (Fung et al., 2002).
Side effects can range dramatically, with acute cases of er/themo, pruritis and nausea
encountered in a dose specific manner, while long term exposure with PUVA has been
related to increased risk of patients developing chronic photodamage and nonmelanoma skin cancer (Rosen and Querfeld, 2006).

1.7.6

Systemic Treatment for Cutaneous T cell Lymphoma
A common and effective first line systemic treatment used in CTCL is interferon-

alpha (IFN-a). Over all response rates of patients to IFN-a treatment range from 29%-74%
accompanied by a median disease free state of 4-42 months (Kohn et al., 1990; Olsen and
Bunn, 1995; Vonderheid et al., 1987). IFN-a therapy does cause acute and chronic side
effects which include flu-like symptoms, fatigue, depression, cytopenio and impaired liver
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function (Fung et al., 2002; Rosen and Querfeld, 2006; Siegel et al., 2000). While INFa
therapy induces responses in CTCL patients as a monotherapy it has also showed
effectiveness when connbined with PUVA and bexarotene (Kuzel et al., 1995; McGinnis et
al., 2004).
Denileukin diftitox (Ontak®) is a reconnbinant fusion protein consisting of the IL-2
motif that binds the IL-2 receptor fused to a portion of the diphtheria toxin. Approved in
1999 by the FDA for treatment of refractory CTCL patients, denileukin diftitox targets CD25+
CTCL cells and induces apoptosis of malignant T cells once internalized via the IL-2
receptor. General response rates range between 30%-37% with encountered side effects
including flu like symptoms, fever, rash, nausea and vomiting, liver toxicities and
hypotension related to vascular leak syndrome (Foss et al., 2001; Fung et al., 2002).
Combination therapy with bexarotene increases overall response rote to 67%, and it is
speculated that this response rate is due to the increase in CD25 on malignant T cell via the
action of bexarotene (Foss et al., 2005; Gemmill, 2006).
CD52 is a cell surface antigen expressed on monocyte/macrophages, granulocytes
as well as normal and malignant T and B cells. Alemtuzumab is a monoclonal antibody
therapy aimed towards CD52, and was first approved by the FDA for the treated of
patients with chronic lymphocytic leukaemia (CLL). Studies report that Alemtuzumab
treatment in CTCL patients achieved an overall response rate more than 50%, with 32%
achieving CR (Dearden et al., 2002) and 23% partial remissions (Lundin et al., 2003).
Unfortunately, Alemutuzumob treatment results in sever hoematological toxicities including
myelosupression and T cell depletion. This side effect also leads to infectious complications
including reactivation of cytomegalovirus and pulmonary aspergillosis among others which
require prophylactic antibiotics, antiviral or antifungal treatment (Klemke et al., 2006; Rosen
and Querfeld, 2006).
Chemotherapy as single agent or in combination is also used for the treatment of
advanced, refractory or aggressive stages of CTCL, and while response rates are high they
are often short duration (Trautinger et al., 2006). Single agent approaches include
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methotrexate, vincristine (oncovin), doxorubicin (adriamycin), doxorubicin (doxil) and
cyclophosphamide ( Cytoxan), while an example of combination strategies include PUVA
(cyclophosphamide, doxorubicin, vincristine and prednisone (Foss, 2004: Rosen and
Querfeld, 2006).
Approved in 1988 for the treatment of refractory CTCL and CTCL patients receiving
palliative treatment was photopharesis. Photophoresis utilizes 8-methoxypsoralen. and
when exposed to UVA light induces cross linl<ing of DNA in malignant T cells. Patients
receiving phototherapy alone do respond well and in a multicenter trial a total response
rate of 73% was achieved (Edelson et al., 1987; Gemmill, 2006), though extension in
responses have been reported when phototherapy has been used in combination with
INF-a, bexarotene, granulocyte colony-stimulation factor (G-CSF) or TESBT (Suchin et al.,
2002; Wilson et al., 2000; Zic, 2003). Catheter-related infections and hypotension are
common side effects observed in patients receiving phototherapy.
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Table 1-8: Clinically approved treatments for CTCL
Mycosis lungoldet"
First line
Stage lA. 16. IIA
PUVA
UVB (potcties)
Topical corticosteroids
Localized radiotherapy
EBRT
Topical nitrogen mustard
Topical BCNU
Stoge MB
IFNo + PUVA
IFNa + Retinoids
PUVA + Retinoids
EBRT/superficial x-irradiation
Stage III

Stage IVA and IVB

Stoory syndrome

Second line
Oral bexorotene t PUVA or IFNa
IFNa ± PUVA
Denileukin difitox
Low-dose methotrexate

Bexarotene
Chemotherapy
Denileukin difitox

IFNo
PUVA + IFNa/retinoids
Methotrexate
EBRT/x-irrodiotion
Topical nitrogen mustard or BCNU
Extracoporeol photophoresis
Chemotherapy
EBRT &/or x-irradiation
Bexarotene
Denileukin difitox
IFNo
Alemtuzumab
Methotrexate

Chemotherapy

nrstllne
Extracorporeal photophoresis
IFNa
Denileukin difitox
Chlorambucil end prednisone

Second line
Bexarotene
Chemotheropy
Alemtuzumab
Methotrexate

P U V A (photochemotherapy), IFNa (interferon-a), UVB (ultra-violet B), EBRT (external b e a m radiation therapy),
B C N U (carmustine). Source: (Rosen a n d Querfeld, 2006).

1.7.7

Investigational Therapies for the Treatment of Cutaneous T cell Lymphoma
Zanolimumab (anti-CD4) is a monoclonal antibody with high affinity for the CD4

receptor of lymphocytes, and activity of strategies such as this in the treatment of MF/SS
patients has been observed since 1991 (Bayes et ol., 2005; Hagberg et al., 2005). Phase II
clinical trials have shown promise in CTCL patients with both early and advanced stage
disease. Zanolimumab response rates are dose-dependent with doses ranging between
280mg to 980mg with corresponding response reaching 15% to 75% respectively, and most
promising was that all doses were well tolerated by patients (Klemke et al., 2006).
While no large scale supportive clinical data is available, small scale studies do
present evidence that treatment strategies targeting immune modulation like Imiquimod
(discussed below) may be efficient in the treatment of CTCL (Ariffin and Khorshid, 2006;
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Berman et al., 2006; Chiam and Chan, 2007; Didona et al, 2004). Medications such as
Inniquimod (Aldara) have been developed in an attempt to enhance the host innmune
response to MF/SS. This enhancement of the host immune is achieved through the binding
of imiquimod to toll like receptors (specifically toll like receptor 7; TLR-7) of immune
competent cells including monocytes, macrophages and dendritic cells (Schon and
Schon, 2004). Because the origin of CTCL is from Th2 CD4+ T cells, an immunosuppressive
environment is created through Th2 cytokine secretion. This imbalance is thought to be
corrected

by imiquimod through the induction of Thl

cytokines by

monocytes,

macrophages and dendritic cells. This change in balance results in improved migration
and antigen presentation of dendritic cells and also sensitises malignant cells to apoptosis
(Herbert, 2003; Navi and Huntley, 2004; Schon and Schon, 2004).
Another strategy to enhance host immune responses is through the administration
of immunomodulatory cytokines, such as interleukin 2 (IL-2) and interleukin 12 (IL-12).
Treatment of relapsed or refractory CTCL patients with either IL-2 or IL-12 has shown
promising results with response rotes of 18% and 43% respectively. IL-12 was thought to
achieve a higher response rate as patients displayed an increased CD8+ and/or TIA-1+ T
cells in regressing lesions of patients, suggesting an induction of a cytotoxic T cell response
to IL-12 therapy (Rosen and Querfeld, 2006). A phase I study has also described the use of
gene transfer therapy using adenovirus to deliver IFN-y. This is applied to the patient by
intralesional administration. Five from 9 patients treated showed response to this therapy (3
complete and 2 partial responses). A possible mechanism of action is thought to be a
humeral recognition of the tumour antigen se70-2 (Dummer et al., 2004).

1.8

Vorinostat (SANA) in the treatment of cutaneous T cell lymphoma
As already noted in section 4.1.2 CTCL display defects in apoptosis signalling and it

is possible that reactivating apoptosis through epigenetic mechanisms in malignant cells
offers a new and exciting strategy for the treatment of CTCL and possibly other
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malignancies. Histone deacetylase inhibitors

(HDACi), represent

a

novel doss of

therapeutics which exhibit epigenetic modulation activity.
Vorinostat has potent activities against established CTCL cell lines and isolated
tumours from patient donors. Treatment of CTCL cell lines Hut78, HH and MJ with vorinostat
demonstrated the capabilities of HDACi-mediated apoptosis in CTCL. Moreover vorinostat
tumour specificity was shown by induction of apoptosis in primary tumors from CTCL
patients, whereas periphal blood lymphocytes isolated from healthy donors remained
resistant to vorinostat-mediated apoptosis (Zhang et al., 2005a). Zhang et al also
demonstrated that vorinostat-mediated apoptosis in both primar/ tumors and tumor cell
lines were associated with ocetylation of histones H2B, H3 and H4, induction of p21wafi
without cell cycle arrest, decreased expression of Stat6 and phospho-Stat6, induction of
Box and cleavage of caspase-3 and PARP (Zhang et al., 2005a).
In Phase I clinical trials where vorinostat was administered intravenously (IV) and
was generally well tolerated with few dose limiting toxicities (DLT) in haematologic patients
including gastrointestinal (nausea, vomiting and/or diarrhea), anorexia, dehydration,
fatigue and myelosupression (including thrompocytopenia, neutropenia and leukopenia)
while no DLTs were encountered in patients with solid tumors (Kelly et al., 2003). This early
phase I trial established that vorinostat could be administered safely to patients at dosages
that inhibit HDAC activity, as patient samples displayed on accumulation of hyperacetyloted histone H3 by western blot and immunohistochemistry analysis (Kelly et al.,
2003). Another phase I trial reported by Kelly et al showed patients with advanced cancer
received vorinostat as on oral formulation at varying dosages (Kelly et al., 2005). Oral
administration of vorinostat was well tolerated by patients with major DLTs reported being
anorexia, dehydration, diarrhea and fatigue though DLTs, both patients with solid and
heamatologicol cancers, though these DLTs were rapidly reversed with the discontinuation
of vorinostat (Kelly et al., 2005). This larger scale study determined that vorinostat could not
only be safely administered to patients with advanced cancers but it could be
administered over long periods (up to 34 months). The oral administration of vorinostat
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induced hyper-acetylation of histone H3. Patients with renal cell carcinoma, squamous cell
carcinoma of the head and neck, thyroid cancer, mesothelioma and B- and T-cell
lymphomas displayed tumor regression, indicating not only vorinostat, but HDACi possess a
broad range of anti-tumor activity (Kelly et al., 2005). Importantly from this study, a patient
with non-responsive CTCL hod stabilization of the disease following treatment with
vorinostat, coinciding with results from a previous phase I trial where treatment with another
HDACi (depsipeptide) resulted in partial responses in three CTCL patients (Piekarz et a!.,
2001).
In another phase I study exploring the toxicity and activity of oral and IV
administered vorinostat in patients with refractory haematological malignancies, toxicities
from coincided with other phase I trial data described above. Myelosupression and
thrombocytopenia were more prominent with IV administration, though haematologic
toxicities were resolved shortly after vorinostat discontinuation (O'Connor et al., 2006). A
consistent observation was that vorinostat induced hyper-acetylation of histones, and
vorinostat treatment resulted in clinical responses, some long term (up to 9 months)
especially in patients with haematological malignancies including CTCL (O'Connor et al.,
2006).
In a phase II trial conducted on CTCL patients treated with oral vorinostat, no CRs
were reported though 8 out of 33 patients (24%) achieved a PR, with on additional 11
patients having purities relief, SD or both, with 58% of the patients treated receiving clinical
benefit (Duvic et al., 2007). Vorinostat was generally well tolerated with adverse reactions
as noted in studies discussed above by Kelly et al and O'Connor et al. The duration of
overall response ranged from 9.4 to 19.4 weeks (66-136 days) with a median response of
15.1 weeks. Correlative studies report possible mechanisms behind vorinostat anti-tumor
activity in CTCL. Thrombospondin-1 (TSP-1), a known inhibitor of angiogenesis, hod
increased expression in the dermis of 67% of specimens correlating with decreases in
microvessel

density.

Moreover,

vorinostat

was found

to

induce

the

cytoplasmic

translocation of p-STAT3, a transcription factor which promotes gene transcription and
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cellular proliferation, suggesting that the anti-proliferative activites of vorinostat maybe
mediated by the localization of p-STAT3 to the cytoplasm (Duvic et al., 2007).
A phase lib study of oral vorinostat treatment in CTCL patients had an overall
response rate of 30% (Olsen et a!., 2007). Other promising observations vs^ere time to
response (TTR) of 56 days, 32% receiving pruritis relief (Olsen et al., 2007) and patients have
been able to remain receiving vorinostat for long periods of time, now beyond 488 days
(Closer, 2007).
Vorinostat

has

also

recently

been

tested

in

combination

v^ith

various

chemotherapies in multiple malignancies. Two phase I studies using vorinostat combined
with

conventional

chemotherapies

including

carbolpatin/paclitaxel

and

FOLFOX

(fluorouracil, leukovorin and oxiplotin) in patients with solid tumors. Of the 18 patients
treated with advanced solid tumours, it was demonstrated that vorinostat could be safely
administered in combination with these agents and PRs were observed in 4 patients (3 with
NSCLC and 1 head and neck cancer) (Rosheed et al., 2007).
While vorinostat is the only HDACi to date to be approved by the FDA for treatment
of CTCL, other HDACi are currently being tested in their own trials to evaluate their efficacy
and safety for treatment of various heamotological malignancies, including CTCL, as well
as solid tumors. These include the pan-HDACi ponobinostot (LBH589) and belinostot
(PXDIOI) as well as the more isotype selective inhibitors romidepsin, MS-275 and
MGCD0103 (Closer, 2007) (tables 1-9 and 1-10).

1.9

Romidepsin (depsipeptide)
Romidepsin was first identified in a screen for microbial metabolites that induce

transcriptional activation of the SV40 promoter (Nakajima et al., 1996a; Nakajima et al.,
1996b), and was found that it could induce cell cycle arrest at both G1 and G2/M phases
and breakdown of chromatin. These biological effects were associated with HDAC
inhibition as romidepsin induced accumulation of acetylated histones (Nakajima et al.,
1998). Romidepsin, is produced as pro-drug which provides stability for its use in vivo and
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humans, and is a more selective inhibitor compared to that of the hydroxamic acids, as
romidepsin selectively inhibits class I HDACs (Furumai et al., 2002).
Multiple phase I and II trials have been conducted in patients with refractory
cancers and it v/as generally observed that romidepsin was v^^ell tolerated and returned a
toxicity profile comparable to that of vorinostat. An early phase I trial determined the MTD
of romidepsin administered IV to be 17.8mg/m2 with obsen/ed DLTs including fatigue,
nausea, vomiting, and transient thrombocytopenia and neutropenia (Sandor et al., 2002).
Preclinical data suggested that cardiac toxicity might be anticipated but while no patients
displayed any evidence of myocardial damage, reversible ECG changes were regularly
observed. Romidepsin achieved biological activity has shown by its ability to induce
acetylation of histones and 1 patient (1/37) achieving a partial response (Sandor et al.,
2002). Another phase I trial investigated the toierobility and efficacy of romidepsin in 3
patients with CTCL and 1 patient suffering with peripheral T cell lymphoma (PTCL). Major
observed toxicities were similar to that described above, though no comments were made
on any cardiac events. Romidepsin was found to effectively induce acetylation of histone
H3 in all patients which was associated with 3 CTCL patients achieving PRs and 1 PTCL
patient achieving CR (Piekarz et al., 2001). Follow up phase II studies T cell lymphoma
patients continued to illustrate romidepsin's efficacy towards this disease. Recently it was
reported that in a phase II trial including PTCL and CTCL patients, the overall response rate
for PTCL patients was 30% (3 CRs and 8 PRs) and for CTCL was 31% (3 CRs, 10 PRs and 9 SD)
(Closer, 2007).
Previous studies in vitro have demonstrated romidepsin to induce acetylation of
histones H3 and H4 associated with anti-tumor activity in cell lines of haematologlical and
solid tumors (Aron et al., 2003; Byrd et al., 1999: Klisovic et a!., 2003). In a phase I trial where
romidepsin was used to treat patients with acute myeloid leukemia (AML) or chronic
lymphocytic leukemia (CLL), it was noted that romidepsin administered IV displayed antitumor activity in patients as indicated by a decrease in total white blood cell count,
though no responses (CRs or PRs) were reported (Byrd et al., 2005). Anti-tumor activity was
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also associated with increased acetylation of histones H3 and H4. Other biological effects
noted in patients receiving ronnidepsin was the acetylation of the CDKNIA promotor
corresponding to increased expression of p21, increased expression of the HLA-DR ID10
antigen in a subset of CLL patients and the down regulation of c-FLIP (Byrd et al., 2005).
Toxicities included fatigue, nausea and anorexia with no cardiac toxicities. Unfortunately
repeat dosing could not be performed due to non-life threatening chronic constitutional
synnptoms (Byrd et al., 2005).
Phase I studies have also been implemented to determine the MTD and DLT of
romidepsin in the treatment of pediatric patients with refractory solid tumors. This pediatric
phase I study established an MTD of 17mg/m2 and DLTs included transient and
asymptomatic sick sinus syndrome, asymptomatic T-wave inversions, and hypocalcaemia
as

well

as

already

well

documented

toxicities

from

adult

studies

including

myelosuppression, fatigue, nausea and vomiting (Fouladi et al., 2006). Acetylations of
histone H3 was observed in all patients post romidepsin treatment and while no objective
responses were reported 3 patients (3/24) experienced prolonged stabilization of disease
(SD) (Fouladi et al., 2006).
In a phase II study assessing the cardiac risks in patients receiving romidepsin it was
concluded that the observed cardiogram abnormalities associated with romidepsin
administration did not result in myocardial dysfunction or myocardial damage (Piekarz et
al., 2006), though the safety profile of romidepsin warrants further investigation due to its
ability to induce a prolongation in the QTc interval.
Another concern raised with the use of romidepsin is it ability to up-regulate
expression of genes such as multidrug resistant-1 (MDRl) which mediates drug resistance to
many anti-cancer compounds, including romidepsin (Peart et al., 2003; Piekarz et al., 2004;
Tabe et al., 2006). While clinical reports observed up-regulation of MDRl (Glaser, 2007) no
correlation has been made between patients not responding to romidepsin treatment and
expression of MDRl, though more attention to MDRl levels in patient samples should be
included in all clinical studies of romedepsin.
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1.10

MS-275
MS-275 is a novel benzamide-based HDACi which as shown selective inhibition of

class I HDACs (Bolden et al., 2006; Closer et ol., 2004). Pre-clinical data demonstrated MS275 to have antiproliferative activity in vitro in nunnerous human cancer cell lines including
breast, colon, lung, myeloma, ovary, pancreas, prostate and leukemia (Hess-Stumpp, 2005;
Joboin et al., 2002; Lee et al., 2001; Park et al., 2002), plus in vivo anti-tumor activity has
been demonstrated in several adult and pediatric orthotopic xenograft models treated
with oral administration of MS-275 (Hess-Stumpp, 2005).
Initial phase I studies in patients with advanced solid tumors or lymphoma showed
that MS-275 administered daily to patients was toxic as the half life of MS-275 (39-80 hrs in
humans) was much longer than indicated by pre-clinical models, though the MTD dosage
of 10mg/m2 on a q l 4 day (once orally every 14 days) schedule was found to be well
tolerated. Toxicities encountered on this schedule were fatigue and gastrointestinal
symptoms of nausea, vomiting and anorexia, with no adverse cardiac events observed
(Ryan et al., 2005). Increased histone 1-13 ocetyiation was achieved in peripheral blood
mononuclear cells and 10/29 patients enrolled in this study remained on treatment for > 3
months (Ryan et al., 2005). In another phase I study treating patients with refractory and
relapsed leukemios a MTD of 8mg/m2 weekly for 4 weeks every 6 weeks was reached
(Gojo et al., 2007). Toxicities including fatigue, anorexia, vomiting, nausea, hypocalcemia
and hypoalbuminemia were observed as well as DLTs including infections and neurological
toxicity manifesting as unsteady gait and somnolence were encountered. Assessment of
bone marrow mononuclear cells indicated MS-275 induced ocetyiation of histones H3/H4
and also induced p21 expression with activated caspase-3 also detected (Gojo et al.,
2007). No clinical responses were observed indicating that while MS-275 may induce
biological effects within advanced disease, patients with less advanced disease may
clinically benefit more with treatment of MS-275.
MS-275 has recently been combined with ATRA in a phase I study of patients with
advanced solid tumours. The study resulted in 1 patient with renal cell carcinoma received
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PR, while observed DLTs were hyponatremia, anemia and neutropenia (Rasheed et a!.,
2007).

1.11

Belinostat(PXDIOI)
Belinostat is novel hydroxomic acid HDACi shown to induce increased acetylation

of histone H4 and shown in vitro cytotoxicity towards numerous tumor cell lines (Plumb et
al., 2003). Nude mice bearing human ovarian and colon tumor xenografts treated with
belinostat daily resulted in a dose-dependent growth delay of tumors, marked increased in
acetylated histone H4 with no obvious toxicity to the mice (Plumb et al., 2003). Belinostat's
anti-tumor activity was strengthened with another pre-clinical study of mice bearing
human ovarian xenograft tumors. Belinostat displayed effective in vivo anti-tumor activity
with induction of acetylation of a-tubulin and phosphor/lation of H2AX (Qian et al., 2006b).
Initial phase I data of Belinostat treatment of patients with advanced solid tumors
displayed commonly observed side effects including fatigue, nausea, vomiting and
phlebitis (with no grade 4 toxicities noted). An established MTD of 1000mg/m2/day was
determined for progression of belinostat to enter phase II trials (Glaser, 2007). A recently
reported phase II study of patients with advanced multiple myeloma reported out of 12
patients that received belinostat treatment, 6 patients achieved SD while the remaining 6
patients did not respond to therapy. Though results confirmed that belinostat does have
the potential to stabilize advanced or progressive disease in patients (Glaser, 2007), and for
this reason belinostat currently remains to studied in multiple phase l/ll clinical trials.
Combination phase I studies have also begun with belinostat and dexamethosone
in patients with multiple myeloma (MM). One patient reached PR and numerous patients
reached long term SD. Other phase I trials are currently underway in the treatment of MM
and

other

haematological

malignancies

with

belinostat

and velcode

or

vidaza

respectively. Another phase lb study reported patients with colorectal cancer treated with
belinostat and 5-FU received no DLTs but adverse reactions of fatigue, nausea, vomiting
and anorexia (Glaser, 2007).
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1.12

MGCD0103
MGCD0103 is novel anilide HDACi that hias shown selectivity for class I HDACs

(Beckers et al., 2007; Khan et al., 2008), and has demonstrated potent activity against
various cell lines including anti-proliferative properties and accunnulation of ocetylated
histones (Glaser, 2007; Rasheed et al., 2007).
In a phase I trial of patients with AML and MDS treated twice weekly with
66mg/m2/day MGCD0103 in a 3 week cycle dose linniting toxicities included fatigue,
nausea and vonniting. Inhibition of HDAC activity was observed in the nnajority of patients in
this trial (Glaser, 2007). Another phase I trial of AML/MDS patients treated with 80mg/m2
three times a week had a 15% complete marrow response associated with HDAC inhibition,
with having grade III toxicities similar that above. A study in patients with advanced solid
tumours also reached stabilization of disease (14%) after treatment with MCGD0103 (3
renal cancer and 1 colorectal cancer), with similar adverse advents being observed
(Rasheed et al., 2007).
Combination studies of MCGD0103 with various other chemotherapies are currently
proceeding that involve; (i) treatment of pancreatic cancer with MGCD0103 and gemzar;
(ii) treatment of MDS/AML, diffuse large B-cell lymphoma, follicular lymphoma and
relapsed or refractory Hodgkin's lymphoma with MGCD0103 and Vidoza (Glaser, 2007),
though no clinical data is currently available.

1.13

LBH589 (Panobinostat)
LBH589 has recently only entered clinical trials and to dote only one report has

been published. In a phase I study where LBH589 was administered IV at escalating
dosages to patients with refractory haematological malignancies. Of the 15 patients
entered into this trial there were 4 dose limiting toxicities observed of grade 3 QTcF
prolongation which was reversed on LBH589 discontinuation. Other LBH589 related toxicities
included

nausea,

diarrhea,

vomiting,

hypokalemia,

loss

of

appetite

and

thrombocytopenia, though none were dose limiting. A significant increase in acetylotion of
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histone H3 and H2B. while a low level of apoptosis was detected it was not sufficient to
account for the observed decrease in tumor load. This study was ceased as a result of the
DLTs as with a concurrent phase I study of IV LBH589 in patients with solid tunnors who
returned sinnilar QTcF prolongnation (Giles et a!., 2006).
Because of the cardiac issues encountered with IV dosing of LBH589, oral
fornnulation of LBH589 has been derived and is being tested in phase I trials in patients with
CTCL. As part of a multi-center phase I trial of CTCL patients administered oral LBH589, the
Peter MacCallum Cancer Center recruited an initial 10 patients with CTCL to be included in
the overall patient cohort (discussed in detail in chapter 5). Briefly, of the 10 patients
recruited a response rate of 60% was reported (2 CRs and 4 PRs). Toxicities included
thrombocytopenia and neutropenia with one DLT reported of grade 3 diarrhea, though
importantly no cardiac toxicities were reported in patients receiving oral LBH589 (Ellis et al;
accepted for publication to Clinical Cancer Research, 2007). This phase I data suggests
that oral administration of LBH589 will be of more benefit to the patient than currently
tested IV administration for both tolerance and safety purposes. This study will be discussed
in more detail in chapter 5.
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Table 1 -9: Summary of single agent HDACi clinical trials
HDACI

Study
Phase

Vorinostat
[^eny et ai ^Ouaf
IKelyetal 20051
(O'Connoi el al 20041

ICHsenelal 2007)
(Duvrc er al, 200/1

Tumour type

Patients
recruited

Responses

Adverse events

Solid/Haematologic

37

tumour regression(4)

'CP onemo myelospre»ioi Gi aislurbar<cei

I

Solid/Haematologic

73

OR(8| CR|I) PR(3|

fatigue andewo diofifieo dehyarotion ICP

l/ll

Haematologic

35

CR(1) PR(4)

fotigue. GI drttuffcances TCP noutropenio dehydration

CTCl

74

OR(22)

fotigue diotrtieo anofexia. nausea TCP. putononofv
embo)istn(5%| inaeosed blood creatinine

PR(81

Fotigue diarrt\eo noweo dehydrotion TCP
DVT/pulrTXWiry embofiSfti

C R ( I | PR(3)

Fatigue noutea vomiting TCP neutiopenio

CTCl

33

Romidepsin
IPiekorr el Ql.. 200M

CTCl/PTCl.

(Sondorelal. 20021

Solid

37

PR(l:renal)

fotigue nouseo vomiting TCP neutropenio cordtor,
disturtxances

CLL/AMl

20

h4o CR or PR

fotigue nouseo onorexio

IFoutadietai 20061

Pediatric solid

24

No CR/PR SD(3|

Gi astwt>oix:es cardiac dsn.'rtwncei myeiosupfesoo'

{Pietor; et al. 20061

periptierai T cell NHL

26

CR(3) PR|3)

N/A

(Piekonetol. 2006)

CTCL

27

CR(3| PR(7|

suddef^ deotn [) potient)

(Goioelai 2007)

AMI

22

PR(2| SD(7)

fatigue atxxexio nauseo vomiting hypocoicemio
tiypootbumineniio fur^gahntections

(Ryanwal 2005)

Solid/lymphoma

30

No CR/PR SD(I5|

Nauseo vomiting arxKexio diarrhea TCP.
tiypocolcemia tiypoatbvrminemio

(Byrdatdl. 20051

Fatigue orMxexia nouseo cordioc disMborKei

MS-275

Bellnostot
(Glaser 2007)
(Glas» 2007)

N/A

Fatigue MQuseo vomiiing ptitetjitis

No CR/PR SD(6). PD(6)

fJouseo totigue vointing dkjrrtwci

N/A
Marrow responses(3|
SD(4)

Fatigue nouieo vonnlmg
Fatigue nouSeo .omilmg diarrheo denydrotion
Fatigue rwuseo vomiting oryxexio cor^stipotion

15

Transient reduction in

10

Blood blast(8)
CR(2) PR|4) SD(2|

f?evefsibie cordioc dtsturtDarces nausea vomiting
dioiTtieo hypokotemto TCP
diorrtieo

Solid

N/A

Multiple myeloma

12

AML/MDS
AML/MDS
Solid

N/A
20
28

AML/ALL/MDS

MGCD0103
(Giaser 200/i
I Rasheed el i< . 2007)
iRasheed « d 20071
LBH589
(Gteetal 2006)
lyi
ON

iEisotal 20071
Manuscript submitted

CTCL

OR (overall response), CR
(complete response). PR
(partial response), SD
(stable disease), PD
(progressive disease), N/A
(not available), TCP
(thronnbocytopenia), GI
(gastrointestinal), DVT
(deep vein ttirombosis),
AML (acute myeloid
leukemia), CTCL (cutaneous
T-cell lymphoma), PTCL
(periptieral T-cell
lymptioma), CLL (ctironic
lymptiocytic leukemia), NHL
(non-tiodgkins lymphoma),
ALL (acute lymphocytic
leukemia), MDS
(myelodysplastic
syndrome). Source (Closer,
2007: Rasheed et al., 2007).

Table 1-10: Summary of HDACi in combination clinical trials
HDACI/combo

Study
Phase

Tumour type

Patients
fecfuHed

Adverse events

Responses

Vorinostcrt
carboplatin+paclitoxel

Solid

FOLFOX

SD(4/6 evaluable)

Nausea, vomiting, TCP,
neutropenia
Neutropenia, mucositis,
nausea, vomiting

NoCR PR(U

Fatigue, hyponatraemia.
neutropenia

PR(4|. SD(2)

Colorectal
MS-275

ATRA
Belnostot
dexomethosone
velcade
vidazo
5-FU
MGCD0103
gemzor
vidazo

Solid

13

I
I
I

Mutiple Myeloma
hoematological
haematological

N/A
N/A
N/A

PR(1), SO(numerous)
N/A
N/A

lb

colorectal

N/A

N/A

N/A
N/A
N/A
Fatigue, nausea, vomiting,
atxirexia

pancreatic
tiaematological

N/A
N/A

N/A
N/A

N/A
N/A

PR (partial response), SD (stable disease), CR (complete response), N/A (not available), TCP (thrombocytopenia),
FOLFOX (fluorouracil, leukovorin and oxoliplatin), ATRA (All-frans-retinoic acid), 5-FU (5-fluorouracil). Source (Closer,
2007; Rasheed et ol., 2007).
Note: no clinical data has been published on combination therapies with Romidepsin and LBH589.
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1.14

Aims
The clinical development of HDACi has progressed greatly since their initial

discovery. While HDACi demonstrate pleiotropic cellular effects which mediate potent
antitumour activity, the molecular mechanisms underlying these effects of HDACi remain to
be fully elucidated. Initially it v^^os thought that HDACi mediated their biological effects
through regulation of gene expression by directly influencing histone acetylation, as HDAC
have a primary role in chromatin remodeling and transcription. With the progression of
research involving HDACi, it has been realized that the activity of a diverse group of nonhistone proteins is also regulated by acetylation, indicating a much more extensive role for
HDACi than first understood.
In vitro data shov/s that HDACi induce tumour cell death at concentrations that are
non lethal to non-malignant cells, favoring them for therapeutic intervention. The focus of
this work emphasizes the apoptotic properties of HDACi, which have been reported by
various groups to activate both the intrinsic and extrinsic apoptotic pathways. The
activation of the apoptotic pathways has been associated with up-regulation of proapoptotic genes and/or the down-regulation of anti-opoptotic genes with recent reports
discussing a correlation between HDACi-medioted opoptosis and in vivo therapeutic
efficacy (Duvic et ol., 2007; Lindemann et oL, 2007).
The studies undertaken in this thesis aimed to delineate the molecular mechanisms
underlying apoptosis mediated by the HDACi LAQ824 and LBH589. Moreover, it was also an
aim to investigate the possible correlation between HDACi-mediated apoptosis and
therapeutic efficacy, using a mouse model of B-cell lymphoma. A correlative study was
carried out within a Phase I trial of CTCL patients being treated with an oral formulation of
the HDACi LBH589. Affy-metrix micro-array technology was utilized to examine the changes
in gene expression following treatment with LBH589. Aside from the Phase I study, numerous
CTCL cell lines were also investigated for their susceptibility to HDACi-mediated apoptosis
and their sensitization to TRAIL-induced apoptosis.
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Specifically, the aims of this project were to:
1. Dissect the apoptotic machinery required for HDACi LAQ824- and LBH589mediated apoptosis in a mouse model of B-cell lymphoma.
2.

Determine if LAQ824- and LBH589-mediated apoptosis correlates with in vivo
therapeutic efficacy.

3.

Investigate gene expression profiles within CTCL patients treated with LBH589
and identify common genes altered by LBH589 using affy-metrix micro-arrays.

4.

Investigate LBH589-mediated apoptosis in CTCL cell lines and determine if low
dose LBH589 can sensitize CTCL cell lines to TRAIL-mediated apoptosis.
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Chapter 2. Materials and Methods
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2.1

Tissue culture methods

2.1.1

Reagents
To induce cell death, E|j-myc lymphomas were treated with either LAQ824 (Novartis

Pharmaceuticals, USA) or LBH589 (Novartis Pharmaceuticals, USA) with a conccentration
range of O-lOOnM for 2-72 hours or where indicated with Etoposide (Mayne Pharmo Limited,
Australia) at 20nM for 24 hours (table 2-1).
CTCL cell lines were treated with LBH589 (Novartis Pharmaceuticals, USA) with a
dose range of 0-500nM, O-lOOnM etoposide (Mayne Pharma Limited, Australia) or 0400ng/ml recombinant human trail (Peprotech, Australia) to investigate the induction of
cell death (table 2-1). For the detection of the human TRAIL receptors (DR4 and DR5),
antibodies (Img/ml) manufactured in the laboratory of Dr Hideo Yagita, Jutendo University
Japan and were kindly donated to the Cancer Immunology Laboratory.
For in vivo studies, LAQ824 and LBH589 were made at a stock concentration of
lOOmg/ml in IM lactic acid (ICN, Irvine, CA) and stored at -20°C, and diluted 1:10 in 5%
dextrose H2O on the day of use.

Table 2-1: Reagents
Reagents

Supplier

LAQ824

Dr Peter Atadja (Novartis Pharmaceuticals)

LBH589

Dr Peter Atadja (Novartis Pharmaceuticals)

Etoposide

Mayne Pharmo Limited, Australia

Human recombinant

Peprotech, Australia

TRAIL

61

2.1.2

Cell Culture
All Ep-myc lymphomas were maintained by serial passage in a humidified 10% C O 2

atmosphere at 37°C in high-glucose version of DMEM supplemented with 10% FCS (CSL,
Parkville,

Australia),

penicillin/streptomycin,

0.1

mM

L-asparagine

and

50

mM

2-

mercaptoethanol (Sigma Australia).
Cutaneous T-cell lymphomas (CTCL) cell lines, Myla and Hut78, were maintained
by serial passage in a humidified atmosphere of 5% C O 2 at 37°C in RPMI medium 1640
supplemented 10% FBS, 0.5% P/S and 2mM l-glutamine (JRH Biosciences, Lenexa, KS). The
CTCL cell line SeAx was maintained as above, but with the addition of 20 mM Hepes (insert
company here). All cell lines were a gift from Dr Barbara Schnierle from the Institute of
Biomedical Research, Frankfurt, Germany. Cell lines are listed in table 2-2.

2.2

Determination of Cell Deatti

2.2.1

Viability assay
Cells (2xlOVml) were cultured in the presence or absence of cell death stimuli for

varying times. Cell membrane integrity was assessed by two methods: trypan blue
exclusion and propidium iodide (PI) uptake. For trypan blue exclusion cells were mixed at a
1:1 (v/v) ratio with trypan blue solution (0.4% in PBS) (ICN, Irvine, CA). Cell death was then
calculated by the average count of 4 fields of view using light microscopy (insert details).
For determining cell death by PI uptake, PI solution (69mmol/L, 388mmol/L NaCitrate,
100|jg/ml Rnase A) was added to an aliquot of cells (1:10) and analysed for FL-3
fluorescence using a BD LSR II cytometer (BD Biosciences, Australia). Between 5000 and
10000 events were counted.
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Table 2-2: EM-myc and CTCL cell lines

En-myc B cell lymphoma lines

Supplier

Ejj-myc lymphoma

Dr Claire Scott (WEHI)

E|j-myc/Bid-/- lymphoma

Leonie Cluse (PMCC)

E|j-myc/Bim-/- lymphoma

Dr Claire Scott (WEHI)

E|j-myc/Apaf 1 -/- lymphoma

Dr Claire Scott (WEHI)

E|j-myc/Caspase9-/- lymphoma*

Dr Claire Scott (WEHI)

E|j-myc/Bcl2 MSCV lymphoma

Dr Claire Scott (WEHI)

E|j-myc/Bclw MSCV lymphoma

Leonie Cluse (PMCC)

Eg-myc/Bclx MSCV lymphoma

Leonie Cluse (PMCC)

E(j-myc/TRAIL-/- lymphoma

Leonie Cluse (PMCC)

En-myc/CrmA MSCV lymphoma

Leonie Cluse (PMCC)

E|j-myc/p53-/- lymphoma

Dr Scott Lowe (CSH)

E|j-myc/p 19Arf-/- lymphoma

Dr Scott Lowe (CSH)

E^J-myc/XIAP MSCV lymphoma

CTCL Cell Lines

Leonie Cluse (PMCC)

Supplier

Origin

MyLa

Dr. Barbara Schnierle

Mycosis Fungoides Patient

SeAx

Dr. Barbara Schnierle

Sezary Syndrome Patient

HUT78

Dr. Barbara Schnierle

Sezar/ Syndrome Patient

* only 1 lymphoma available
CSH = Cold Spring Harbour
PMCC = Peter MacCallum Cancer Centre
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2.2.2

Annexin V staining
The exposure of the phospholipid phosotidylserine on the outer leaflet of the plasma

membrane was detected using Annexin-V-APC (BD Biosciences, Australia). To assist in the
differentiation of early and late apoptotic cells, PI was incorporated for a double stain
method with Annexin-V-APC. Cells (2xl05/ml) treated over night with various apoptotic
stimuli were washed in PBS, and then incubated in SOpI Annexin-V-APC/PI (1:100) in solution
1 (lOmM Hepes pH 7.4, 140mM NaCI, 5mM CaCl2 in PBS) for 10 minutes at room
temperature (RT). Cells were further diluted to 300|jI in PBS and analysed for FL-3 and APC
fluorescence using a BD LSR II cytometer (BD Biosciences, Australia). Between 5000 and
10000 events were counted.

2.2.3

Clonogenic assay
Cells were treated overnight with various apoptotic stimuli and then were diluted in

their respective media to 4xlOVml. Fifty (50)|jl of cells (SxlO^) were a d d e d to 1.5ml molten
soft agar (20% FBS/0.3% agar in media) and SOOpI was plated in triplicate in a 24 well flat
bottom plate (BD Biosciences, North Ryde, Australia). Agar was allowed to set for 30
minutes at RT before over laying 1ml of media. Plates were then incubated in a humidified
37°C incubator for 7-12 days. Colonies were counted using an inverted microscope
(Opeico, Dulles, VA).

2.2.4

Cell cycle analysis
Cells (2x105) treated with various apoptotic stimuli were assessed for DNA content

by PI staining. Following treatment cells were washed in PBS, fixed in cold 50% ethanol/PBS,
washed once again in PBS and resuspended in PI solution for 15 minutes at 37°C. Cells were
then analysed for FL-3 fluorescence using a BD LSR II cytometer (BD Biosciences, North
Ryde, Australia). Between 5000 and 10000 events were counted.

64

2.3

Detection of activated caspases
Cells (2x105) treated over night with or without drug were washed once in PBS. Cells

were then resuspended in

IOOMI

of FITC-VAD fmk (Promega, Australia) in PBS

(1:5000)

for

15

minutes at 37°C. Cells were then analysed for FL-1 fluorescence using a BD LSR II cytometer
(BD Biosciences, Australia). Between

2.4

5 0 0 0

and

10000

events were counted.

Mitochondriai membrane potential (MOMP)
Assessment of mitochondrial transmembrane potential (A'+'m) in the presence or

absence of apoptotic stimuli was performed. Cells (2x10^) treated over night with or with
out drug were mixed at 1:1 (v/v) with media containing 200nM Tetramethylrhodamine ethyl
ester perchlorate (TMRE) (Molecular Probes, Eugene, OR) at RT and assessed for FL-2
fluorescence by flow cytometry using a BD LSR II cytometer (BD Biosciences, Australia).
Between 5000 and 10000 events were counted.

2.5

Detection of protein expression

2.5.1

Preparation of whole cell lysates
Cells (1x10^) were washed in PBS and lysed in 200|jl ice cold lysis buffer (50mM Tris-

Hcl pH7.5, 250mM NoCI, 5mM EDTA, 0.1% SDS, 1% TxlOO, 1% sodium deoxycholate and 20%
v/v glycerol) containing a protease inhibitor cocktail of Aprotinin (1:2000)(Sigma, USA),
Pepstatin/Leupeptin (1:1000) and PMSF (1:50). Incubation for 5 minutes on ice was followed
by sonication (output=2; duty cycle=30%) for 10-15 seconds (2x) before centrifugation at
13000rpm for 10 minutes at 4°C to remove cell debris and allow collection of the
supernatant.

2.5.2

Protein concentration determination
Protein concentrations of whole cell lysates were measured by the BCA protein

assay (Pierce, USA). Lysate was diluted 1:5 in dH20 and 20|jl was added to ISOpI of BCA
reagent A: BCA reagent B (50:1) in a 96-well flat bottom plate (Greiner Bio-One,
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Longwood, FL). Samples were incubated at 37°C for 30 minutes. Absorbonce was read at
an optical density (OD) 595 on a microplate reader (Molecular Devices, Sunnyvale, CA).
Protein concentration was determined by preparing a standard curve using bovine serum
albumin (BSA) (Pierce, Rocktord, IL) as a standard (0-1000 MQ/ml).

2.5.3

Western Blotting
Proteins (4-30Mg whole cell lysates) in 5x loading buffer (250nM Tris pH 6.8, 50%

glycerol, 10% SDS, 2.5% 2-mercaptoethanol, 0.001% bromophenol blue in H2O) were
separated on 10% SDS-polyacrylamide gels in Ix running buffer (25mM tris-HCI, 192mM
glycine, 0.1% SDS, 20% methanol in H2O) at 100-180V. Proteins were electroblotted onto
Immobilon-P PVDF membranes (Millipore, Bedford, MA) in transfer buffer (39mM glycine,
48mM Tris base, 0.03% SDS, 20% methanol in H2O) using a semi dry transfer apparatus (BioRod, Hercules, CA) for 40 minutes at 15V. Membranes were then blocked in 5% skim milk in
0.5% tween-PBS (tPBS) or 2% BSA in tPBS at 4°C over night. Primary antibodies (table 2-3)
were diluted in tPBS and incubated with membranes overnight at 4°C. Membranes were
then washed 3x10 minutes with tPBS before the addition of secondary horse radish
peroxidase (HRP)-conjugated antibodies (DAKO, Glostrup, Denmark) that were diluted in
tPBS. Following incubation at RT for 2 hours with shaking, membranes were washed 3x10
minutes in tPBS. Immunoreoctive bonds were visualized by enhance chemiluminescence
with ECL western blotting detection reagents (Amersham Biosciences, Buckinghamshire,
UK) and exposure of membranes to Biomox XAR film (Kodak, Rochester, NY) for 5 seconds 10 minutes. Films were developed in an Agfa Curix 60 x-ray developer (Nunawading,
Australia). See blue Plus 2 pre-stained protein standards (Invitrogen, Carlsbad, CA) were
used to estimate molecular weights of bands.
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Table 2-3: Western Blot anti-body information
Anti-body (Abs)

Supplier

Dilution

Secondary

Dilution

Western blot Abs
a-acetyl histone H3

Upstate technologies

1/1500

a-rabbit

1/10000

Stressgen, USA

1/1000
1/1000

a-rat
a-rabbit

1/5000
1/5000

Transduction Laboratories, USA
David Huang (WEHI)
David Huang (WEHI)

1/1000
1/1000
1/1000

a-mouse
a-rat
a-mouse

1/5000
1/5000
1/5000

a-Bcl-2
a-Bcl-XL
a-Bcl-w

BD Bio-Sciences, Australia
Santa Cruz, USA
Chemicon, Australia

1/1000
1/1000
1/1000

a-hamster
a-mouse
a-rat

1/5000
1/5000
1/5000

a-CrmA

BD Bio-Sciences, Australia

1/500

a-mouse

1/5000

#
#

a-mouse

1/2000

a-Bid
a-Bim
a-XlAP
a-Apaf-1
a-Caspase-9

FACs Abs

a-DR5 (TRAIL-R2)
a-Bcl-2-PE

Dr Hideo Yagita
(Jutendo University, Japan)
Dr Hideo Yagita
(Jutendo University, Japan)
Ancell Imnnunology, USA

1/50

a-mouse
N/A

1/2000
N/A

Control Abs
igGi
a-P-actin

Santa Cruz, USA
Sigma, Australia

#
1/2000

a-mouse
a-mouse

#
1/5000

a-DR4 (TRAIL-R1)

# Refer to Chapter 2, section 2.15
N/A; not applicable
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2.6
2.6.1

Isolation of RNA
Affymetrix micro-arrays
Patient tissue collected from 3mm punch biopsies were frozen in OCT (Optimal

Cutting temperature medium). OCT embedded tissue was then transferred to a precooled 14ml polypropylene round bottom tube (Greiner, Australia) and 2.5ml TRIzol
(Invitrogen, Australia) was added. Samples were then homogenized (John Morris Scientific,
Australia) at maximum speed for 2 minutes. A further 2.5ml TRIzol was added and samples
were incubated at RT for 15 minutes. 1 ml of chloroform was added and mixed by vortexing
for 1 minute and further incubated at RT for 1 minute. Samples were then subject to
centrifugation using a Sorvall RC 5C PLUS centrifuge (Kendro, Sorvall Heraeus Carr, United
Kingdom) for 15 minutes at lOOOOrpm. The aqueous, or top layer, was then removed by
pipetting to an RNase free 15ml Falcon tube. An equal volume of 70% EtOH was then
added to each sample mixed briefly by vortexing. RNA was then purified using a RNeasy
Purification Midi Kit (Qiogen, Australia). Samples were applied to an RNeasy column in a
15ml tube and centrifuged at 3000rpm for 3 minutes. Columns were then washed adding
3.8ml of RWl buffer and centrifuged at 3500rpm for 5 minutes. 2.5ml RPE buffer was then
added to the column and centrifuged for 3500rpm for 2 minutes. This step was repeated
but the centrifugation was done this time for 5 minutes. The columns were then transferred
to a clean 15ml tube and 250|jl of RNase free H2O was applied to column before
centrifugation for 3 minutes at 3500rpm. This step was repeated to give a total volume of
500MI. RNA precipitation was carried out by mixing 500|jl of sample with lOOOpI EtOH and
50|jl 3M NaOAc in a 2ml eppendorf tube. Samples were incubated over night at -20°C. The
following day samples were centrifuged for 15 minutes at 13000rpm. 500MI 70% EtOH was
added before centrifuging again for 5 minutes at 13000rpm. Supernatants were removed
by pipetting and samples were air dried and resuspended in 3(jl RNase free H2O and frozen
at -70°C until used.
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2.6.2

Quantative real-time PGR (QRT-PCR)
Cells (6x105) were lysed in ImL TRIzol reagent and incubated at RT for 5 minutes.

200^1 of chloroform was then added per sample and vortexed for 30 seconds. Samples
were further incubated at RT for 5 minutes, and then centrifuged at 4°C for 15 minutes at
13000 rpm. The upper aqueous phase was transferred to a fresh tube and an equal volume
of isopropanol was added to precipitate the RNA. Samples were incubated at RT for 15
minutes and then centrifuged to pellet the RNA. Pellets were washed 2x with cold 70%
ethanol and dried on ice for 10 minutes. RNA was resuspended in 20|jl of RNase-free H2O.
RNA was further treated with RQl RNase-free DNase (Promega, Madison, Wl) to remove
any residual genomic DNA and the precipitated and stored at -80°C.

2.6.3

RNA quantitation

RNA extracted for either Affymetrix micro-array or QRT-PCR was placed on ice and their
respectative RNA concentrations were measured by using a Nanodrop Bioanalyser (insert
details).

2.7

Affymetrix micro-array analysis

2.7.1

Micro-array experimental design
Micro-array experiments were designed for the study of changes in gene expression

within patients receiving oral NVP-LBH-589 at the Peter MacCollum Cancer Centre.
Cutaneous T-cell Lymphoma (CTCL) patients with advanced stage or who had progressed
in disease after prior systemic treatment were entered into this phose I study. Six patients
had 3-mm punch biopsies from CTCL-involved skin lesions at 0, 4, 8 and 24 hours after
administration, which were then subjected to gene expression profiling using Affymetrix
U133 Plus 2.0 GeneChips (Millennium Science, Australia). Alteration in gene expression
patterns was confirmed by quantitative real-time PGR (QRT-PCR) of selected genes.
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2.7.2

cRNA synthesis
RNA

purified from section 2.6.1 was added

to a GeneChip

Expression

3'-

Amplification Two-Cycle Synthesis Kit (Millennium Science, Australia). For first strand cDNA
synthesis 2^Jl of T7-Oligo(dT) Primer/PolyA controls mix was added to 3|JI RNA. Sample was
incubated at 70°C for 6 minutes and then placed on ice for a minimum of 2 minutes. 5|jl
First cycle, first-strand cDNA master mix was then added to the RNA/T7 mix and then was
incubated at 42°C for 1 hour, 70°C for 10 minutes and then placed on ice. lOpI First cycle,
second-strand cDNA master mix was then added and incubated at 16°C for 2 hours, 75°C
for 10 minutes and then placed on ice. 30|jl First-cycle IVT master mix (Ambion MEGAscript
T7 kit) was added and incubated at 37°C for 16 hours. Cleanup of cRNA was then carried
out by adding 50|JI RNose-free H2O to reactions. 350ul IVT cRNA binding buffer was added
and mixed by vortexing, to which 250|jl EtOH was added and mixed by pipetting. 700|jl of
reactions were added to on IVT cRNA cleanup spin column and centrifuged for 30
seconds at 12000rpm. Flow through was discarded and a further SOOpI of IVT cRNA wash
buffer was added and centrifuged for 30 seconds at 12000rpm. 500|jl 80% EtOH was then
added to the column and centrifuged for 30 seconds at 12000rpm, to which the reactions
were centrifuged for a further 5 minutes at MOOOrpm. Columns were transferred to new
1.5ml eppendorf tubes and 13|jl of RNase-free H2O was placed directly on the membrane
of the column and centrifuged for 1 minute at MOOOrpm. l|jl of each sample was used to
quantitate the concentration of cRNA in each reaction. 600ng cRNA was transferred to a
PCR strip tube and 2|jl random primers (0.2|jg/ml) were added. RNase-free H2O was used
to make the final volume up to 11 |jl. reactions were then incubated at 70°C for 10 minutes
and placed on ice. 9|jl second-cycle, first-strand cDNA master mix was then added to
reactions and incubated for 42°C for 1 hour and placed on ice. 1 |jl RNase H was added to
reactions and incubated for 20 minutes at 37°C, 95°C for 5 minutes and placed on ice.
5|JM T7-Oligo(dT) was added to each reaction and incubated at 70°C for 6 minutes and
placed on ice. 125|jl second-cycle, second-strand cDNA master mix (table) was added to
each reaction and incubated at 16°C for 10 minutes and placed on ice where samples
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w e r e transferred to 1.5ml e p p e n d o r f tubes. 600|jl cDNA binding buffer was a d d e d to e a c h
r e a c t i o n a n d mixed by vortexing. 500|jl of sample was a d d e d to cDNA c l e a n u p spin
columns a n d centrifuged for 1 minute at 12000rpm. Remaining sample was thien passed
througti c o l u m n under the same conditions. Columns w e r e transferred to c l e a n 2ml tubes
a n d 750MI C D N A wash buffer was a d d e d a n d columns w e r e centrifuged for 1 minute at
12000rpm, followed by MOOOrpm for 5 minutes. Columns w e r e transferred to c l e a n 1.5ml
e p p e n d o r f tubes a n d Mpl cDNA elution buffer was a p p l i e d directly to the

column

m e m b r a n e , i n c u b a t e d at RT for 1 minute a n d centrifuged at MOOOrpm for 1 minute.
Reaction volume was then m a d e up to 20|JI with RNase-free H2O to w h i c h a further 20MI IVT
r e a c t i o n mix was a d d e d a n d i n c u b a t e d for 16 hour at 37°C. 60|jl of RNase-free H2O was
a d d e d t o reactions followed by 350MI IVT cRNA binding buffer a n d 250|jl EtOH a n d mixed
by vortexing a n d pipetting respectively. 700^Jl sample was a d d e d to a n IVT cRNA c l e a n u p
spin c o l u m n a n d centrifuged for 30 seconds at 12000rpm. Columns were then transferred
to c l e a n 2ml tubes a n d 500>jl IVT cRNA wash buffer was a d d e d to the c o l u m n a n d
centrifuged for 30 seconds at 12000rpm. 500MI 80% EtOH was then a d d e d a n d centrifuged
for 30 seconds a t 12000rpm, followed by a further 5 minutes at MOOOrpm. Columns w e r e
transferred to c l e a n 1.5ml e p p e n d o r f tubes a n d 11 |jl of RNase-free H2O was a d d e d directly
to the c o l u m n m e m b r a n e a n d centrifuged for 1 minute at MOOOrpm. l|jl of e a c h sample
was q u a n t a t e d for RNA concentration. 20|jg of cRNA of e a c h sample was mixed with 8|jl 5
x f r a g m e n t a t i o n buffer a n d final volume was adjusted to 40|JI using RNase-free H2O a n d
i n c u b a t e d at 94°C for 35 minutes. 250ng of sample was used for analysis of f r a g m e n t a t i o n
using a n Agilent 2100 bioanalyzer (Agilent Technologies, Australia). The rest of the sample
was kept a t -70°C until further use.

2.7.3

Probe labeling. Hybridization a n d Scanning of micro-array chips
All labeling, hybridization a n d scanning of Affymetrix U133 Plus 2 chips was

c o n d u c t e d following protocols a c c o r d i n g to the Affymetrix G e n e C h i p Expression Analysis
t e c h n i c a l manual.

Briefly, a total c o n c e n t r a t i o n of 15|jg f r a g m e n t e d cRNA was used to
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hybridize all U133 Plus 2 chips using a 49 format/64 format array protocol. Probe
hybridization was carried out at 45°C and 60rpm for 16 hours in an oven with a rotor
(Hybridization oven 640, Affymetrix). Hybridized cRNA was then washed and stained using
a eukaryotic stain protocol (EukGE-WSv5_450) in an Affymetrix Fluidics Station 450
(Millennium Science, Australia). Scanning of all chips proceeded using an Affymetrix
GeneChip Scanner 3000 (Millennium Science, Australia). Data was extracted using
Affymetrix GeneChip Operating Software

(GCOS) Version

1.0 (Millennium Science,

Australia).

2.7.4

Data Analysis
To analyse changes in gene expression over time, 2 methods were undertaken. The

first was conducted at the Peter MacCallum Cancer Center, while the second method
was in collaboration with Dr Gordon Smyth from the Walter and Eliza Hall Institute of
Medical Research (WEHI).

2.7.5

Normalization and Quality Assessment
The quality of the data from each GeneChip was assessed using a variety of

graphical methods (Bolstad et ol., 2005). The plots, especially the RNA degradation plot,
lead to omit one GeneChip entirely from any further analysis on the basis of insufficient
signal. Plots of the intensity distributions of the remaining 21 GeneChips suggested some
variation in quality, although not enough to exclude them from any subsequent analysis.
Intensities were background corrected, normalized and summarized using gcRMA
algorithm (Wu et al., 2004) implemented in the gcrma software for R (R Core Development
Team, 2005). Probe sets were filtered and not considered further if they failed to reach the
normalized intensity of 2''=16 for at least four samples.
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2.7.6

Differential Expression
Differential expression analysis used the limma software package for R (Smyth,

2005). A two-way additive ANOVA model was fitted for each probe-set with patient (six
patients) and time (four times 0-24hr) as the two factors. Differentially expressed genes
were selected on the basis of empirical Bayes F-statistics for time adjusted for differences
between the subjects. The F-statistics allow genes to be prioritized which respond to LBH589
in a way which is consistent over the patients. The use of empirical Bayes moderation
permits reliable inference with a small number of arrays. Empirical array quality weights
were estimated from the data and incorporated into the linear model analysis (Ritchie,
2006). The use of array quality weighted allow us to accommodate differences in precision
between the different GeneChips or RNA samples while keeping all the arrays in the
analysis. This has been shown to find differentially expressed genes more reliably than
ignoring weights or discarding all but the best quality arrays. The method of Benjamini and
Hochberg (Benjamini and Hochberg, 1995) was used to control the expected false
discovery rate less than 15%.

2.8

Quantative real time PCR

2.8.1

cDNA synthesis
2pg total RNA was added to 0.5Mg oligo dT primers (Geneworks, Adelaide,

Australia) in a total volume of 12MI and incubated at 70°C for 5 minutes. Samples were then
cooled on ice for 5 minutes, before the addition of 20MI 5X M - M L V buffer, 5|jl lOmM dNTPs,
l|jl RNasin (Promega, Madison, WT), lOpI O.IM DTT, 49|jl RNase-free H2O and Ipl M-MLV
reverse transcriptase RNase H minus, point mutant (Promega, Madison, WT). Samples were
incubated at RT for 10 minutes, and then at 40°C for 50 minutes.
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2.8.2

PGR primers
PGR

primers

were

designed

using

(http://aenome.ucsc.eau,

and

httD://frodo.wi.mit.edu/), with a melting temperature between 58-60°G and resulting
product size of between 75-200bp. Primers were obtained from Geneworks (Adelaide,
Australia) as lyphilised preparations and were dissolved in DEPG H2O before use. Primer
pairs are listed in table 2-4.

2.8.3

Quantitative real-time PGR
Each PGR was carried out in triplicate in a 20MI volume using SYBER Green Master

Mix (Applied Biosystems, Warrington, UK) for 15 minutes at 95°G for initial denaturing,
followed by 35 cycles of 95°G for 30 seconds and 60°G for 30 seconds in the ABI Prism 7700
Sequence Detection System (Applied Biosystems, Warrington, UK). The ribosomal gene L32
was used as the control gene. Values for each gene were normalized to the expression
levels obtained for L32. Fold change at different time points were calculated relative to
that in baseline or per-treatment samples (time Ohr). Disassociation curves were generated
for each PGR reaction to ensure the purity of the amplified product.
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Table 2-4: Quantative real time PGR primers

Gene
L32

Primers (5'-3')
F: TTCCTGGTCCACAACGTCAAG
R: TGTGAGCGATCTCGGCAC

GUCY1A3

F: CAGACGl l l AGCGGGATCAT
R: CCCCAAAAACAAGATTGC

NR2F2

F: CGGAGGAACCTGAGCTACAC
R: CAGGTACGAGTGGCAGTTGA

ANGPTl

F: GGGAGGAAAAAGAGAGGAAGA
R: ATTCCTTCCAGCCTC l 11GG

CCNDl

F: AACTACCTGGACCGC l I CCT
R: CCACTTGAGCTTGTTCACCA
Abbreviations used: F (forward), R (reverse): L32 (ribosomal protein L32; 200674_s_at);
GUCY1A3 (guanylate cyclase 1 soluble alpha 3; 221942_s_at); NR2F2 (nuclear receptor
subfamily 2 group F member 2; 215073_s_at); ANGPTl (angiopoietin 1; 205609_at);
CCNDl (cyclin Dl; 208712_at).
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2.9

In vivo Studies

2.9.1

Experimental models
For the study of the in vivo efficacy of the hydroxamic acid derivates LAQ824 and

LBH589, two mouse models were utilized. Firstly, to compare the in vivo therapeutic and
apoptotic mechanisms of both LAQ-824 and LBH-589 against Ejj-myc driven lymphomas, 68 week old, aged matched male C57BL/6 mice were chosen and secondly, to investigate
the in vivo therapeutic efficacy of NVP-LBH-589 against the T cell lymphoma cell line MyLaJ, 4 week old, aged BALB/c SCID mice were used.

2.9.2

Therapeutic efficacy of LAQ824 and LBH589 towards mice bearing Ep-myc B cell
lymphomas
To examine the in vivo efficacy of LAQ824 and LBH589 the E|j-myc mouse model of

B cell lymphoma was utilised (discussed in chapter 3). Therapy studies consisted of a total
of thirty C57BL/6 male mice, with cohorts of ten mice per treatment group. All mice were
injected by intravenous injection (IV) with 2 x 1 E p - m y c lymphoma cells. White blood cell
(WBC) counts were monitored by a haematology analyser (Sysmex Hematology Analyser
K-1000; Sysmex, Malberg, Germany) and once WBC counts exceeded 13x103 per
microliter, therapy commenced. Before each administration of therapy mice were
weighed to calculate the exact dosage for injection. Mice then went on to receive 1 of 3
injections (figure 2-1);

•

Group 1: 200|jl 10% lactic in 5% dextrose H2O (v/v) every 7 days

•

Group 2: 75mg/kg LAQ824 every 5 days with a total of 4 therapy injections

•

Group 3:80mg/kg LBH589 every 7 days for a total of 3 therapy injections

Once cohorts had received their total number of injections mice were observed for
overall survival, comparing mice that received either LAQ824 or LBH589 to that of vehicle
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treated mice. Mice that had succumbed to lymphoma were culled and an autopsy
proceeded (figure 3-la). The mice were scored for the degree of relapsed lymphoma, and
if tumour dissemination had occurred.

Spleen and liver weights were also recorded.

Kaplan-Meier survival analysis was carried out and P values were calculated by a MannWhitney statistical test (MedCalc software, version 8.0.2.0; MedCalc, Mariakerke, Belgium).

2.9.3

Immunohistochemistry analysis of apoptosis and histone H3 acetylation
To study the in vivo apoptosis (IVA) induced by LAQ824 and LBH589 in E|j-myc

driven lymphomas, ten C57BL/6 male mice were injected IV with 2x105 E^l-myc lymphoma
cells. Therapy commenced once the mice had palpable cervical lymph nodes. Apoptosis
induction was observed over time by mice being culled 4, 8 and 24 hours post
administration of therapy. Cervical lymph nodes were extracted and used to analyse cell
death by 2 different methods (figure 2-1). For FACS, single cell suspensions were used to
assess in vivo cell death by flourogold uptake. 1x10'^ cells were washed in PBS and stained
using flourogold (details) in PBS (1:1000). Samples were then analysed for Red-UV
fluorescence using a BD LSR II cytometer (BD Biosciences, Australia). The determination of
tumor burden in IVA assays was performed by assessing viable cells that were still positive
for green fluorescent protein (GFP) expression, or if cells were not transfected with GFP the
forward/side scatter profiles were analyzed to quantitate the percentage of viable
lymphoma cells using a BD LSR II cytometer (BD Biosciences, Australia). To determine
apoptosis by immunochemistr/ (IHC), 4Mm sections cut from mice cervical lymph nodes
were subject to TUNEL staining according to the protocol outlined in the Apoptag
Peroxidase In Situ Apoptosis Detection Kit (Chemicon International). Paraffin embedded
samples were placed in a 60°C oven for 1 hour. Slides were then immersed in 3 changes of
xylene for 5 minutes each, 2 changes of absolute alcohol for 5 minutes each and 1 wash
70% EtOH for 3 minutes before being placed in PBS. Samples were then digested using
Proteinase K (20|jg/ml) for 15 minutes and washed in 2 changes of dH20. 3% H2O2 was then
applied to specimens for 3 minutes, washed in 2 changes of PBS for 5 minutes, then
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equilibrated in equilibration buffer for a mininnum of 10 seconds. Samples were then
exposed to TdT enzyme diluted in reaction buffer (1:3) for 1 hour at 37°C in a humidified
chamber. This reaction was stopped by applying stop/wash buffer in dH20 (1:35) for 10
minutes at RT before washing samples in 3 changes of PBS for 1 minute each. Antidigoxigenin conjugate was applied samples and incubated for 30 minutes at RT in a
humidified chamber. Samples were washed in 4 changes PBS for 2 minutes each and color
was developed by the addition of the peroxidase substrate (Dako) for 6 minutes at RT.
Samples were washed in 3 changes of H2O for 1 minute each then counterstained using
Haematoxylin for 30 seconds, washed in H2O and placed in Scotts blue H2O for 30 seconds.
Specimens were finally dehydrated using 3 changes of xylene for 2 minutes each before
adding Entellan (details) mounting medium with a glass cover slip.
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Therapy

LBH589: E7D 80mg/kg IV (3 injections)
Bleed mice
Leukemic: begin
therapy
LAQ824: E5D 75mg/kg IV (4 injections)
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Figure 2-1: Experimental design to investigate the in vivo therapeutic and apoptotic
properties of LAQ824 and LBH589. Figures represent a schematic overview of (a) treatment
of mice bearing E|j-myc lymphomas and treated v^^ith LAQ824 or LBH589 to investigate the
therapeutic properties of both HDACi. Leukemic mice were treated with LAQ824 schedule
of 75mg/kg, injected IV every 5 days for a total of 4 injections and treatment with LBH589
was proceeded at 80mg/kg injected IV every 7 days for a total of 3 injections, (b) Mice
bearing Ejj-myc lymphomas and with palpable cervical lymph nodes were treated with
75mg/kg LAQ824 or 80mg/kg LBH589 and cervical nodes were harvested at the indicated
times. Prepared lymph nodes were then used to assess any LAQ824 or LBH589 induced
apoptosis by flow cytometry and immunohistochemical methods. All LAQ824 and LBH589
treated mice were compared to tumour bearing mice treated with a vehicle control.
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2.10

In vivo Studies: LBH589 against Cutaneous T cell Lymptioma
The CTCL line MyLa has been previously established in vivo using a xenograft model

to study the nnost frequent variant of CTCL, Mycosis Fungoides (MF) (Schnierle ef al, 2004).
Therefore to study the therapeutic efficacy of LBH589 against CTCL in vivo the protocols
established in this paper vv^ere adhered to.
Four week old BALB/c SCID mice (WEHI, Melbourne, Australia) were used to
establish initial tumors by injecting 1x10^ MyLa-J cells derived from tissue culture by
subcutaneous (SQ) administration. Once tumors measured l.Scm^ mice were sacrificed
and tumors were excised and washed in PBS. Excised tumors were then used to create cell
lines and it was these lymphomas used to carry out any future in vivo studies.

2.10.1 Therapeutic efficacy of LBH589 treatment in vivo of xenograft model of T cell
lymphoma
Therapy studies were conducted by administration of 1x10' MyLa-J cells by SQ
injection into naive 4 week old female BALB/c SCID mice. Tumor growth was monitored by
serial caliper measurements and once the tumor reached lOmm^, LBH589 therapy would
commence.
LBH589 was made up at a stock concentration of lOmg/ml in D5W (5% dextrose in
water) and stored at -20°C until used. Experimental mice with established tumor were
divided into two individual groups, receiving either LBH589 or vehicle (D5W alone). For the
duration of the therapy experiment LBH589 was administered by intraperitoneal (ip)
injection at a dose of 20mg/kg Monday, Wednesday, Friday, with vehicle administration
mirroring that of the LBH589 dosing schedule. Tumors were monitored by serial caliper
measurements during therapy and an end point was reached once a tumor measured
100mm2 (figure 2-2).
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Therapy
LBH589: 20mg/kg IP (Mon, Wed, Fri) or
Inject Lymphoma cells

DO

Begin LBH589 therapy
once tumours measure

O
l mm^

Observe survival
Once vehicle treated mice tumours
measure lOOmm^ experiment is

Figure 2-2: Experimental design to investigate ttie in vivo ttierapeutic efficacy of LBH589 in
treating xenograft T ceii iymplioma. Mice injected SQ with MyLa-J T cell lymphomas cells
were grown to a measurement of lOmm^. Once tumours measured 10mm2, therapy with IP
administration of LBH589 commenced at 20mg/kg on a Monday, Wednesday and Friday
therapy schedule. Upon vehicle treated tumours reaching a measurement of >100mm2 all
therapy was ceased.
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2.11

Immunohistochemical (IHC) detection of acetylated histone H3 in patient sampies
OCT embedded biopsy patient samples discussed in chapter 5 were also cut to

4MM sections. To detect acetylated histone H3 the same protocol described for paraffin
embedded samples was used with the exception of 2 changes. Firstly, no antigen retrieval
was required and secondly the primary antibody, anti-acetyl histone H3 was used at a
dilution of 1:1200.

2.12

Detection of TRAIL receptors DR4 and DR5
The human death receptors, TRAIL-Rl (DR4) and TRAIL-R2 (DR5) baseline expression

was detected on CTCL cell lines by collecting 1x10^ viable cells and washing the cells in
PBS. Cells were then incubated at room temperature in PBS with primary antibody (Ipg per
10'^ viable cells) for 30 minutes. Cells were washed in PBS and pelleted by centrifugation at
350g for 10 minutes for a total of 3 washes. Secondar/ antibody, phycoeyrithin (PE) antimouse monoclonal antibody (Chemicon, Australia), was diluted (1:2000) in PBS and
incubated with cells at room temperature for 20 minutes, at which time the 3 washes were
repeated. Cells were resuspended in PBS and detected for PE fluorescence by flow
cytometry using a BD LSR II cytometer (BD Biosciences, Australia). Control staining was
carried by using mouse anti-lgGi (Chemicon, Australia) as primary antibody (table 2-3).

2.13

Ceii Line SNP Genotyping
SNP cell line genotyping carried out on CTCL cell lines discussed in section 2.1.2 and

was conducted by Dr Wenlin Shao at the Novartis Institute of Biomedical Research,
Cambridge, Boston, USA. The method for 48 SNP carried out on CTCL cell lines that follows
was kindly provided by Dr Shao.
48 SNP panel assay with the Sequenom IPLEX format developed at the Broad
Institute to verify the identity of cell lines.

The 48 SNPs provide an adequate level of

discrimination, can be performed in a plate (96 well) format and is more sensitive to

82

mixed/contaminated cell lines than the STR method. It is also much less expensive than the
Affymetrix SNP arrays.
Typically, the starting material is a "banked" vial of cells containing approximately
one million cells. DNA is isolated directly from this cryo-vial using a Qiagen DNeasy Blood &
Tissue Kit (column or 96 well).

After purification, the DNA is quantitated using the

fluorescent "PicoGreen dsDNA Quantitation Reagent" (Molecular Probes). A 96 vy/ell assay
plate containing 40 ul of DNA at 2.5 ng/uL is submitted to the Broad Institute for the
Sequenom IPLEX assay.
The 48 SNPs used are derived from 2 sources. The 500K SNPs are found on the Affy
500K SNP array and the lOOK SNPs ore derived from a beta version of the Affy lOOK SNP
array. The SNP assayed include:

Assav Id - 500K SNPS

Assav Id - lOOK SNPS

AMG_mid100

rsl 20434

rsl 1017876

rsl 259859

rs 1106334

rsl 365740

rsl 155741

rsl 385306

rsl 1655512

rsl 434199

rsl 1940551

rs464221

rsl210110

AMELXY_AFFY

rsl 364054

rsl 390272

rsl 528601

rsl 549944

rsl 61792

rsl 950501

rsl 7272796

rs2016207

rs242076

rs2051068

rs4775699

rsl 350836

rs4793172

rsl 522307

rs4905366

rs2180770
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rs6603251

rs2347790

rs6734275

rs248205

rs685449

rs265005

rs7555566

rs 1028330

rs7584993

rs 1571256

rs7808249

rs 1952966

rs9293511

rs2380657

rs9352613

rs298898

rs9572094

rs58616

The resulting genotypes for each SNP trom each cell line is returned in a text file
(homozygote or heterozygote, i.e. A, AB, B). A pair-wise connparison is done with all the
previous data accumulated to determine the number of matching SNPs. For this analysis a
heterozygote call is considered discordant when compared to a homozygous call (see
below).
Based on the results from the Sanger Centre with the lOK Affymetrix SNP arrays, all
comparisons which have an identity greater than 70% ore highly likely to have been
derived from the same individual and therefore are probably derivatives of each other
(http:/7www.sanaer.ac-jK/qenetics/CGP/Genot/pina/svnlinestable.shtml).

For the IPLEX 48

SNP panel platform, unrelated cell lines should have less than 34 out of 48 matching SNPs.
We have found that the same cell line (technical or biological replicas) will share
identity of >44 of 48 SNPs. This is consistent with SNP and allele assay "dropouts" of less than
>10%. using the IPLEX methodology.
An increase in the number of heterozygote calls compared to "reference" data for
a cell line suggests the cell line is contaminated with another cell line (which is the source
of the additional alleles).

A pair-wise comparison is done with all the previous data

accumulated to determine if any discordant lines appear.
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2.14

Generation of Ep-myc compound mutant lymptiomas
To generate the EiJ-myc compound mutant lymptiomas outlined in table 2-2, two

individual methiods were utilized. For the generation of E|j-myc lymphomas over-expressing
anti-apoptotic proteins, retroviral transfection methods were utilized. Briefly retroviruscontaining supernatant was produced by tronsfecfing packaging cells with MSCV-IRESGFP/Bcl-2, MSCV-lRES-GFP/Bcl-xL, MSCV-IRES-GFP/Bcl-w and MSCV-IRES-GFP/CrmA using
standard calcium phosphate transfection methods. Virol supernatant was used to
transduce primary lymphoma cells in RetroNectin(TaKaRa Bio lnc.)-precoated nontissue
culture-grade six-well plates (Becton Dickinson). After 48h, GFP-positive cells were isolated
by flow cytometry-medioted cell sorting and reinjected into C57BL/6 recipients for
amplification. Em-myc lymphomas were maintained by serial passage as discussed in
section 2.1.2.
The generation of Ejj-myc lymphomas devoid of proteins involved in opoptotic
signaling, E|j-myc transgenic mice (provided by Dr. Alan Harris, Dr. Jerry Adams, Walter and
Eliza Hall Institute) were intercrossed with knockout mice (on a C57BL/6 background)
devoid of specific genes involved in opoptotic signaling (eg: Bid, Bim and TRAIL). Mice
were genotyped and left to age until visible signs of lymphogenesis were displayed. Lymph
nodes were harvested and lymphomas were used to generate single cell suspensions and
cell freeze banks in liquid nitrogen storage.

2.15

Transmission Electron Microscopy (TEAA) analysis of Ep-myc lymptiomas
E|j-myc lymphomas were either untreated or treated with LAQ-824 or LBH589 for

various times. Methodology for TEM cell preparation was kindly provided by Stephen
Asquith from the Peter MacCollum Research microscopy unit who prepared cells for TEM
analysis. Cells were immersion-fixed in buffer (2% glutaraldehyde, 2.5% paraformaldehyde
in 0.08M Sorenssen's PBS) for Ih at room temperature, washed in 0.08M Sorensen's PBS (3x
5min), and post-fixed in 2% osium tetroxide in PBS for Ih. Cells were then washed in distilled
water (3x 5min) and dehydrated through a graded series of ethonol (50%, 70%, 90%, 95%,
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2x 100%) for 20min each, before being cleared in acetone (2x 20nnin). Cells were infiltrated
by treatment with 1:1 acetone/spurr's resin for 3h and then 100% spurr's resin (2x Ih) under
vacuum. Cells resuspended in 100% spurrs's resin and blocks were polymerized at 70°C for
8h. Ultra thin sections with silver/gold interference colour were cut and mounted onto 200mesh copper grids and stained with uranyl acetate and lead citrate. Sections were
examined using a Jeol 1011 electron microscope (Jeol, Japan).

2.16

Detection of Intracellular Bcl-2 by Flow Cytometry

Cells (5x104) were oliquoted and centrifuged at lOK for 1 min using an Eppendorf 5417R
centrifuge (Selby Biolab, Australia). The supernatant was removed and cells were washed
in 500MI PBS and centrifuged again for 1 min at lOK. The supernatant was again removed
and cells were fixed in 4% paraformaldehyde (PAF) for 20 min at room temperature. Cells
were washed in PBS (x2) as above. Following the wash steps, cells were treated with PBS
(1%FBS, 0.02% NaAzide/PBS)/Quench (50mM NH4CI/PBS) buffer for 20 min on ice and
washed twice in PBS. Anti-Bcl2-PE antibody was applied to cells (1:50 in 0.5% Tween20) at
room temperature for 45 min and washed twice in PBS. Cells were finally resuspended in
0.5% BSA/PBS and analyzed for FL2/PE fluorescence using a BD LSR II flow cytometer (BD
Biosciences, Australia).

2.17

Ptiase I clinical Trial: LBH589 treatment of patients witli cutaneous T cell lymphoma
(CTCL)

2.17.1

Patients and methods
All patients signed an informed consent form and the study was approved by the

institution regulatory boards. Two centers (Peter MacCallum Cancer Centre and Duke
University Medical Centre) were involved in enrolling patients with CTCL.
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2.17.2 Patient Eligibility
Patients of at least 18 years of age with cytopathologically confirmed CTCL whose
disease had progressed despite standard therapy or for whonn no standard therapy exists
were eligible. Inclusion was irrespective of stage of disease or extent of prior therapy.
Patients were also required to have an Eastern Cooperative Oncology Group (ECOG)
Performance Status score of < 2 and a life expectancy of >12 weeks. All patients were
required to have an absolute neutrophil count > 1.5 x 109/L, hemoglobin > 90 g/L and
platelets > 100 x 109/L. Potassium, total calcium, magnesium and phosphorus levels
needed to be equal or above the lower limit of normal or correctable with supplements.
Patients were excluded from the study if there was impaired cardiac function, clinically
significant cardiac diseases or congenital prolonged QT syndrome.

2.17.3 Study Design
This study is a part of an ongoing phase I, multicenter, dose-escalation study of
LBH589 administered orally on two dose schedules in adult patients with advanced solid
tumors or non-Hodgkin's lymphoma. The primary objective of this study was to determine
the maximum-tolerated dose (MTD) and dose-limiting toxicity (DLT) of oral LBH589 when
administered as a single agent to adult patients. Additionally, the study was designed to
characterize the safety, tolerability, biologic activity and pharmacokinetic profile of oral
LBH589 when administered to this patient population.
Oral LBH589 (Norvatis, New Jersey, USA) was administered as 5-mg or 20-mg hard
Gelatin Capsules. The starting dose was 15 mg with potential escalation to 20 mg, 30 mg
and 40 mg. In this part of the study, LBH589 was administered orally once daily on Monday,
Wednesday and Friday of each week on a 28-day cycle. The dose of 30 mg was deemed
to be the DLT dose of a Monday/Wednesday/Friday schedule (M,W,F) and subsequent
patients were treated at the expanded MTD dose of 20 mg. DLT toxicity was defined as an
adverse event or abnormal laboratory value assessed as unrelated to disease progression,
intercurrent illness, or concomitant medications, and occurs during the first 28 days
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following the first dose of oral LBH589 in cycle 1 and met any of the criteria according to
National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE),
version 3.0. If no DLT occurred during a cycle, the patient continued treatment with oral
LBH589 at the some dose as the previous cycle. If toxicities occurred necessitating
interruption of oral LBH859 dosing, administration of oral LBH589 was restarted provided
there was resolution of any previously occurring non-laboratory toxicities to < CTCAE grade
1. If a patient required a dose delay of >21 days from the intended day of the next
scheduled dose, the patient was withdrawn from the study. The MTD was defined to be the
highest dose of oral LBH589 given for at least 1 treatment cycle where 33% or less of the
patient population experiences a DLT in the first cycle. Patients continued treatment with
oral LBH589 until the patient experienced unacceptable toxicity that precluded any further
treatment or disease progression.
Correlative studies were also conducted to assess biological response of CTCL
patients treated with oral LBH589. Of the 10 recruited patients on this study, 6 patients had
consented to be opart of this additional study. Before beginning LBH589 treatment,
patients had blood and 3mm punch biopsy (of the diseased area) samples taken to
establish baseline values for these additional studies. Once LBH589 treatment had begun
(dayl; dose 1) blood and biopsy samples were taken 4, 8 and 24 hours post LBH589
therapy (figure 2-3). Blood samples we assessed for histone H3 and H4 acetylation at
Novartis Pharmaceuticals, Boston, USA, while biopsy samples were prepared for Affymetrix
Array and quantative real time PCR analysis to assess gene profile changes with CTCL
patients after LBH589 administration.
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I

•
Figure 2-3: Summary of clinical design with correlative gene profiling studies,
(a) Schematic diagram summarizing the dosing schedule of oral LBH589 administered to
CTCL as part of a phase I clinical trial, (b) As part of correlative studies, baseline and
subsequent biopsies taken from patient's pre- and post- administration of oral LBH589.
during cycle one and post dose 1. (c) CTCL patient gene expression profiling was
examined in response to LBH589 by Affymetrix Micro-Array methods, (d) Quantitative real
time PCR was utilized to confirm gene expression profiles from micro-array data collected
in (c).
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2.17.4 Patient Evaluation/Pre-treatment evaluation
Dermatological assessment was carried out at baseline, day 1 of each cycle and
at the time of treatment completion, measuring the body surface area (BSA) involvement
by patch and plaque. Photographs of index lesions were taken at baseline and at ever/
scheduled visit using standardized methods. The CTCL regional index and index lesion
photographs, and post baseline histological analyses of any CTCL lesion biopsy specimens
obtained served as supporting data to the efficacy end point evaluations. Pretreatment
evaluation included routine biochemical and hematology profile (FBE) including blood film
and flow cytometry for assessment of circulating Sezary cells. Assessment of extramedullary
involvement and bone marrow aspirate and biopsy were performed. Imaging studies
included

chest

Xray,

cardiac

imaging

(multiple-gated

acquisition

scan

or

echocardiogram), chest, abdomen and pelvic computed tomography (CT) scan with
contrast and

[18F]-fluorodeoxyglucose

positron emission tomography

(FDG-PET) as

clinically indicated. All patients had a baseline echocardiogram (ECG) and further
cardiological work-up if indicated.
Patients were evaluated at day 1 of each cycle prior to administration of oral
LBH589 with laboratory tests and additionally an, FBE was repeated on day 8, 10, 15, 17, 22
and 24 of cycle 1, as well as day 15 of cycle 2 and each subsequent cycle. Coagulation
profile was obtained on day 1 of cycle 2 or repeated at least once while receiving study
drug. Hepatic and renal function tests were performed on day 8, 15 and 22 of cycle 1 and
2, and day 15 of cycle 3 and each subsequent cycle.

2.17.5 Response/Post-treatment evaluation
Skin lesion response was completed using the Physician's Global Assessment of
Clinical Condition (PGA) (Table 2-5) and Composite Assessment of Index lesion Disease
Severity (CA). Response by a PGA from baseline represented the investigator's assessment
of the overall extent of improvement or worsening of the patient's cutaneous disease
compared with baseline. A clinical partial response (PR) required at least 50% improvement
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and a clinical complete response (CR) required 100% improvement (tiistologic confirmation
not required). CA's efficacy end point had two separate components based on up to 5
representative index lesions using a 0-8 scale to independently assess scaling, erythema,
plaque elevation, and hypopigmentation or hyperpigmentation. In addition, the surface
area of each index lesion was calculated by multiplying the maximal bi-directional
diameters of each index lesion. The sum of all measurements (scores) were summed and
a d d e d to the sum for all clinical signs to establish the CA score at baseline. At each
subsequent evaluation, the sum of these parameters was divided by the baseline CA. A
CA ratio <1.0 indicate improvement in disease and a ratio >1.0 indicates a worsening of
disease. A clinical CR required that the CA ratio equal 0 without confirmatory biopsy. PR is
defined as a CA ratio of ^0.5. Improvement in the PGA and CA index required confirmation
by at least 2 consecutive observations during at least 4 study weeks apart before a patient
could be classified as a responder. Progressive disease (PD) was defined as > 25% increase
in the number or area of clinically abnormal lymph nodes or % BSA. 10 Patients in whom PD
developed before a response were classified as PD, even in the event of later
improvement. A patient was classified as o responder if that patient met response criteria
for either the PGA or the CA end point.

2.17.6 Statistical Analysis
All patients who received 1 dose of LBH589 were included in the response and
safety analyses. As the primary study objective was not hypothesis testing, rigorous sample
size and power calculations were not applied. Patient demographics, safety and
disposition data are presented using descriptive statistics. Response rates were calculated
with their 95% confidence intervals using the Clopper-Peorson Exact Method. Median time
to response (TTR) and time to PD (TTP) were estimated using the Kaplan-Meier analysis
method (Kaplan and Meier, 1958).
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Table 2-5: Physicians Giobai Assessment of Ciinicai Condition
Grade

Description

Response*

0

Completely clear

No evidence of disease; 100% improvement

CR

1

Almost clear

Very significant clearance (> 90 % to < 100%); only traces of disease remain

PR

2

Marked improvement

SIgnf leant improvement (> 7 5 % t o < 90%); some evidence of d i s e ^ e
remains
Intermediate between slight and marked Improvement; (> 50% to < 75%)

PR

3

Moderate Improvement

4

S i g h t Improvement

5
6

No change
Worse

Some improvement ( > 2 5 % to < 50%); sigilficant evidence of disease
remains
Disease has not changed from baseline condition (+ <25%)
Disease s worse than at baseline evaluation by > 2 5 % or more

PR
SD
SD
PD

'Confirmation over at least 4 study weeks required except for a last assessment on study if progressive disease;
CR = complete response; PR = partial response: SD = stable disease; PD = progressive disease
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Chapter 3. Investigating the in vitro apoptotic
mechanisms of the HDACi LAQ824 and
LBH589 in a mouse model of B cell
lymphoma
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3.1

Introduction
As already discussed in chapter 1, apoptosis is a physiological cell death

programme that controls normal cell numbers during development and disease. Apoptosis
can be distinctly characterised by its morphological and biochemical changes mediated
by a family of cysteine apases known as caspases (Johnstone et al., 2002). Two well
defined but separate apoptotic pathways can lead to the activation of caspases (Green,
2000; Green, 2005), known as the extrinsic apoptotic pathway and the intrinsic apoptotic
pathway (discussed in chapter 1). Today, a large number of chemotherapy actions are
mediated through the activation of the apoptotic pathways, therefore single mutations in
these pathways can lead to multi-drug resistance in numerous cancers (Johnstone et al.,
2002). There have been numerous defects identified within both apoptotic pathways using
various in vitro and in vivo systems (discussed in chapter 1) which not only links defects in
apoptosis to muti-drug resistance, but also links the evasion of apoptosis to accelerating
tumorgenesis (Hanahan and Weinberg, 2000; Johnstone et al., 2002).
Cancer until recently was considered a disease evolving from genetic defects
including gene mutations, duplications and/or deletions resulting in the loss of function of
tumour suppressor or gain of function of oncogenes (Bolden et al., 2006; Hanahan and
Weinberg, 2000). More recently the role of epigenetic changes and their effects on gene
expression has come to the forefront in having an important role in cancer onset and
progression (Jones and Baylin, 2007). While there are numerous post translational
modifications that can occur to govern overall chromatin structure and the activation or
repression of gene transcription (discussed in chapter 1), an emphasis has been placed on
the acetylation/deacetylation of histones. Chapter 1 discusses the opposing roles of
histone acetyl transferases (HATs) and histone deacetylases (HDACs) and their role in gene
expression within a normal and malignant cell. In recent years, HDACs have evolved as
promising anti-cancer targets in the treatment of cancers with epigenetic abnormalities
(Jones and Baylin, 2007), and great effort to develop HDAC inhibitors (HDACi) has been
put into place.
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HDACi have shown great promise in pre-ciinicai studies, displaying a wide variety of
biological effects to execute their potent anti-tumour activities including induction of
differentiation, induction of cell death, inhibiting proliferation, inhibition of angiogenesis
and modulation of the immune system response (Bolden et al., 2006). For this reason HDACi
have entered early phase clinical trials for the treatment of various cancers (see chapter
1). While HDACi continue to be tested in the clinic, little is still known about their exact
mechanism by which they mediate their anti-tumour activities.
LAQ824 and its more potent analog LBH589 are synthetically derived HDACi
belonging to the some structural class as vorinostat (SAHA), the hydroxamic acid group of
HDACi. Of importance for the work discussed in this chapter is the ability of HDACi to
activate cell death in vitro (both apoptotic and non-apoptotic) and inhibit cell cycle
progression. As stated earlier the exact mechanisms behind HDACi mediated apoptosis
are not well defined, so it was the object of this chapter to firstly identify which apoptotic
pathway was required for LAQ824 and LBH589 to induce apoptosis and secondly to
identify key apoptotic genes/proteins necessary to facilitate LAQ824 and LBH589 mediated
apoptosis. This study incorporates the use of the E|j-myc mouse model of B cell lymphoma
first described by Harris et al (Harris et al., 1988) and has been successfully used to
characterize responses to anticancer drugs (Schmitt et al., 2002; Schmitt et al., 2000).
Furthermore, compound mutant Ep-myc lymphomas with defined cancer genotypes can
be created by crossing Ep-myc mice with gene-targeted knockout mice (eg: p53-/ ), or by
retrovirally transducing primary lymphomas to over express a gene of interest.
LAQ824 and LBH589 mediated cell death in Ep-myc lymphomas by apoptotic
mechanisms through the activation of the mitochondrial (intrinsic) apoptotic pathway, Epmyc lymphomas over-expressing the anti-apoptotic proteins Bcl-2, BCIXL or Bclw were
resistant to LAQ824- and LBH589-mediated apoptosis. LAQ824- and LBH589-mediated cell
death did not require signalling through the death receptor (extrinsic) apoptotic pathway,
the p53 DNA damage signalling pathway or the activation of the BH3 only pro-apoptotic
proteins Bid and Bim. Obstruction in downstream signalling post mitochondrial perturbation
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via knockout of Apaf-1 or caspase-9 or over-expression of XIAP did not provide o long term
survival advantage to E|j-myc lymphomas. This indicates that irreversible damage to the
mitochondria was a critical step to commit Ep-myc lymphomas to die following treatment
with LAQ824 and LBH589.
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3.2

Results

3.2.1

HDACi LAQ824 and LBH589 kill E|j-myc B cell lymphomas by the induction of
apoptosis.
To investigate cell death induced by LAQ824 and LBH589, 5 independent Ep-myc

lymphomas were treated with escalating concentrations of both drugs for 24 hours (figure
3-1), LAQ824 and LBH589 induced death of cells in a dose-dependent manner as assessed
by uptake of PI (figure 3-1). All 5 EiJ-myc lymphomas displayed similar sensitivity to LAQ824induced cell death at concentrations of lOnM (~20%-40%) and increased accordingly with
escalation of concentration, with cell death plateauing between 50-100nM (~90%-100%).
Similar observations were made with LBH589 inducing cell death at concentrations of 5nM
(-80%; EM-myc/2 was lower -40%) and reaching a plateau at 10-50nM (-95%-100%).
Together, these data establish that LBH589 is more potent than LAQ824 and concentrations
of drugs corresponding to a lethal dose that induces approximately 70% cell death (LD70)
by 24 hours were then used to investigate acetylation of histone H3 and for a time course
experiment.
E|j-myc lymphomas were incubated with LD70 concentrations of LAQ824 (25nM) or
LBH589 (4nM) for 2 hours and assessed for acetylation of histone H3 by western blot. All 5
E|j-myc lymphomas displayed low basal levels of acetylated histone H3 (figure 3-2a); ropid
accumulation of histone H3 acetylation was observed in all lymphomas at similar intensity
(figure 3-2a). To compare the kinetics of LAQ824- and LBH589-induced cell death, Epmyc/1 lymphomas were treated with LD70 concentrations of both drugs for 24 hours. Death
was assessed by readouts including mitochondrial outer membrane potential (MOMP;
figure 3-2b), caspase activation (figure 3-2c), accumulation of SubGl of the cell cycle
indicating DNA fragmentation (figure 3-2d) and annexin V and PI staining (figure 3-2e). All
readouts in figure 3-2b-e indicate that cell death is induced by both drugs in as little as 10
hours and steadily increased over the 24 hour time period; though kinetics showed that
LBH589-induced cell death occurred more rapidly by 16 hours compared to that of
LAQ824-induced cell death at 24 hours (figure 3-2b-e). Together, these data demonstrate
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that LAQ824 and the more potent LBH589 induce cell death in E|j-myc lymphomas in a
dose- and time-dependent manner, preceded by the accumulation of acetylated histone
H3.

3.2.2

The HDACi LAQ824 and LBH589 do not require a functional extrinsic (death
receptor) apoptotic pathway to induce apoptosis in Ep-myc B cell lymphomas.
Recent reports have indicated the importance of the extrinsic apoptotic pathway

in HDACi-induced apoptosis (Insinga et al., 2005a; Nebbioso et al., 2005). To determine the
role of the extrinsic (death receptor) pathway in LAQ824- and LBH589-induced death of Epmyc lymphomas, the viral serpin CrmA, which inhibits activation of capase-8 (Peart et al.,
2003) was over-expressed in the cells. Because of the observations by Insinga et al and
Nebbioso et al implicating the importance of TRAIL in HDACi-mediated apoptosis, the
generation of E|j-myc lymphomas devoid of TRAIL ligand were created and confirmed by
genotyping techniques. The over-expression of CrmA was confirmed by western blot (figure
3-3a), and did not effect the induction of acetylation of histone H3 in Ejj-myc/CrmA
lymphomas treated with LAQ824 (25nM) or LBH589 (4nM) for 2 hours (figure 3-3b). LAQ824and LBH589-induced cell death was not inhibited by the over-expression of CrmA or the
loss of TRAIL, as figure 3-3c demonstrates that Ep-myc/CrmA 1 and E|j-myc/TRAIL/- 1
lymphomas respond to escalating concentrations similar to E|j-myc lymphomas. Treatment
of E^l-myc/CrmA 1 and Ep-myc/TRAIL-/- 1 lymphomas with LAQ824 (25nM) or LBH589 (4nM)
for 24 hours induced a loss in MOMP and an increase in annexin V/PI positive lymphomas,
comparable to treatment of Ep-myc lymphomas (figure 3-3d). Cell cycle analysis revealed
the induction of DNA fragmentation following treatment with both HDACi (figure 3-3e). To
confirm the ability of LAQ824 and LBH589 to induce apoptosis independent of the extrinsic
apoptotic

pathway, second independent

E|j-myc/CrMA

2 and E|j-myc/TRAIL-'

2

lymphomas were treated with LAQ824 or LBH589 for 24 hours. In line with results seen in
figure 3-3d-e, treatment of independently derived Eu-myc/CrmA 2 and E|j-myc/TRAIL-/- 2
lymphomas with LAQ824 or LBH589 resulted in the loss of MOMP, induction of DNA
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fragmentation and an increase in annexin V/PI positive lymphomas (figure 3-4). These
results were strikingly similar to the same treatment of E^J-myc lymphomas over 24 hours
(figure 3-4). Taken together, these data indicate that LAQ824 and LBH589 can induce cell
death in E|j-myc lymphomas independent of the extrinsic (death receptor) apoptotic
pathv\/ay.
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Figure 3-1: The HDACf LAQ824 and LBH589 induce a dose dependent ceii death in Ep-myc
iymphomas:

E|j-myc lymphomas were incubated with indicated concentrations of

LAQ824 (blue line) or LBH589 (pink line) for 24 hours. Cell viability was determined by the
uptake of propidium iodide (PI) determined by flow cytometry analysis. Each dose point
represents mean value of 3 individual experiments ± standard error.
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Figure 3-2: LAQ824 and LBH589 induce accumuiation of acetylated histone H3 in treated
EM-myc iymptiomas associated witli apoptotic ceii deatti: (a) Whole cell lysates were
prepared from E|j-myc lymphomas untreated or treated with LAQ824 (25nM) or LBH589
(4nM) for 2 hours. Four micrograms of protein were separated by 10% SDS-PAGE, and
western blot analysis was performed with onti-acetylated histone H3 antibody. Equivalent
protein loading was confirmed by probing for P-actin. E|j-myc/lymphoma 1 treated with
LAQ824 (25nM; blue line) or LBH589 (4nM; pink line) for indicated times. Cells were (b)
stained with TMRE, (c) stained with FITC-VAD fmk, (d) fixed in 50% ethanol and stained with
PI and (e) stained with annexin v and PI. All preparations were analysed by flow cytometry.
All time points represent mean of 3 individual experiments ± standard error.
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3.2.3

The HDACi LAQ824 and LBH589 require a functional intrinsic (mitoclnondrial)
apoptotic patlnway to induce opoptosis in E|j-myc B cell lymphomas.

The results thus far indicated that LAQ824 and LBH589 mediated cell death with classic
hallmarks of apoptosis and did not require the activation of the extrinsic (death receptor)
apoptotic pathway. Therefore it was hypothesised that activation of the intrinsic
(mitochondrial) apoptotic pathway may be vital for LAQ824- and LBH589 mediated cell
death, and this theory was investigated by using Ep-myc lymphomas over-expressing Bcl-2,
which blocks the intrinsic apoptotic pathway (Schmitt and Lowe, 2001b; Schmitt et al.,
2000). The over-expression of Bcl-2 in Ep-myc lymphomas was first confirmed by western
blot (left) or by intracellular FACs (right) (figure 3-5a). Forced expression of Bcl-2 did not
effect the induction of acetylation of histone H3 in Ep-myc lymphomas treated with
LAQ824 (25nM) or LBH589 (4nM) for 2 hours (figure 3-5b). E|j-myc/Bcl-2 1 and E|j-myc
lymphomas were then treated with escalating concentrations of LAQ824 or LBH589 for 24
hours and cell death was assessed by PI uptake. Figure 3-5c shows that treatment of Epmyc lymphomas with LAQ824 or LBH589 induced cell death in a dose-dependent manner,
while E|j-myc/Bcl-2 1 lymphomas remained resistant to all concentrations of both HDACi
over 24 hours. To further investigate the resistance to LAQ824- and LBH589-induced cell
death E|j-myc and E|j-myc/Bcl-2 1 lymphomas were treated with LAQ824 (25nM) and
LBH589 (4nM) over a

72 hour time course and mitochondrial outer membrane

permeabilisation (MOMP) was assessed by TMRE and cell death was assessed by onnexin V
and PI staining. Treatment of E|j-myc lymphomas with either HDACi induced MOMP and
annexin V/PI positive lymphomas by 24 hours (figure 3-5d; inserts). The effect of these
HDACi on MOMP and cell membrane permeability was completely inhibited by the overexpression of Bcl-2 over the 72 hour time course. While E|j-myc/Bcl-2 1 lymphomas were
resistant to cell death induced by LAQ824 and LBH589, cell cycle analysis displayed that
E|j-myc/Bcl-2 1 lymphomas were less sensitive to DNA damage induced by these HDACi.
Treatment of EM-myc/Bcl-2 1 lymphomas with LAQ824 or LBH589 induced a marked
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accumulation of cells with 2N DNA content (figure 3-5e), suggesting that the cytostatic
effects of these HDACi cannot be inhibited by Bcl-2.
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Figure 3-3: LAQ824 and LBH58? induce apoptosis independent of tlie extrinsic pattiway in
E|j-myc lymphomas: (a) Whole cell lysates (SOpg) were prepared from E|j-myc and E^lmyc/CrmA lymphomas and separated by 10% SDS-PAGE and analysed by western blotting
using antibodies for CrmA and P-actin. Lanes 2 and 4 display E|j-myc lymphomas overexpressing MSCV-CrmA compared to E|j-myc lymphomas with MSCV alone (lanes 1 and 3).
(b) Whole cell lysates (4|jg) prepared from E^J-myc and Ep-myc/CrmA lymphomas either
untreated (lanes 1 and 4) or treated with LAQ824 (25nM: lanes 2 and 5) or LBH589 (4nM;
lanes 3 and 6) and separated by 10% SDS-PAGE and analysed by western blotting using
antibodies for acetylated histone H3 and P-actin. (c) E|j-myc/CrmA 1 (left) and Epmyc/TRAIL-/- 1 (right) were incubated with increasing concentrations of LAQ824 (blue line)
or LBH589 (pink line) for 24 hours. Cell viability was determined by the uptaice of PI
determined by flow cytometry, (d) E|j-myc/CrmA 1 and EM-myc/TRAIL '- 1 lymphomas were
untreated (black bars) or treated with LAQ824 (25nM; white bars) or LBH589 (4nM; blue
bars) for 24 hours. Cells were stained with TMRE (left), with annexin V and PI (right) or (e)
fixed in 50% ethanol and stained with PI. All preparations were analysed by flow cytometry.
All time points for (c) and (d) represent mean of 3 individual experiments ± standard error.
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Figure 3-4: Confirmation tliat LAQ824 and LBH589 induce apoptosis independent of ttie
extrinsic pattiway in E|j-myc lymphomas: E|j-myc/CrmA 2 and E|j-myc/TRAIL-''- 2 lymphomas
were untreated (black bars) or treated with LAQ824 (25nM; white bars) or LBH589 (4nM;
blue bars) for 24 hours. Cells were stained with TMRE (left), with onnexin V and PI (bottom)
or fixed In 50% ethanol and stained with PI (right). All preparations were analysed by flow
cytometry. All time points represent mean of 3 individual experiments ± standard error.
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To confirm the above results a second independently derived Ejj-nnyc/Bcl2
lymphoma (E|j-myc/Bcl2 2) was treated vv^ith L D 7 0 concentrations of LAQ824 or LBH589 for
72 hours. E|j-myc/Bcl2 2 lymphomas treated with LAQ824 and LBH589 displayed a delay in
the kinetics of MOMP (increased to -40% by both HDACi at 72 hours) and cell membrane
permeability (increased to -50% by LAQ824 and -40% by LBH589 at 72 hours). Interestingly,
while both HDACi induce mitochondrial and cell membrane damage, they do not induce
DNA fragmentation of E|j-myc/Bcl-2 2 lymphomas. The induction of MOMP and cell
membrane permeability by LAQ824 and LBH589 suggests that the 2 independent Ep-myc
lymphomas may express different levels of Bcl-2, but because different methods of analysis
was used to confirm Bcl-2 levels, makes this difficult to confirm.
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Figure 3-5: LAQ824 and LBH589 induced apoptosis is dependent on the activation of the
intrinsic apoptotic pathway: (a) Whole cell lysates (30|jg) were prepared from EM-myc and
EM-myc/Bcl2 1 lymphomas and separated by 10% SDS-PAGE and analysed by western
blotting using antibodies for Bcl2 and (3-actin. Lane 1 shows Ejj-myc lymphomas MSCV
alone while lane 2 shows E|j-myc/Bcl2 1 (left). Ep-myc lymphomas (no antibody; black filled
histogram), Ep-myc lymphomas (Blue histogram) and E[j-myc/Bcl2 2 lymphomas (red
histogram) were permeabulised and stained with a-Bcl2-PE. Cells were analysed by flow
cytometr/. (b) Whole cell lysates (4|jg) prepared from E|j-myc and E|j-myc/Bcl2 lymphomas
either untreated (lanes 1 and 4) or treated with LAQ824 (25nM; lanes 2 and 5) or LBH589
(4nM; lanes 3 and 6) and separated by 10% SDS-PAGE and analysed by western blotting
using antibodies for acetylated histone H3 and P-actin. (c) Ejj-myc (black line) and E|jmyc/Bcl2 1 (pink line) were incubated with increasing concentrations of LAQ824 (left) or
LBH589 (right) for 24 hours. Cell viability was determined by the uptake of PI determined by
flow cytometry, (d) EtJ-myc (inserts; black bars) and E|j-myc/Bcl2 1 lymphomas were
untreated or treated with LAQ824 (25nM) or LBH589 (4nM) for 24 (black bars), 48 (white
bars) and 72 hours (blue bars). Cells were stained with TMRE (left), with annexin V and PI
(right) or (e) fixed in 50% ethanol and stained with PI. All preparations were analysed by
flow cytometry. All time points for (c) and (d) represent mean of 3 individual experiments ±
standard error.
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Figure 3-6: Confirmation that LAQ824 and LBH589 induced apoptosis is dependent on the
activation of the intrinsic apoptotic pathway: E|j-myc/Bcl2 2 lymphomas were untreated or
treated with LAQ824 (25nM) or LBH589 (4nM) for 24 (black bars), 48 (white bars) and 72
hours (blue bars). Cells were stained with TMRE (left), with annexin V and PI (bottom) or
fixed in 50% ethanol and stained with PI (right). All preparations were analysed by flow
cytometry. All time points represent mean of 3 individual experiments ± standard error.
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To further confirm HDACi induced apoptosis in E|j-myc lymphomas requires the
activation of the intrinsic apoptotic pathway; Ep-myc lymphomas over expressing the antiapoptotic proteins BCIXL and Bclw were produced. Expression of BCIXL was confirmed by
western blot (figure 3-7a) and the over-expression of BCIXL did not effect the induction of
acetylation of histone H3 in Ep-myc lymphomas treated with LAQ824 (25nM) or LBH589
(4nM) for 2 hours (figure 3-7b). EiJ-myc/BclXi and Ep-myc lymphomas were then treated
with escalating concentrations of LAQ824 or LBH589 for 24 hours and cell death was
assessed by PI uptake. Figure 3-7c shows that treatment of E^J-myc lymphomas with LAQ824
or LBH589 induced cell death in a dose-dependent

manner, while

Ep-myc/BclXL

lymphomas remained resistant to all concentrations of both HDACi over 24 hours. To further
investigate the resistance to LAQ824- and LBH589-induced cell death E|j-myc and Epmyc/BclXi lymphomas were treated with LAQ824 (25nM) and LBH589 (4nM) over a 72 hour
time course and MOMP was assessed by TMRE and cell death was assessed by annexin V
and PI staining. Treatment of E|j-myc lymphomas with either HDACi induced MOMP and
annexin V/PI positive lymphomas by 24 hours (figure 3-7d; inserts). The effect of these
HDACi on MOMP and cell membrane permeability was completely inhibited by the overexpression of BCI-XL over the 72 hour time course. While EiJ-myc/BclXi lymphomas were
resistant to cell death induced by LAQ824 and LBH589, cell cycle analysis displayed that
E|j-myc/Bcl-XL lymphomas were less sensitive to DNA damage induced by these HDACi.
Treated

Ep-myc/Bcl-XL

lymphomas

with

LAQ824

or

LBH589

induced

a

marked

accumulation of cells with 2N DNA content (figure 3-7e), again suggesting that the
cytostatic effects of these HDACi cannot be inhibited by BCIXL.
Expression of Bclw in Ep-myc/Bclw lymphomas was first confirmed by western blot (figure 38a) and the over-expression of Bclw did not effect the induction of acetylation of histone
H3 in E|j-myc lymphomas treated with LAQ824 (25nM) or LBH589 (4nM) for 2 hours (figure 38b).

E>j-myc/Bclw

and

E|j-myc

lymphomas

were

then

treated

with

escalating

concentrations of LAQ824 or LBH589 for 24 hours and cell death was assessed by PI uptake.
Figure 3-8c shows that treatment of Ep-myc lymphomas with LAQ824 or LBH589 induced
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cell death in a dose-dependent manner, while EM-myc/Bclw lymphomas remained
resistant to all concentrations of both HDACi over 24 hours. To further investigate the
resistance

to LAQ824- and LBH589-induced

cell death E|j-myc and

E|j-myc/Bclw

lymphomas were treated with LAQ824 (25nM) and LBH589 (4nM) over a 72 hour time
course and MOMP was assessed by TRME and cell death was assessed by annexin V and PI
staining. Treatment of E|j-myc lymphomas with either HDACi did not induce MOMP and
annexin V/PI positive lymphomas by 24 hours (figure 3-8d; inserts). The effect of these
HDACi on MOMP and cell membrane permeability was completely inhibited by the overexpression of Bclw over the 72 hour time course. While Ep-myc/Bclw lymphomas were
resistant to cell death induced by LAQ824 and LBH589, cell cycle analysis displayed that
E|j-myc/Bciw lymphomas were less sensitive to DNA damage induced by these HDACi.
Treated EtJ-myc/Bclw lymphomas with LAQ824 or LBH589 induced a marked accumulation
of ceils with 2N DNA content (figure 3-8e), suggesting that the cytostatic effects of these
HDACi cannot be inhibited by Bclw.
The data observed from these 4 independent Ep-myc lymphomas over-expressing
individual onti-apoptotic Bcl-2 family proteins displayed that LAQ824- and LBH589mediated cell death was dependent on the activation of the intrinsic apoptotic pathway.
Moreover the resistance mediated by protection of mitochondrial outer membrane
integrity was not solely regulated by Bcl2 but rather anti-apoptotic Bcl2 family members,
including BCIXL and Bclw. Also, while the protection of mitochondrial integrity inhibits
HDACi-medioted cell death, it does not inhibit the cytostatic effects of HDACi, as cell cycle
arrest was still induced in the Gi phase of the cell cycle.
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Figure 3-7: LAQ824 and LBH589 induced apoptosis is dependent on tlie activation of the
intrinsic apoptotic pathway: (a) Whole cell lysates (30|jg) were prepared from E|j-myc and
E^l-myc/BclXL lymphomas and separated by 10% SDS-PAGE and analysed by western
blotting using antibodies for BCIXL and P-actin. Lane 1 displays E|j-myc lymphomas MSCV
alone and lane 2 displays Ep-myc lymphomas over-expressing MSCV-BCIXL. (b) Whole cell
lysates (4|jg) were prepared from E|j-myc and E|j-myc/CrmA lymphomas either untreated
(lane 1) or treated with LAQ824 (25nM; lane 2) or LBH589 (4nM; lane 3) and separated by
10% SDS-PAGE and analysed by western blotting using antibodies for ocetylated histone H3
and P-actin. (c) E|j-myc (block line) and Eu-myc/BclXL (blue line) were incubated with
increasing concentrations of LAQ824 (left) or LBH589 (right) for 24 hours. Cell viability was
determined by the uptake of PI determined by flow cytometry, (d) E|j-myc (inserts; block
bars) and Eu-myc/BclXi lymphomas were untreated or treated with LAQ824 (25nM) or
LBH589 (4nM) for 24 (black bars), 48 (white bars) and 72 hours (blue bars). Cells were
stained with TMRE (left), with onnexin V and PI (right) or (e) fixed in 50% ethonol and stained
with PI. All preparations were analysed by flow cytometry. All time points for (c) and (d)
represent mean of 3 individual experiments ± standard error.
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Figure 3-8: LAQ824 and LBH58? induced apoptosis is dependent on the activation of the
intrinsic apoptotic pathway: (a) Whole cell lysates (30|jg) prepared from E|j-nnyc/MSCV and
E|j-myc/Bclw lymphomas and separated by 10% SDS-PAGE and analysed by western
blotting using antibodies for Bclw and P-actin. Lane 1 displays E|j-myc lymphomas MSCV
alone and lane 2 displays E|j-myc lymphomas over-expressing MSCV-Bclw. (b) Whole cell
lysates (4|jg) prepared from E|j-myc/MSCV and E|j-myc/Bclw lymphomas either untreated
(lane 1) or treated with LAQ824 (25nM; lane 2) or LBH589 (4nM; lane 3) and separated by
10% SDS-PAGE and analysed by western blotting using antibodies for acetylated histone H3
and P-actin. (c) E|j-myc (blue line) and E|j-myc/Bclw (pink line) were incubated with
increasing concentrations of LAQ824 (left) or LBH589 (right) for 24 hours. Cell viability was
determined by the uptake of PI determined by flow cytometry, (d) Ep-myc (inserts; black
bars) and Ep-myc/Bclw lymphomas were untreated or treated with LAQ824 (25nM) or
LBH589 (4nM) for 24 (black bars), 48 (white bars) and 72 hours (blue bars). Cells were
stained with TMRE (left), with annexin V and PI (right) or (e) fixed in 50% ethanol and stained
with PI. All preparations were analysed by flow cytometry. All time points for (c) and (d)
represent mean of 3 individual experiments ± standard error.
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3.2.4

The HDACi LAQ824 and LBH589 induce apoptosis independent of the p53 DNA
damage pathway.
The majority of chemotherapy agents require an intact p53 DNA damage pathway

to execute their biological effects (Johnstone et al., 2002). Defects in p53 function,
expression and regulation by upstream proteins including pl?^'' often result in refractory
disease resistant to treatment (Schmitt et al., 1999). Loss of function of the p53 DNA
damage pathway remain the best defined mutations in human cancers and finding
alternate therapies that can act independent of the p53 pathway are desirable for the
treatment of cancer. Recent reports have demonstrated that HDACi can induce cell
death independent of p53 (Insinga et al., 2005a; Lindemann et al., 2007). To determine if
LAQ824 and LBH589 could induce cell death independent of functional p53 signalling, E|jmyc lymphomas devoid of p53 (E(j-myc/p53-/-) or pl9ARF (EM-myc/pl9ARF-/-) were treated
with LAQ824 or LBH589.
EM-myc/pl9ARf-/- (figure 3-9a; right panel) and E|j-myc/p53-/-lymphomas (figure 3-9b;
right panel) treated with LAQ824 (25nM) or LBH589 (4nM) for 2 hours resulted in an increase
of acetylated histone H3. Similar to that observed in E|j-myc lymphomas, E|j-myc/pl9^''f-/- 1
and E|j-myc/p53-/- 1 lymphomas treated with escalating concentrations of LAQ824 and
LBH589 lost outer cell membrane integrity as assessed by PI uptake (figure 3-9a; left panel
and figure 3-9b; left panel respectively). Further analysis from treating E|j-myc/p19Ai'F-/- i
and EM-myc/p53-/- 1 and lymphomas with LD70 concentrations of LAQ824 or LBH589 over 24
hours showed the induction of apoptosis as indicated by increased MOMP (figure 3-9c),
activation of effecter capases (figure 3-9d), increase of onnexin/PI double positive
lymphoma cells (figure 3-9e) and DNA fragmentation following cell cycle analysis (figure 39f). These results were compared with treatment of an

LD70

dose of 20nM of the DNA

damage agent etoposide over 24 hours. Treatment with etoposide of EM-myc/p53-/- 1 and
E|j-myc/pl9ARF-/- 1 lymphomas (figures 3-9c-f; inserts) showed that E|j-myc/pl9'^RF-/- 1
lymphomas were susceptible to etoposide-induced cell death that was comparable to
apoptosis following LAQ824 and LBH589. In contrast to this, loss of p53 dramatically
117

reduced the response to etoposide. Treatment of E|j-myc/p53-/- 1 with etoposide only
achieved -40% induction of MOMP, -60% induction of casposes, -40% induction of DNA
dannage and -40% in cell membrane permeability compared to that of both HDACi which
achieved -100% for all readouts measuring cell death (figure 3-9c-f; inserts).
To confirm the ability of LAQ824 and LBH589 to induce apoptosis independent of
the p53 DNA damage pathway, second independently derived E|j-myc/pl9'^i'f-/- 2 and Epmyc/p53-/- 2 lymphomas were treated with LAQ824 or LBH589 for 24 hours. In line with results
seen in figure 3-9c-f, treatment of independently derived E|j-myc/pl9ARF-/- and E|j-myc/p53/- lymphomas by LAQ824 or LBH589 resulted in the same loss of MOMP, induction of DNA
fragmentation and an increase in annexin V/PI positive lymphomas (figure 3-10) as seen in
figure 3-9. Taken together, these data indicate that LAQ824 and LBH589 can induce cell
death in Ejj-myc lymphomas independent of the p53 DNA damage pathway and displays
the benefit of HDACi treatment of EM-myc/p53-/- lymphomas over one of today's clinically
relevant chemotherapy agents etoposide.

3.2.5

The

HDACi

LAQ824

and

LBH589 overcome

the

protection

of

the

anti-

apoptotic/caspose inhibitor protein, XIAP, when over expressed in Ep-myc B cell
lymphomas.
X-linked inhibitor of apoptosis (XIAP) has been implicated in playing a role in
resistance to chemotherapy by being over expressed and inhibiting the activation of the
effecter caspases-3, -7 and -9 in various cancers (Tamm et ol., 2004a; Tamm et a!., 2004b),
resulting in resistance to multiple cancer therapies (LaCasse et al., 1998; Liston et al., 1996).
Recent reports have observed that HDACi hove the capacity to induce cell death in the
presence of the over-expression of XIAP (Dai et al., 2005b; Gao et al., 2004; Guo et al.,
2004). To investigate the potential of LAQ824 and LBH589 to induce cell death when XIAP is
over-expressed, E^l-myc lymphomas over-expressing XIAP were generated. The overexpression of XIAP was confirmed by western blot (figure 3-1 la; right) and the overexpression of XIAP did not effect the induction of acetylation of histone H3 in E|j-myc/XIAP
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lymphomas treated with LAQ824 (25nM) or LBH589 (4nM) for 2 hours (figure 3-11 a; left).
LAQ824- and LBH589-induced cell death was not inhibited by the over-expression of XIAP.
E|j-myc/XIAP 1 lymphomas treated with escalating concentrations of LAQ824 and LBH589
lost outer cell membrane integrity as assessed by PI uptake similar to Ep-myc lymphomas
(figure 3-1 lb). Figure 3-1 Ic shows that LAQ824- and LBH589-induced MOMP is slightly
decreased when compared to a matched Ep-myc/MSCV lymphoma after treatment for
24 hours but increased to Ep-myc/MSCV lymphoma levels by 48 hours (figure 3 - l l c ; left
panel). Analysis after 24 hours indicates there was inhibition of opoptotic signalling post
MOMP as the level of annexin V/PI positive E|j-myc/XIAP lymphomas was dramatically
reduced when compared to treated E|j-myc lymphomas (figure 3 - l l c ; right panel), but this
inhibition was over come after 48 hours treatment with LAQ824 or LBH589 (figure 3 - l l c ; right
panel). Cell cycle analysis also demonstrated the delay in kinetics of apoptotic signalling
as DNA fragmentation was attenuated (figure 3-1 Id). Treatment with LAQ824 or LBH589
resulted in -48% and -39% DNA fragmentation respectively compared to untreated cells of
-25% at 24 hours. Following 48 hour treatment with both HDACi, DNA fragmentation is
increased to 66% by LAQ824 and 60% by LBH589.
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Figure 3-9: LAQ824 and LBH589 induce apoptosis independent of the p53 DNA damage
pathway: (a) E|j-myc/p 1 9ARF-/- i cells were incubated with increasing concentrations of
LAQ824 (blue line) or LBH589 (pink line) for 24 hours. Cell viability was determined by the
uptake of PI determined by flow cytometry. Whole cell lysates (4|jg) were prepared from
E|j-myc and EM-myc/pl9'^i'f-/- lymphomas either untreated (lanes 1 and 4) or treated with
LAQ824 (25nM; lanes 2 and 5) or LBH589 (4nM; lanes 3 and 6) and separated by 10% SDSPAGE and analysed by western blotting using antibodies for acetylated histone H3 and Poctin. (b) E|j-myc/p53-/- 1 were incubated with increasing concentrations of LAQ824 (blue
line) or LBH589 (pink line) for 24 hours. Cell viability was determined by the uptake of PI
determined by flow cytometry. Whole cell lysates (4|jg) were prepared from E|j-myc and
E|j-myc/p53-/- lymphomas either untreated (lanes 1 and 4) or treated with LAQ824 (25nM;
lanes 2 and 5) or LBH589 (4nM; lanes 3 and 6) and separated by 10% SDS-PAGE and
analysed by western blotting using antibodies for acetylated histone H3 and P-actin. (c-f)
E|j-myc/pl9'^i'f-'- 1 or E|j-myc/p53-/- 1 lymphomas were untreated (black bars) or treated
with LAQ824 (25nM; white bars), LBH589 (4nM; blue bars) or etoposide (20nM; black bars
inserts). Lymphomas were stained with (c) TMRE, (d) FITC-VAD fmk, (e) annexin V and PI
and (f) fixed in 50% ethanol and stained with PI. All preparations were analysed by flow
cytometry. All time points represent mean of 3 individual experiments ± standard error.
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untreated (black bars) or treated with LAQ824 (25nM: white bars), LBH589 (4nM; blue bars).
Lymphomas were stained with TMRE (top left), FITC-VAD fmk (top right), annexin V and PI
(bottom left) and fixed in 50% ethanol and stained with PI (bottom right). All preparations
were analysed by flow cytometr/. All time points represent mean of 3 individual
experiments ± standard error.
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Treatment of a second independently derived EM-myc/XlAP

(EtJ-myc/XIAP-2)

lynnphoma with LAQ824 (25nM) or LBH589 (4nM) was performed to confirm the results
observed in figure 3-11. Figure 3-12 shows that following treatment with LAQ824 or LBH589
MOMP occurs within 24 hours and increases slightly at 48 hours in E|j-myc/XIAP 2
lymphomas. These data is strikingly comparable to the MOMP observed in E|j-myc
lymphomas and E|j-myc/XIAP-l at 24 hours and 48 hours. While cell permeability and DNA
fragmentation was drastically reduced at 24 hours in Ep-myc/XlAP 1 lymphomas, E|jmyc/XlAP 2 lymphomas were more responsive to HDACi treatment. LAQ824 and LBH589
resulted in -80% onnexin V/PI staining in E|j-myc lymphomas and only -55% by LAQ824 and
-60% by LBH589 after 24 hours in Ep-myc/XlAP 2 lymphomas and slightly increase by 48
hours to -70%. A similar pattern is observed where treatment with LAQ824 and LBH589
resulted in -85% DNA fragmentation in E|j-myc lymphomas and -70% in E^l-myc/XIAP 2
lymphomas after 24 hours. DNA fragmentation was slightly increased after 48 hours to -80%
following treatment with both HDACi (figure 3-12). While the attenuation in LAQ824- and
LBH589-induced cell death in E|j-myc/XIAP 2 lymphomas was not as pronounced to that
seen in E^l-myc/XIAP 1 lymphomas, the effect of a delay and not inhibition of HDACimediated cell death is still demonstrated by the over-expression of XIAP.

123

(v-mvc KlAf

Cuntrc XIAf

{hit!
XIAP

AcH3
E »o
Jt

B-acHn

20

B-actin

1

2

3

I

4

2

3

4

5

1
10
t.Aaa24 (nM|

6

100

01

24hlS

48hrs
iia

AnXV/PI

MOMP

No Drug

IMMO*

•18MSW

LAQa24

:1 Jj
Em-myc

24hr

i

Em-myc

24hi

4».r

Ep-myc/XlAP 1
LBH589

A

1
10
LBHS«9 (OMI

I

J

Figure 3-11: LAQ824 and LBH589 induced apoptosis is attenuated by the over expression of
XIAP: (a) (left} Whole cell lysates (4tjg) prepared from E|j-myc/MSCV and E|j-myc/XIAP
lymphomas either untreated (lanes 1 and 4) or treated with LAQ824 (25nM; lanes 2 and 5)
or LBH589 (4nM; lanes 3 and 6) and separated by 10% SDS-PAGE and analysed by westem
blotting using antibodies for acetylated histone H3 and P-actin, (right) Whole cell lysates
(30Mg) prepared from EiJ-myc and EiJ-myc/XlAP lymphomas and separated by 10% SDSPAGE and analysed by western blotting using antibodies for XIAP and P-actin. Lanes 1 and
3 display Ep-myc lymphomas MSCV alone and lanes 2 and 4 display E|j-myc lymphomas
over-expressing MSCV-XIAP. (b) E|j-myc (blue line) and E|j-myc/XIAP 1 (pink line) were
incubated with increasing concentrations of LAQ824 (left) or LBH589 (right) for 24 hours.
Cell viability was determined by the uptake of PI determined by flow cytometry, (c) Epmyc/XlAP 1 lymphomas were untreated (black bars) or treated with LAQ824 (25nM; white
bars) or LBH589 (4nM; blue bars) for 48 hours. Cells were stained with TMRE (left), with
annexin V and PI (right) or (d) fixed in 50% ethanol and stained with PI. All preparations
were analysed by flow cytometry. All time points for (b) and (c) represent mean of 3
individual experiments ± standard error.
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126

3.2.6

The HDACi LAQ824 and LBH589 induce apoptosis independent of the BH3 only proapoptotic proteins Bim and Bid.
The importance of the BH3 only pro-apoptotic proteins Bim and Bid in vorinostat-

mediated apoptosis of E|j-myc lymphomas

has been recently

demonstrated

by

Lindemann et al (Lindemann et al., 2007). To determine if LAQ824- and LBH589-mediated
apoptosis in Ep-myc lymphomas was dependent on the activation of the BH3 only proteins
Bid and/or Bim, E|j-myc lymphomas devoid of Bid or Bim v/ere tested for sensitivity against
LAQ824 and LBH589.
EiJ-myc/Bim-/- (figure 3-13a; left panel) and E|j-myc/Bid-/- lymphomas (figure 3-13b;
left panel) v\/ere confirmed for loss of Bim or Bid expression by western blot, and induction
of acetylated histone H3 was seen in E|j-myc lymphomas devoid of Bim (figure 3-13a; left
panel) or Bim (figure 3-13a; right panel) after treatment with LAQ824 or LBH589 for 2 hours.
Increasing concentrations of LAQ824 or LBH589 for 24 hours induced cell membrane
permeability in both Ep-myc/Bim-/- and E^l-myc/Bid-/- lymphomas assessed by PI uptake
(figure 3-13c), similar to that observed following treatment of E|j-myc lymphomas. Induction
of apoptosis following exposure to LAQ824 (25nM) or LBH589 (4nM) for 24 hours as
determined by the induction of MOMP (figure 3-13d; upper left panel), activation of
effecter caspases (figure 3-13d; upper right panel), DNA fragmentation (figure 3-13d; lower
left panel) and increase in cell membrane permeability of lymphoma cells (figure 3-13d;
lower right panel) indicating that LAQ824- and LBH589-mediated cell death in vitro is
independent of Bim and Bid.
To confirm the ability of LAQ824 and LBH589 to induce apoptosis independent of
the BH3 only pro-apoptotic proteins Bim and Bid, second independently derived

Eg-

myc/Bim-/- 2 and E|j-myc/Bid /- 2 lymphomas were treated with LAQ824 or LBH589 for 24
hours. In line with results seen in figure 3-13d, treatment of independently derived E|jmyc/Bim

and EiJ-myc/Bid '- lymphomas with LAQ824 and LBH589 resulted in significant loss

of MOMP, activation of caspases, induction of DNA fragmentation and an increase in
annexin V/PI positive staining (figure 3-14). In contrast though, treatment with LAQ824 of E|j127

myc/Bid-/- 2 resulted in less cell death compared to that seen in figure 3-13 as indicated by
reduced MOMP (-60% vs -100% in EtJ-myc/Bid '-1), caspose activation (-60% vs 95% in E|jmyc/Bid-/- 1), induction of cell permeability (-50% vs -95% in EtJ-myc/Bid'- 1) and less
induction of DNA fragmentation (-50% vs -100% in EM-myc/Bid '- 1). Token together, these
data indicate that LBH589 can induce cell death in Ep-myc lymphomas independent of
the BH3 only pro-opoptotic proteins Bim and Bid, v^^hile LAQ824 induces apoptosis
independent of Bim, though further investigation needs to be carried out into LAQ824mediated apoptosis in Ep-myc lymphomas devoid of Bid (figure 3-14).
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Figure 3-13: LAQ824 and LBH589 induce apoptosis independent of tine BH3 only proapoptotic proteins Bid and Bim: (a) (left) Whole cell lysates (30(jg) were prepared from E|jmyc and E|j-myc/Bim-/- lymphomas were separated by 10% SDS-PAGE and analysed by
western blotting using antibodies for Bim and 3-actin. Lane 1 display E|j-myc lymphomas
alone and lanes 2 and 3 display Ep-myc lymphomas deficient in Bim, (right) Whole cell
lysates (4|jg) were prepared from E^i-myc and E|j-myc/Bim-/- lymphomas either untreated
(lanes 1 and 4) or treated with LAQ824 (25nM; lanes 2 and 5) or LBH589 (4nM; lanes 3 and
6) and separated by 10% SDS-PAGE and analysed by western blotting using antibodies for
acetylated histone H3 and P-actin. (b) (left) Whole cell lysates (30|jg) were prepared from
EM-myc and E|j-myc/Bid-/- lymphomas and separated by 10% SDS-PAGE and analysed by
western blotting using antibodies for Bid and 3-actin. Lane 1 display Ep-myc lymphomas
alone and lanes 2 and 3 display E|j-myc lymphomas deficient in Bid, (right) Whole cell
lysates (4|jg) were prepared from E|j-myc and E(j-myc/Bid-'- lymphomas either untreated
(lanes 1 and 4) or treated with LAQ824 (25nM; lanes 2 and 5) or LBH589 (4nM; lanes 3 and
6) and separated by 10% SDS-PAGE and analysed by western blotting using antibodies for
acetylated histone H3 and P-actin. (c) E|j-myc/Bim-'- 1 (top) and E(j-myc/Bid-/- 1 (bottom)
were incubated with increasing concentrations of LAQ824 (blue line) or LBH589 (pink line)
for 24 hours. Cell viability was determined by the uptake of PI determined by flow
cytometry, (d) E|j-myc/Bim-/-1 or E|j-myc/Bid '- 1 lymphomas were untreated (black bars) or
treated with LAQ824 (25nM; white bars), LBH589 (4nM; blue bars). Lymphomas were stained
with TMRE (top left), FITC-VAD fmk (top right), annexin V and Pi (bottom right) and fixed in
50% ethanol and stained with PI (bottom left). All preparations were analysed by flow
cytometry. All time points for (c) and (d) represent mean of 3 individual experiments ±
standard error.
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Figure 3-14: Confirmation that LAQ824 and LBH589 induce apoptosis independent of the
BH3 oniy pro-apoptotic proteins Bid and Bim: E|j-myc/Bim' 2 or E|j-myc/Bid / 2 lymphomas
were untreated (black bars) or treated with LAQ824 (25nM; white bars), LBH589 (4nM; blue
bars). Lymphomas were stained with TMRE (top left), FITC-VAD fmk (top right), annexin V
and PI (bottom left) and fixed in 50% ethanol and stained with PI (bottom right). All
preparations were analysed by flow cytometry. All time points represent mean of 3
individual experiments ± standard error.
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3.2.7

The HDACi LAQ824 and LBH589 induce cell death in EiJ-myc B cell lymphomas
devoid of a functional apoptosome.
Previous studies have indicated that inactivation of the apoptosome result in the

delay in kinetics, rather than the inhibition of cell death in response to cytokine withdrawal
(Ekert et al., 2004; Marsden et al., 2002) or cytotoxic stimuli (Scott et al., 2004), while other
groups report that melanoma cancers lacking Apof-l expression result in resistance to
therapy and poor prognosis (Anichini et al., 2006).
To investigate the importance of apoptosome signalling in LAQ824- and LBH589mediated cell death, E(j-myc lymphomas devoid of Apafl (E^l-myc/Apafl-/•) or caspase-9
(EtJ-myc/caspase-9-/-) were tested for sensitivity to LAQ824 and LBH589. Deletion of Apaf-1
in Ejj-myc/Apafl-/- lymphomas (figure 3-15a; left panel) and loss of caspase-9 in Epmyc/caspase-9-/- lymphomas (figure 3-15b; left panel) was confirmed by western blot.
Induction of acetylated histone H3 occurred in E^l-myc lymphomas devoid of Apafl (figure
3-15a; right panel) or caspase-9 (figure 3-15a; right panel) after treatment with LAQ824 or
LBH589 for 2 hours. EtJ-myc, EM-myc/Apofl '- and E|j-myc/caspase-9-/- lymphomas were
then treated with escalating concentrations of LAQ824 or LBH589 for 24 hours and cell
death was assessed by PI uptake. Figure 3-16a shows that treatment of Ep-myc lymphomas
with LAQ824 or LBH589 induced cell death in a dose-dependent manner, while E|jmyc/Apafl-/- and Ep-myc/caspase-9-/- lymphomas remained resistant to all concentrations
of both HDACi over 24 hours. Further analysis revealed that treatment of E|j-myc/Apafl -/--l
and E|j-myc/caspase9-/- lymphomas daily with LAQ824 (25nM) or LBH589 (4nM) over 72
hours resulted in an attenuated caspose independent cell death (figure 3-16b). Figure 316b (top panels) shows that LAQ824 and LBH589 induced MOMP in E|j-myc/Apafl -/- 1 and
E|j-myc/caspase-9-/- lymphomas within 24 hr although the magnitude of mitochondrial
damage was slightly attenuated in comparison to E|j-myc lymphomas. LAQ824- and
LBH589-induced MOMP increased by 48 hours to -95% in Ep-myc/Apafl '- and E|jmyc/caspase-9-/- lymphomas. Little or no effecter caspase activation (figure 3-16b; middle
panels) was detected following LAQ84 or LBH589 treatment, though an increase in onnexin
132

V/PI double positive lymphoma cells (up to -40%) was observed at 72 hours (figure 3-16b;
bottom panels). Cell cycle analysis shov\/s that following treatment with LAQ824 or LBH589,
E|j-myc/Apafl-/--l and E|j-myc/caspase-9-/- lymphomas accumulate in Gi of the cell cycle
with minimal increase in DNA fragmentation for the first 48 hr however this increased at the
72 hr time point (figure 3-16c).
A second independent Ep-myc/Apafl-/- 2 lymphoma was treated with LAQ824
(25nM) or LBH589 (4nM) for 48 hours. LAQ824 and LBH589 treatment resulted in attenuated
MOMP (-40%) within 24 hours though MOMP was increased to -60% by 48 hours (figure 317c; upper left panel). Little or no caspose activation was detected in response to LAQ824
or LBH589 treatment at 24 hours (15-20%) but interestingly caspose activation was detected
by 48hrs to -60% (figure 3-17c; upper right panel). Minimal cell membrane permeability
(-30-40%) resulted by 24 hours from LAQ824 and LBH589 treatment and was increased to
70-80% by 48 hours (figure 3-17; bottom right panel). Cell cycle analysis displayed that E|jmyc/Apafl-/- 2 lymphomas treated with LAQ824 or LBH589 for 24 hours resulted in minimal
DNA fragmentation (-30%) and was not significantly increased by 48 hours (-40%). These
data reveal that E^i-myc lymphomas devoid of Apofl or caspase-9 result in delayed cell
death induced by the treatment of LAQ824 and LBH589 over a 48 and 72 hour time course.
Furthermore, while the kinetics of cell death were attenuated in both E(j-myc/Apafl-/lymphomas, cell death in Ejj-myc/Apofl-/- 1 lymphomas seemed to be mediated by
caspase-independent

mechanisms,

while

E^J-myc/Apafl-/-

2 lymphomas

displayed

hallmarks of apoptosis associated with delayed caspase activation, though DNA
fragmentation was inhibited. These data indicate that more Ep-myc lymphomas devoid of
Apofl or caspase-9 are required to offer definite answers behind LAQ824- and LBH589medioted cell death independent of apoptosome signalling.
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Figure 3-15: EM-myc lymphomas devoid of a functional apoptosome undergo alternate cell
death to LAQ824 and LBH589 induced treatment: (a) (left) Whole cell lysates (30|jg) were
prepared from Ey-myc and Ejj-myc/Apafl '- lymphomas and separated by 10% SDS-PAGE
and analysed by western blotting using antibodies for Apofl and P-actin. Lane 1 displays
E|j-myc lymphomas and lanes 2 and 3 display E|j-myc lymphomas devoid of Apafl, (right)
Whole cell lysates (4|jg) were prepared from Ep-myc and E|j-myc/Apafl '- lymphomas
either untreated (lanes 1 and 4) or treated with LAQ824 (25nM; lanes 2 and 5) or LBH589
(4nM; lanes 3 and 6) and separated by 10% SDS-PAGE and analysed by western blotting
using antibodies for acetylated histone H3 and P-actin. (b) (left) Whole cell lysates (30|jg)
were prepared from Ep-myc and EM-myc/caspase-9-/- lymphomas and separated by 10%
SDS-PAGE and analysed by western blotting using antibodies for caspase-9 and 3-actin.
Lane 1 displays E|j-myc lymphomas and lane 2 displays E|j-myc lymphomas devoid of
caspase-9,

(right) Whole cell lysates

(4Mg) were prepared from E|j-myc and E^J-

myc/caspase-9lymphomas either untreated (lane 1) or treated with LAQ824 (25nM; lane
2) or LBH589 (4nM; lane 3) and separated by 10% SDS-PAGE and analysed by western
blotting using antibodies for acetylated histone H3 and P-actin.
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Figure 3-16: E|j-myc lymphomas devoid of a functionai apoptosome undergo aiternate cell
death to LAQ824 and LBH589 induced treatment: (a) E|j-myc (black line), E|j-myc/Apafl ' 1
(pink

line)

and

E|j-myc/caspase-9-/-

(blue

line)

were

incubated

with

increasing

concentrations of LAQ824 (left) or LBH589 (right) for 24 hours. Cell viability was deternnined
by the uptake of PI determined by flow cytometry, (b) EM-myc/Apafl-'- 1 and E|jmyc/caspase-9-/- lymphomas were untreated or treated with LAQ824 (25nM) or LBH589
(4nM) for 24 (black bars), 48 (white bars) and 72 hours (blue bars). Cells were stained with
TMRE (top), FITC-VAD fmk (middle), annexin V and PI (bottom) or (c) fixed in 50% ethanol
and stained with PI. All preparations were analysed by flow cytometry. All time points for
(a) and (b) represent mean of 3 individual experiments ± standard error.
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3.2.8

LAQ824 and LBH589 inhibition of clonogenic survival requires mitochondrial
perturbation.
To investigate if damage to the mitochondria is sufficient to affect the clonogenic

potential of cells treated with LAQ824 or LBH589, Ep-myc, E|jmyc/Apaf1-/- 1 and Epmyc/Bcl2 2 lymphomas were exposed to LAQ824 (25nM), LBH589 (4nM) or left untreated
for 24 hours and plated in soft agar. Figure 3-18 shows that 24 hour treatment with LAQ824
or LBH589 of E|j-myc (top panel) and E|j-myc/Apafl-/--l lymphomas (middle panel), which
induces MOMP in both E|j-myc and E(j-myc/Apafl-/--l lymphomas, was sufficient to inhibit
the clonogenic survival of both lymphomas, indicating that MOMP is important for HDACimediated cell death. The importance of mitochondrial damage in HDACi-mediated cell
death was further confirmed by the treatment of E|j-myc/Bcl2 2 lymphomas (figure 3-18;
bottom panel). As already discussed Bcl2 protects against HDACi-mediated mitochondrial
damage in E|j-myc lymphomas and the over-expression of Bcl2 was sufficient to protect
from HDACi-mediated MOMP, allowing for the clonogenic survival of E^J-myc/Bcl2 2
lymphomas.
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Figure 3-17: EM-myc lymphomas devoid of o functional apoptosome undergo alternate cell
deatti to LAQ824 and LBH589 induced treatment: Ep-myc/Apafl ' 2 lymphomas were
untreated (black bars) or treated with LAQ824 (25nM; white bars) or LBH589 (4nM; blue
bars) for 48 hours. Cells were stained with TMRE (top left), FITC-VAD fmk (top right), annexin
V and PI (bottom left) or fixed in 50% ethanol and stained with PI (bottom right). All
preparations were analysed by flow cytometry. All time points for represent mean of 3
individual experiments ± standard error.
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Figure 3-18: LAQ824 and LBH589 inhibition of clonogenic survival requires mitochondrial
perturbation: E|j-myc/l, E|j-myc/Apafl-/- 1 and EM-myc/Bcl2 2 lymphomas were untreated
or incubated LAQ824 (25nM) or LBH589 (4nM) for 24 hours, cells were plated out in soft
agar. Colonies were counted after 10 days in culture. All points represent triplicate wells of
1 experiment ± standard error.
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3.2.9

E|j-myc/Apafl -/- B cell lymphomas exhibit an autophagy phenotype when treated
with the HDACi LAQ824 or LBH589.
Our data thus tar indicated that LAQ824- and LBH589-induced loss of MOMP in the

absence of subsequent caspase activation, DNA fragmentation or annexin V staining was
sufficient to mediate loss of clonogenic survival. A previous study reported that another
HDACi vorinostat induced caspase independent cell death in Hela cells over expressing
BclXior lacl<ing Apafl (Shao et al., 2004), and suggested that autophagic cell death could
be responsible for this loss of cell viability.
A common method used in the determination of autophagy is transmissive electron
microscopy (TEM), to identify double- or multi-membrane autophagic vacuole formation
(Gozuacik and Kimchi, 2004). To distinguish between apoptotic and caspase independent
cell death both E|j-myc and EiJ-myc/Apafl -/- lymphomas were treated with LAQ824 (25nM)
for 24 hours and 72 hours respectively. Figure 3-19a displays representive pictures of E|j-myc
lymphoma control cells (left panel) with normal nuclei with evenly dispersed chromatin,
surrounded by normal appearing cytoplasm. In contrast, LAQ824 treatment for 24 hours
resulted in the formation of apoptotic nuclei indicative of opoptosis (represented in figure
3-19a; right panel). Figure 3-19b shows the treatment of EM-myc/Apafl-'-1 lymphomas with
LAQ824 for 24 hours. Untreated E|j-myc/Apafl-'- lymphomas display normal nuclei with
evenly dispersed chromatin surrounded by normal appearing cytoplasm (upper left panel).
Treatment of E|j-myc/Apafl-/- lymphomas with LAQ824 for 24 hours results in the
appearance of autophagic vacuoles (upper right panel; dark arrows). Closer examination
under higher magnification TEM revealed vacuoles which were doubled membraned
(bottom panels; dark arrows) with some containing degraded organelles (bottom right
panel; open arrow). These representative data revealed that LAQ824 and LBH589 induce
autophagsomes in E|j-myc/Apafl-/- lymphomas, indicating HDACi can activate alternate
pathways to induce cell death when the apoptotic pathways are not functional.
Unfortunately, poor sample quality from the treatment of Ep-myc and E|j-myc/Apafl-/' 1
lymphomas with LBH589 did not allow for TEM results to be shown.
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Figure 3-19: LAQ824 and LBH589 induced cell death in EM-myc/Apafl /- lymphocytes
resembles autophagy: (a) E|j-myc/l lymphomas were either untreated (left) or treated with
25nM LAQ824 for 24 hours (right), and transmission electron microscopic study was
conducted as described. Treatment with LAQ824 resulted in the development of apoptotic
nuclei (dark arrow; right panel) and induction of apoptosis (open arrow; right panel) in Epmyc lymphomas (scale bars=5|jM). (b) EM-myc/Apafl '- 1 lymphomas were either untreated
(top left) or treated with 25nM LAQ824 for 24 hours (top right; bottom left and right), and
transmission electron microscopic study was conducted. Treatment with LAQ824 for 24
hours induces the formation of autophagc vacuoles (top right panel; dark arrowheads.
Scale bar=5|jM). Higher magnification displaying autophagic vacuoles (bottom left panel;
dark arrowheads. Scale bar=2MM), and vacuoles displaying double membrane formation
(bottom right panel; dark arrowheads. Scale bor^SOOnm) and vacuoles containing
degraded organelles (bottom right panel; open arrow. Scale bar=500nm).
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3.3

Discussion
LAQ824 and LBH589 are novel HDACi of the hydroxamic family, similar in structure to

vorinostat (SAHA). Preclinical data has demonstrated that HDACi induce their anticancer
activity by multiple mechanisms including induction of apoptosis, differentiation, cell cycle
arrest, suppression of proliferation, inhibition of angiogenesis and modulation of immune
function (Bolden et al., 2006). Herein I have utilized the E|j-myc transgenic mouse model of
B cell lymphoma (Harris et al., 1988) to investigate the in vitro apoptotic properties of
LAQ824 and LBH589 and to identify key apoptotic proteins and pathways necessary for
LAQ824- and LBH589-mediated apoptosis.
Initial analysis using five independent E|j-myc lymphomas showed that sensitivity to
LAQ824 or LBH589 treatment was dose dependent (figure 3-1) and

LD70

concentrations

were established for both HDACi of 25nM and 4nM respectively, indicating LBH589 to be
the more potent than LAQ824. Dose response assays also revealed that the established
LDzo dose for LAQ824 and LBH589 was very similar in all five cell lines. Treatment of Ep-myc
lymphomas with

LD70

concentrations of LAQ824 or LBH589 induced rapid accumulation of

ocetylated histone H3 proteins (within 2 hours) as well as cell death in a time dependent
manner (figure 3-2). The cell death featured common hallmarks of apoptosis including
MOMP, effector caspase activation, accumulation of lymphoma cells with fragmented or
loss of genomic DNA and an increase in annexin V/PI double positive lymphoma cells
(figure 3-2). It was obsen/ed that acefylotion of histone H3 following LAQ824 or LBH589
treatment of Ep-myc lymphomas preceded the onset of cell death indicating that
hyperacetylation of histones and /or other cellular proteins is a primary event in the
apoptotic process (figure 3-2).

3.3.1

LAQ824 and LBH589 induce cell death independent of the extrinsic apoptotic
pathway
The requirement for the activation of the extrinsic apoptotic pathway for HDACi-

mediated apoptosis remains debatable.

Reports exist showing HDACi can induce
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selective transcriptional up-regulation of genes involved in extrinsic apoptotic signalling
including TRAIL, DR5, Fas, FasL, and TNFa (Imai et al., 2003; Insinga et al., 2005a; MacFarlane
et al., 2005a; Nakata et al., 2004; Nebbioso et al., 2005; Singh et al., 2005; Sutheesophon et
al., 2005). Further evidence exists supporting the role of extrinsic apoptotic signalling in
HDACi-mediated apoptosis. Treatment of hunnan osteosarcoma cells pre-treated with
neutralising antibodies towards FasL or transient over-expression of dominant negative
FADD or FLIP resulted in over 50% reduction in HDACi-mediated apoptosis (Imai et al.,
2003). Anti-leukemic activities of HDACi were also diminished by over-expression of
dominant negative caspase-8, dominant negative FADD or the viral serpin CrmA (Rosato
et al., 2003). Experiments also have been carried out to display that the inhibition of
signalling by the TNF pathway by the use of neutralising antibodies to TNF-a or the
expression of siRNA to limit the expression of TNF-Rl

resulted in diminished caspase

activation and HDACi-mediated apoptosis (Sutheesophon et al., 2005). Insinga and
colleagues showed that neutralizing antibodies to Fas and DR5 in vitro caused the
reduction of HDACi-induced apoptosis in AML cells by approximately 50% and 40%
respectively, and both antibodies used together abolished HDACi-induced apoptosis
(Insinga et al., 2005a). In vivo confirmation was obtained by hydrodynamic delivery of
siRNA against Fas and TRAIL into APL mice to interfere with their respective proteins and
treated with VPA. APL mice treated with TRAIL and Fas siRNA displayed decreased
expression of target genes, which caused a marked reduction (about 50%) of VPAinduced apoptosis in the bone marrow and spleen of mice compared to GFP siRNA control
treated mice (Insinga et al., 2005a). Nebbioso and colleagues also showed the importance
of TRAIL for HDACi-mediated apoptosis in vivo. Utilising the SCID xenograft model, mice
bearing either U937 cells (empty vector) or U937 cells (shRNA-TRAIL vector) were treated
with MS275. MS275 treatment remarkably increased survival of mice bearing U937 cells
where as no increased survival was observed in mice bearing shRNA-TRAIL U937 cells
treated with MS275 (Nebbioso et al., 2005).
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In contrast to the studies detailed above there Is also strong evidence that exists
displaying HDACi-mediated apoptosis can be independent of the extrinsic apoptotic
pathv\/ay. In vitro studies of cell lines over-expressing the viral serpin CrMA, v\/hich inhibits the
activation of caspase-8 and caspase-10 (in humans), effectively inhibiting the extrinsic
apoptotic pathway (Ruefli et al., 2001), shov\/ed that the HDACi vorinostot (Ruefli et al.,
2001), oxamflatin and ronnidepsin (Peart et al., 2003) v\/ere able to induce apoptosis
independent of a functional extrinsic apoptotic pathv^/ay. Lindernnann and colleagues
later added to these studies by shovv^ing that in vivo therapeutic efficacy of vorinostat was
successful in mice bearing E|j-myc lymphomas over-expressing CrMA (Lindemann et al.,
2007). Analysis of U937 cells in vitro treated with LAQ824 displayed no change in expression
of cell surface expression of DR4 and DR5, and LAQ824-induced cell death was not
inhibited by co-incubation with neutralising antibodies towards TRAIL and Fas-L (Rosato et
al.,

2006).

These

data clearly

demonstrate

that

HDACi-mediated

apoptosis

and

therapeutic efficacy does not necessarily require a functional death receptor pathway.
In support of the later, E|j-myc lymphomas expressing CrmA (E|j-myc/CrmA) or
devoid of TRAIL ligand expression (EM-myc/TRAIL' ) were sensitive to cell death following
treatment with increasing concentrations of LAQ824 or LBH589 (figure 3-3c). Moreover,
treatment of Ep-myc/CrmA and EM-myc/TRAIL'- lymphomas with LD70 concentrations of
LAQ824 and LBH589 induced cell death by the activation of the intrinsic (mitochondrial)
apoptotic pathway, indicating that LAQ824 and LBH589 do not require a functional
extrinsic (death receptor) apoptotic pathway to induce cell death.

3.3.2

LAQ824 and LBH589 require a functional intrinsic apoptotic pathway to induce cell
death
The importance of the intrinsic apoptotic pathway in HDACi-mediated tumour cell

death has been supported by a large number of independent studies (Bernhard et al.,
2001; Mitsiades et al., 2003; Peart et al., 2003; Rosato et al., 2003; Ruefli et al., 2001; Singh et
al., 2005; Vrana et al., 1999; Wang et al., 2006). The over expression of pro-apoptotic
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proteins including Bcl2 (Cory and Adams, 2002; Jolnnstone et o!., 2002; Schmitt and Lowe,
2001b) , BCIXL (Hajji et al., 2007; Shoo et al., 2004) or Bclw (Lee et oL, 2003) result in the
stabilization and protection of mitochondria membrane integrity and resistance to
apoptotic cell death. Moreover Bcl2 can accelerate tumourigenesis by synergising with
other oncogenes like c-myc (Vaux et al., 1988) and previously the over expression of Bcl2 in
E|j-myc lymphomas was shown to mediate resistance to multiple chemotherapies
(Johnstone, 2002; Schmitt and Lowe, 2001b; Schmitt et a!., 2000), and more recently to
vorinostat (Lindemann et al., 2007). E|j-myc/Bcl2 lymphomas were resistant to increasing
concentrations of LAQ824 or LBH589 (figure 3-5c). LAQ824 or LBH589 treatment of Epmyc/Bcl2 lymphomas in long term assays over 72 hours confirmed resistance rather than
attenuation in cell death in E|j-myc/Bcl2-l (figure 3-5d-e). Treatment of E|j-myc/Bcl2-2
lymphomas (figure 3-6) over 72 hours displayed some sensitivity to LAQ824- and LBH589mediated cell death, though lymphomas still maintained clonogenic potential (figure 317), confirming resistance to LAQ824- and LBH589-mediated cell death. While activation of
the intrinsic apoptotic pathway was inhibited by the over expression of Bcl2, LAQ824 and
LBH589 still mediated accumulation of acetyloted histone H3 (figure 3-5a) and cell cycle
arrest (figure 3-5e). This indicates that ocetylation of histones, LAQ824- and LBH589mediated

cell

cycle

effects

and

LAQ824- and

LBH589-mediated

apoptosis

are

independent from e a c h other. Others from our group have mode similar observations
where the ectopic expression of Bcl-2 protects cancer cells from HDACi-medioted
apoptosis, though HDACi-induced histone ocetylation and cell cycle arrest where still
achieved (Lindemann et al., 2007; Peart et al., 2003; Ruefli et al., 2002).
The dependence on the activation of the intrinsic apoptotic pathway was further
confirmed by experiments demonstrating that EM-myc/BcIXt and E|j-myc/Bclw lymphomas
were resistant to LAQ824- and LBH589-induced apoptosis (figure 3-7c and Figure 3-8c).
Although treatment of E|j-myc/BclXL and Ep-myc/Bclw lymphomas with LAQ824 or LBH589
over 72 hours resulted in resistance to treatment (figure 3-7d and figure 3-8d), ocetylation
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of histone H3 (figure 3-7b and figure 3-8b) and a Gi cell cycle arrest were still induced
(figure 3-7e and figure 3-8e) similar to treatment of E|j-myc/Bcl2 lymphomas.

3.3.3

LAQ824 and LBH589 induce cell death independent of the p53 DNA damage
pathway
An important requirement for the induction of the intrinsic apoptotic pathway by

DNA damaging agents and oncogenic proteins, is the tumour suppressor gene p53
(Johnstone, 2002). p53 induces a strong apoptotic signal by the transcriptional activation
of pro-apoptotic genes such as Bax and the BH3 only genes Puma and Noxa, or by nontranscriptional action of directly binding to Bax, BCIXL or Bcl2 (Bolden et al., 2006; Chipuk
and Green, 2006; Tomita et al., 2006). The p53 pathway has been implicated to be vital for
intrinsic apoptotic signalling in response to various chemotherapy stimuli (Schmitt et al.,
1999). This has been demonstrated by experiments with non-tronsgenic mice transplanted
with E|j-myc lymphomas devoid of p53 or

These mice were resistant to the anti-

tumour activities of DNA damaging agents including cyclophosphamide (Schmitt et al.,
1999) and etoposide (Lindemann et al., 2007). It was previously demonstrated that o
functional p53 pathway was not required for HDACi mediated apoptosis (Insinga et al.,
2005a; Lindemann et al., 2007; Peart et al., 2003; Ruefli et al., 2001). This holds true for
LAQ824 and LBH589 as both HDACi were able to induce cell death in E|j-myc/p53-/lymphomas and EM-myc/pl9ARf-/- lymphomas in a dose dependent manner (figure 3-9a
and figure 3-9b).

3.3.4

LAQ824 and LBH589 induce cell death independent of the BH3-only proteins Bim
and Bid
The role of the BH3-only pro-apoptotic proteins in HDACi mediated apoptosis has

just recently been investigated, with particular interest in the BH3 only proteins Bid and Bim.
Bid can be cleaved and activated in response to various HDACi, resulting in the activation
of the intrinsic apoptotic pathways (Emanuele et al., 2007; Lindemann et al., 2007;
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Mitsiades et al., 2003; Peart et al., 2003; Ruefli et al., 2001). In contrast to the activation of
Bid, Bim is transcriptionally activated in response to HDACi treatment either directly
(Ennonuele et al.. 2007; Gillespie et al., 2006; Inoue et al., 2007; Lindemann et al., 2007; Zhu
et al., 2004) or via the acetylation of E2F-1 thus promoting Bim expression and apoptosis
(Tan et al., 2006; Zhao et al.. 2005). Importantly, HDACi treatment of cancer cells either
deficient in Bim or Bid (Lindemann et al., 2007) or by siRNA knockdovi/n of Bim (Gillespie et
al., 2006; Inoue et al., 2007; Zhao et al., 2005) severely suppressed HDACi mediated
apoptosis, demonstrating the potential importance of Bim and Bid for the anti-tumour
activity of certain HDACi. In contrast to Lindermann et al who demonstrated that Ep-myc
lymphomas deficient of Bid (EM-myc/Bid-/ ) or Bim (E|j-myc/Bim-/-) were relative resistant to
vorinostat-induced apoptosis, E|j-myc lymphomas deficient of Bid or Bim were sensitive to
LAQ824 or LBH589 (figure 3-13a and Figure 3-13b; left panels), indicating that HDACi of the
same structural class may have different requirements to execute their apoptotic effects in
cancer cells. Gene profiling studies show that HDACi representing different structural
classes displayed similar transcriptional responses (Peart et al., 2005) suggesting that initial
HDAC inhibition and consequent gene transcription/repression may not explain the
difference observed between vorinostat-induced apoptosis reliant on Bim and Bid and
LAQ824- and LBH589-mediated apoptosis independent of Bid and Bim.

3.3.5

Over-expression of XIAP does not inhibit LAQ824- and LBH589-induced cell death
Disruption in apoptotic signalling downstream from mitochondrial damage has

been observed in cancer leading to chemoresistonce and tumour development and/or
progression. Two mechanisms by which this downstream apoptotic signalling may be
blocked is by the over expression of a member of the inhibitor of apoptosis proteins (lAPs),
x-linked inhibitor of apoptosis protein (XIAP) or by dysfunctional apoptosome formation,
usually resulting from the loss of expression of Apaf-1. lAPs regulate apoptosis by inhibiting
effector caspases-3, -7 and -9 activation (Hunter et al., 2007). XIAP is the most well
characterized member of the lAP family and is associated with a poor prognosis when over
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expressed in cancer (Tamm et al., 2004a; Tamm et al., 2004b) and has been reported to
inhibit apoptosis to a variety of apoptotic stimuli including etoposide, FasL, TNFa and
ultraviolet radiation (LaCasse et al.. 1998; Liston et al., 1996). Treatment of Ep-myc
lymphomas over expressing XIAP (E|j-myc/XIAP lymphomas) did not result in resistance to
LAQ824 or LBH589 but rather attenuated the kinetics of LAQ824- and LBH589-induced
apoptosis. Eu-myc/XlAP lymphoma sensitivity to LAQ824 and LBH589 was dose dependent
(figure 3-1 lb), and treatment w^ith LD70 concentrations of LAQ824 and LBH589 of E|jmyc/XlAP lymphomas resulted in a delayed apoptotic cell death over 48hrs (figure 3-1 Ic-d
and figure 3-12). While apoptosis v\/as attenuated, mitochondrial outer membrane
damage vv/as still achieved within 24 hours and the release of mitochondrial proteins may
explain the mechanism enabling LAQ824 and LBH589 to over come the apoptotic block
presented by the over expression of XIAP. Two mitochondrial proteins, Smac/Diablo and
HTrA2, function as endogenous antagonists of lAPs, and through their actions once
mitochondrial damage is induced by LAQ824 or LBH589, bind and inhibit XIAP allowing the
activation of cosposes and the recommencement of apoptosis (Du et al., 2000; Ekert et al.,
2001; Suzuki et al., 2001; Verhagen et al., 2000; Verhagen et al., 2002). While LAQ824 and
LBH589 among other HDACi have the capacity to overcome the inhibitory role of the over
expression of XIAP indirectly through the release of endogenous antagonists from the
mitochondria upon its damage, they may also effect the expression of XIAP directly.
Reports have indicated the ability of HDACi to regulate the expression of XIAP
transcriptionally and also by initiating the proteosomal degradation of XIAP (Dai et al.,
2005b; Gao et al., 2004; Guo et al., 2004). Either of these possibilities could explain LAQ824and LBH589-induced apoptosis in Ep-myc/XlAP lymphomas though further experiments ore
required to confirm LAQ824 and LBH589 capabilities to overcome over-expression of XIAP.

3.3.6

LAQ824 and LBH589 induce cell death independent of Apaf-1 and Caspase-9
Vital to signalling via the intrinsic apoptotic pathway post mitochondrial damage is

a multi-protein complex called the apoptosome. Apoptosome formation is initiated by the
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release of cytochrome c from damaged mitochondria which in turn binds ATP and
activates Apaf-1. This complex binds procaspase-9 to complete apoptosome formation
and activation of caspase-9 (Adams and Cory, 2002; Johnstone et al., 2002).
Dysfunctional apoptosome function has been reported in cancer with examples
including the epigenetic silencing of Apaf-1 in melanoma, leukaemia and ovarian
carcinoma (Anichini et al., 2006; Campioni et al., 2005; Furukawa et al., 2005; Jia et al.,
2001; Soengas et al., 2001; Sturm et al., 2006; Wolf et al., 2001) and decreased expression of
caspase-9 in colon carcinoma (Palmerini et al., 2001) correlating with either decreased
drug induced apoptosis or drug resistance.
Ep-myc

lymphomas

devoid of Apaf-1

(E|j-myc/Apaf-l-/)

or caspase-9

(Ep-

myc/caspase-9-/-) treated with escalating concentrations of LAQ824 or LBH589 over 24
hours (figure 3-15a) remained resistant to apoptosis, as indicated by a lack of caspase
activation, outer cell membrane permeability and DNA damage data. The resistance to
apoptotic stimuli observed in E|j-myc/Apafl -/- and EM-myc/caspase-9-/- lymphomas agreed
with previous studies where mice deficient in either caspase-9 or Apaf-1 displayed
neuronal hyperplasia and resistance to apoptosis in their lymphocyte and fibroblast
populations (Cecconi et al., 1998; Hakem et al., 1998; Yoshido et al., 1998). In contrast to
this, Marsden et al reported that lymphoid cells underwent relatively normal apoptosis in
the absence of Apaf-1 or caspase-9 with slightly delayed kinetics. This cell death was
regulated by Bcl-2, and proposed that apoptosome function acts as an amplifier of the
caspase cascade, rather than an essential trigger for apoptosis, as activation of capase-7
was still observed in Apafl '- cells (Marsden et al., 2002). A later report by Ekert et al
supported Marsdens data showing that loss of Apaf-1 or capase-9 did not inhibit cell death
as indicated by clonogenic assays, but rather a caspase-independent cell death with
delayed kinetics was obsen/ed (Ekert et al., 2004).
Treatment of EM-myc/Apaf-l ' -l or E|j-myc/caspase-9-/-lymphomas with LAQ824 or
LBH589, like the studies conducted by Ekert et al, resulted in rapid MOMP, though caspase
activation was absent and phosphotidylserine exposure was limited and delayed,
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indicating a delay in kinetics of cell death. Additionally no DNA fragmentation resulted
from treatment of EM-myc/Apaf-l-/--l or E|j-myc/caspase-9-/- lymphomas with LAQ824 or
LBH589 though cells were arrested in Gi of the cell cycle. Loss of apoptosome function did
not potentate Ep-myc lymphoma clonogenic sun/ival suggesting that Apaf-1 a n d caspase9 act downstream of the point that commits a cell to die, whereas over expression of Bcl-2
provides clonogenic survival. Mitochondrial d a m a g e is indicated to be the commitment
point of LAQ824 or LBH589 induced cell death as displayed by clonogenic assays and
therefore proteins released from the mitochondria upon its d a m a g e or depletion of cellular
substrates and

inadequate

mitochondrial function

may result in the

induction

of

autophagic cell death induced by HDACi treatment (Shoo et al., 2004), offering an
explanation of the observed loss in clonogenic potential o n c e an E|j-myc lymphoma has
endured mitochondrial d a m a g e .

3.3.7

Treatment of Eu-myc/Apafl-/- lymphomas with LAQ824 result in morphological
changes characteristic of autophagy
Recent reports have indicated a possible role in HDACi-mediated autophagy in

cancer cell survival/death. It has been recently demonstrated that inhibition of autophagy
with chemical antagonists such as chloroquine have demonstrated to augment vorinostatmediated apoptosis in chronic myelogenous leukaemia (CML) cell lines resistant to
imatinib, as well as isolated peripheral blood mononuclear lymphocytes from CML patients
refractory to imatinib therapy (Carew et al., 2007). Other studies showed that cell lines
devoid of Apaf-1 or over-expressing

BCIXL

were resistant to vorinostat-mediated apoptosis,

but undergo cell death by a caspase-independent autophagic cell death initiated by
vorinostat treatment (Shao et al., 2004). A recent report supported Shao a n d colleagues
d a t a by showing that vorinostat-induced autophagy resulting in cell death (Cao et al.,
2008). In addition, it was also described that vorinostat-induced autophagic cell death was
m e d i a t e d by the suppression of the PI3K-Akt-mTOR signalling pathway a n d increased class
III PI3K/Beclin 1 signalling (Cao et al., 2008). Treatment E|j-myc/Apaf-l-/- 1 lymphoma with
151

LAQ824 resulted in morphological changes characteristic

of autophagy

including

autophagosonne formation, suggesting that LAQ824 or LBH589, like vorinostat,

mediate

caspase-independent autophagic cell death in the absence of a functional apoptosome,
but requires mitochondria perturbation. To confirm this data, additional western blot
analysis is required to investigate Beclin-1 expression, and degradation of LC-3, two
identified proteins involved in autophagic pathway signalling (Maiuri et al., 2007; Pattingre
and Levine, 2006; Pattingre et al., 2005). Together with TEM these data would provide
conclusive

evidence

that

LAQ824 or LBH589 can

mediate

caspase-independent

autophagic cell death.
The data discussed above includes the treatment of E|j-myc/Apaf-l-/--l and Epmyc/caspase-9-/- lymphomas with LAQ824 or LBH589 which mediated a

caspase

independent cell death which preliminary data indicates to be autophagy. In contrast to
this a second independent E|j-myc/Apaf-l -/- lymphoma was treated with LAQ824 or LBH589
and while death was attenuated, it involved the activation of caspases and exposure of
phosphotidyserine. While downstream activation of the intrinsic apoptotic

pathway

occurred as indicated by caspase activation, no nuclear DNA fragmentation occurred
suggesting that proteins such as EndoG or CAD maybe absent or non-functional in these
cells. The caspase activation obsen/ed in the second EM-myc/Apaf-l-/- lymphoma maybe
explained by the results discussed by Marsden et al where the activation of capase-7
mediated cell death independent of apoptosome formation (Marsden et al., 2002). Further
experiments including western blot analysis of capase-7 cleavage and the use of pan
caspase inhibitors are required to confirm this in E|j-myc lymphomas devoid of a functional
apoptosome. Moreover alternate mechanisms may exist to explain caspase activation
independent of an apoptosome including the cytosolic proteins including Bcl-10 (Willis et
al., 1999), Nodi (Inohara et al., 1999) and DIVA/Boo (Song et al., 1999) which all contain a
CARD domain essential in the activation of caspases. To investigate this, western blot
analysis could be used to identify if indeed effecter caspases are cleaved, and the protein
levels of Bcl-10, Nodi and DIVA/Boo are increased. Comparison of such data may help
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explain the contrast in responses to LAQ824 and LBH589 treatment between two
independent EM-myc/Apaf-1-/- lymphomas.
Overall, these data demonstrates that the loss of the apoptosome either by loss of
Apaf-1 or caspase-9 does not inhibit cell death induced by LAQ824 and LBH589. though
the exact mechanism/s behind this ore still not clear. The literature and the results discussed
in this chapter indicate that early mitochondrial damage is not inhibited (Ekert et a!., 2004)
and induction of cell death is attenuated and not inhibited from the loss of Apaf-1 or
caspase-9 (Ekert et al., 2004; Marsden et ol., 2002; Scott et al., 2004), though these reports
and this chapter indicate that both caspase-dependent cell death (Marsden et al., 2002)
and caspase-independent cell death (Ekert et al., 2004; Scott et ol., 2004) are obsen/ed in
cells devoid of Apaf-1 or caspase-9. This illustrates that further work is required to delineate
the mechanisms behind cell death in the absence of a functional apoptosome.

3.3.8

Summary
The ability of the hydroxomate HDACi LAQ824 and LBH589 to induce apoptotic cell

death in Ep-myc B-cell lymphomas has been clearly demonstrated. The observed induction
of LAQ824- and LBH589-mediated apoptosis is reliant on the activation of the intrinsic
(mitochondrial) apoptotic pathway and independent of the extrinsic (death receptor)
apoptotic pathway, the BH3-only pro-apoptotic proteins Bim and Bid and the p53 DNA
damage pathway. Moreover LAQ824 and LBH589 induce cell death independent of
apoptosome formation, which preliminary data suggests this may be autophagy. Rapid
induction of acetyloted histone H3 occurs following LAQ824 and LBH589 treatment in the
presence or absence of LAQ824- and LBH589-mediated cell death, displaying that histone
acetylation and cell death are independent events. The induction of apoptotic cell death
by LAQ824 and LBH589 and its correlation to therapeutic efficacy in mice bearing E|j-myc
B-cell lymphomas will be discussed in chapter 4.
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Chapter 4. Investigating tlie in vivo
therapeutic efficacy of the HDACi LAQ824
and LBH589 in a mouse model of B cell
lymphoma
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4.1

Introduction
The ability of chemotherapeutic drugs to induce tumor cell death is important for

the therapeutic activities of many compounds (Johnstone et al., 2002; Schmitt and Lowe,
2001a). Schmitt et al has performed numerous studies to investigate the important link
between apoptosis and drug response in vivo utilising Ep-myc transgenic mice. Initial in vivo
studies treating C57BL/6 mice bearing Ep-myc/p 1

or E|j-myc/p53-/- lymphomas

displayed defective cell death induced by the cytotoxic agents cyclophosamide (CTX)
and doxorubicin (Schmitt et al., 1999). This cell death was deemed to be apoptotic as the
over expression of Bcl-2 in E|j-myc lymphomas inhibited CTX therapy completely (Schmitt
and Lowe, 2001b; Schmitt et al., 2000). In addition to inhibiting therapy response to CTX, Epmyc/Bcl2 lymphomas were resistant to adriamycin and docetaxel therapy, indicating that
Bcl2 can mediate resistance to multiple chemotherapic agents reliant on apoptosis for
therapeutic efficacy (Schmitt et al., 2000).
More recently it was shown that HDACi-mediated apoptosis correlated with
therapeutic efficacy in vivo (Insinga et al., 2005a; Lindemonn et al., 2007; Nebbioso et al.,
2005). Of these studies, Lindemann et al showed that the HDACi, vorinostat could efficiently
increase tumor-free survival of mice bearing E|j-myc lymphomas, which was independent
of p53 (Lindemann et al., 2007). More specifically, therapeutic efficacy correlated the
ability of vorinostat to induce apoptosis in E|j-myc lymphomas, as mice bearing E|jmyc/Bcl2 lymphomas were completely resistant to vorinostat therapy (Lindemann et al.,
2007).
In chapter 3 it was shown that LAQ824 and LBH589 mediated cell death of Eu-myc
lymphomas in vitro through the activation of the mitochondrial (intrinsic) apoptotic
pathway. LAQ824- and LBH589-mediated cell death did not require signalling through the
death receptor (extrinsic) apoptotic pathway, the p53 DNA damage signalling pathway or
the activation of the BH3 only pro-apoptotic proteins Bid and Bim. Eu-myc lymphomas with
defects in Apaf-1 or caspase-9 showed defects in various apoptotic readouts (ie; caspase
activation, DNA fragmentation) following treatment with LAQ824 or LBH589. However these
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lymphomas still displayed loss of mitochondrial membrane potential and loss of clonogenic
survival. Finally, LAQ824- and LBH589-induced cell death was not inhibited by the
overexpression of the caspase inhibitor XIAP, indicating that irreversible damage to the
mitochondria was a critical step to commit Ep-myc lymphomas to die via apoptotic cell
death induced by LAQ824 and LBH589.
This chapter investigates the ability of LAQ824 and LBH589 to provide therapeutic
benefit in mice bearing Ep-myc lymphomas. In addition, the relationship between
apoptosis of E|j-myc lymphomas induced by LAQ824 and LBH589 and therapeutic efficacy
was also investigated. It was determined that loss of mitochondrial membrane potential
was critical for LAQ824- and LBH589-induced cell death in Ep-myc lymphomas in vitro, and
therefore it was important to investigate if this was critical for LAQ824- and LBH589mediated therapeutic efficacy.
Treatment with LAQ824 or LBH589 resulted in tumor-free survival of C57BL/6 mice
bearing Ep-myc lymphomas. Furthermore, LAQ824 and LBH589 provided therapeutic
benefit independent of the extrinsic apoptotic pathway, p53, Apafl and over-expression
of XIAP. LAQ824- and LBH589-mediated therapy was dependent on apoptosis induction
via the activation of the intrinsic apoptotic pathway, as over-expression of Bcl-2 inhibited
apoptosis in vivo and survival of mice bearing E|j-myc lymphomas.
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4.2

Results

4.2.1

Therapeutic activity of LAQ824 and LBH589 against E|j-myc lynnphonnas
LAQ824 and LBH589 were shown to effectively kill Ejj-myc lymphomas in vitro (see

chapter 3) and it was therefore deemed important to test the activity of these compounds
in vivo. C57BL/6 mice bearing Ep-myc/l lymphomas were treated with LAQ824 or LBH589
and the therapeutic activity of these compounds was assessed by a variety of readouts.
LAQ824 and LBH589 induced a therapeutic response by significantly extending
median survival of C57BL/6 mice bearing E|j-myc lymphomas (Ep-myc/l) (figure 4-1 a).
Vehicle treated mice had a median survival of 22d, where as treatment with LAQ824
extended median survival to 28d (p=0.0005) and LBH589 extended median survival to 34d
(p=<0.0001) (figure 4-1 a). LAQ824- and LBH589-mediated therapeutic response was
associated with a decrease in WBC leukemic counts to normal physiological values. Blood
counts taken 3 days following initial treatment with LAQ824 or LBH589 revealed vehicle
treated mice returned leukemic counts (average: 41X103/MI ±3.6), mice treated with
LAQ824 also hod leukemic WBC levels though reduced (average: 23.8X103/MI ±1-7; p=0.01)
and mice treated with LBH589 were returned to normal physiological WBC levels (average:
3.4X103/MI ±0.2; p=0.005)(figure 4-lb). A procdure termed 'in vivo apoptosis' (IVA) was
established to investigate if E|j-myc lymphomas were sensitive to LAQ824/LBH589 mediated
apoptosis when these lymphomas ore in their 'natural micro-environment'. LAQ824 and
LBH589 induced rapid cell death in E|j-myc lymphomas that had developed in the lymph
nodes of recipient mice. Cell death was confirmed by uptake of the fluorochrome
fluorogold by lymphoma cells showing treatment with LAQ824 and LBH589 induced cell
death by 2 hours which steadily increased over the 24 hour time course. LAQ824 and
LBH589 displayed similar kinetics and magnitude of response in their activity (figure 4-1 c).
An increase in cell death correlated with a decreased tumour burden within the lymph
node, as tumor burden begins to decrease by 2 hours and steadily declines over 24 hours
in response to LAQ824 and LBH589 treatment (figure 4-1 d). Cell death was confirmed as
apoptotic by morphological changes within tumour cells, such as cell shrinkage and
1 5 7

chromatin condensation, as well as positive TUNEL staining when treated with LAQ824
(figure 4-1 e) or LBH589 (figure 4-If). Tumour cell apoptosis induced by LAQ824 and LBH589
was also associated with positive nuclear staining for hyperacetylation of histone H3 as
assessed by immunohistochemistry (figure 4-le and figure 4-lf). Induction of histone H3
acetylation in vivo occurred within 2 hours, while morphological apoptotic changes and
increased TUNEL staining was most noticeable by 4 hours following LAQ824 and LBH589
treatment. These data correlates with in vitro data showing the induction of histone H3
acetylation by both HDACi occurs within 2 hours and precedes induction of LAQ824- and
LBH589-mediated apoptosis.
To confirm the observed in vivo results, a second independent E|j-myc lymphoma
(EM-myc/3) cell was investigated. Recipient mice bearing E|j-myc/3 lymphomas had their
median sun/ival significantly extended by treatment with LAQ824 or LBH589 (figure 4-2a).
LAQ824- and LBH589-mediated therapeutic response was associated by a decrease of
WBC to normal physiological levels as indicated by blood counts under taken on mice 3
days following treatment (figure 4-2b). LAQ824 showed greater activity towards EM-myc/3
lymphomas in vivo by reducing WBC to physiological levels compared LAQ824 activity
towards Ep-myc/l lymphomas, which resulted in a reduction WBC, though these levels
were still considered leukemic (figure 4-1 b). LAQ824 and LBH589 induced rapid cell death
in E|j-myc lymphomas that had developed in the lymph nodes of recipient mice, but the
magnitude of response in E|j-myc/3 lymphomas to HDACi treatment was delayed up to 8
hours before increasing to similar levels of E|j-myc/l by 24 hours (figure 4-2c). An increase in
cell death correlated with a decreased tumour burden within the lymph node. The
delayed cell death response was evident by tumor burden levels, which remained high up
to 8 and remarkably decreased by 24 hours (figure 4-2d). Cell death was confirmed as
apoptotic by morphological changes within tumour cells, such as cell shrinkage and
chromatin condensation, as well as positive TUNEL staining when treated with LAQ824
(figure 4-2e) or LBH589 (figure 4-2f). Tumour cell apoptosis induced by LAQ824 and LBH589
was also associated with positive nuclear staining for hyperacetylation of histone H3 as
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assessed by IHC (figure 4-2e and figure 4-2f). IHC confirmed the differences observed in the
magnitude of response in cell death between the two Ep-myc lymphomas. E|j-myc/l
shows a steady increase TUNEL staining over the 24 hour time course, with a noticeable
increase between 4-8 hours, whereas Ep-myc/S lymphomas shows a noticeable increase in
TUNEL staining 8-24 hours. A full summary of these results for comparison is detailed in table
4-1.

4.2.2

LAQ824 and LBH589 do not require a functional death receptor pathway to have
therapeutic activity against Ep-myc lymphomas
The therapeutic efficacy seen in mice bearing E|j-myc lymphomas treated with

LAQ824 and LBH589 was concomitant with induction of tumour cell apoptosis. Therefore, it
was critical to better understand which apoptotic proteins and pathways were engaged
by these HDACi. Recent studies treating primary AML cell with HDACi suggest that
induction of apoptosis requires the transcriptional induction of TRAIL and its receptor DR5,
which induces cell surface expression of these ligand/receptors resulting in death receptormediated apoptosis, thought to be an autocrine or paracrine signalling mechanism
(Insinga et al., 2005a; Nebbioso et al., 2005). To assess the importance of the death
receptor pathway signalling by LAQ824 and LBH589, Ep-myc lymphomas over-expressing
the viral serpin CrmA

(Eu-myc/CrmA),

were generated

by retroviral

transduction

(Lindemann et al., 2007). Figure 4-3 demonstrates that functional loss of death receptor
signalling in Ep-myc/CrmA 1 lymphomas does not perturb the therapeutic efficacy or
induction of apoptosis in vivo by LAQ824 or LBH589. Treatment of mice bearing Epmyc/CrmA-1 lymphomas with LAQ824 or LBH589 resulted in the significant increase in
median survival of tumour bearing mice when compared to vehicle treated mice. Vehicle
treated mice had a median survival time of 20d, whereas treatment with LAQ824 extended
median survival to 27.5d (p=0.0005) and LBH589 extended median survival to 25.5d
(p=0.05) (figure 4-3a).
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Figure 4-1: LAQ824 and LBH589 selectively kill Ep-myc lymphomas in vivo, (a) C57BL/6 mice
bearing Ep-myc lymphomas were treated with vehicle (200|jl 10% lactic acid/D5W; n=10),
LAQ824 (75mg/kg; n=10) or LBH589 (80mg/kg; n=10). Kaplien-Meier survival curves of
vehicle treated mice (black line), LAQ824 treated mice (blue line) and LBH589 treated
mice (red line) are shown, (b) WBC counts of mice bearing E|j-myc lymphomas (n=3) were
taken 3 days post treatment with either vehicle, LAQ824 or LBH589 to assess anti-tumour
effect of LAQ824 and LBH589 without sacrificing the animal. Each point represents mean
value of 3 individual mice ± standard error (* p=0.01, # p=0.004). (c) C57BL/6 mice bearing
Eu-myc lymphomas were treated with vehicle control, LAQ824 or LBH589 and lymphoma
cells were harvested at the indicated time points. Cell death was determined by uptake of
a fluorogenic marker and assessed by flow cytometry, (d) Tumour load was assessed by
flow cytometry using forward/side scatter profiles within mice lymph nodes used in (c). (e)
Immunohistochemicol analysis of mouse lymph nodes treated with LAQ824 used in (c) and
(d) was utilised to observe morphology of lymphomas (top panel; red arrows), acetylotion
of histone H3 (middle panel; yellow arrows) and apoptosis of lymphomas by TUNEL staining
(bottom panel; pink arrows), (f) Immunohistochemicol analysis of mouse lymph nodes
treated with LBH589 used in (c) and (d) was utilised to observe morphology of lymphomas
(top panel), acetylation of histone H3 (middle panel) and apoptosis of lymphomas by
TUNEL staining (bottom panel. All pictures of tissue sections were taken with xlOO objective.
Each time point within (c-f) is representative of an individual mouse. Scale bars = SOpm
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Figure 4-2: LAQ824 and LBH589 selectively kill Ep-myc lymphomas in vivo, (a) C57BL/6 mice
bearing a second independent E|j-myc lymphoma were treated with vehicle (200mI 10%
lactic acid/D5W; n=10), LAQ824 (75mg/kg; n=10) or LBH589 (80mg/kg; n=10). Kaplien-Meier
survival curves of vehicle treated mice (black line), LAQ824 treated mice (blue line) and
LBH589 treated mice (red line) are shown, (b) WBC counts of mice bearing Ep-myc
lymphomas (n=3) were taken 3 days post treatment with either vehicle, LAQ824 or LBH589
to assess anti-tumour effect of LAQ824 and LBH589 without sacrificing the animal. Each
point represents mean value of 3 individual mice ± standard error (* p<0.0001, # p=0.0007).
(c) C57BL/6 mice bearing E|j-myc lymphomas were treated with vehicle control, LAQ824 or
LBH589 and lymphoma cells were harvested at the indicated time points. Cell death was
determined by uptake of a fluorogenic marker and assessed by flow cytometry, (d) Tumour
load was assessed by GFP fluorescence and analysed by flow cytometry within mice
lymph nodes used in (c). (e) Immunohistochemicol analysis of mouse lymph nodes treated
with LAQ824 used in (c) and (d) was utilised to observe morphology of lymphomas (top
panel), acetylation of histone H3 (middle panel) and apoptosis of lymphomas by TUNEL
staining (bottom panel, (f) Immunohistochemicol analysis of mouse lymph nodes treated
with LBH589 used in (c) and (d) was utilised to observe morphology of lymphomas (top
panel), acetylation of histone H3 (middle panel) and apoptosis of lymphomas by TUNEL
staining (bottom panel. All pictures of tissue sections were taken with xlOO objective. Each
time point within (c-f) is representative of an individual mouse. Scale bars = SOpm
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Treatment LAQ824 and LBH589 resulted in a decrease in WBC counts. Blood counts
performed 3 days following initial treatment with LAQ824 or LBH589 revealed vehicle
treated mice returned leukoemic counts (average: 54.8X103/MI ±11.1), mice treated with
LAQ824 returned lower WBC, though were still leukoemic (average: 18.6x1 OVpl ±10.3;
p=0.04), and mice treated with LBH589 were returned to normal physiological WBC levels
(overage:

4.2X103/|JI

±2.1; p=0.02) (figure 4-3b). IVA analysis revealed that LAQ824 and

LBH589 induced rapid cell death in E|j-myc lymphomas that had developed in the lymph
nodes of recipient mice. The kinetics and magnitude of response of E|j-myc/CrmA 1 was
strikingly different between LAQ824 and LBH589. LAQ824-mediated cell death increased
dramatically between 2-4 hours with no further increase, instead decreasing by 24 hours. In
comparision, LBH589 induced a steady increase in cell death over the 24 hour time course
(figure 4-3c). The patterns of cell death induced by LAQ824 correlated with the greatest
decrease in tumour burden observed at 4-8 hours and increased slightly at 24 hours.
Decrease in tumour burden mediated by LBH589 was inconsistent showing a dramatic
increase by 4 hours, though increasing at 8 hours, before finally decreasing again by 24
hours (figure 4-3d). Cell death was confirmed as apoptotic by morphological changes with
tumour cells displaying cellular shrinkage and chromatin condensation, as well as positive
TUNEL staining when treated with LAQ824 (figure 4-3e) or LBH589 (figure 4-3f). TUNEL staining
overlapped with flow cytometry data showing that LAQ824 induced a peak in TUNEL
staining at 4-8 hours before decreasing by 24 hours and LBH589 treatment shows a steady
increase in TUNEL staining over 24 hours. Tumour cell opoptosis induced by LAQ824 and
LBH589 was also associated with hyperacetylation of histone H3 (figure 4-3e and figure 43f). Induction of histone H3 acetylotion in vivo occurred within 2 hours, while increases in
morphological changes and increased TUNEL staining was most noticeable by 4 hours
following LAQ824 and LBH589 treatment. These data correlated with in vitro data showing
the induction of histone H3 acetylotion by both HDACi occurs within 2 hours and precedes
induction of LAQ824- and LBH589-mediated apoptosis.
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To confirm the observed in vivo results, a second independently derived Epmyc/CrmA-2

lymphonna was investigated.

Recipient mice bearing

E|j-myc/CrmA-2

lymphomas had their median survival significantly extended by treatment with LAQ824
(22d; p<0.0001) or LBH589 (26.5d; p<0.0001) compared to vehicle treated mice (18d)
(figure 4-4a). LAQ824 and LBH589 treatment resulted in a decrease of WBC from leukemic
counts to normal a physiological level, which was indicated by blood counts done 3 days
post treatment (figure 4-4b). LAQ824 and LBH589 induced rapid cell death in E(j-myc/CrmA
2 lymphomas that had developed in the lymph nodes of recipient mice. Cell death was
confirmed by uptake of the fluorochrome fluorogold by lymphoma cells (figure 4-4c). An
increase in cell death correlated with a decreased tumour burden within the lymph node
(figure 4-4d). Cell death was confirmed as apoptotic by morphological changes within
tumour cells, such as cell shrinkage and chromatin condensation, as well as positive TUNEL
staining when treated with LAQ824 (figure 4-4e) or LBH589 (figure 4-4f). Tumour cell
apoptosis induced by LAQ824 and LBH589 was also associated with positive nuclear
staining for hyperacetylotion of histone H3 as assessed by immunohistochemistry (figure 44e and figure 4-4f). A full summary for comparison is detailed in table 4-1. Again, LAQ824
appeared to clear tumour burden from the lymph node more rapidly than LBH589 as
indicated by flourogold uptake (figure 4-4c), though the number of TUNEL positive
lymphomas (figure 4-4e) was less than that observed in treatment of E|j-myc/CrmA-l
lymphoma bearing mice (figure 4-3e). A slight variation in the kinetics of LBH589-mediated
apoptosis was also observed resulting in EiJ-myc/CrmA-l lymphomas undergoing apoptosis
as early as 4 hours (figure 4-3f), compared to E|j-myc/CrmA-2 lymphomas undergoing
apoptosis at the later time point of 8 hours (figure 4-4f). A full summary of these results for
comparison is detailed in table 4-1.
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4.2.3

Therapeutic activity of LAQ824 and LBH589 is mediated through the mitochrondrial
apoptotic pathway in EM-myc lymphomas

Results presented in chapter 3 showed that LAQ824- and LBH589-mediated apoptosis in
vitro relied on the activation of the intrinsic (mitochondrial) pathway as the overexpression
of the anti-apoptotic proteins

BCI-XL,

BCIW

and Bcl-2 inhibited the apoptotic effects of

LAQ824 and LBH589. Because of these in vitro results, it was therefore necessary to
investigate if LAQ824- and LBH589-induced therapeutic efficacy in vivo was reliant on the
activation of the intrinsic (mitochondrial) apoptotic pathway. C57BL/6 mice bearing E|jmyc/Bcl-2 1 lymphomas were treated with LAQ824 or LBH589. Treatment with either LAQ824
or LBH589 did not extend the median survival of mice bearing E|j-myc/Bcl2-1 lymphomas.
Vehicle. LAQ824 and LBH589 treated mice all had a median survival of 15d (figure 4-5a),
and neither drug reduced leukemic WBC counts to normal values. Blood counts following
initial treatment with LAQ824 or LBH589 revealed vehicle treated mice had leukaemic
counts (158.2X103/MI ±4.9), mice treated with LAQ824 average returned leukaemic counts
(141.8x103 ±3.8; p=0.1) and mice treated with LBH589 also returned leukaemic counts
(150.6x103 ±6.1; p=0.3) (figure 4-5b). Over-expression of the anti-apoptotic protein Bcl2 also
abrogated LAQ824- and LBH589-mediated cell death as indicated by a lack of flourogold
uptake by EM-myc/Bcl2-l lymphomas over the 24 hour time course (figure 4-5c). Resistance
to LAQ824- and LBH589-mediated cell death mediated by Bcl2 also resulted in the inability
of either HDACi to reduce tumour burden within the lymph node over a 24 hour period
(figure 4-5d). LAQ824- (figure 4-5e) and LBH589-induced (figure 4-5f) apoptosis was also
inhibited as mice bearing E|j-myc/Bcl2-l lymphomas displayed no change in morphology
or increase in TUNEL staining. Interestingly, hyperacetylation of histone H3 by LAQ824 or
LBH589 was not affected by the over-expression of Bcl2 (figure 4-5e and f), although
untreated EM-myc/Bcl2-l lymphomas displayed an increase level of baseline histone H3
acetylation suggesting that EM-myc/Bcl2-l

lymphomas

may exert a higher

level of

transcriptional activity in comparison to other E|j-myc lymphomas.
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Figure 4-3: LAQ824 and LBH589 therapeutic efficacy is unaffected by inhibition of death
receptor signaiiing. (a) C57BL/6 mice bearing Eu-myc/CrmA 1 lymphomas which inhibits
death receptor signalling were treated with vehicle (200mI 10% lactic acid/D5W; n=10),
LAQ824 (75mg/kg; n=10) or LBH589 (80mg/kg; n=10). Kaplien-Meier survival curves of
vehicle treated mice (black line), LAQ824 treated mice (blue line) and LBH589 treated
mice (red line) are shown, (b) WBC counts of mice bearing Ep-myc lymphomas (n=3) were
taken 3 days post treatment with either vehicle, LAQ824 or LBH589 to assess anti-tumour
effect of LAQ824 and LBH589 without sacrificing the animal. Each point represents mean
value of 3 individual mice ± standard error (* p=0.03, # p=0.02). (c) C57BL/6 mice bearing
Ep-myc lymphomas were treated with vehicle control, LAQ824 or LBH589 and lymphoma
cells were hon/ested at the indicated time points. Cell death was determined by uptake of
a fluorogenic marker and assessed by flow cytometry, (d) Tumour load was assessed by
GFP fluorescence and analysed by flow cytometr/ within mice lymph nodes used in (c). (e)
Immunohistochemical analysis of mouse lymph nodes treated with LAQ824 used in (c) and
(d) was utilised to observe morphology of lymphomas (top panel), acetylation of histone
H3 (middle panel) and apoptosis of lymphomas by TUNEL staining (bottom panel, (f)
Immunohistochemical analysis of mouse lymph nodes treated with LBH589 used in (c) and
(d) was utilised to observe morphology of lymphomas (top panel), acetylation of histone
H3 (middle panel) and apoptosis of lymphomas by TUNEL staining (bottom panel. All
pictures of tissue sections were taken with xlOO objective. Each time point within (c-f) is
representative of an individual mouse. Scale bars = SOpm
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Figure 4-4: LAQ824 and LBH589 therapeutic efficacy Is unaffected by intiibition of death
receptor signalling, (a) C57BL/6 mice bearing Ep-myc/CrmA 2 lymphoma were treated
with vehicle (200|jl 10% lactic acid/D5W; n=10), LAQ824 (75mg/kg; n=10) or LBH589
(80mg/kg; n=10). Kaplien-Meier survival curves of vehicle treated mice (black line), LAQ824
treated mice (blue line) and LBH589 treated mice (red line) are shown, (b) WBC counts of
mice bearing E|j-myc lymphomas (n=3) were taken 3 days post treatment with either
vehicle, LAQ824 or LBH589 to assess anti-tumour effect of LAQ824 and LBH589 without
sacrificing the animal. Each point represents mean value of 3 individual mice ± standard
error (* p=0.04, # p=0.01). (c) C57BL/6 mice bearing Ep-myc lymphomas were treated with
vehicle control, LAQ824 or LBH589 and lymphoma cells were harvested at the indicated
time points. Cell death was determined by uptake of a fluorogenic marker and assessed
by flow cytometr/. (d) Tumour load was assessed by GFP fluorescence and analysed by
flow cytometry within mice lymph nodes used in (c). (e) Immunohistochemical analysis of
mouse lymph nodes treated with LAQ824 used in (c) and (d) was utilised to observe
morphology of lymphomas (top panel), acetylation of histone H3 (middle panel) and
apoptosis of lymphomas by TUNEL staining (bottom panel, (f) Immunohistochemical
analysis of mouse lymph nodes treated with LBH589 used in (c) and (d) was utilised to
observe morphology of lymphomas (top panel), acetylation of histone H3 (middle panel)
and apoptosis of lymphomas by TUNEL staining (bottom panel. All pictures of tissue sections
were taken with xlOO objective. Each time point within (c-f) is representative of an
individual mouse. Scale bars = 50|jm
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A second independent E|j-myc/Bcl2 (E|j-myc/Bcl2-2) lymphoma was investigated
to confirm tine initial results obsen/ed with the treatment of mice bearing E|j-myc/Bcl2-l
lymphomas. Recipient mice bearing EM-myc/Bcl2-2 lymphomas remained resistant to
treatment of LAQ824 or LBH589 with no increase in median survival (figure 4-6a). Treatment
with LAQ824 resulted in minimal decrease in WBC, though LBH589 treatment resulted in a
statistically significant decrease in WBC compared to vehicle treatment from 52.6 to 23.4
(p=0.04) (see table 4-1) (figure 4-6b). This decrease was not associated with LAQ824- or
LBH589-mediated cell death as no increase in flourgold uptake by lymphomas was
observed (figure 4-6c). Furthermore, LAQ824 and LBH589 treatment did not result in any
decrease of tumour load within the lymph nodes of mice bearing EM-myc/Bcl2-2
lymphomas (figure 4-6d). IHC analysis of lymph nodes of mice showed that like the results
observed in figure 4-5, E|j-myc/Bcl2-2 lymphomas remain resistant to LAQ824- (figure 4-6e)
and LBH589-mediated apoptosis (figure 4-6f) as either HDACi does not increase TUNEL
staining. Hyperacetylation of histone H3 was induced by LAQ824 and LBH589 therapy,
again displaying that histone acetylation is not affected by the over expression of Bcl2
(figure 4-6e and 4-6f respectively). A lower level of baseline histone H3 was observed
compared to that observed with EM-myc/Bcl-2 1 lymphomas. The difference noted
between the baseline levels of histone H3 acetylation suggests that E|j-myc/Bcl2-l
lymphoma maybe more transcriptionally active than E|j-myc/Bcl2 2 lymphomas. This
hypothesis might be supported by comparing WBC counts of vehicle treated mice,
showing that E|j-myc/Bcl2-l

lymphomas are approximately 3 fold higher than that

observed E|j-myc/Bcl2 2 counts.
These data support that shown in chapter 3, demonstrating that LAQ824- and
LBH589-mediated histone acetylation and apoptosis are independent events. Moreover,
these results also support in vitro data implicating the importance of the activation of
intrinsic (mitochondrial) apoptotic pathway in HDACi-mediated apoptosis in Ejj-myc
lymphomas. Furthermore, induction of apoptosis is critical for therapeutic efficacy by
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LAQ824 and LBH589 in EM-myc lymphomas. A full summary of these results can be read in
table 4-1.

4.2.4

LAQ824 and LBH589 execute therapeutic activities in Ep-myc lymphomas devoid of
a functional p53 pathway
Treatment of E|j-myc/p53-/- 1 lymphomas vv^ith LAQ824 or LBH589 resulted in a

significant increase in median survival of treated mice compared to mice treated v^ith
vehicle (vehicle 20d; LAQ824 26d; p=<0.0001 and LBH589 33d; p=<0.00001) (figure 4-7a).
The therapeutic effects of LAQ824 and LBH589 were associated with WBC counts being
significantly reduced (vehicle: 19.7X103/MI ±1.5; LAQ824: 12.5xl03/|jl ± 3.2; p=0.06 and
LBH589: 6xl03/|Jl ±0.8; p=0.002) (figure 4-7b). E|j-myc/p53-/--l lymphomas within the lymph
node were susceptible to LAQ824- and LBH589-mediated cell death (figure 4-7c) in a time
dependent manner with LAQ824 displaying more rapid kinetics in inducing cell death
compared to LBH589, though the magnitude of LBH589-mediated cell death was greater
than that by LAQ824. Both HDACi also decreased tumour load within the lymph nodes of
mice bearing E|j-myc/p53-/--l lymphomas (figure 4-7d). This decrease was time dependent
with LAQ824 displaying greater clearance in tumour burden when compared to LBH589 at
24 hours. Treatment in vivo by LAQ824 and LBH589 was compared to the DNA damaging
agent Etoposide. E|j-myc/p53-/--l

lymphomas remained resistant after eight hours of

Etoposide therapy (figure 4-7c) and no decrease in tumor load by Etoposide was observed
(figure 4-7d). The resistance displayed by E|j-myc/p53-/ - l lymphomas to etoposide in vivo
correlated with in vitro data discussed in chapter 3 as well as Lindermann et al (Lindemonn
et al., 2007). Apoptotic cell death by LAQ824 (figure 4-7e) and LBH589 (figure 4-7f) was
apparent by morphological changes within tumour cells, such as cell shrinkage and
chromatin condensation, as well as positive TUNEL staining.
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Figure 4-5: LAQ824 and LBH589 therapeutic efficacy is inliibited by tlie overexpression of
Bci-2. (o) C57BL/6 mice bearing EM-myc/Bcl-2 1 lymphomas were treated with vehicle
(200|jl 10% lactic acid/DSW; n=10), LAQ824 (75mg/kg; n=10) or LBH589 (80mg/kg; n=10).
Kaplien-Meier survival curves of vehicle treated mice (black line), LAQ824 treated mice
(blue line) and LBH589 treated mice (red line) are shown, (b) WBC counts of mice bearing
E|j-myc lymphomas (n=3) were taken 3 days post treatment with either vehicle, LAQ824 or
LBH589 to assess anti-tumour effect of LAQ824 and LBH589 without sacrificing the animal.
Each point represents mean value of 3 individual mice ± standard error (* p=0.1, # p=0.3).
(c) C57BL/6 mice bearing E|j-myc lymphomas were treated with vehicle control, LAQ824 or
LBH589 and lymphoma cells were harvested at the indicated time points. Cell death was
determined by uptake of a fluorogenic marker and assessed by flow cytometr/. (d) Tumour
load was assessed by GFP fluorescence and analysed by flow cytometry within mice
lymph nodes used in (c). (e) Immunohistochemical analysis of mouse lymph nodes treated
with LAQ824 used in (c) and (d) was utilised to observe morphology of lymphomas (top
panel), acetylation of histone H3 (middle panel) and apoptosis of lymphomas by TUNEL
staining (bottom panel, (f) Immunohistochemical analysis of mouse lymph nodes treated
with LBH589 used in (c) and (d) was utilised to observe morphology of lymphomas (top
panel), acetylation of histone H3 (middle panel) and apoptosis of lymphomas by TUNEL
staining (bottom panel. All pictures of tissue sections were taken with xlOO objective. Each
time point within (c-f) is representative of an individual mouse. Scale bars = SOpm
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Figure 4-6: LAQ824 and LBH589 therapeutic efficacy is inhibited by the overexpression of
Bci-2. (a) C57BL/6 mice bearing EM-myc/Bcl-2 2 lymphomas were treated with vehicle
(200|jl 10% lactic acid/D5W; n=10), LAQ824 (75mg/kg; n=10) or LBH589 (80mg/kg; n=10).
Kaplien-Meier survival curves of vehicle treated mice (black line), LAQ824 treated mice
(blue line) and LBH589 treated mice (red line) are shown, (b) WBC counts of mice bearing
E|j-myc lymphomas (n=3) were taken 3 days post treatment with either vehicle, LAQ824 or
LBH589 to assess anti-tumour effect of LAQ824 and LBH589 without sacrificing the animal.
Each point represents mean value of 3 individual mice ± standard error (* p=0.2, # p=0.04).
(c) C57BL/6 mice bearing Ep-myc lymphomas were treated with vehicle control, LAQ824 or
LBH589 and lymphoma cells were harvested at the indicated time points. Cell death was
determined by uptake of a fluorogenic marker and assessed by flow cytometry, (d) Tumour
load was assessed by GFP fluorescence and analysed by flow cytometry within mice
lymph nodes used in (c). (e) Immunohistochemical analysis of mouse lymph nodes treated
with LAQ824 used in (c) and (d) was utilised to obsen/e morphology of lymphomas (top
panel), acetylation of histone H3 (middle panel) and apoptosis of lymphomas by TUNEL
staining (bottom panel, (f) Immunohistochemical analysis of mouse lymph nodes treated
with LBH589 used in (c) and (d) was utilised to observe morphology of lymphomas (top
panel), acetylation of histone H3 (middle panel) and apoptosis of lymphomas by TUNEL
staining (bottom panel. All pictures of tissue sections were taken with xlOO objective. Each
time point within (c-f) is representative of an individual mouse. Scale bars = 50|jm
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The TUNEL staining greatly correlated with the cell death described in figure 4-7c as
induction of apoptosis was time dependent with the Icinetics of cell death by LAQ824 nnore
rapid when compared to LBH589. This was demonstrated by maximal apoptotic cell death
occurring after 8 hours of LAQ824 treatment, while LBH589 steadily increased over the 24
hour time course (figure 4-7c, 4-7e and 4-7f). Tumour cell apoptosis induced by LAQ824
and

LBH589

was

preceded

by

hyperacetylation

of

histone

H3 as assessed

by

immunohistochemistry (figure 4-7e and figure 4-7f).
P53-independent activity of LAQ824 and LBH589 in vivo was confirmed by using a
second independently derived E|j-myc/p53-/- 2 lymphoma. A significant increase in
median sun/ival following treatment with either HDACi in mice bearing E|j-myc/p53-/--2
lymphomas was achieved (vehicle 20d; LAQ824 23.5d; p=0.002, LBH589 36.5d; p=<0.0001)
(figure 4-8a) with an associated decrease in WBC counts (figure 4-8b). Cell death was
induced in a time dependent manner by LAQ824 and LBH589 (figure 4-8c), with a minimal
decrease in tumour load by either HDACi. This maybe explained by the low level of Epmyc/p53-/--2 lymphomas within the lymph nodes (figure 4-8d). Cell death was confirmed as
apoptotic by morphological changes within tumour cells, such as cell shrinkage and
chromatin condensation, as well as positive TUNEL staining when treated with LAQ824
(figure 4-8e) or LBH589 (figure 4-8f). Tumour cell apoptosis induced by LAQ824 and LBH589
was also preceded by hyperacetylation of histone H3 (figure 4-8e and figure 4-8f). In an
earlier observation, differences were noted in the kinetics of cell death and magnitude of
response mediated by LAQ824 and LBH589 in E|j-myc/p53 /-1 lymphomas. Treatment of E|jmyc/p53-'- 2 lymphomas in vivo resulted in comparable kinetics and magnitude in
apoptotic cell death as assessed by TUNEL staining (figure 4-7e and f and figure 4-8e and
f). Treatment with LAQ824 displayed a difference in the kinetics of induced cell death
within the two independent EM-myc/p53-/- lymphomas (figure 4-7c and figure 4-8c). These
differences maybe explained by unidentified extrinsic changes with these lymphomas. A
full summary of this work for comparison is detailed in table 4-1.

179

4.2.5

LAQ824 and LBH589 retain therapeutic activity in the absence of apoptosome
formation in E|j-myc lymphomas
Data presented in chapter 3 showed that LAQ824 and LBH589 killed E|j-myc/Apaf-l-

lymphomas in vitro without many of the hallmarks of apoptosis, concomitant with loss of
clonogenic potential. Accordingly, the effect of LAQ824 and LBH589 on E|j-myc/Apafl-/lymphomos in vivo was investigated.
Figure 4-9a clearly shows that median sun/ival of mice bearing E|j-myc/Apaf-l -/- 1
lymphomas was significantly enhanced following treatment with LAQ824 or LBH589 (vehicle
24d; LAQ824 40d; p=<0.0001; LBH589 41 d; p=<0.0001). Treatment with LAQ824 or LBH589
also returned WBC counts to normal physiological levels (vehicle: 23.7X103/|JI ±11-2; LAQ824:
11x103 ±3.9; LBH589: 2.3x10^ ±0.3) (figure 4-9b). IVA analysis shows that LAQ824 and LBH589
treatment did not induce cell death (figure 4-9c) or reduce tumour burden (figure 4-9d)
significantly over a 24 hour time course. The resistance to LAQ824 and LBH589 following
treatment of E|j-myc/Apaf-l-/-

1 lymphomas over 24 hours was confirmed by IHC

examining lymphoma cell death within the lymph node, displaying no change in cellular
morphology or increase in TUNEL staining following LAQ824 (figure 4-9e) or LBH589 (figure 49f) treatment over 24 hours. Though in vivo cell death was inhibited by the loss of Apaf-1 of
24 hours, ocetylation of histone H3 was still induced by 2 hours and remained up to 24 hours
following LAQ824 (figure 4-9e) and LBH589 (figure 4-9f) treatment.
Mice harbouring a second independently derived E|j-myc/Apaf-l-/--2 lymphoma
returned similar results, as median sun/ival of these mice was increased following treatment
with LAQ824 or LBH589 (figure 4-1 Oa). Vehicle treated mice had a median survival of 29d,
whereas treatment with LAQ824 extended median survival to 44d (p=0.0002) and LBH589
extended median survival to 47.5d (p=0.09).
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Figure 4-7: LAQ824 and LBH589 therapeutic efficacy is achieved independent of p53. (a)
C57BL/6 mice bearing E|j-myc/p53-/- 1 lymphomas were treated with vehicle (200|JI 10%
lactic acid/D5W; n=10), LAQ824 (75mg/kg; n=10) or LBH589 (80mg/kg; n=10). Kaplien-Meier
survival curves of vehicle treated mice (black line), LAQ824 treated mice (blue line) and
LBH589 treated mice (red line) are shown, (b) WBC counts of mice bearing Ep-myc
lymphomas (n=3) were taken 3 days post treatment with either vehicle, LAQ824 or LBH589
to assess anti-tumour effect of LAQ824 and LBH589 without sacrificing the animal. Each
point represents mean value of 3 individual mice ± standard error (* p=0.06, # p=0.002). (c)
C57BL/6 mice bearing E|j-myc lymphomas were treated with vehicle control, LAQ824 or
LBH589 and lymphoma cells were harvested at the indicated time points. Cell death was
determined by uptake of a fluorogenic marker and assessed by flow cytometry, (d) Tumour
load was assessed by forward/side scatter profiles using flow cytometry within mice lymph
nodes used in (c). (e) Immunohistochemicol analysis of mouse lymph nodes treated with
LAQ824 used in (c) and (d) was utilised to observe morphology of lymphomas (top panel),
acetylation of histone H3 (middle panel) and apoptosis of lymphomas by TUNEL staining
(bottom panel, (f) Immunohistochemicol analysis of mouse lymph nodes treated with
LBH589 used in (c) and (d) was utilised to observe morphology of lymphomas (top panel),
acetylation of histone H3 (middle panel) and apoptosis of lymphomas by TUNEL staining
(bottom panel. All pictures of tissue sections were taken with xlOO objective. Each time
point within (c-f) is representative of an individual mouse. Scale bars = SOpm
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Figure 4-8: LAQ824 and LBH589 therapeutic efficacy is achieved independent of p53. (a)
C57BL/6 mice bearing E|j-myc/p53-/- 2 lymphoma were treated with vehicle (200MI 10%
lactic acid/DSW; n=10), LAQ824 (75mg/kg; n=10) or LBH589 (80mg/l<g; n=10). Kaplien-Meier
survival curves of vehicle treated mice (blacl< line), LAQ824 treated mice (blue line) and
LBH589 treated mice (red line) ore shown, (b) WBC counts of mice bearing Ep-myc
lymphomas (n=3) were taken 3 days post treatment with either vehicle, LAQ824 or LBH589
to assess anti-tumour effect of LAQ824 and LBH589 without sacrificing the animal. Each
point represents mean value of 3 individual mice ± standard error (* p=0.01, # p=0.004). (c)
C57BL/6 mice bearing E|j-myc lymphomas were treated with vehicle control, LAQ824 or
LBH589 and lymphoma cells were harvested at the indicated time points. Cell death was
determined by uptake of a fluorogenic marker and assessed by flow cytometry, (d) Tumour
load was assessed by forward/side scatter profiles using flow cytometry within mice lymph
nodes used in (c). (e) Immunohistochemical analysis of mouse lymph nodes treated with
LAQ824 used in (c) and (d) was utilised to observe morphology of lymphomas (top panel),
acetylation of histone H3 (middle panel) and apoptosis of lymphomas by TUNEL staining
(bottom panel, (f) Immunohistochemical analysis of mouse lymph nodes treated with
LBH589 used in (c) and (d) was utilised to observe morphology of lymphomas (top panel),
acetylation of histone H3 (middle panel) and apoptosis of lymphomas by TUNEL staining
(bottom panel. All pictures of tissue sections were taken with xlOO objective. Each time
point within (c-f) is representative of an individual mouse. Scale bars = 50|jm
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Again, WBC counts of tumour bearing mice were dramatically decreased following
treatment with LAQ824 or LBH589 (figure 4-1 Ob) with no increase in cell death (figure 4-1 Oc)
or decrease in tumour load within the lymph nodes of mice treated with LAQ824. Mice
treated with LBH589 caused a slight increase in cell death by 24 hours (figure 4-1 Oc) which
correlated to a slight decrease in tumour load (figure 4-1 Od). IHC analysis of EM-myc/Apaf1-/--2 lymphomas treated with LAQ824 (figure 4-lOe) or LBH589 (figure 4-1 Of) remained
resistant after 24 hours, indicated by no increase in TUNEL staining or change in cellular
morphology of lymphomas. HDACi-induced ocetylotion of histone H3 was not affected by
loss of Apafl, again emphasising that HDACi-induced cell death and HDACi-mediated
histone ocetylation are independent events.
Data in chapter 3 showed that LAQ824 and LBH589 induce cell death in E|jmyc/Apaf-1-/- lymphomas with delayed kinetics and in vivo analysis of LAQ824 and LBH589
therapeutic efficacy in mice bearing E|j-myc/Apaf-l /- lymphomas were consistent with in
vitro findings. IVA and IHC analysis showed that following 24 hours E|j-myc/Apaf-l-/lymphomas remained resistant to LAQ824 and LBH589 by readouts such as fluorogold
staining, no decrease in tumour burden, no change in cellular morphology and no
increase in TUNEL staining. However, 3 days (72 hours) following LAQ824 or LBH589
treatment there is a decrease in WBC counts to normal physiological levels displaying that
LAQ824 and LBH589 have therapeutic activity towards E|j-myc/Apaf-l-/- lymphomas,
though with delayed kinetics. A full summary of these results can be seen in table 4-1.
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Figure 4-9: LAQ824 and LBH589 therapeutic efficacy is achieved independent of functional
apoptosome signalling, (a) C57BL/6 mice bearing E|j-myc/Apaf-l-/- 1 lymphomas were
treated with vehicle (200|JI 10% lactic acid/D5W; n=10), LAQ824 (75mg/kg; n=10) or LBH589
(80mg/kg; n=10). Kcplien-Meier survival curves of vehicle treated mice (black line), LAQ824
treated mice (blue line) and LBH589 treated mice (red line) ore shown, (b) WBC counts of
mice bearing E|j-myc lymphomas (n=3) were taken 3 days post treatment with either
vehicle, LAQ824 or LBH589 to assess anti-tumour effect of LAQ824 and LBH589 without
sacrificing the animal. Each point represents mean value of 3 individual mice ± standard
error (* p=0.19, # p=0.09). (c) C57BL/6 mice bearing Ep-myc lymphomas were treated with
vehicle control, LAQ824 or LBH589 and lymphoma cells were harvested at the indicated
time points. Cell death was determined by uptake of a fluorogenic marker and assessed
by flow cytometr/. (d) Tumour load was assessed by forward/side scatter profiles using flow
cytometry within mice lymph nodes used in (c). (e) Immunohistochemical analysis of
mouse lymph nodes treated with LAQ824 used in (c) and (d) was utilised to observe
morphology of lymphomas (top panel), acetylation of histone H3 (middle panel) and
apoptosis of lymphomas by TUNEL staining (bottom panel, (f)

Immunohistochemical

analysis of mouse lymph nodes treated with LBH589 used in (c) and (d) was utilised to
observe morphology of lymphomas (top panel), acetylation of histone H3 (middle panel)
and apoptosis of lymphomas by TUNEL staining (bottom panel. All pictures of tissue sections
were taken with xlOO objective. Each time point within (c-f) is representative of an
individual mouse. Scale bars = SOpm
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Figure 4-10: LAQ824 and LBH589 therapeutic efficacy is actiieved independent of
functionai apoptosome signalling, (a) C57BL/6 mice bearing a EiJ-myc/Apaf-l / 2
lymphoma were treated with vehicle (200ul 10% lactic acid/D5W; n=10), LAQ824 (75mg/kg;
n=10) or LBH589 (80mg/kg; n=10). Kaplien-Meier survival curves of vehicle treated mice
(black line), LAQ824 treated mice (blue line) and LBH589 treated mice (red line) are shown,
(b) WBC counts of mice bearing E|j-myc lymphomas (n=3) were taken 3 days post
treatment with either vehicle, LAQ824 or LBH589 to assess anti-tumour effect of LAQ824 and
LBH589 without sacrificing the animal. Each point represents mean value of 3 individual
mice ± standard error (* p=0.003, # p=0.004). (c) C57BL/6 mice bearing E|j-myc lymphomas
were treated with vehicle control, LAQ824 or LBH589 and lymphoma cells were harvested
at the indicated time points. Cell death was determined by uptake of a fluorogenic marker
and assessed by flow cytometry, (d) Tumour load was assessed by forward/side scatter
profiles

using

flow

cytometry

within

mice

lymph

nodes

used

in

(c).

(e)

Immunohistochemical analysis of mouse lymph nodes treated with LAQ824 used in (c) and
(d) was utilised to observe morphology of lymphomas (top panel), ocetylation of histone
H3 (middle panel) and apoptosis of lymphomas by TUNEL staining (bottom panel, (f)
Immunohistochemical analysis of mouse lymph nodes treated with LBH589 used in (c) and
(d) was utilised to observe morphology of lymphomas (top panel), acetylation of histone
H3 (middle panel) and apoptosis of lymphomas by TUNEL staining (bottom panel. All
pictures of tissue sections were taken with xlOO objective. Each time point within (c-f) is
representative of an individual mouse. Scale bars = 50|jm
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4.2.6

LAQ824 and LBH589 therapeutic activity in Ejj-myc lymphomas that over-express
the caspase inhibitor xlAP
To investigate inhibition of LAQ824 and LBH589 therapeutic activities by an

alternative mechanism blockading dow^nstream signalling from the mitochondria, we
generated E|j-myc lymphomas overexpressing the caspase inhibitor, x-linked inhibitor of
apoptosis protein (XlAP). In vitro data from chapter 3 showed death of E|j-myc/XIAP
lymphomas in response to LAQ824 and LBH589 was attenuated over the first 24 hours of
treatment. Furthermore, by overcoming the overexpression of XlAP in vitro, LAQ824 and
LBH589 induced the intrinsic apoptotic pathway. It was of interest to investigate whether
LAQ824 and LBH589 had therapeutic efficacy in mice bearing Ep-myc/XlAP lymphomas by
induction of apoptosis. Median survival of mice bearing E|j-myc/XIAP-l lymphomas was
extended following treatment with LAQ824 or LBH589. Vehicle treated mice had a median
survival of 23d, while LAQ824 treatment increased median sun/ival to 37d (p=0.002) and
LBH589 treatment increased median sun/ival to 40d (p=0.4) (figure 4-na). LAQ824- and
LBH589-mediated therapeutic efficacy was associated with a reduction in WBC counts.
Blood cell counts performed 3 days following initial treatment with LAQ824 or LBH589
revealed vehicle treated mice returned leukaemic counts (vehicle: 19.3x1 OVMI ±0.8),
LAQ824 treatment returned WBC to normal physiological levels (2.9x1 03/mI ±0.5) and LBH589
treatment returned WBC counts to normal physiological values (2.5x1 OViJi ±0.3) (figure 411b). Overexpression of XlAP did not inhibit HDACi-mediated cell death, as an increase in
cell membrane permeability was observed (figure 4-1 Ic) with LAQ824 displaying a greater
magnitude of response compared to LBH589 over the 24 hour time course. A decrease in
tumour load by LAQ824 and LBH589 was also obsen/ed and like figure 4-1 Ic, LAQ824
showed a greater magnitude of response compared to LBH589 (figure 4-1 Id). Cell death
was confirmed as apoptotic by morphological changes within tumour cells, such as cell
shrinkage and chromatin condensation, as well as positive TUNEL staining when treated
with LAQ824 (figure 4-1 le) or LBH589 (figure 4-1 If). Apoptosis induced by both HDACi in
vivo does not display the attenuation in kinetics as shown by in vitro data. Tumour cell
190

apoptosis induced by LAQ824 and LBH589 was also associated with positive nuclear
staining for hyperacetylation of histone H3 as assessed by immunohistochennistry (figure 411e and figure 4-1 If).
Mice bearing a second independently derived E|j-myc/XIAP-2 lymphonna, again
had nnedian survival enhanced following treatment of LAQ824 or LBH589 (figure 4-12a).
Vehicle treated nnice had a nnedian survival of 25.5d, treatment with LAQ824 extended
median survival to 37.5d (p=0.0006) and LBH589 treatment extended median survival to
45d (p<0.0001). Treatment of mice bearing Ejj-myc/XlAP 2 lymphomas with LAQ824 and
LBH589 caused reduction in WBC counts (figure 4-12b). This decrease in WBC was
associated with an increase in HDACi-mediated cell death (figure 4-12c) as well as a
decrease in tumour load (figure 4-12d). Cell death was confirmed as apoptotic by
morphological changes within tumour cells, such as cell shrinkage and chromatin
condensation, as well as positive TUNEL staining when treated with LAQ824 (figure 4-12e) or
LBH589 (figure 4-12f). TUNEL staining, again displayed that HDACi-mediated apoptosis was
not attenuated compared to in vitro results, though there a decrease in the magnitude of
apoptosis by 24 hours not seen in Ep-myc/XlAP lymphomas (figures 4-1 l e and 4-1 If).
Tumour cell apoptosis induced by LAQ824 and LBH589 was also associated with positive
nuclear staining for hyperacetylation of histone H3 as assessed by immunohistochemistry
(figure 4-12e and figure 4-12f).
LAQ824 and LBH589 treatment of E|j-myc/XIAP-2 lymphomas in vivo showed kinetics
of HDACi-mediated apoptosis resembling a classic Ep-myc lymphoma response, though
slightly delayed as peak TUNEL staining was not achieved till 24 hours. E|j-myc/XIAP-l
lymphomas in response to treatment with LAQ824 or LBH589 in contrast revealed peak
TUNEL staining by 8 hours which decreased by 24 hours. Both HDACi seem to induce a
strong apoptotic signal over the 24 hour time course, indicated by TUNEL staining. This rapid
in vivo induction of apoptosis in Eu-myc/XlAP lymphomas by LAQ824 and LBH589 displays
that the over expression of XIAP does not effect the therapeutic efficacy of these agents. A
full summary of this work can be seen in table 4-1.
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Figure 4-11: LAQ824 and LBH589 therapeutic efficacy is achieved independent of XIAP
overexpression. (a) C57BL/6 mice bearing E|j-myc/XIAP 1 lymphomas were treated witti
vehicle (200|jl 10% lactic acid/DSW; n=10), LAQ824 (75mg/l<g; n=10) or LBH589 (80mg/kg;
n=10). Kaplien-Meier survival curves of vehicle treated mice (blacl< line), LAQ824 treated
mice (blue line) and LBH589 treated mice (red line) are shown, (b) WBC counts of mice
bearing Ep-myc lymphomas (n=3) were taken 3 days post treatment with either vehicle,
LAQ824 or LBH589 to assess anti-tumour effect of LAQ824 and LBH589 without sacrificing the
animal. Each point represents mean value of 3 individual mice ± standard error (* p=0.007,
# p=0.001). (c) C57BL/6 mice bearing Ep-myc lymphomas were treated with vehicle
control, LAQ824 or LBH589 and lymphoma cells were harvested at the indicated time
points. Cell death was determined by uptake of a fluorogenic marker and assessed by flow
cytometry, (d) Tumour load was assessed by GFP fluorescence and analysed by flow
cytometry within mice lymph nodes used in (c). (e) Immunohistochemical analysis of
mouse lymph nodes treated with LAQ824 used in (c) and (d) was utilised to observe
morphology of lymphomas (top panel), acetylation of histone H3 (middle panel) and
apoptosis of lymphomas by TUNEL staining (bottom panel, (f) Immunohistochemical
analysis of mouse lymph nodes treated with LBH589 used in (c) and (d) was utilised to
observe morphology of lymphomas (top panel), acetylation of histone H3 (middle panel)
and apoptosis of lymphomas by TUNEL staining (bottom panel. All pictures of tissue sections
were taken with xlOO objective. Each time point within (c-f) is representative of on
individual mouse. Scale bars = 50|jm
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Figure 3-12: LAQ824 and LBH589 therapeutic efficacy is actiieved independent of XIAP
overexpression. (a) C57BL/6 mice bearing Ep-myc/XlAP 2 lymphoma were treated witin
vehicle (200|jl 10% lactic acid/D5W; n=10), LAQ824 (75mg/kg; n=10) or LBH589 (80mg/kg;
n=10) once. Kaplien-Meier survival curves of vehicle treated mice (black line), LAQ824
treated mice (blue line) and LBH589 treated mice (red line) are shown, (b) WBC counts of
mice bearing Ep-myc lymphomas (n=3) were taken 3 days post treatment with either
vehicle, LAQ824 or LBH589 to assess anti-tumour effect of LAQ824 and LBH589 without
sacrificing the animal. Each point represents mean value of 3 individual mice ± standard
error (* p=0.0002, # p=0.0001). (c) C57BL/6 mice bearing E|j-myc lymphomas were treated
with vehicle control, LAQ824 or LBH589 and lymphoma cells were harvested at the
indicated time points. Cell death was determined by uptake of a fluorogenic marker and
assessed by flow cytometry, (d) Tumour load was assessed by GFP fluorescence and
analysed by flow cytometr/ within mice lymph nodes used in (c). (e) Immunohistochemical
analysis of mouse lymph nodes treated with LAQ824 used in (c) and (d) was utilised to
observe morphology of lymphomas (top panel), acetylation of histone H3 (middle panel)
and apoptosis of lymphomas by TUNEL staining (bottom panel, (f) Immunohistochemical
analysis of mouse lymph nodes treated with LBH589 used in (c) and (d) was utilised to
obsen/e morphology of lymphomas (top panel), acetylation of histone H3 (middle panel)
and apoptosis of lymphomas by TUNEL staining (bottom panel. All pictures of tissue sections
were taken with xlOO objective. Each time point within (c-f) is representative of an
individual mouse. Scale bars == SOpm
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Table 4-1: Summary of therapeutic efficacy of LAQ824 a n d LBH589 in m i c e bearing Ep-myc
lymptiomas of differing genotypes
E|j-myc lymphoma
Genotype

AAedlan Survival
(days)

WBC 3d post
therapy

Histone H3
Acetylation

Apoptosis
TUN EL

Therapeutic
efficacy
achieved

(Xl03)

mean ±SE
1. Ep-myc-l
Vehicle
LAQ824
LBH589
2. Ep-myc-3
Vehicle
LAQ824
LBH589
1. E|j-myc/Bcl2-1
Vehicle
LAQ824
LBH589
2. EM-myc/Bcl2-2
Vehicle
LAQ824
LBH589
1. E|j-myc/CrAAA-1
Vehicle
LAQ824
LBH589
2. EM-myc/CrMA-2
Vehicle
LAQ824
LBH589
1. Ejj-myc/Apafl / -1
Vehicle
LAQ824
LBH589
2. Ep-myc/Apafl -2
Vehicle
LAQ824
LBH589
1. Ep-myc/XIAP-l
Vehicle
LAQ824
LBH589
2. EM-myc/XIAP-2
Vehicle
LAQ824
LBH589
1. E|j-myc/p53 / -1
Vehicle
LAQ824
LBH589
2. EM-myc/p53 / -2
Vehicle
LAQ824
LBH589

22
28
34

41.0
23.8
3.4

±3.6
±1.7
±0.2

No
Yes
Yes

No
Yes
Yes

No
Yes
Yes

22
28
p=0.003
31.5 p<0.0001

38.7
9.9
3.4

±1.3
±1.5
±0.3

No
Yes
Yes

No
Yes
Yes

No
Yes
Yes

15
15
15

p=0.12
p=0.47

158.2 ±4.9
141.8 ±3.8
150.5 ±6.1

No
Yes
Yes

No
No
No

No
No
No

21
19
19

p=0.01
p=0.0007

52.6
41.0
23.4

±11.2
±7.4
±7.5

No
Yes
Yes

No
No
No

No
No
No

17
27.5 p=0.0005
25.5 p=0.05

54.8
18.5
4.2

±11.1
±10.3
±2.1

No
Yes
Yes

No
Yes
Yes

No
Yes
Yes

18
22 p<0.0001
26.5 p<0.0001

19.4
10.8
11.0

±0.8
±2.7
±1.8

No
Yes
Yes

No
Yes
Yes

No
Yes
Yes

24
40
41

p<0.0001
p<0.0001

23.7
11.0
2.2

±11.1
±3.9
±0.3

No
Yes
Yes

No
No
No

No
Yes
Yes

29
44 p=0.0002
47.5 p=0.09

48.1
16.4
2.5

±4.1
±2.6
±0.3

No
Yes
Yes

No
No
No

No
Yes
Yes

23
37
40

19.3
2.9
2.5

±0.8
±0.5
±0.3

No
Yes
Yes

No
Yes
Yes

No
Yes
Yes

36.6
18.2
3.7

±1.4
±3.4
±0.3

No
Yes
Yes

No
Yes
Yes

No
Yes
Yes

p<0.0001
p<0.0001

19.6
12.5
6.0

±1.5
±3.2
±0.8

No
Yes
Yes

No
Yes
Yes

No
Yes
Yes

20.5
23.5 p=0.002
36.5 p<0.0001

28.8
14.5
3.2

±2.5
±0.4
±0.3

No
Yes
Yes

No
Yes
Yes

No
Yes
Yes

25.5
37.5
45
20
26
33

p=0.0005
p<O.OOOI

p=0.002
p=0.4

p=0.0006
p<0.0001
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4.3

Discussion
HDACi display anti-tumour activity through multiple biological effects including

induction of apoptosis, induction of cellular differentiation, suppression of angiogenesis,
suppression of cell proliferation, immune modulation and inhibition of cell cycle progression
(Bolden et al., 2006; Lindemann et al., 2004). HDACi mediated tumour cell apoptosis
induced by these agents themselves has been shov\/n to be important for HDACi
therapeutic activity (Lindemann et al., 2007). It was the focus of this chapter to identify
proteins and pathways critical to inducing tumour cell death by LAQ824 and LBH589 in
vivo, and to investigate the relationship between activation of apoptosis and therapeutic
benefit.
In chapter 3 the apoptotic proteins and pathways utilized by LAQ824 and LBH589 to
kill E|j-myc lymphomas in vitro were analysed. LAQ824 and LBH589 induce apoptosis in Epmyc lymphomas in vitro by activating the intrinsic apoptotic pathway, independent of p53
and with no requirement for functional extrinsic apoptotic pathway or apoptosome
signalling. It was therefore warranted to investigate if therapeutic efficacy of LAQ824 and
LBH589 was directly related to the apoptotic effect of these compounds. Moreover, we
wished to identify the key apoptotic proteins and pathways necessary to mediate the
therapeutic effects of LAQ824 and LBH589. Median survival of mice bearing E|j-myc
lymphomas was significantly enhanced following treatment with LAQ824 or LBH589,
concomitant with LAQ824- and LBH589-induced apoptosis. Apoptosis was independent of
the extrinsic (death receptor pathway) apoptotic pathway and the p53 DNA damage
pathway, but dependent on the activation of the intrinsic (mitochondrial) apoptotic
pathway as over expression of Bcl2 mediates resistance to LAQ824 and LBH589 therapy.
Moreover, the therapeutic effects of LAQ824 and LBH589 therapy were maintained in Epmyc/Apaf-1-/- lymphomas. Taken together, these data indicate that perturbation of the
mitochondria membrane but not subsequent apoptosome formation and caspase-9
activation is necessary for LAQ824 and LBH589 to kill Ep-myc lymphomas and mediate
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therapeutic

responses.

Interestingly,

LAQ824

and

LBH589

induced

accumulation

of

acetylated histone H3 in vivo in all Ep-myc 'compound mutant' lymphomas indicating that
HDACi-mediated apoptosis and histone ocetylation are independent events. Recently,
Lindemann et al reported that vorinostat, a HDACi of similar structure to LAQ824 and
LBH589, enhanced median survival of mice bearing E|j-myc lymphomas (Lindemann et al.,
2007). Vorinostat therapy was also independent of death receptor and p53 pathway
signalling but dependent on activation of the intrinsic apoptotic pathway (Lindemann et
al., 2007).

4.3.1

LAQ824 and LBH589 treatment extends the median survival of mice bearing E|jmyc/p53-/- lymphomas
The p53 tumour suppressor protein plays an important role in mediating the

apoptotic and therapeutic activities of a range of chemotherapeutic drugs (Johnstone,
2002). However it has been shown that HDACi have the ability to induce apoptosis
independent of p53 signalling (Insinga et al., 2005a; Lindemann et al., 2007; Peart et al.,
2003; Ruefli et al., 2001). These observations hold true for LAQ824 and LBH589 as treatment
with either agent resulted in increased survival accompanied

by accumulation of

acetylated histone H3 and apoptotic tumour cells (figures 3-8 and 3-9). E|j-myc/p53-/- mice
or mice with p53 function disabled through INK4a/ARF mutations remain resistant when
treated with the DNA damaging agents' cyclophosphamide (Schmitt et al., 1999) or
etoposide (Lindemann et al., 2007), though mice of the same genetic defects remain
sensitive to apoptosis induced by vorinostat (Lindemann et al., 2007), LAQ824 or LBH589
(figures 3-8 and 3-9).

4.3.2

LAQ824 and LBH589 treatment extends the median survival of mice bearing E|jmyc/CrmA lymphomas
HDACi have been shown to induce apoptosis in vitro in AML cell lines and patient

PBMCs and mediated therapeutic activity in APL leukemic mouse models. These results
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showed HDACi to be dependent on the activation of the death receptor pathway,
through transcriptional activation of genes such as TRAIL and is cognate receptor DR5
(Insinga et al., 2005a; Nebbioso et al., 2005). In contrast to this, LAQ824 and LBH589 did not
require a functional death receptor signalling pathway as shown in figures 3-4 and 3-5.
Treatment of mice bearing E|j-myc/CrmA lymphomas with LAQ824 or LBH589 extended
their median survival significantly by induction of apoptosis of tumour cells, which
correlated with studies showing that vorinostat extended survival of mice bearing Emmyc/CrmA lymphomas (Lindemonn et al., 2007). LAQ824, and other HDACi have can
induce expression of the death receptors DR4 and DR5 in human leukaemia cells,
increasing the sensitivity of these cells to TRAIL-induced apoptosis (Guo et al., 2004;
MacFarlane et al., 2005a; MacFarlane et al., 2005b). However more recently, it was shown
that treatment of human U937 leukaemia cells with LAQ824 did not increase expression of
DR4 or DR5 nor could LAQ824 treatment induce death by activation of the extrinsic
apoptotic pathway (Rosoto et al., 2006). Whether this merely reflects differences in
response to different cell types remains to be determined.

4.3.3

LAQ824 and LBH589 treatment does not extend the median survival of mice
bearing E|j-/Bcl2 lymphomas
The over expression of Bcl-2 in Ep-myc lymphomas has been shown to mediate

resistance to chemotherapies including Adriamycin, maphosamide, docetaxol (Schmitt et
al., 2000) and more recently vorinostat (Lindemann et al., 2007). Similarly, treatment of
mice bearing E|j-myc/Bcl-2 lymphomas with LAQ824 or LBH589 did not result in any
therapeutic benefit to the animals (figures 3-6 and 3-7). These data correlates with in vitro
data discussed in chapter 3, showing that LAQ824- and LBH589-induced apoptosis is
mediated by the activation of intrinsic apoptotic pathway. While E|j-myc/Bcl-2 lymphomas
remain resistant to HDACi mediated apoptosis and therapeutic efficacy, HDACi therapy
still induce a Gi cell cycle arrest of E|j-myc/Bcl2 lymphomas in vivo (Lindemann et al., 2007)
indicating that HDACi-induced cell cycle arrest is insufficient for long term survival benefits.
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Interestingly, WBC analysis revealed that treatment with LBH589 and to a lesser extent
LAQ824 resulted in less circulating lymphoma cells shown by WBC analysis in mice bearing
E|j-myc/Bcl2 lymphomas (figure 3-6b) compared to vehicle treated mice. This maybe
explained by results shov\/n by Lindeman et a! where HDACi treatment induced Gi cell
cycle arrest in E|j-myc/Bcl2 lymphomas.

4.3.4

LAQ824 and LBH589 treatment extend the median survival of mice bearing E|jmyc/XlAP lymphomas
Another mechanism enabling malignant cells to mediate resistance to multiagent

chemotherapy is by inhibiting effector caspase activation and signalling. Inhibitor of
apoptosis proteins (lAPs) function by selectively binding and inhibiting caspases 3, 7 and 9,
but not caspase 8 (Hunter et al., 2007). This action effectively blocks apoptotic signalling
allowing the cell to escape cell death (Schimmer et al., 2006). X linked inhibitor of
apoptosis (XIAP) is the most well characterized member of the lAP family and has been
over expressed in malignant cells, associated with poor prognosis (Tamm et al., 2004a;
Tamm et al., 2004b). XIAP has the unique ability to inhibit both the initiation and execution
phase of the caspase cascade vital for apoptosis signalling and therefore has been
targeted for therapeutic intervention (Schimmer et al., 2006). To investigate the potential
role of XIAP in mediating resistance to LAQ824 and LBH589, E|j-myc lymphomas over
expressing XIAP (Ep-myc/XlAP) were produced. The survival of mice bearing E|j-myc/XIAP
lymphomas was significantly enhanced following treatment with LAQ824 or LBH589, and
therapeutic efficacy was through LAQ824- and LBH589-mediated apoptosis, indicated by
an increase in TUNEL staining following treatment with LAQ824 or LBH589 (figures 12 and
13).

4.3.5

LAQ824 and LBH589 treatment extends the median survival of mice bearing E|jmyc/Apafl-/- lymphomas
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Apaf-1 acts downstream of the mitochondria as part of the intrinsic apoptotic
pathway (Johnstone et al., 2002). Upon mitochondrial membrane disruption, released
cytochrome c binds to Apaf-1, caspase-9 and ATP resulting in the formation of the
apoptosome and activation of caspase-9 (Johnstone et al., 2002). Perturbations in
apoptotic signalling leading to chemoresistonce and tumour development have been
observed by loss of function or expression of Apof-l, and usually result in a poor prognosis in
patients (Christoph et al., 2007; Christoph et al., 2006a; Christoph et al., 2006b; Furukawa et
al., 2005; Hinz et al., 2007; Leo et al., 2007; Soengas et al., 2001; Soengas et al., 2006; Sturm
et al., 2006; ZIobec et al., 2007). In vitro experiments discussed in chapter 3 show that E|jmyc/Apaf-1-/- lymphomas die in response to LAQ824 and LBH589 treatment, though the
kinetics of cell death is delayed. Mice bearing Ep-myc/Apaf-1-/- lymphomas show the
same delay in the kinetics of cell death induced by LAQ824 and LBH589 in vivo. As
opposed

to results

seen

using

E|j-myc

lymphomas,

mice

bearing

E|j-myc/Apafl-/-

lymphomas for 24 hours did not result in strong TUNEL staining nor were there morphological
features of apoptosis. However LAQ824 and LBH589 did induce a decrease in WBC
numbers which indicates possible cell death is induced by LAQ824 and LBH589 in vivo. To
confirm this further analysis is required, such as extending IVA assays out to 72 hours to
investigate if LAQ824- and LBH589-mediated therapy is conclusively associated with cell
death. Taking into account the results observed in chapter 3, in vitro analysis reveals that
LAQ824 and LBH589 induce rapid mitochondrial damage in E|j-myc lymphomas though
consequent effector cospase activation or DNA fragmentation was either absent or
attenuated.

4.3.6

Extension of median survival in mice bearing Eu-myc/Apafl-/- lymphomas maybe a
result of LAQ824- and LBH589-mediated autophagic cell death
Further analysis in vitro by transmission electron microscopy (TEM) revealed that

LAQ824 and LBH589 were able in induce the formation autophagosomes, a key marker of
autophogy (Shoo et al., 2004), suggesting that therapeutic efficacy of LAQ824 and LBH589
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in the treatment of mice bearing EM-myc/Apot-l-/- lymphomas maybe mediated by
induction of autophagy leading to cell death. Two recent reports showed that vorinostatinduced cell death could not be inhibited by caspase inhibitors or by BCIXL over expression
(Cao et al., 2008; Shao et ol., 2004). Shao et al demonstrated that the HDACi vorinostat
and butyrate were able to induce caspase independent autophagic cell death in Apaf-1I- knock out mouse embryonic fibroblasts (MEFs) (Shao et al., 2004), which is consistent with
the results discussed in chapter 3 where E|j-myc lymphomas were treated with LAQ824 or
LBH589 for up to 72 hours and lost clonogenic potential with associated autophagosome
formation. Contradictory to our results, Shao et al also reported that vorinostat and
butyrate could induce caspase independent cell death in MEFs over expressing the antiapoptotic protein BCI-XL, though we and others report that HDACi mediated opoptosis and
therapeutic efficacy is prevented when anti-apoptotic proteins such as Bcl-2 or BCI-XL are
over-expressed (Henderson et al., 2003; Lindemonn et al., 2007; Peart et al., 2003; Ruefli et
al., 2001). This data was supported by a recent report showing that Hela S3 cells pretreoted with caspase inhibitors were still susceptible to vorinostot-induced autophagic cell
death (Cao et al., 2008). Futhuremore, vorinostot-induced autophagy was associated with
the suppression of the PI3K-Akt-mTOR signalling pathway and increased class III PI3K/Beclin
1 signalling (Cao et al., 2008). Contrar/ to this, inhibition of autophagy by chloroquine (CQ)
and 3-methyladenine (3-MA) was shown to significantly augment vorinostat-mediated
apoptosis in CML cell lines. More importantly, primar/ cells from CML patients that were
refractory to imatinib also displayed sensitivity to the combination of autophagy inhibitors
and vorinostat (Carew et al., 2007). Whether autophagy in treated cancer cells mediates
tumour cell survival or a form of non-apoptotic cell death remains controversial. The data
presented here suggests that HDACi-mediated autophagy may represent an alternative
form of cell death when normal apoptosome signalling is inhibited. Furthermore, no in vivo
data thus far has been published showing that HDACi-induced autophagy correlates with
therapeutic efficacy. Chapters 3 and 4 have shown that LAQ824 and LBH589 have
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therapeutic efficacy in EM-myc lymphomas devoid of apoptosome formation and induce
a delayed cell death possibly via the induction of autophagy.
The clinical development of HDACi opens new and exciting prospects in the
treatment of cancer as this chapter demonstrates the potential of the HDACi LAQ824 and
LBH589 to induce apoptotic signalling in malignant cells carrying defects in the apoptotic
pathv^/ay. Furthermore, LAQ824 and LBH589 con induce apoptosis in vivo independent of
p53 signalling, a key component in a patient's response to current chemotherapy regimes,
independent of the extrinsic apoptotic pothvv^ay and overcome the blockade of
downstream signalling post mitochondrial perturbation. In addition to LAQ824 and LBH589
ability to induce apoptosis, results from in vitro data discussed in chapter 3 combined with
therapy data discussed in this chapter displays the possibility for LAQ824 and LBH589 to
potentiate

therapeutic

efficacy

through

the

induction

of

cospase

independent

autophagic cell death, though further in vivo analysis is required to confirm this.
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Chapter 5. Phase I Clinical Trial:
The histone deacetylase inhibitor LBH589
induces responses with associated alterations
in gene expression profiles in cutaneous T
cell lympohoma
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5.1

Introduction
Primary cutaneous T cell lymphoma (CTCL) is a heterogeneous form of non-

hodgkins lymphoma (NHL), and is defined by clonal proliferation of skin homing malignant T
lymphocytes and natural killer cells (Gemmill, 2006; Rosen and Querfeld, 2006). CTCL
accounts for between 75-80% of reported cutaneous lymphoma and can be categorised
into 4 main subtypes including mycosis fungoides (MF), sezary syndrome (SS), primary
cutaneous anaplastic large cell lymphoma and lymphomotoid papulosis (a benign
disease), which collectively make up 95% of all CTCL cases (Gemmill, 2006; Rosen and
Querfeld, 2006). Of these, MF and SS CTCL variants are most commonly encountered
consisting of approximately 70% of the respective subtypes described above (Klemke et
al., 2006).
Recently, the HDACi vorinostat received FDA approval for the treatment of CTCL as
a monotherapy (Closer, 2007). HDACi have displayed potent anti-tumour activity in clinical
studies with CTCL patients, one of which is the hydroxamic acid, LBH589. LBH589 has been
entered into a Phase I multicenter dose-escalating study of patients with solid tumours or
Non-hodgkins lymphoma (Closer, 2007; Rasheed et al., 2007), with the primary objective to
determine the maximum-tolerated dose (MTD) and dose-limiting toxicity (DLT) of oral
LBH589 when administered as a single agent to adult patients at the Peter MacCollum
Cancer Center (PMCC), Melbourne, Australia.
The study discussed in this chapter aimed to determine the safety, tolerability and
pharmacokinetic profile of ten CTCL patients treated with LBH589 as an oral formulation at
PMCC. Apart from clinical studies, correlative research studies were also performed to
investigate the biological activity of LBH589 in CTCL patients by assessing tumor biopsy and
mono-nuclear cells from blood samples for acetylotion of histones as well as changes in
gene expression profiles due to LHB589 therapy.
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5.2

Results

5.2.1

Patient characteristics
Ten CTCL patients were registered to the study, patient characteristics are

described in Table 5-1. The median age was 62 years and eight patients had advancedstage MF (stage IIB or higher), with three patients having SS. Five patients had clinically
abnormal lymph nodes at the time of entry. One patient (20100101) received 30 mg M,W,F
and the remaining nine patients received 20mg M,W,F, the dose subsequently deemed to
be the MTD of this M,W,F schedule. A summary of drug exposure and patient information is
shown in Table 5-2. The nine patients in the 20 mg treatment group had a median duration
of LBH589 treatment of 23 weeks with the longest treatment duration exceeding 78 weeks
in one patient, whilst the patient treated with 30 mg per dosing schedule was only treated
for 4 weeks due to DLT of diarrhoea. Ultimately, 5 patients discontinued due to disease
progression, 2 patients withdrew due to adverse experiences and 2 patients withdrew
consent. LBH589 was rapidly absorbed in plasma (Tmax 1.5 hr), then declined with a mean
terminal half-life of 16 hrs. Cmax and AUG increased linearly with doses between 15-30 mg.
These studies were performed by Professor Miles Prince and Jill Davison from the Peter
MacCallum Cancer Institute.
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Table 5-1: Patients ctiaracteristics

SS Mih atge ceil •Va
lrars*arm3ltor
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;33iOOiO?BAB MF

79

Diagnosis of
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Performance
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F
2
5

53

F

1

75

IOC 7)

Yes

No

No Nore

20100103 DMG MF
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F

0

102

53(1 4)

No

Yes

Yes Nore

MF

lb

78

F

0

12
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No Nore
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5
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•
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1

ID - individual patient identification number. CTC^ - cutaneous T-cell lymptioma, VI - male, F - female. ECOG - Eastern Cooperative Oncology
Group. PUVA i Psoralen ultraviolet A therapy; UV3 - ultraviolet light B. MF - mycosis fungoides. SS - Sezary syndrome; WCC - white cell count;
hy[)er CVAD - fractionated cyclophosphamide vinc/lstine doxorubicin and dexamethasone CVP - cydophosphamide/vincrlstine/prednisolone

Table 5-2: Patient responses to LBH589
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5.2.2

Toxicity
Grade lll/IV toxicities ore detailed in Table 5-3. Tine major toxicity observed was

diarrhea (2 patients) seen as early as weeic three. It was considered a DLT in the patient at
the 30 mg dose level and required a drug dosage reduction, concomitant medication
administration and hospitalization. Despite dose reduction to 15mg, recurrent diarrhea
developed

and

LBH589

was

discontinued.

The

patient

however,

had

ongoing

improvement without further therapy, achieving CR 9 weeks later (Figure 2). Other grade
lll/IV toxicities obsen/ed were thrombocytopenia (2 patients, both occurring during week 8
of treatment), neutropenia (2 patients), skin infection, atrial fibrillation (AF), eye swelling
and anaemia. The patient who developed AF developed symptoms 6 hours after receiving
LBH589 on day 1 of cycle 2; magnesium and potassium levels were normal. The AF
responded rapidly to digoxin and the patient continued on LBH589 therapy. The patient
had no episodes of AF either prior or since. One patient (20100103) was discontinued from
the study due to grade 2 fatigue which developed at week 12. These studies were
performed by Professor Miles Prince and Jill Davison from the Peter MacCallum Cancer
Institute.

5.2.3

Clinical outcome
Median duration of therapy was 25.5 weeks (range: 4-95) for all 10 patients.

Responses to treatment are detailed in Table 5-2. Clinical efficacy was obsen/ed in 8
patients: CR was seen in 2 patients (CR was seen at both 20 mg and 30 mg daily dose
levels) (Figure 5-1); 4 CTCL patients reached a PR with mean time to onset of response of 97
days (50-142 days), and an additional 2 CTCL patients met the criteria for SD. The median
time to response (TTR) was 62 days, ranging from 7 weeks to 21 weeks. Median time to
progression (TTP) was 179 days. Two of the three patients with circulating Sezary cells
responded to LBH589 (Figure 5-2 and 5-3). These studies were performed by Professor Miles
Prince and Jill Davison from the Peter MacCallum Cancer Institute.
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Table 5-3: Drug-related toxicities

(as graded by National Cancer Institute c o m m o n

terminology criteria for adverse events; version 3.0)
initial Dose

NCI-CTC: Grade ill/IV (week of onset)

Dose-limiting toxicity

20100101 RS

ID

30

0 3 DIarrlioea (4)

Diarrhoea

20100102 BAB

20

None

None

20100103 DMG

20

None

None

20100104 MB

20

None'

None

20100105 U T

20

None

None

20100106 DMB

20

0 3 Neutropenia (7. 8, 9, 11, 12)

None

20100107 W K W

20

None

None

20100109 WCH

20

None

None

20100110 RB

20

0 3 Thrombocytopenia (8)

None

502-103 (DUKE)

20

0 3 Diarrhoea (3). 0 3 neutropenia (3, S. 7)

None

• Other non-drug related toxicity: G 3 A F (see text)
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Discontinued m»rapy du« to toxicity

Figure 5-1: Clinical effects of LBH589.
Photographs of patient 20100101 taken at baseline (top and bottom left side panels) and
post-treatment with LBH589 (consecutive panels) demonstrating complete remission.
Shown are the responses of erythromatous plaques on the face and torso of patient
20100101 to treatment with LBH589. Interestingly, treatment for patient 201100101 was
discontinued at the end of cycle 1 (blue arrow) due to toxicity, though response to LBH589
was still obsen/ed.
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Figure 5-2: Clinical effects of LBH589.
Photographs of patient 20100107 with Sezary Syndrome taken at baseline (top panels) and
after 8 months of treatment with LBH589 (bottom panels) with ongoing partial remission.
Shown are the response of erythematous plaques with hyperkeratotic scale and fissures on
the palms and feet of patient 20100107 to treatment with LBH589.
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Figure 5-3: Clinical effect of LBH589: Photographs of patient 20100110 with Sezary
syndrome taken at baseline (top panels) and 6 months after treatment with LBH589 (bottom
panels) with ongoing partial remission. Shown are the response of subcutaneous oedema,
erythema and scaling on legs and torso of patient 20100110 to treatment of LBH589.
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5.3

LBH589 induces rapid accumulation of acetylated histone H3 in CTCL patients
receiving LBH589
LBH589-mediated histone acetylation in patient biopsy samples pre- and post

administration of LBH589 was assessed by immunohistochemical staining for acetylated
histone H3 (Figure 5-4). Patient biopsy samples were collected by Lisa Devereux from the
Peter MocCallum Cancer Institute tissue bank. Samples were processed by Peter
MacCallum research histology department and I performed all tissue sample staining and
subsequent analysis.

5.3.1

Patient 20100101

(a) OCT embedded tissue sections of patient 20100101 was stained with hematoxylin and
eosin staining (H&E) and displays lymphocyte infiltration of the dermal layer (top panels;
green arrows), with no change in cellular morphology of infiltrating lymphocytes over a 24
hour time course. LBH589 treatment resulted in the rapid accumulation of acetylated
histone H3 within lymphocyte infiltrates within 4 hours and sustained over 24 hours (bottom
panels; red arrows).

5.3.2

Patient 20100103

(b) OCT embedded tissue sections of patient 20100103 was stained with H&E and displays
lymphocyte infiltration of the dermal layer (top panels; green arrows), with no change in
cellular morphology of infiltrating lymphocytes over a 24 hour time course. LBH589
treatment appears to induce rapid accumulation of acetylated histone H3 within
lymphocyte infiltrates within 4 hours and sustained up to 8 hours (bottom panels; red
arrows), though determination of histone H3 acetylation was difficult for patient 20100103
due to poor tissue quality.
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5.3.3

Patient 20100104

(c) OCT embedded tissue sections of patient 20100104 was stained with H&E and displays
lympinocyte infiltration of the dermal layer (top panels; green arrows), with no change in
cellular morphology of infiltrating lymphocytes over a 24 hour time course. LBH589
treatment resulted in the rapid accumulation of acetylated histone H3 within lymphocyte
infiltrates within 4 hours and sustained over 24 hours (bottom panels; red arrows).

5.3.4

Patient 20100105

(d) OCT embedded tissue sections of patient 20100105 was stained with H&E and displays
lymphocyte infiltration of the dermal layer (top panels; green arrows), with no change in
cellular morphology of infiltrating lymphocytes over a 24 hour time course. LBH589
treatment resulted in the rapid accumulation of acetylated histone H3 within lymphocyte
infiltrates within 4 hours and sustained over 24 hours (bottom panels; red arrows).

5.3.5

Patient 20100106

(e) OCT embedded tissue sections of patient 20100106 was stained with H&E and displays
lymphocyte infiltration of the dermal layer (top panels; green arrows), with no change in
cellular morphology of infiltrating lymphocytes over a 24 hour time course. LBH589
treatment resulted in the rapid accumulation of acetylated histone H3 within lymphocyte
infiltrates within 4 hours and sustained over 24 hours (bottom panels; red arrows).
Collectively, LBH589-mediates a rapid increase in acetylation of histone H3 within 4 hours in
all patients irrespective of clinical outcome, demonstrating there is no correlation between
acetylation and patient response to LBH589 therapy.
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Figure 5-4: Effects of LBH589 on histone acetylation of infiltrating lymptiocytes wittiin
patient's dermal layer
Four (4)mm punch biopsy tumour samples from 5 CTCL patients (a) 20100101, (b) 20100103,
(c) 20100104, (d) 20100105 and (e) 20100106, were obtained prior to receiving on initial
dose of LBH589 and at various times (4, 8 and 24hr) following therapy. Sections were
stained with H&E to identify and investigate lymphocyte infiltrate morphology within the
dermal layer (top panels a-e; green arrows). Staining with a-acetylated histone H3 identifies
increased acetylated nuclei over within lymphocyte infiltrates within the dermal layer
following LBH589 therapy (bottom panels a-e; red arrows). Patient 20100102 and T24 for
patient 20100103 (b) was excluded do to poor tissue quality.
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5.4

LBH589 induces histone acetylation in mononuciear ceiis
To further evaluate the pharmacodyomic effect of LBH589 (figure 5-5), nine patients

(yellow bars represents CR/PR/SD patients, n=6; blue bars represent PD patients, n=3) were
evaluable for histone acetylation in peripheral blood mononuclear cells (PBMCs). Patient
samples were collected by Lisa Deveruex, and sent to Novartis Pharmaceuticals, Boston,
USA for further analysis. Each dose of LBH589 administered M,W,F resulted in the
hyperacetylation of histone H3 and histone H4 in PBMCs. Acetylation of histones H3 and H4
was consistently observed at 48 hrs (prior to next dose) and out to 72 hours (following the
Friday dose and prior to Monday dosing). The treatment of CTCL patients with LBH589
mediated acetylation of PBMC histones H3 and H4 in both responding and non-responding
patients indicating there is no relationship between acetylation and response to LBH589
therapy. Of interest, the magnitude of histone acetylation in CR/PR/SD patients was
approximately 40% higher than PD patients after the first dose of LBH589 at the 3 hour and
24 hour time points. This marked difference in histone acetylation might correspond to an
important subset of genes responsible for a positive response in CTCL patients being
treated with LBH589.
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Figure 5-5: Effects of LBH589 on histone acetylation within lymphocytes of patient peripheral
blood
Blood samples collected from CTCL patients taken post dose 1 at 3, 24 and 48 hours, post
dose 2 at 48 hours and post dose 3 at 72 hours and whole cell lysates prepared. Cell lysates
were subjected to immunoblotting to detect and quantitate acetylated histones H3 and
H4 within CR/PR/SD patients (yellow bars) and PD patients (green bars). GAPDH was used
as loading control.
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5.5

Gene Expression Profiling
To identify changes in gene expression following treatment withi LBH589, microarray

studies using patient biopsy samples were obtained directly before treatment and at 4, 8
and 24 hr following the first dose of LBH589 (day 1, cycle 1). As demonstrated in figure 5-6
changes in gene expression profiles were observed consistently at 4hr and persisted to at
least eight hours for most genes. The number of genes showing a 2-fold or greater change
in expression in at least one time point following LBH589-treatment compared to untreated
biopsy samples were: patient 20100101 (1358 genes changed, 12% upregulated, 88%
downregulated);
downregulated;

patient
patient

20100103

(1281 genes

changed,

23%

upregulated,

77%

20100104

(1466

genes

changed,

61%

upregulated,

39%

downregulated);

patient

20100105

(310

genes

changed,

36%

upregulated,

64%

downregulated);

patient

20100106

(285

genes

changed,

10%

upregulated,

90%

downregulated). Evidently, in most patient samples LBH589 induced

transcriptional

repression of more genes than were activated (figure 5-6; table 5-4).
Dr Gordon Smyth from the Walter and Eliza Institute for Biomedical Research (WEHI)
was consulted to collaborate with a second analysis to investigate genes that respond to
LBH589 therapy in all patients irrespective of clinical outcome. We utilised a two-way
additive ANOVA model and empirical Bayes F-statistics to find genes showing a consistent
and statistically significant response to LBH589 over time across all the patients. Twenty
three genes were significant at a false discovery rote of less than 15% (Figure 5-7, Table 56). Twenty genes were repressed following LBH589 treatment while only three genes were
activated. Interestingly, genes such as IGFl and CCND/ (encoding cyclin D l ) previously
identified in in vitro studies as HDACi regulated genes (Mitsiades et al., 2004; Sandor et al.,
2000) were identified in our screen. Moreover, genes that mediate biological responses
known to be downstream of HDAC inhibition, namely SeptinW, TEF, SORBS2 (apoptosis),
NR2F2, CCNDl, TM4SF18 (cell proliferation), GUCY1A3, ANGPTl

(angiogenesis) and LA/RI

(immune modulation) were identified.
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Figure 5-6: Gene expressing profiles of individual CTCL patients in response to LBH589
Genes identified as selectively regulated by LBH589 in individual CTCL patients 20100101,
20100103, 20100104, 20100105 and 20100106. Up-regulated genes are depicted in red,
down-regulated genes are depicted in green and each line corresponds to a single gene.
Genes were selected to be regulated by LBH589 based a >2 fold change in gene
expression at least one time-point relative to baseline gene expression values.
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Figure 5-7: Gene expressing profiles of CTCL patients in response to LBH589
Genes identified as selectively regulated by LBH589 in CTCL patients 20100101, 20100102,
20100103, 20100104, 20100105 and 20100106. Up-regulated genes are depicted in red,
down-regulated genes are depicted in green and each line corresponds to a single gene.
Genes were selected to be regulated by LBH589 consistently over time in all patients using
two conditions (i) a two-way additive ANOVA and (ii) Ennpirical Bayes F-statistic.
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5.6

Validation of expression profiles of selected genes by quantitative real-time PGR
To validate the gene expression data obtained by microarray assay QRT-PCR was

used to assess the expression of 4 genes selected from table 5-5. These represented genes
involved in angiogenesis (ANGPT"/, GUCYIA3)

and cell proliferation (CCNDl,

NR2F2

[COUPTFII]) (see table 5-5 for full gene names). The changes in gene expression measured
over the time course in response to LBH589 by microarray and QRT-PCR were highly
correlative, though some discrepancies were observed in individual patients when
comparing the two methods of analysis (figure 5-8). In general terms of gene expression
profiles, all 4 genes selected for validation resulted in down-regulation of expression in
response to LBH589 treatment when assessed by microarray, and these gene expression
profiles were confirmed by QRT-PCR. One of selected genes which were most correlative
was NR2F2 (COUPTFII) displaying the greatest overlay in both gene expression profiles in all
patients from microarray and QRT-PCR data, indicating that QRT-PCR is a reliable method
to validate microarray data obtained from patient samples.

The pro-angiogenic gene

GUCYIA3 revealed good correlation of gene expression profiles for all patients analyzed
except for patient 20100104 whose results showed that there was a difference in the
magnitude of response when comparing the two methods of analysis. The same
observation was also made again with patient 20100104 where the cell proliferation gene
CCNDl showed less sensitivity to LBH589 treatment as assessed by QRT-PCR analysis. While
these 2 genes were identified as possible outliers when analyzing patient 20100104 further
assessment should be performed, such as western blot analysis, to confirm the differences
noted between the gene expression profiling data. An overall difference was seen when
comparing the micrarray with QRT-PCR gene expression profiles for the pro-angiogenic
gene ANGPTI with a greater magnitude in response noted by QRT-PCR analysis. Generally
though, QRT-PCR detected greater fold changes in gene expression compared to
microarray analysis. This was expected as microarrays can underestimate changes in gene
expression, and can be sometimes poor at measuring changes in low levels of mRNA (Ding
et al., 2007).
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Figure 5-8: Validation of microarray data by quantitative real-time PCR
LBH589-mediated gene expression profiles of 4 selected genes (a) GUCYIA3. (b) NR2F2, (c)
ANGPTI and (d) CCNDI obtained from microarray analysis. The same RNA used for LBH589
microarray experiments was subjected to quantitative real-time PCR. Values for each gene
were normalised to expression levels of L32, and fold induction was calculated relative to
TO. Each time point is represented by triplicate wells of an individual experiment.
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Table 5-4: Summary of differential expression of individual CTCL patients receiving LBH589
ttierapy

Patient No

Total genes

Up-regulated

Down-regulated

20100101

1358

164(12%)

1194(88%)

20100102*

NA

NA

NA

20100103

1281

295 (23%)

1001 (77%)

20100104

1466

889 (61%)

580 (39%)

20100105

310

112(36%)

198 (64%)

20100106

285

29 (10%)

257 (90%)

•Patient 2 did not have sufficient TO RNA for individual profile analysis
CR = Clinical Response
PR = Partial Response
SD = Stable Disease
PD = Progressive Diseose
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Table 5-5: Differentially expressed genes which respond to LBH589 consistantly over time in all patients
Gene E x p r e s s i o n values
AffymMrixlO

G»n« Symbol

Basic Function

TO B a s e l i n e

230061 at

rM4Sfie

C«« surface receplcr implicated tn cent
prolileralion and actrvalton celiulat
motitily and adhesion tumour cafl
metastasis

7 75

221942 s a l

GUCYIAS

Angiogemsis

9.61

•160

22S665 M

CYYR1

No known (unction

886

-1 39

21«920 M

K1AA0960

Hypcthfihca^ protean

569

205609

ANGPT1

Angiogenesis
mflfnbrane dynamics apoptosis
cytc»keletal remodetting

«

K)

oo

TBvsTO

T24 v s TO

p-vaJue

Q-value

299

1 47

3 466 0 7

0 0077

-1 46

• 1 16

2 07E-06

00140

-1 74

-101

1 S3E-06

0 0140

-074

•1 62

-0 34

3S3E-06

00156

561

•1 21

• 1 41

•0 60

9 33E-06

00344

586

1 55

2 16

•041

1 92E-05

00606

ceilularsonalhng involved m iBgulatir>g
cell pfoliferatwr and apoptosis

' 19

1 18

' 83

044

2 696 05

0 0711

1 80

243B13_M

SEPTIN 10

209S40^at

IGF1

215073 • a l

NR2F2

Twisrrtpiionat regulation

556

-1 72

-1 59

-1 45

2 77E^05

00711

2014e«_»_al

NCX51

7 68

-075

•0 75

054

3 reE-05

0 0791

210644_s al

LAIR1

Protection a ^ n s l oxidative stress
Ig-tike receptor mvotved in immune
mteradions

553

•0 78

1 25

1 03

4S8E^05

0 0791

222561 at

LANa2

Implicated to cellular drug sensitivity

4 36

-097

-1,06

-0J9

4 98E<»

0 0791

225619 a l

FLJ30046

Hypothetica' protein

363

093

1 07

-0 55

6 07E-05

0 0791

225»U_at

TEF

anti-apoptutic tmnscnption tactor

605

-184

•1 97

-0 87

5 50E^05

0 0791

227066 at

PDE5A

cGMP-specific signalling

544

-1 38

-0.74

-1 60

57BE^05

0 0791

227627 a l

SC«BS2

Promotes cell survival

5 42

-2 08

•045

-2 67

6 036•OS
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2396M at

NAPS

Regulation of actin assembly

4 12

•066

-1 13

•0 86

7e5£^05

0 0941

206712 a l

CCN01

ceB cycle

894

•077

•0 69

009

6 756-05

0 1020

224463 s al

C11O(<70
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4 IS

-0 32

0 35

-1 01

0 00011

01210

227760 > a l

ECMS2
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766

-1 24

-1 73

-1 12

0 00011

0 1210

212771 a l

C10orf38
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685

•103
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-0.31

0 00012

0 1257

204900 « at
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Transcnpticnai regulation
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036

-043
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0 1442

222752 s at

C10>f75
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0 67

-008

0 00017

0 1442

MAWDBP

Putative MAPK activator

5 31
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•0 82
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Table 5-5 demonstrates the Affymetnx ID with the corresponding gene symtxjl along with the known basic function of the protein Gene expression was achieved
by the application of a gcRMA algorithm to normalise raw chip intensities A two-way additive ANOVA was combined with empirical Bayes F statistics to identify
differentially expressed genes that move consistently over time in response to LBH589 To control for a false discovery rate less than 15% the method of Benjamini
and Hochtierp was implemented

5.7

Discussion
HDACi

have

emerged

as

promising

new

agents

for

the

treatment

of

haematological malignancies and possibly solid tumours. To date, results from clinical trials
using structurally diverse HDACi including phenylbutyrate, valproic acid, vorinostat (SAHA,
Zolinza), MS-275, CI-994. PXD-101, AN-9 and MGCD-0103 have been published (Rasheed et
al., 2007).

In general these agents can be safely administered although class-related

toxicities including thrombocytopenia, nausea, diarrhoea, somnolence and fatigue are
relatively common and appear to be dose-dependent (Rasheed et al., 2007). Romidepsin
(Piekarz et al., 2001) and vorinostat (Duvic et al., 2007) have shown impressive activities
against CTCL with CRs and/or PRs reported, with vorinostat being recently approved by the
United States Food and Drug Administration for the treatment of cutaneous manifestations
in patients with CTCL who have progressive, persistent or recurrent disease on or following
two systemic therapies (Marks, 2007).
LBH 589 is a cinnamic hydroxamic acid HDACi that con kill primary CML, AML and
MM cells in vitro (Cotley et al., 2006; Fiskus et al., 2006b; George et al., 2005; Maiso et al.,
2006). In a phase I study in fifteen patients AML, ALL and MS. LBH589 administered i.v. on
days 1 to 7 of a 21-day cycle was well tolerated and produced transient reductions of
blasts in the peripheral blood associated with histone hyperocetylation and induction of
apoptosis (Giles et al., 2006).
This study presents the results of ten CTCL patients treated with LBH589 as an oral
formulation to determine the safety, tolerability, biologic activity and pharmacokinetic
profile of LBH589. This is the first study which assessed the response to oral LBH589 in patients
with CTCL who had failed skin-directed and/or systemic therapy. This study demonstrated
that oral LBH589 can be administered safely for prolonged duration with a once doily dose
of 20 mg on Monday, Wednesday and Friday of each week.
Oral LBH589 was well-tolerated. The DLT of diarrhoea was obsen/ed at the 30 mg
dosing schedule, whilst in patients who received the MTD of 20 mg, haematological
abnormalities including transient neutropenia and thrombocytopenia were the most
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commonly seen adverse experiences. Once LBH589 was discontinued however, all
toxicities resolved quickly within 7 days, with the exception of one patient who was
withdrawn from the study due to prolonged cytopenio lasting longer than 21 days. The 3
deaths in patients on the study were not related to LBH589, but were the result of disease
progression. One advantage of oral LBH589 compared to other intravenous HDACi
therapies is the lower risk of catheter-related sepsis which can cause myelosuppression. In
addition no cardiac toxicities were observed in patients receiving orally administered
LBH589. Toxicities from administration of oral LBH589 were comparable with a phase I study
reported where leukaemia and MDS patients receiving IV LBH589 experienced toxicities
including diarrhoea and thrombocytopenia (Giles et al., 2006). In addition to these
toxicities, administration of IV LBH589 also resulted in 4 patients which were reported with
cardiac toxicities, which were reversed following discontinuation of therapy (Giles et al.,
2006). Cardio-toxicities is a major concern in patients receiving HDACi therapy and has
been a major DLT in clinical trials where HDACi are administered IV to patients with various
cancers (refer to chapter 1; (Rasheed et al., 2007). Avoidance of cardio-toxicities by the
development of oral formulations of HDACi has been demonstrated in clinical trials
involving HDACi such as vorinostat, MS-275 and LBH589 in the treatment of solid and
haematological malignancies (refer to chapter 1; (Rasheed et al., 2007) indicating the
importance and advantage of oral administration of HDACi rather than IV delivery.
Oral LBH589 displayed a plasma concentration lethal to CTCL cell lines (Duvic et oL,
2007; Zhang et al., 2005a) consistent with modeling and was shown to produce complete
responses in patients with advanced CTCL with responses seen in 6 of 10 patients treated.
Ongoing disease regression also resulted some weeks after discontinuation of therapy with
LBH589. In total, 2 of 10 patients achieved CR, and an additional 6 patients achieved PR or
SD. Median TTR was 16 weeks, ranging from 7 weeks to 21 weeks. The median TTP was
almost 6 months among responding patients in this study. The average overall sun/ival was
more than 15 months. Five of the patients treated in this trial had previously received
chemotherapy and 3 of these 5 patients responded to LBH589. This response rate of 60% in
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patients with previous chemotherapy treatment is note worthy given the heavily pretreated and refractory patient population. The patient who was started on the 30 mg
dosing schedule had confirmed CR, suggesting that perhaps higher doses of LBH589 may
be required for tumour regression, however, PR and CR were seen at 20 mg dosing
schedule as well. Interestingly, the CR that occurred with the patient receiving the 30mg
dosing schedule displayed a prolonged response to LBH589 when therapy was stopped.
This result raised the question of possible involvement of the patient's immune system being
activated by LBH589 by either increasing immunogenicity of the tumor cells or modulating
the immune system of the patient. This result does warrant further investigation in future
experiments and clinical trials.

These data validate LBH589 as an HDACi with clinical

benefit to CTCL patients along with vorinostot (Duvic et al., 2007) and romidepsin (Piekarz
et al., 2001).
On the basis of previous studies conducted with HDACi it has been hypothesised
that the primary molecular mechanisms of action by HDACi were to alter the acetylation
status of the core histone proteins thus facilitating chromatin remodelling and its
consequent alterations in gene expression (Bolden et al., 2006). The baseline level of
acetylation assessed in patient tumor samples was relatively low. Because of the unique
design of this study, whereby we serially sampled tumor specimens following drug dosing,
we then assessed tumoral acetylation changes over the first 24 hours. Following the
administration of LBH589 we observed rapid acetylation of histone H3, suggesting that early
acetylation of histones may be an important mechanism required for the action of LBH589
in patients. The changes paralleled that observed in the PBMC, and indeed, in PBMC
hyperacetylation was observed to 72hrs, the longest gap between drug dosing. This
observed acetylation of histones was consistent with that reported in other HDACi clinical
trials (refer to chapter 1). Bearing in mind the small number of patients in the study, there
was no observable relationship with PBMC acetylation status and disease response.
The nature of this study also allowed for the examination of effects on gene
expression post LBH589 therapy. Early induction of histone acetylation was concomitant
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with observed alterations in gene expression. Altered gene expression within 4 hours of
treatment with LBH589 occurred in all patients, with less than 10% of genes altered, which is
consistent to that of observations made in various tumour cell lines (Mitsiades et al., 2004;
Peart et al., 2005). The majority of patients showed a time dependent decrease in gene
expression in the majority of differentially expressed gene with only patient 20100104
showing more genes upregulated in response to LBH589. No explanation could be offered
at this time for this particular result as treatment of patient 20100104 treatment with LBH589
resulted in PR and recorded no adverse events or DLTs. Moreover, most of the genes
showed peak altered expression at the 4 hr timepoint indicating that future gene profiling
studies using samples from patients treated with LBH589 could be performed at the early
time point. Due to the relatively low patient numbers it was not possible to perform cluster
analysis or generate gene lists based on statistical significance. Moreover, due to the low
patient numbers it was not possible to correlate altered expression of a particular gene(s)
with patient outcome, though continuation of a larger scale phase II trial would make
these forms of analysis possible.
A collective study was also performed to investigate genes that move consistently
over time in all patients. The design of this study allowed for a rigorous statistical analysis
adjusting for differences between the patients and variations in precision of the RNA
samples. A second advantage of this analysis was the inclusion of patient 2 which had to
be excluded from individual gene expression profiling studies. A total of 23 genes showed
significance with applied statistical parameters. From this collected data 4 genes were
further selected for validation by QRT-PCR. Duvic and colleagues recently showed that
treatment of CTCL patients with vorinosfot resulted in altered expression of TSP-1, a potent
inhibitor of angiogenesis (Duvic et al., 2007). Likewise, CTCL patients receiving LBH589
displayed

down

regulation

of

guanylate

cyclase

1A3

(GUCY1A3)

that

when

downregulated by siRNA results in reduced angiogenic activity (Saino et al., 2004).
The pro-angiogenic gene Angiopoietin-1 was another gene consistently down
regulated in response to LBH589. Ang/'opo/et/n-/-mediated angiogenesis has been
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implicated as an important event for disease progression in multiple myeloma. Data
showed that by down-regulation of pro-angiogenic factors including angiopoietin-1 had
profound anti-angiogenic activity against patient derived multiple myeloma endothelial
cells (MMECs)

and caused a disassociation between tumour cells and patient derived

MMECs resulting in decreased proliferation of tumour cells (Roccaro et al., 2006). LBH589
has displayed anti-angiogenic activity in vivo (Qian et al., 2006a) arguing that the downregulation of pro-angiogenic genes should be investigated more deeply for their
involvement in CTCL pathogenesis and possibilities for therapeutic intervention. Finally, the
transcription factor COUP-TFII (NR2F2] that is an upstream regulator of genes including
Angiopoiefin-h
progression

hTERT and CCNDI

(Nakshatri

and has been demonstrated to regulate cell cycle

et al., 2000) and angiogenesis

downregulated in response to LBH589.

(Pereira et al.,

1999) was

Whether the LBH589-mediated changes in

expression of Angiopoitin-1 and CCNDI occur as a consequence of altered expression of
COUP-TFII remains to be determined, though gene profiling data shows that all 3 genes
show differential expression as little as 4 hours after LBH589 administration suggesting that
their decreased expression is transcriptionally mediated by LBH589. Additionally, COUP-TFII
also plays a role in repression of MHC class I gene transcription associated with recruitment
of HDACs (Ge et al., 1992; Liu et al., 1994; Smirnov et al., 2000). This repression results in the
down regulation of major histocompatability class I (MHC-I) transcription and may have a
contribution to a tumorigenic phenotype (Zhao et al., 2003). The action of LBH589 in the
downregulation of COUP-TFII may play a role in the response of CTCL patients allowing
repression to be reversed and the COUP-TFII transcriptional counterpart NF-KB to
upregulate MHC-I transcription, allowing for detection and elimination by cytotoxic T
lymphomcytes (Williams et al., 2004; Zhao et al., 2003). The downregulation of COUP-TFII by
LBH589 may offer an explanation to why the patient on the 30mg dosing schedule
presented extended therapy after the drug had been removed, though further
investigation in CTCL cell lines and patient samples is required.
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CCNDl is a gene commonly downregulated by different HDACi (Johnstone, 2002).
A recent study sinowed cyclin D1 protein levels to be dramatically decreased in mantle cell
lymphoma cell lines following vorinostat treatment by inhibition of translation of cyclin D1
protein (Kawamata et al., 2007). Another study found that vorinostat inhibited growth of
pancreatic cell lines by inducing opoptosis, G2/M cell cycle arrest and differentiation.
These antiproliferative events mediated by vorinostat were associated with changes in
gene expression profiles, one of which was the decreased expression of cyclin D1
(Kumogoi et al., 2007). Vorinostat treatment also inhibited the growth of glioblastoma
multiforme (GBM) cells in vitro by induction of G2/M cell cycle arrest. QRT-PCR analysis
revealed that vorinostat altered the expression patterns of several genes, including the progrowth gene cyclin D1 (Yin et al., 2007). Moreover, treatment of mice bearing intracranial
GBM resulted in tumor growth retardation following treatment with vorinostat and therapy
also increased survival of these mice (Yin et al., 2007), though in vivo changes in cyclin D1
were not discussed. Given the important oncogenic role of cyclin D1 due to its ability to
regulate cell cycle progression (Toshiro et al., 2007) the significance of downregulation of
CCNDl for the therapeutic activities of LBH589 in CTCL should be assessed in more detail.
Previous cDNA gene expression studies performed on tissue samples from MF
patients allowed the identification of two MF subgroups based on gene expression
signatures (Tracey et al., 2003). Cluster 1 which included less aggressive forms of MF
displayed higher expression of tumor-suppressing genes including PTEN and ST14. However
increased expression of oncogenes and positive cell cycle regulators was also noted in
cluster 1 (Tracey et al., 2003). Contrary to this, cluster 2 which included more aggressive
forms of MF showed a greater upregulation of genes involved in TNF pathway signalling
(Tracey et al., 2003). Analysis of cluster 2 revealed patients had high expression of genes
including APRIL (involved in tumour cell growth), BIRC2 (part of the inhibitor of apoptosis
family) and members of the RAS family of oncogenes (Tracey et al., 2003). This data
indicated that there was a correlation between gene expression profiles and MF
phenotype which may be related to patient prognosis. A more recent study of gene
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expression profiling in lesional skin biopsies of 62 CTCL potients revealed that patients could
be clustered associated with disease stage, prognosis and clinical outcome (Shin et al.,
2007). Cluster 2 was associated with less aggressive disease and included alteration of
genes associated with epidermal development and differentiation, whereas cluster 3 was
associated with extensive disease, decreased event-free sun/ival and poor response to
treatment, and included altered gene expression within pathways involved in inflammation
and benign epidermal proliferation. Cluster 1 was associated with most aggressive disease
including patients in tumour stage and even poorer prognosis. Cluster 1 involved upregulation of genes involved in lymphocyte activation and TNF signalling pathway, (Shin et
al., 2007), similar to that described by Tracey et al. These data show that gene expression
profiling of patient tumour samples correlates with disease progression and response to
therapy, and will assist in more effective treatment strategies in patients with CTCL.
These data concludes that LBH589 at a dose of 20mg Monday, Wednesday, Friday
is well tolerated and achieves clinical responses in CTCL, including complete responses
and in some patients these responses can be prolonged. The unique design of this study
allowed us to monitor tumor gene expression over time. The correlative data suggest that
the antiangiogenic, immune modulation and apoptotic properties of LBH589 mediated by
distinct changes in gene expression may underpin the observed clinical response in CTCL
patients. While these results offer a possible explanation to the molecular mechanisms
underlying patient response to LBH589, a greater implication could be the possible
identification of biomarkers as these genes have shown to respond to LBH589 in all patients,
though a larger study for further investigation is still required.
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Chapter 6. Induction of apoptosis by the
histone deacetylcse inhibitor LBH589 in T
cell Lymphoma cells lines; Correlation to
in vivo therapeutic efficacy
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6.1

Introduction
Although CTCL display defects in their apoptotic signaling pathways, it has still been

found that treatments that induce a strong pro-apoptotic signal such as double DNA
strand breaks by ionizing radiation or altered gene expression by retinoids can overcome
this problem, resulting in apoptosis of malignant T cells and increased survival of CTCL
patients (Kacinski and Flick, 2001). Though clinical response con be achieved due to these
treatments, disease relapse is a common occurrence, justifying the requirement for more
effective therapies for the treatment of CTCL to be investigated.
HDACi have showed great success in the clinic treating patients with CTCL (refer to
chapter 1). Studies have shown that the HDACi vorinostat (Zhang et al., 2005a) and
romidepsin (Piekarz et ol., 2004) are capable of inducing apoptosis in CTCL cell lines
offering a possible explanation for their success in the treatment of CTCL in the clinic.
Targeting the extrinsic (death receptor) apoptotic pathway by using recombinant
TRAIL ligand or agonistic monoclonal anti-bodies specific for TRAIL receptors DR4 and DR5 is
being assessed for the treatment of haemotological malignancies (Broun et al., 2007).
Unlike TNF-a and agonistic CD95 antibodies, which have caused proinflammatory activities
and liver injury (Ashkenazi, 2002; Ogosawaro et al., 1993) respectively, TRAIL has shown
great promise as an anti-cancer agent for its ability to trigger tumor cell death while
remaining non-toxic to normal tissue in animal models (Merino et al., 2007; Shonkar et al.,
2005a; Walczok et al., 1999). For that reason TRAIL is currently being evaluated in clinical
trials in patients with solid or haemotological cancers (Pukac et al., 2005). However, several
non-Hodgkins lymphoma cell lines have displayed resistance to TRAIL-mediated apoptosis
(MocFarlane et al., 2005a; Snell et al., 1997) including CTCL cells (Braun et ol., 2007).
HDACi have demonstrated the capacity to sensitize TRAIL-resistant cancer cells to
TRAIL-induced apoptosis (Bolden et ol., 2006). More specifically HDACi have sensitized
leukemia and lymphoma cell lines to TRAIL-mediated apoptosis by inducing the expression
of TRAIL receptors (Inoue et al., 2004; MocFarlane et al., 2005a; Nakata et al., 2004), the upregulation of pro-apoptotic Bcl-2 proteins and/or down-regulation of inhibitors of apoptosis
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such as c-FLlP (Shankar et al., 2005b). CTCL cell lines and primary PBMCs isolated from
Sezary Syndrome patients were found to express low cell surface expression of DR4 and
moderate expression of DR5, as well as high protein levels of c-FLIP (Braun et al., 2007)
which may offer an explanation behind resistance to TRAIL-induced apoptosis.
This chapter will firstly explore the apoptotic potential of LBH589 in the T cell
lymphoma cell lines, SeAx, Hut78 and MyLa. Secondly, cell surface expression of TRAIL
receptors DR4 and DR5 on SeAx, Hut78 and MyLa cells will be assessed and the ability of
LBH589 to modulate the cell surface expression of DR4 and DR5 on these cells. Thirdly, SeAx,
Hut78 and MyLa cell lines will be investigated for their sensitivity to TRAIL-mediated
apoptosis, and if the combination of TRAIL with LBH589 would synergize to alter the kinetics
and/or magnitude of any apoptotic response in these cell lines. Finally the sensitivity of
MyLa cells transplanted into Balb/c SCID mice to LBH589 was determined. SeAx, MyLa and
Hut78 cells were sensitive to LBH589-mediated apoptosis but resistant to TRAIL-mediated
apoptosis.

LBH589-induced rapid accumulation

of hyperacetylated

histone H3 and

modulated the expression levels of DR4 and DR5 on the cell surface of all 3 cell lines,
though only MyLa cells were sensitized to TRAIL-induced apoptosis by LBH589. In vivo
studies revealed that LBH589 exhibited therapeutic efficacy in mice bearing MyLa
xenograft tumors.
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6.2

Results

6.2.1

MyLa T-cell lymphoma cell lines resemble Jurkat T-cell lymphoma cell lines
Following completion of most studies detailed in this chapter SeAx, Hut78 and MyLa

T-cell lymphoma cell lines originally received from Dr Barbara Schnierle in Germany were
subjected to SNP genotyping analysis to confirm that these 3 cell lines are true
representatives of CTCL. All SNP analysis was conducted by Dr Wenlin Shao at the Novartis
Institute for Biomedical Research, Boston, USA. Also examined by this analysis were 3 extra
CTCL cell lines currently being used by DrShao. They were HH, Hutl02 and MJ. Initial 24 SNP
genotyping revealed that all CTCL cell lines were matched to their expected cell line on
ATCC (http://www.atcc.ora/) expect for SeAx and MyLa cell lines. SeAx did match any cell
line following database searches and therefore were considered as unique, whereas the
MyLa cell line matched the Jurkat T-cell lymphoma cell lines A3,12.1, J45.01 and D1.1 (table
6-1). More extensive analysis was performed with MyLa and Jurkat cell lines by 48 SNP
genotyping analyses which further confirmed the initial results from the 24 SNP analyses
(table 6-2). Also, Dr Shao received MyLa cells directly from Dr Schnierle and they also
correlated with Jurkat micro-satellite mapping (table 6-2). As such, papers using these cells
(Thaler et al., 2004) may need to be revised accordingly.

The work presented in this

chapter includes experiments with MyLa cell lines, and will be referred to as a T-cell
lymphoma resembling Jurkat cell lines (MyLa-J).

6.2.2

LBH589 induces opoptosis in SeAx, Hut78 and MyLa-J cell lines

To determine whether LBH589 induced cell death in T-cell lymphomas, SeAx, Hut78 and
MyLa-J cell lines were treated with escalating concentrations of LBH89 for 24 hours, and
their viability was evaluated by PI uptake (figure 6-1 a) and by DNA fragmentation (figure 61 b) and assessed by flow cytometry. As the concentration of LBH589 increased over 24
hours, little or no increase in loss of cell membrane permeability was noted in Hut78 (12% to
12%) and SeAx (13% to 19%) cell lines, while MyLa-J cell lines displayed a greater loss in cell
membrane viability from 4% to 37% (figure 6-1 a). Analysis of DNA fragmentation showed
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that the percentage of cells showing DNA fragmentation (subGi) increased in all 3 cell
lines endured similar insult following treatment with escalating concentrations of LBH589
over 24 hours. DNA fragmentation increased in Hut78 cells from 12% to 34%, SeAx cells from
16% to 42% and in MyLa-J cells from 4% to 46% (figure 6-1 b). This data indicated that LBH589
can induce cell death in T-cell lymphoma cell lines.
To determine if LBH589 was more potent against SeAx, Hut78 and MyLa-J cell lines
over time, all 3 cell lines were treated with LBH589 (lOnM and lOOnM) for 24h and 48h, and
apoptosis was determined by staining with annexin V and cell cycle analysis. SeAx cells
treated with lOnM LBH589 were resistant after 24h exposure with no increase in annexin v/PI
staining (figure 6-2a), though at 48h an increase in annexin V staining occurred with
treatment of lOnM LBH589 from 17% to 26% (figure 6-2b). MyLo-J cells treated with lOnM
LBH589 displayed an increase in annexin V staining at 24h from 6% to 28% (figure 6-2a) and
increased further after 48h treatment from 5% to 73% (figure 6-2b). Hut78 cells treated with
lOnM LBH589 had a minimal increase in annexin V staining at 24h (11% to 16%; figure 6-2a)
and increased at 48h from 7% to 47% (figure 6-2b). The same analysis was also performed
on these 3 cells with treatment for 24h and 48h with lOOnM LBH589. SeAx cells treated with
lOOnM LBH589 were resistant again after 24h exposure with no increase in annexin V
staining (figure 6-2c), though at 48h an increase in annexin V staining occurred with
treatment of lOOnM LBH589 from 14% to 52% (figure 6-2d). MyLo-J cells treated with lOOnM
LBH589 displayed an increase in annexin V/PI staining at 24h from 7% to 49% (figure 6-2c)
and increased further after 48h treatment from 7% to 86% (figure 6-2d). Hut78 cells treated
with lOOnM LBH589 had a minimal increase in annexin V staining at 24h (13% to 16%; figure
6-2c) and increased at 48h from 10% to 45% (figure 6-2d).
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Table 6-1: 24 SNP analysis of T cell lymphoma cell lines
DNA
CLO#

Passag*

24 SNP
Results

Comments

Cell line

Source

CLD600

HH

ATCC

3

OK

Match to expected cell line

CL0601

Hut78

ATCC

8

OK

Match to expected cell line

CLD602

MJ

ATCC

4

OK

Match to expected cell line

CLD603

HUI102

ATCC

a

OK

Match to expected cell line

CLD604

MyLa

Ricky Johnstone (original source: Or Barbara S Schnierle)

Problem?

Same as Jurkat. A3,12 1. J45.01. D1 1

CLD605

SeAx

Ricky Johnstone (original source. Dr Bartjara S Schnierle)

2
1

Unique

Not matching any cell line in database

Table 6-1 displays 24 SNP cell line genotyping carried out by Dr Wenlin Shao at Novartis Institute of Bionnedical Research
on six CTCL cell lines. Initial genotyping analysis shows that HH, Hut78, MJ and Hutl02 cell lines match ATCC, whereas
SeAx cell lines were identified as unique. The MyLa cell line revealed a sinnilar genotype to Jukat T cell lynnphoma cell
lines.

Table 6-2: 48 SNP analysis of T cell lymphoma cell lines
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Table 6-2 displays 48 SNP cell line genotyping carried out by Dr Wenlin Shao at Novartis Institute of Bionnedical
Research to further compare MyLo with Jurkat cell lines. MyLa cells showed high homology to Jurkat cells after 48 SNP
analysis, and for this reason MyLa cell lines will be considered a general T cell lymphoma cell line, not CTCL specific,
until further phenotyping c a n be carried out.
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Figure 6-1 Effects of LBH589 on cell death in T cell lymphoma cell lines: SeAx, MyLa and
Hut78 cells were treated with escalating doses of LBH589 (0.001 |JM, 0.01 MM, 0.1 MM and
0.5|JM) for 24h. Cell death was assessed by (a) propidium iodide (PI) uptake and
quontitoted by flow cytometry, (b) PI staining of fixed/permeabilised cells and DNA
content was assessed by flow cytometry. Each dose point represents mean ± SE of
triplicate experiments.
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Figure 6-2: Investigation of LBH589-mediated apoptosis in T cell lynnphoma cell lines: SeAx,
MyLa-J and Hut78 cells were treated with or without lOnM of lOOnM LBH589 for 24h and
48h. Apoptosis was measured by onnexin V staining of the cell as determined by flow
cytometry. Results represent lymphoma cells that are annexin V-". Each point represents
mean ± SE of triplicate experiments.

244

No Drug

+ LBH589
lOOnM

No Drug

LBH589
lOOnM

4.81

s

i
i

A
I

15.18

i 1

JL

'tn

'Ttt

Figure 6-3: Effects of lOOnM LBH589 on cell cycle in T cell lymphoma cell lines: SeAx, MyLa-J
and Hut78 cells were treated with or without lOOnM LBH589 for 24h and 48h and assessed
for cell cycle. Cells were fixed in 50% EtOH/PBS overnight and stained with PI and DNA
content

analysis

was

performed

by

flow

cytometry.

Cell

cycle

histograms

are

representative of 3 individual experiments.

245

In parallel to annexin V staining, the effect of lOOnM LBH589 treatment on DNA
fragmentation was also investigated in all three T-cell lymphoma cell lines. Treatment of
SeAx cells with lOOnM LBH589 resulted in minimal DNA fragmentation at 24h when
compared to untreated controls (4% to 14%). Similar results were seen with the treatment of
MyLa-J and Hut78 cells after 24h treatment with lOOnM LBH589 (figure 6-3a), though unlike
SeAx cells, MyLo-J and Hut78 displayed cell cycle changes at 24h in response to LBH589.
MyLa-J cells displayed a marked increase of cells in G2/M, while Hut78 cells showed on
increase of cells in Gi and G2/M (figure 6-3a). Following 48h treatment with lOOnM LBH589
all 3 cell lines displayed similar levels of DNA fragmentation compared to their respective
untreated controls (figure 6-3b). At 48h levels of DNA fragmentation increased in SeAx cells
from 2% to 44%, in MyLa-J cells from 2% to 47% and in Hut78 cells from 2% to 47%. These
data demonstrate that SeAx, Hut78 and MyLa-J cell lines undergo apoptosis following
treatment with LBH589. LBH589-mediated apoptosis in these cell lines is dose and time
dependent.
The anti-tumor activity of LBH589 towards T-cell lymphoma cell lines was compared
to the DNA damaging agent etoposide, which is commonly used in the treatment of
lymphoma. All 3 cell lines were treated with the same concentrations as LBH589 for
comparative purposes, which were lOnM and lOOnM of etopside over a 48h timecourse.
Figure 6-4a-b shows that no increase in annexin V binding was observed when any of the
three cell lines were treated with either lOnM or lOOnM etoposide for 24h and 48h. Cell
cycle analysis reveals that SeAx cells were completely resistant to both doses of etoposide
over 48h with no alteration in their cell cycle profile when treated with lOOnM etoposide
over 48h (figure 6-5). Hut78 cells treated with lOOnM etoposide had an increase in the
percentage of cells in G l and G2M with a loss in S phase, which was independent of time
(figure 6-5). MyLa cell lines responded to treatment with lOOnM etoposide with an increase
in the percentage of cells in G2M of the cell cycle in a time dependent manner, increasing
in accumulation of cells arrested in G2M and loss of both S and Gi phase cells over 48h
(figure 6-5). While these results show SeAx, MyLa-J and Hut78 remain resistant to etoposide246

mediated apoptosis, while two of the three cell lines ore still susceptible to etoposideinduced cell cycle changes.

6.2.3

LBH589 induced acetylation of the Histone H3 protein in CTCL cell lines
The induction of Histone H3 acetylation was assessed by treating CTCL cell lines

(SeAx and Hut78) and the T cell lymphoma cell line (MyLa-J) with LBH589 (lOnM and
lOOnM) for 2h and histone H3 acetylation was determined by western blot technique.
Acetylated histone H3 expression was either absent or at low levels in untreated SeAx,
Hut78 and MyLa cell lines. With LBH589 treatment, expression of acetylated histone H3 was
dramatically increased. SeAx cells showed acetylation of histone H3 was dose dependent,
MyLa-J cells showed minimal dose dependent induction of acetylated histone H3 and
Hut78 cells showed that histone H3 acetylation was not dose dependent (figure 6-6).
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Figure 6-4: Effects Investigation of Etoposide-mediated apoptosis in T cell lymphoma cell
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248

No Drug
6.39

+ Etqposide
lOOnM
7.89

X
<

0)

s.oo

S

1

S.M

No Drug

i.
i

+ Etoposide
tODOSIdl
lOOnM

5.03

4.07

1
-•ttt

Figure 6-5: Effects of lOOnM Etoposide on cell cycle in T cell lymphoma cell lines: SeAx,
MyLa-J and Hut78 cells were treated with or without lOOnM Etoposide for 24h and 48h and
assessed for cell cycle. Cells were fixed in 50% EtOH/PBS overnight and stained with PI and
DNA content analysis was performed by flow cytometry. Cell cycle histograms are
representative of 3 individual experiments.
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Figure 6-6: Effects of LBH589 on modulation of ocetylated tiistone H3: SeAx, MyLa-J and
Hut78 cell lines were treated with lOnM and lOOnM for 2h. Cellular proteins (4|jg) were
separated by 10% SDS-PAGE and detected by ECL methods on a

nitrocellulose

membrane. Equal loading of proteins was confirmed by actin.
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6.2.4

CTCL cell surface expression of TRAIL-Rl (DR4) and TRAIL-R2 (DR5)
As discussed earlier, TRAIL is a promising agent displaying anticancer activities with

minimal effect on normal tissue (Merino et al., 2007; Shankar et al., 2005a; Walczak et al.,
1999). It has been demonstrated that HDACi can sensitize tumor cells to TRAIL-medioted
apoptosis (Bolden et al., 2006). The cell surface expression of DR4 and DR5 was assessed by
flow cytometry using antibodies specific for these proteins.
The acute myeloid leukemia cell line K562 was used as a positive control for DR4
and DR5 staining, and display that both anti-bodies detecting DR4 or DR5 can effectively
detect their respective receptors (Figure 6-7a). Figure 6-7b shows the basal expression of
the two known TRAIL receptors, DR4 and DR5, on SeAx, Hut78 and MyLo-J cell lines. DR5 is
highly expressed on all cells. DR4 expression is absent on MyLa-J cells while DR4 expression
on SeAx and Hut78 cells was expressed at low levels. This result raised the question of the
sensitivity of SeAx, MyLo-J and Hut78 cell lines to cell death induced by recombinant TRAIL
and secondly could LBH589 augment TRAIL-induced apoptosis in these cell lines.

6.2.5

T-cell lymphoma cell lines are resistant to TRAIL Induced apoptosis
To determine whether the T-cell lymphoma cell lines SeAx, Hut78 and MyLa-J were

sensitive to TRAIL-induced apoptosis. TRAIL activity was first confirmed by treatment of
Jurkat cells with increasing concentrations of recombinant soluble TRAIL for 24h and cell
death was determined by annexin V staining. Figure 6-7c shows that Jurkat cells were
sensitive to TRAIL-induced apoptosis in a dose dependent manner. SeAx, Hut78 and MyLa-J
cell lines where treated with the some concentrations of TRAIL for 24h and 48h, and cell
death was again determined by annexin V staining. All 3 cell lines remained resistant to all
concentrations of TRAIL indicating that SeAx, Hut78 and MyLa-J cell lines are resistant to
TRAIL-induced apoptosis over a 48h time course (figure 6-7d).
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Figure 6-7: Endogenous expression of DR4 and DR5 receptors on T celi iymphoma cell lines
and effects of TRAIL iigond-mediated apoptosis in T cell lymphoma cell lines: (a) As a
positive control, K562 cells were stained withi normal mouse IgGi control or polyclonal
antibodies against DR4 and DR5 and analysed by flow cytometry to detect DR4 and DR5
cell surface expression, (b) SeAx, MyLa-J and Hut78 cells were stained with isotype control
or polyclonal antibodies and analysed by flow cytometr/ to detect DR4 and DR5 cell
surface

expression,

(c)

Jurkat

cells were

untreated or treated with

escalating

concentrations of TRAIL ligand and stained with annexin V to assess cell death by flow
cytometry, (d) SeAx, MyLa-J and Hut78 cells were untreated or treated with escalating
concentrations of TRAIL ligand for 24h and 48h and stained with annexin V to assess cell
death by flow cytometry. Results for (c) and (d) represent lymphoma cells that are annexin
Each point in (d) represents mean ± SE of triplicate experiments.
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6.2.6

LBH589 alters DR4 and DR5 cell surface expression on T cell lynnphoma cell lines
Due to the low levels of DR4 expression on the cell surface of SeAx, Hut78 and

MyLa-J cell lines and the resistance shown by all three cell lines to TRAIL-induced apoptosis,
I determined if pretreatment with LBH589 altered the expression of cell surface TRAIL
receptor, and/or sensitized SeAx, Hut78 and MyLa-J cell lines to TRAIL-mediated apoptosis.
SeAx, Hut78 and MyLa-J cell lines were treated with either lOnM or lOOnM LBH589
for 4h, 8h or 16h, and DR4 and DR5 expression was determined by flow cytometry. T-cell
lymphoma cell lines treated with either lOnM or lOOnM LBH589 over a 16h time course
displayed changes in expression of DR4 and DR5 receptors. Both SeAx and Hut78 cell lines
down regulated both DR4 and DR5 expression over time following LBH589 treatment. In
contrast, in the MyLa-J cell line expression of DR4 and DR5 increased in response to both
doses of LBH589 in a time dependent manner (figure 6-8 and 6-9).
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Figure 6-8: Expression of DR4 and DR5 receptors on T ceii iymphoma ceii iines in response to
LBH589 treatment: SeAx, MyLa and Hut78 cells were treated with 1 OnM LBH589 over varying
times (Oh, 4h, 8h and 16h) and stained with normal mouse IgGi control or polyclonal
antibodies and analysed by flow cytometry to detect DR4 and DR5 cell surface expression.
(a) Representative histograms of flow cytometry analysis showing isotype (black), DR4 (red)
and DR5 (blue) staining, (b) Mean fold change in DR4 (red) and DR5 (blue) expression in
response to LBH589 treatment normalized to isotype (black) controls. All points plotted in
(b) are a measurement of the mean ± SE of triplicate experiments.
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Figure 6-9: Expression of DR4 and DR5 receptors on T ceii iymphomo celi iines in response to
LBH589 treatment: SeAx, MyLa and Hut78 cells were treated with lOOnM LBH589 over
varying times (Oh, 4h, 8h and 16h) and stained with normal mouse IgGi control or
polyclonal antibodies and analysed by flow cytometry to detect DR4 and DR5 cell surface
expression, (a) Representative histograms of flow cytometry analysis showing isotype
(black), DR4 (red) and DR5 (blue) staining, (b) Mean fold change in DR4 (red) and DR5
(blue) expression in response to LBH589 treatment normalized to isotype (black) controls.
All points plotted in (b) are a measurement of the mean ± SE of triplicate experiments.
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6.2.7

LBH589 selectively sensitizes T cell lymphoma cell lines to TRAIL induced apoptosis
Previous studies have demonstrated that HDACi can sensitize cancer cell lines and

primary patient cancer cells to TRAIL-induced apoptosis in vitro (MacFarlane et al., 2005a).
For this reason, the ability of LBH589 to sensitize SeAx, Hut78 and MyLa-J cell lines to TRAILmediated apoptosis was investigated.
Cell lines pretreated v^ith lOnM LBH589 for lOh before the addition of 400ng/ml
recombinant TRAIL for lOh resulted in the selective induction of apoptosis in one of the
three cell lines tested. Both SeAx and Hut78 remained resistant after the exposure of the
combination therapy (16% and 21%) when compared to the effect of either LBH589 (16%
and 13%) or recombinant TRAIL (17% and 11%) themselves (figure 6-lOa and 6-lOc). While
MyLa-J displayed some sensitivity after exposure to lOnM LBH589 (36%) and remained
resistant to 400ng/ml recombinant TRAIL treatment (14%), there was an obvious effect
when the two agents were combined increasing annexin v binding to 73% (figure 6-1 Ob).

6.2.8

LBH589 exhibits in vivo therapeutic efficacy against T cell lymphoma
SCID mice bearing MyLa-J derived tumors were administered LBH589 ip of o dosing

schedule of 20mg/kg Monday, Wednesday, and Friday. The purpose of this dosing
schedule was to closely mimic the dosing schedule in the Phase I clinical trial discussed in
chapter 5. Mice treated with LBH589 displayed delayed tumor growth when compared to
vehicle treated tumor bearing mice (figure 6-1 l a and 6-1 lb). While no tumor-free mice
were identified following treatment with LBH589, significant inhibition of tumor growth was
observed, with a mean tumor size of 93mm2 in vehicle treated mice compared to 26mm2
(p=0.01) in mice treated with LBH589 (figure 6-1 Ic). Survival of tumor bearing mice was also
extended by the treatment of LBH589 significantly extending mean survival to 49.6 days
from a mean survival of 36 days in vehicle treated mice (p=0.004) (figure 6-1 Id).
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Figure 6-10: Selective sensitization of TRAIL induced apoptosis by LBH589 in T cell lymphoma
cell lines: (a) SeAx, (b) MyLA and (c) Hut78 cells were treated with or with out lOnM LBH589,
400ng/ml TRAIL ligand for 20h or pre-treated with lOnM LBH589 for lOh before exposure to
400ng/ml TRAIL ligand for lOh. Cells were stained with annexin V and assessed for cell
death by flow cytometry analysis. Results represent the mean ± SE of annexin V-" cells of
triplicate experiments.
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Figure 6-11: LBH589 inhibits tumor growth and extends survival in vivo: Balb/c SCID mice
transplanted with MyLa-J lymptioma cells by subcutaneous administration were either
vehicle-treated (n=4) or treated (n=5) with 20mg/kg LBH589 every Monday, Wednesday
and Friday by intraperitoneal (ip) injection, (a-b) Tumor growth was monitored by serial
caliper measurements, and mice were culled once a tumor volume measured >100mm2.
Figure legends represent individual mice, (c) Mean tumor size was calculated to assess the
anti-tumor activity of LBH589 in vivo.

All bars represent the mean ± SE of all mice in their

respective treatment groups. * p=0.01 (d) Kaplien-Meier survival curves of vehicle treated
mice (black line) and LBH589 treated mice (red line) are shown. # p=0.004.
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6.3

Discussion
In the treatment of CTCL, therapies that induce a strong apoptotic signal often

achieve the best result in the clinic. The most common therapies used to treat CTCL that
induce T cell opoptosis are phototherapy (Baron and Stevens, 2003), retinoids (Zhang and
Duvic, 2003) and photophoresis (Zic, 2003). Other agents recently hove displayed the
ability to induce apoptosis in CTCL cell lines and peripheral mononuclear cells from
patients v^ith Sezary syndrome such as arsenic trioxide (Michel et al., 2003) and nitric oxide
in the CTCL cell line Hut78 (Rishi et al., 2007).
Piekarz et al first described apoptotic mechanisms of HDACi in the CTCL cell line
Hut78. It was shov^^n that structurally distinct HDACi depsipeptide, MS-275, Sodium Buturote
(NoB) and trichostatin A (TSA) mediated HDACi-induced apoptosis with related histone H3
hyperacetylation and increased expression of

though interestingly the increase in

p2iwAFi expression did not induce cell cycle arrest of the Hut78 cells (Piekarz et al., 2004).
Additional studies showed a selective induction of apoptosis in Hut78, MJ and HH T cell
lymphoma cell lines as well as patient peripheral blood lymphocytes (PBL) by the HDACi
SAHA. SAHA was found to induce apoptosis with associated accumulation of hyper
acetylated histones and induction of

P21WAFI

(zhang et al., 2005a).

LBH589 also induced an accumulation of hyperacetyloted histone H3 in SeAx,
MyLa-J and Hut78 T cell lymphoma cell lines and this was related to a delayed LBH589induced apoptosis over 48 hours. This result in the delay of kinetics in apoptosis agreed with
both Piekarz and Zhang who reported HDACi mediated apoptosis in T cell lymphoma cell
lines at 72 and 48 hours respectively (Piekarz et al., 2004; Zhang et al., 2005a). SeAx, MyLa-J
and Hut78 cell lines were resistant when comparative killing assays were also carried out
with Etoposide. An explanation for this could be loss of function of p53 or over expression of
P-glycoprotein (Pgp).
Mutations of p53 are relatively uncommon in CTCL (Beylof-Borry et al., 1995) though
there hove been documented cases from various studies, one of which involved analyzing
the p53 status of 12 patients with transformed CTCL (Marrogi et al., 1999). Morrogi reported
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that of 12 patients analyzed. 8 returned positive for either point mutations resulting in a stop
c o d o n of p53 or deletions resulting in loss of function of p53. Mutations of p53 have been
correlated to disease-related deaths and poor prognosis in CTCL (Fucich et al., 1999)
vv^here extended survival is observed in patients with wild type p53 compared to those
patients with mutated or deleted p53 (Marrogi et al., 1999). Mutation analysis revealed that
the mutation spectrum was consistent with UVB-type mutations, consisting of C-T transitions
at dipyrimidine sites and CC-TT base pair mutations (McGregor et al., 1999). This mutation
spectrum observed in CTCL patients strongly resembled that found in cutaneous squamous
cell carcinoma, which has strong implications of UVB induced mutations with disease onset
(Brash et al., 1991). PUVA therapy has also been implicated in p53 gene mutations, where
non-melonoma skin cancers were found to have UVB like mutations following treated by
PUVA. It is therefore possible that these mutations could have developed as a result of
PUVA therapy (Natoraj et al., 1997). These examples suggest that current therapies such as
UVB and PUVA may themselves induce therapy resistance and disease progression due to
mutations of p53. This also raises one of the advantages of treating CTCL with HDACi such
as SAHA a n d LBH589 as HDACi have shown to induce opoptosis by a p53 independent
mechanism (Insingo et al., 2005a; Lindemann et al., 2007; Nebbioso et al., 2005; Zhao et al.,
2005).
In CTCL, expression of P-glycoprotein (Pgp) has been reported (Jillella et a!., 2000)
and is thought to be one mechanism by which lymphoma cells mediate resistance to
chemotherapy (Sandor et al., 1997). Pgp has the ability to protect cells by either inhibiting
caspase activation (Johnstone et al., 1999; Ruefli et al., 2002; Smyth et al., 1998) or by the
efflux of drugs reducing the intracellular drug concentration to sub-lethal levels (McKenna
a n d Padua, 1997; Peart et al., 2003), and many hydrophobic drugs are substrates for Pgp,
including etoposide (Piekarz et al., 2004). Agents such as the HDACi depsipeptide and
sodium butyrate and the differentiating agent retinoic acid have them-selves shown to up
regulate expression of P-gp (Botes et al., 1989; Mickley et al., 1989; Peart et al., 2003; Piekarz
et al., 2004; Xiao et al., 2005a; Xiao et al., 2005b) and indeed these agents have the ability
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to induce resistance to themselves. Recently, the hydroxomic acid HDACi SAHA and
oxamflatin were shown to effectively kill tumor cell lines over expressing Pgp (Peart et ol.,
2003) and additionally SAHA and LBH589 have displayed anticancer activities independent
of caspase activation (Maiso et al., 2006; Ruefli et al., 2001). Whether Pgp has the
capability to efflux only certain HDACi has yet to be determined but it will be an important
factor when selecting treatment when a tumor is positive for Pgp expression.
TNF-reloted apoptosis-inducing ligand (TRAIL) has emerged as a promising anticancer agent. As well as being relatively non-toxic to normal tissue, TRAIL has shown
promise in the treatment of hematological malignancies as a single agent or in
combination with other anticancer drugs such the HDACi sodium volprote

and

depsipeptide (MacFarlane et al., 2005a). Chronic lymphocytic leukemia (CLL) cell lines
and isolated CLL cells from patients when treated with TRAIL or the HDACi sodium
valproate or depsipeptide alone remained resistant, but pre-treatment with HDACi
sensitized the cells to TRAIL-induced apoptosis (MacFarlane et al., 2005a). The resistance to
TRAIL in CLL cells shown by MacFarlane was also seen when the T cell lymphoma cell lines
SeAx, MyLo and Hut78 were treated with escalating doses of TRAIL over 48h (figure 5-5b).
TRAIL resistance has also been overcome in combination with vorinostot in breast cancer
cells (Butler et al., 2006), prostate cancer (Lakshmikanthan et al., 2006) and lymphoma cells
(Inoue et al., 2004; Shankar et al., 2005b).
Resistance to extrinsic apoptotic stimuli in CTCL usually involves impairment of T cell
homeostasis by way of the Fas/Fas ligand pathway and has been thought to play a role in
the establishment and progression of CTCL through decreased and/or delayed expression
of FasL on the surface of these activated T cells, allowing resistance to activation-induced
cell death (ACID) (Ni et al., 2005). Other intrinsic mechanisms to mediate resistance to
death receptor induced apoptosis have emerged including low receptor expression
(Braun et al., 2007), mutations in initiator caspase-8 and/or 10 (Chun et al., 2002; Su et al.,
2005; Wang and El-Deiry, 2003), altered expression of Bcl-2 pro- and onti-apoptotic proteins
(Dummer et al., 1995; Zhang et al., 2003), inhibitor of apoptosis protein (lAP) family
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members (Braun et al., 2007) and the elevated expression of the initiator cospase inhibitor
c-FLIP, which recently has been correlated to increased NF-KB activity (Mathas et al., 2004;
Sorset al., 2006).
Low expression of TRAIL (DR4) receptor and moderate/high expression of TRAIL
(DR5) receptor was observed on SeAx, Hut78 and MyLa cell lines which agreed with TRAIL
receptor expression reported by Broun et al. Human recombinant TRAIL has been reported
to preferentially induce apoptosis in hematological malignancies via the TRAIL (DR4)
receptor (MacFarlane et al., 2005a; MacFarlane et oL, 2005b) offering on explanation for
resistance to TRAIL induced apoptosis. Broun et al also found that not all CTCL cell lines
examined exhibited the some intrinsic aberrations highlighted earlier except for increased
levels in c-FLIP expression (Braun et al., 2007). Recent reports have emerged showing
HDACi to hove the capabilities to induce death receptor mediated apoptosis. Studies
have shown that the HDACi MS-275, VPA and vorinostat can mediate apoptosis through
the induction of TRAIL and DR5 transcription in leukemic cell lines and primary cells from
AML patients (Nebbioso et al., 2005). This was further supported when VPA and TSA were
able to induce apoptosis in PML-RAR and AML-ETO AML cells and extend survival of mice
bearing these tumors. This therapeutic efficacy by induction of apoptosis of these leukemic
cells was a result of increased transcription and expression of TRAIL, DR5, Fas and FosL
(Insingo et al., 2005a). These data suggest the role of induced apoptosis by HDACi by an
autocrine mechanism.
As indicated above, numerous cancer lines that exhibit resistant to TRAIL induced
apoptosis con be sensitized to this apoptotic stimulus by treatment with an HDACi (Butler et
al., 2006; Inoue et al., 2004; Lakshmikonthan et oL, 2006; MacFarlane et al., 2005a;
MacFarlane et al., 2005b). SeAx, Hut78 and MyLo cell lines all express low levels of the TRAIL
death receptor DR4, and the effect of treatment with LBH589 on DR4 expression was
assessed. In SeAx and Hut78 cell lines expression of DR4 and DR5 was decreased in
response to LBH589 in a non-dose dependent manner. In contrast, MyLa cells treated with
LBH589 displayed an increase in DR4 and DR5 expression in a non-dose dependent
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manner. Interestingly, MyLa was the only cell line to be sensitized to TRAIL induced
apoptosis by LBH589, wtiereos SeAx and Hut78 cells remained resistant. HDACi can upregulate TRAIL receptors and mediate TRAIL-induced apoptosis specifically through DR4
signalling. This may explain why only the MyLa cell line responded to the combination
treatment. MyLa cells in comparison to SeAx and Hut78 cells express high levels of FLIP
(Braun et al., 2007) and HDACi can down regulate the expression of c-FLIP (Aron et al.,
2003; Guo et al., 2004; Morales et al., 2007; Sanda et al., 2007; Schuchmann et al., 2006),
which may also explain the response seen in MyLa cells and not SeAx and Hut78 when
treated with LBH589/TRAIL. Future studies on these cells will be performed to determine the
levels of c-FLIP in LBH589 treated MyLa-J cells.
Thaler et al in 2004 established a mouse xenograft model for mycosis fungoides by
transplanting MyLa cell lines into nude mice, though no further studies were published other
than the observation of dissemination of MyLa cells throughout the recipient mice after
tumor establishment (Thaler et al., 2004). To extend on this study, the anti-tumor effects of
LBH589 towards SCID mice transplanted with MyLa cells was conducted. Mice bearing
Myla tumors responded significantly to LBH589 therapy when compared that of vehicle
treated mice (p=0.01), with LBH589 exhibiting on overall tumor-static effect rather than
tumor-cidal. The tumor-static properties towards mice bearing MyLa tumors treated with
LBH589 also significantly extended their survival when compared to vehicle treated mice
(p=0.004). Whether this result was due to the apoptotic inducing properties of LBH589
remains to be determined but other in vivo studies conducted in hematological mouse
models suggest that the therapeutic response seen in mice treated with HDACi maybe
due to apoptosis (Insinga et al., 2005a; Lindemann et al., 2007; Nebbioso et al., 2005). In
vitro results showed that MyLa-J lymphoma cells were sensitized to TRAIL-induced apoptosis
by LBH589, suggesting that treatment of MyLa-J xenografts in vivo may respond better to
combination therapy of LBH589 and recombinant TRAIL, over either agent used alone. To
investigate this, SCID mice bearing MyLa-J xenografts could be treated with LBH589 and
agents targeting activation of the extrinsic apoptotic pathway (eg: recombinant TRAIL or
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agonistic antibodies towards DR4 or DR5) in combination. Thiis combination therapy would
be compared to either agent used alone and vehicle treated mice to observe if
combination therapy increased median tumor free survival of mice. Moreover, techniques
such as IHC, biochemical and flow cytometry could be utilized to investigate if induction of
apoptosis is the mechanism behind any therapy seen in these mice. A Phase II study
conducted with vorinostat in CTCL patients also suggests that the clinical response witness
was due to possible apoptotic and/or anti-angiogenic mechanisms (Duvic et al., 2007).
SAHA (vorinostat; zolinza) has been approved by the FDA for the treatment of
CTCL, utilizing such mouse models established by Thaler to better understand the molecular
mechanisms

of tumorgenesis

and response to HDACi therapy will be crucial in

orchestrating sufficient therapeutic strategies for the treatment of CTCL and other
malignancies.
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Chapter 7. General Discussion and
Conclusions
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HDACi have emerged as an exciting new class of anti-tumor agent that have
activity against a wide range of malignancies. While HDACi have displayed promising
results in early phase clinical trials, the molecular mechanism/s behind their anti-tumor
activity are still largely not understood. The studies in this thesis have contributed insight into
the molecular mechanisms of cell death induced by the hydroxamic acid HDACi LAQ824
and LBH589. Herein, the proteins and general molecular pathways required for LAQ824and LBH589-induced cell death have been delineated and correlated to the therapeutic
activity of the compounds. To investigate this, we used the Ep-myc model of B cell
lymphoma to screen tumors with defined genetic alterations in apoptotic pathways for
their sensitivity and therapeutic response to LAQ824 and LBH589.
Previous to the results detailed in this thesis, only a small number of reports exist
outlining the mechanisms of action of LAQ824 and LBH589. As such, studies to identify key
apoptotic proteins/pathways necessary for LAQ824- and LBH589-induced cell death were
undertaken. I showed that LAQ824 and LBH589 killed tumor cells by activating similar
pathways. For instance, LAQ824 and LBH589 did not require on intact death receptor
pathway to induce apoptosis, whereas mitochondrial perturbation was critical for
apoptosis induced by LAQ824 and LBH589, as cells over-expressing Bcl2, BCIXL or Bclw were
resistant to the cytotoxic effects of both agents. In addition, apoptosis induced by LAQ824
and LBH589 was independent of the p53 DNA damage pathway and the BH3-only proteins
Bid and Bim. Interestingly, LAQ824 and LBH589 induced cell death independent of a
functional apoptosome, and further analysis revealed that this may be due to the
activation of the autophagy pathway.
While a large number of studies involve the investigation of mechanisms of cell
death induced by HDACi in vitro, very few translate this to therapeutic efficacy in vivo. I
demonstrated the therapeutic effects of LAQ824 and LBH589 and investigated the ability
of these agents to induce apoptosis in vivo. LAQ824 and LBH589 treatment resulted in
extension of median survival of mice bearing E|j-myc lymphomas independent of on intact
death receptor pathway, p53 DNA damage pathway and a functional apoptosome. In
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line with in vitro data, the therapeutic efficacy of LAQ824 and LBH589 was reliant on
mitochondrial perturbation, as mice bearing tumors over-expressing Bcl2 were resistant to
LAQ824 and LBH589 treatment. These data show that the use of HDACi will advance the
clinical field in how patients with primary or refractor/ malignancies are treated. However,
the clinical application of HDACi is limited by the over expression of anti-apoptotic proteins
including Bcl2, BCIXL or Bclw. Moreover, the results shown in this thesis highlight the
importance for a better understanding of a patient's tumor phenotype and/or genotype,
which would allow for the prediction to response to therapy as well as apply more
individualized treatment to produce a more beneficial primary response and less refractory
cancers in patients.
In collaboration with clinical colleagues at the Peter MacCallum Cancer Center,
LBH589 was assessed in a phase I clinical trial for the treatment of patients with refractor/
CTCL. We showed that LBH589 was well tolerated, with the DLT of diarrhoea and MTD
toxicities of hoematological abnormalities being observed, though all toxicities were
resolved upon the discontinuation of LBH589. Correlative studies showed that LBH589
induced hyperacetylation of histone H3 and altered gene expression profiles in CTCL
patient tumor samples. These data indicate that hyperacetylation of histone H3 may not
be a sufficient prognostic marker in the treatment of CTCL patients with HDACi as it is
hyperacetyloted in response to LBH589 treatment irrespective of the patient's clinical
outcome. Surprisingly, LBH589 treatment resulted in a greater number of repressed than
activated genes in all but one patient studied. LBH589 at a dose of 20mg Monday,
Wednesday, Friday achieves clinical responses in CTCL, including complete responses and
in some patients these responses can be prolonged. Genes were identified from various
biological responses including angiogenesis, immune modulation and apoptosis providing
a possible explanation to the observed clinical response in CTCL patients. Unfortunately,
due to the small scale nature of this study no correlation between gene signatures and
clinical outcome could be observed. As this was a small scale study, a larger patient
population would allow for a more in depth genetic screen allowing for the application of
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statistical parameters and the identification of common sets of genes ttiat could correlate
treatment to clinical response. Furthermore, larger scale studies may also aide in the
identification of biomarkers from a larger scale study would help advance the treatment of
CTCL with HDACi and identify possible novel therapeutic targets in this disease.
Recently, vorinostot had received FDA approval for the treatment of CTCL as a
single agent. Previous to this, studies were conducted to show the ability of vorinostat to
induce apoptosis in CTCL cell lines. LBH589 also induced apoptosis in the CTCL cell lines
SeAx and Hut78 as well as the T cell lymphoma cell line MyLa-J. Furthermore, LBH589
treatment resulted in the inhibition of tumor growth in mice bearing MyLa-J xenografts.
Another advantage of the use of HDACi is that they can sensitize tumor cells to other
apoptotic stimuli, more specifically to TRAIL-mediated apoptosis. I showed that LBH589
could not sensitize SeAx or Hut78 cells to TRAIL-induced apoptosis, though MyLo cells could
be sensitized to TRAIL-mediated apoptosis by LBH589. These data shows that LBH589 has
the potential to synergize with other chemotherapies. This work demostrates that further
investigation into the efficacy of combination stratergies with LBH589 and other anticancer agents should be investigated in greater detail. Furthermore, by establishing CTCL
xenograft models, in vivo therapeutic efficacy of LBH589 as a single agent or in
combination with additional anti-cancer therapies con be explored and translated to the
clinic for more effective treatment of cancer patients.
From the work presented in this thesis, it has shown that LAQ824 and LBH589 used as
single agent therapies exhibit positive anti-tumor activities, though unfortunately, tumor
relapse is a common occurrence once LAQ824 and LBH589 treatment is stopped. By better
understanding the pathways regulated by LAQ824 and LBH589 to induce cell death, a
greater ability to facilitate their clinical development and to combine them with other
chemotherapeutic agents to enable a more rational design of synergistic combination
therapies to improve the treatment of cancer con be accomplished.

273

Chapter 8. References

274

Adams, J.M. and Cory, S. (2002) Apoptosomes: engines for caspase activation. Curr Opin
Cell Biol, 14, 715-720.
Afshar, G. and Murnane, J.P. (1999) Characterization of a hunnan gene with sequence
homology to Saccharomyces cerevisiae SIR2. Gene, 234, 161-168.
Allfrey, V.G., Faullcner, R. and Mirsky, A.E. (1964) Acetylation And Methylotion Of Histones
And Their Possible Role In The Regulation Of Rna Synthesis. Proc Natl Acad Sci

USA,

51, 786-794.
Anichini, A., Mortorini, R., Sensi, M. and Zonon, M. (2006) APAF-1 signaling in human
melanoma. Cancer Left, 238, 168-179.
Arany, Z., Sellers, W.R., Livingston, D.M. and Eckner, R. (1994) El A-associated p300 and
CREB-associoted CBP belong to a conserved family of coactivators. Cell, 77, 799800.
Ariffin, N. and Khorshid, M. (2006) Treatment of mycosis fungoides vvith imiquimod 5%
cream. Clin Exp Dermatol, 31, 822-823.
Aron, J.L., Parthun, M.R., Marcucci, G., Kitada, S., Mone, A.P., Davis, M.E., Shen, T., Murphy,
T., Wickhom, J., Kanakry, C., Lucas, D.M., Reed, J.C., Grever, M.R. and Byrd, J.C.
(2003) Depsipeptide (FR901228) induces histone acetylation and inhibition of
histone deacetylase in chronic lymphocytic leukemia cells concurrent v^^ith
activation of caspase 8-mediated opoptosis and down-regulation of c-FLIP protein.
Blood, 102, 652-658.
Ashkenazi, A. (2002) Targeting death and decoy receptors of the tumour-necrosis factor
superfamily. Nat Rev Cancer, 2, 420-430.
Ashkenazi, A. and Dixit, V.M. (1998) Death receptors: signaling and modulation. Science,
281, 1305-1308.
Attordi, L.D. and Jacks, T. (1999) The role of p53 in tumour suppression: lessons from mouse
models. Cell Mol Life Sci, 55, 48-63.
Avvakumov, N. and Cote, J. (2007) The MYST family of histone acetyltransferases and their
intimate links to cancer. Oncogene, 26, 5395-5407.
Ayton, P.M. and Cleary, M.L. (2001) Molecular mechanisms of leukemogenesis mediated
by MLL fusion proteins. Oncogene, 20, 5695-5707.
275

Bali, P., Pranpat, M., Bradner, J., Balasis, M., Fiskus, W., Guo, F., Rocha, K., Kumaraswamy, S.,
Boyapalle, S., Atadja, P., Seto, E. and Bhalla, K. (2005) Inhibition of histone
deacetylase 6 acetylotes and disrupts the chaperone function of heat shock
protein 90: a novel basis for antileukemia activity of histone deacetylase inhibitors. J
Biol Chem, 280, 26729-26734.
Baron, E.D. and Stevens, S.R. (2003) Phototherapy for cutaneous T-cell lymphoma. Dermatol
Ther. 16,303-310.
Botes, S.E., Mickley, L.A., Chen, Y.N., Richert, N., Rudick, J., Biedler, J.L. and Fojo, A.T. (1989)
Expression of a drug resistance gene in human neuroblastoma cell lines: modulation
by retinoic acid-induced differentiation. Mo! Cell Biol, 9, 4337-4344.
Bayes, M., Rabosseda, X. and Prous, J.R. (2005) Gateways to clinical trials. Methods Find Exp
Clin Pharmacol, 27, 411 -461.
Beckers, T., Burkhordt, C., Wieland, H., Gimmnich, P., Ciossek, T., Moier, T. and Sanders, K.
(2007) Distinct pharmacological properties of second generation HDAC inhibitors
with the benzomide or hydroxamate head group. Int J Cancer, 121, 1138-1148.
Benjomini, Y. and Hochberg, Y. (1995) Controlling the false discovery rate: a practical and
powerful approach to multiple testing. Journal of the Royal Statistical Society Series
B, 57, 289-300.
Bereshchenko, O.R., Gu, W. and Dalla-Favera, R. (2002) Acetylation inactivates the
transcriptional repressor BCL6. Nat Genet, 32, 606-613.
Berger, C.L., Hanlon, D., Kanada, D., Dhodapkar, M., Lombillo, V., Wang, N., Christensen, I.,
Howe, G., Crouch, J., El-Fishawy, P. and Edelson, R. (2002) The growth of cutaneous
T-cell lymphoma is stimulated by immature dendritic cells. Blood, 99, 2929-2939.
Berman, B., Perez, O.A. and Zell, D. (2006) Immunological strategies to fight skin cancer. Skin
Therapy Lett, 11,1-7.
Bernhord, D., Skvortsov, S., Tinhofer, I., Hubl, H., Greil, R., Csordas, A. and Kofler, R. (2001)
Inhibition of histone deacetylase activity enhances Fas receptor-mediated
apoptosis in leukemic lymphoblasts. Cell Death Differ, 8, 1014-1021.
Berns, K., Hijmans, E.M., Mullenders, J., Brummelkamp, T.R., Velds, A., Heimerikx, M.,
Kerkhoven, R.M., Modiredjo, M., Nijkamp, W., Weigelt, B., Agami, R., Ge, W., Covet,

276

G., Linsley, P.S., Beijersbergen, R.L. and Bernards, R. (2004) A large-scale RNAi screen
in human cells identifies new components of the p53 pathway. Nature, 428, 431437.
Beylot-Barry, M., Vergier, B., DeMascarel, A., Beylot, C. and Merlio, J.P. (1995) p53
oncoprotein expression in cutaneous lymphoproliferotions. Arch Dermatol, 131,
1019-1024.
Bhallo, K.N. (2005) Epigenetic and chromatin modifiers as targeted therapy of hematologic
malignancies. J Clin Oncol, 23, 3971-3993.
Bolden, J.E., Peart, M.J. and Johnstone, R.W. (2006) Anticancer activities of histone
deacetylase inhibitors. Nat Rev Drug Discov, 5, 769-784.
Bolstad, B.M., Collin, F., Brettschneider, K., Simpson, K., Cope, L., Irizarry, R.A. and Speed, T.P.
(2005) Quality assessment of Affymetrix GeneChip data. In Gentleman, R., Carey,
v., Dudoit, S., Irizarry, R. and Huber, W. (eds.), Bioinformatics and Computational
Biology Solutions using R and Bioconductor. Springer, New York, pp. 33-47.
Brash, D.E., Rudolph, J.A., Simon, J.A., Lin, A., McKenna, G.J., Baden, H.P., Halperin, A.J. and
Ponten, J. (1991) A role for sunlight in skin cancer: UV-induced p53 mutations in
squamous cell carcinoma. Proc Natl Acad Sci USA.

88, 10124-10128.

Braun, F.K., Pecker, L.F., Schwarz, C., Walden, P., Assaf, C., Durkop, H., Sterry, W. and Eberle,
J. (2007) Blockade of Death Receptor-Mediated Pathways Early in the Signaling
Cascade Coincides with Distinct Apoptosis Resistance in Cutaneous T-Cell
Lymphoma Cells. J Invest Dermatol.
Brogdon, J.L., Xu, Y., Szabo, S.J., An, S., Buxton, F., Cohen, D. and Huang, Q. (2007) Histone
deacetylase activities ore required for innate immune cell control of Thl but not Th2
effector cell function. Blood, 109, 1123-1130.
Brownell, J.E. and Allis, C.D. (1995) An activity gel assay detects a single, catalytically
active histone acetyltransferase subunit in Tetrohymeno macronuclei. Proc Natl
Acad Sci US A, 92, 6364-6368.
Brownell, J.E., Zhou, J., Ranalli, T., Kobayashi, R., Edmondson, D.G., Roth, S.Y. and Allis, C.D.
(1996) Tetrahymeno histone acetyltransferase A: a homolog to yeast Gcn5p linking
histone ocetylation to gene activation. Cell, 84, 843-851.

211

Burgess, A., Ruefli, A., Beamish, H., Warrener, R., Saunders, N., Johnstone, R. and Gabrielli, B.
(2004) Histone deacetylase inhibitors specifically kill nonproliferating tumour cells.
Oncogene. 23, 6693-6701.
Butler, L.M., Liapis, V., Bouralexis, S., Welldon, K., Hay, S., Thai le, M., Labrinidis, A., Tilley, W.D.,
Findlay, D.M. and Evdokiou, A. (2006) The histone deacetylase inhibitor,
suberoylanilide hydroxamic acid, overcomes resistance of human breast cancer
cells to Apo2L/TRAIL. Int J Cancer, 119, 944-954.
Butler, L.M., Zhou, X., Xu, W.S., Scher, H.I., Rifkind, R.A., Marks, P.A. and Richon, V.M. (2002)
The histone deacetylase inhibitor SAHA arrests cancer cell growth, up-regulates
thioredoxin-binding protein-2, and down-regulates thioredoxin. Proc Natl Acad Sci
U S A , 99, 11700-11705.
Byrd, J.C., Marcucci, G., Parthun, M.R., Xiao, J.J., Klisovic, R.B., Moran, M., Lin, T.S., Liu, S.,
Sklenar, A.R., Davis, M.E., Lucas, D.M., Fischer, B., Shank, R., Tejaswi, S.L., Binkley, P.,
Wright, J., Chan, K.K. and Grever, M.R. (2005) A phase 1 and pharmacodynamic
study of depsipeptide (FK228) in chronic lymphocytic leukemia and acute myeloid
leukemia. Blood, 105, 959-967.
Byrd, J.C., Shinn, C., Ravi, R., Willis, C.R., Waselenko, J.K., Flinn, I.W., Dawson, N.A. and
Grever, M.R. (1999) Depsipeptide (FR901228): a novel therapeutic agent with
selective, in vitro activity against human B-cell chronic lymphocytic leukemia cells.
Blood, 94, 1401-1408.
Cairns, B.R. (2001) Emerging roles for chromatin remodeling in cancer biology. Trends Cell
B/o;, 11, S15-21.
Compioni, M., Santini, D., Tonini, G., Muroce, R., Dragonetti, E., Spugnini, E.P. and Baldi, A.
(2005) Role of Apaf-1, a key regulator of apoptosis, in melanoma progression and
chemoresistonce. Exp Dermatol, 14, 811-818.
Cao, Q., Yu, C., Xue, R., Hsueh, W., Pan, P., Chen, Z., Wang, S., McNutt, M. and Gu, J. (2008)
Autophagy induced by suberoylanilide hydroxamic acid in Hela S3 cells involves
inhibition of protein kinase B and up-regulation of Beclin ].lntJ

Biochem Cell Biol,

40, 272-283.
Carapeti, M., Aguiar, R.C., Goldman, J.M. and Cross, N.C. (1998) A novel fusion between
MOZ and the nuclear receptor coactivator TIF2 in acute myeloid leukemia. Blood,
91,3127-3133.

278

Carew, J.S., Nawrocki, S.T., Kahue, C.N., Zhang, H., Yang, C., Chung, L., Houghton, J.A.,
Huang, P., Giles, FJ. and Cleveland, J.L. (2007) Targeting autophagy augments the
anticancer activity of the histone deocetylase Inhibitor SAHA to overcome Bcr-Ablmediated drug resistance. Blood, 110, 313-322.
Catley, L., Weisberg, E., Kiziltepe, T., Tai, Y.T., Hideshima, T., Neri, P., Tassone, P., Atadja, P.,
Chauhan, D., Munshi, N.C. and Anderson, K.C. (2006) Aggresome induction by
proteasome inhibitor bortezomib and alpha-tubulin hyperacetylation by tubulin
deacetylase (TDAC) inhibitor LBH589 are synergistic in myeloma cells. Blood, 108,
3441-3449.
Catley, L., Weisberg, E., Tai, Y.T., Atadja, P., Remiszewski, S., Hideshima, T., Mitsiades, N.,
Shringarpure, R., LeBlanc, R., Chauhan, D., Munshi, N.C., Schlossman, R., Richardson,
P., Griffin, J. and Anderson, K.C. (2003) NVP-LAQ824 is a potent novel histone
deacetylase inhibitor v^^ith significant activity against multiple myeloma. Blood, 102,
2615-2622.
Cecconi, F., Alvarez-Bolado, G., Meyer, B.I., Roth, K.A. and Gruss, P. (1998) Apofl (CED-4
homolog) regulates programmed cell death in mammalian development. Cell, 94,
727-737.
Chambers, A.E., Banerjee, S., Chaplin, T., Dunne, J., Debernardi, S., Joel, S.P. and Young,
B.D. (2003) Histone acetylation-mediated regulation of genes in leukaemic cells. Eur
J Cancer, 39, 1165-1175.
Champagne, N., Bertos, N.R., Pelletier, N., Wang, A.H., Vezmar, M., Yang, Y., Heng, H.H. and
Yang, X.J. (1999) Identification of a human histone acetyltransferase related to
monocytic leukemia zinc finger protein. J Biol Chem, 274, 28528-28536.
Chaudhuri, B., Xu, H., Todorov, I., Dutta, A. and Yates, J.L. (2001) Human DNA replication
initiation factors, ORC and MCM, associate with oriP of Epstein-Barr virus. Proc Natl
Acad Sci US A. 98, ^ 0085-10089.
Chen, L.F., Mu, Y. and Greene, W.C. (2002) Acetylation of RelA at discrete sites regulates
distinct nuclear functions of NF-kappoB. Embo J, 21, 6539-6548.
Chiam, L.Y. and Chan, Y.C. (2007) Solitary plaque mycosis fungoides on the penis
responding to topical imiquimod therapy. Br J Dermatol, 156, 560-562.

279

Chipuk, J.E. and Green, D.R. (2006) Dissecting p53-depenclent apoptosis. Cell Death Differ,
13, 994-1002.
Cho, K.S., Elizondo, L.I. and Boerkoel, C.F. (2004) Advances in chromatin remodeling and
human disease. Curr Op/n Genet Dev, 14, 308-315.
Choi, J.H., Kwon, H.J., Yoon, B.I., Kim, J.H., Han, S.U., Joo, H.J. and Kim, D.Y. (2001) Expression
profile of histone deacetylase 1 in gastric cancer tissues. Jpn J Cancer Res, 92,
1300-1304.
Christoph, F., Hinz, S., Kempkensteffen, C., Weikert, S., Krause, H., Schostak, M., Schroder, M.
and Miller, K. (2007) A gene expression profile of tumor suppressor genes commonly
methylated in bladder cancer. J Cancer Res Clin Oncol, 133, 343-349.
Christoph, P., Kempkensteffen, C., Weikert, S., Kollermann, J., Krause, H., Miller, K., Schostak,
M. and Schroder, M. (2006a) Methylation of tumour suppressor genes APAF-1 and
DAPK-1 and in vitro effects of demethylating agents in bladder and kidney cancer.
Br J Cancer, 95, 1701-1707.
Christoph, P., Weikert, S., Kempkensteffen, C., Krause, H., Schostak, M., Kollermann, J., Miller,
K. and Schroder, M. (2006b) Promoter hypermethylotion profile of kidney cancer
with new proapoptotic p53 target genes and clinical implications. Clin Cancer Res,
12, 5040-5046.
Chun, H.J., Zheng, L., Ahmad, M., Wong, J., Speirs, C.K., Siegel, R.M., Dole, J.K., Puck, J.,
Davis, J., Hall, C.G., Skodo-Smith, S., Atkinson, T.P., Straus, S.E. and Lenardo, M.J.
(2002) Pleiotropic defects in lymphocyte activation caused by caspase-8 mutations
lead to human immunodeficiency. Nature, 419, 395-399.
Clayton, A.L., Hazzalin, C.A. and Mohodevan, L.C. (2006) Enhanced histone ocetylotion
and transcription: a dynamic perspective. Mol Cell, 23, 289-296.
Cohen, H.Y., Lavu, S., Bittermon, K.J., Hekking, B., Imohiyerobo, T.A., Miller, C., Frye, R.,
Ploegh, H., Kessler, B.M. and Sinclair, D.A. (2004) Acetylotion of the C terminus of
Ku70 by CBP and PCAF controls Box-mediated apoptosis. Mol Cell, 13, 627-638.
Collis, S.J., DeWeese, T.L., Jeggo, P.A. and Parker, A.R. (2005) The life and death of DNA-PK.
Oncogene, 24, 949-961.

280

Cory, S. and Adams, J.M. (2002) The Bcl2 family: regulators of the cellular life-or-death
switch. Nat Rev Cancer, 2, 647-656.
Cress, W.D. and Seto, E. (2000) Histone deacetylases, transcriptional control, and cancer. J
Cell Physiol. 184, 1-16.
Cuthbert, G.L., Daujat, S., Snowden, A.W., Erdjument-Bromage, H., Hagiwaro, T., Yamoda,
M., Schneider, R., Gregory, P.D., Tempst, P., Bannister, A.J. and Kouzarides, T. (2004)
Histone deimination antagonizes arginine methylation. Cell, 118, 545-553.
Dai, J., Sultan, S., Taylor, S.S. and Higgins, J.M. (2005a) The kinase hospin is required for
mitotic histone H3 Thr 3 phosphorylation and normal metophase chromosome
alignment. Genes Dev. 19, 472-488.
Dai, Y., Rohmani, M., Dent, P. and Grant, S. (2005b) Blockade of histone deacetylose
inhibitor-induced RelA/p65 acetylation and NF-koppaB activation potentiates
apoptosis in leukemia cells through a process mediated by oxidative damage, XIAP
downregulation, and c-Jun N-terminol kinase 1 activation. Mol Cell Biol, 25, 54295444.
Dalloul, A., Laroche, L., Bagot, M., Mossalayi, M.D., Fourcode, C., Thacker, D.J., Hogge, D.E.,
Merle-Beral, H., Debre, P. and Schmitt, C. (1992) lnterleukin-7 is a growth factor for
Sezory lymphoma cells. J Clin Invest, 90, 1054-1060.
Davie, J.R. and Spencer, V.A. (1999) Control of histone modifications. J Cell Biochem, SuppI
32-33, 141-148.
Davis, P.K. and Brackmann, R.K. (2003) Chromatin remodeling and cancer. Cancer Biol
Ther, 2, 22-29.
Dearden, C.E., Matutes, E. and Catovsky, D. (2002) Alemtuzumab in T-cell malignancies.
Med Oncol, 19 SuppI, S27-32.
Dereure, O., Levi, E., Vonderheid, E.C. and Kadin, M.E. (2002) Infrequent Fas mutations but
no Bax or p53 mutations in early mycosis fungoides: a possible mechanism for the
accumulation of malignant T lymphocytes in the skin. J Invest Dermatol, 118, 949956.

281

Dereure, O., Portales, P., Clot, J. and Guilhou, J J . (2001) Decreased expression of fas (APO1/CD95) on lesional CD4+ T lymphocytes in cutaneous T cell lymphomas:
correlations with blood data. Br J Dermatol, 145, 1031-1032.
Deroanne, C.F., Bonjean, K., Servotte, S., Devy, L., Colige, A., Clausse, N., Blacher, S., Verdin,
E., Foidart, J.M., Nusgens, B.V. and Castronovo, V. (2002) Histone deacetylases
inhibitors as anti-angiogenic agents altering vascular endothelial growth factor
signaling. Oncogene, 21, 427-436.
Deveraux, Q.L. and Reed, J.C. (1999) lAP family proteins-suppressors of apoptosis. Genes
Dev. 13, 239-252.
Dey, P. (2006) Chromatin remodeling, cancer and chemotherapy. CurrMed Chem, 13,
2909-2919.
Dhar, S.K., Yoshida, K., Machida, Y., Khaira, P., Chaudhuri, B., Wohlschlegel, J.A., Leffak, M.,
Yates, J. and Dutta, A. (2001) Replication from oriP of Epstein-Barr virus requires
human ORC and is inhibited by geminin. Cell, 106, 287-296.
Diamandidou, E., Cohen, P.R. and Kurzrock, R. (1996) Mycosis fungoides and Sezary
syndrome. Blood, 88, 2385-2409.
Didona, B., Benucci, R., Amerio, P., Canzona, P., Rienzo, O. and Cavalieri, R. (2004) Primary
cutaneous CD30+ T-cell lymphoma responsive to topical imiquimod (Aldara). Br J
Dermatol, 150, 1198-1201.
Ding, Y., Xu, L , Jovanovic, B.D., Helenowski, I.B., Kelly, D.L., Catalona, W.J., Yang, X.J., Pins,
M. and Bergan, R.C. (2007) The methodology used to measure differential gene
expression affects the outcome. J Biomol Tecti, 18, 321-330.
Dokmanovic, M. and Marks, P.A. (2005) Prospects: histone deacetylase inhibitors. J Cell
Biochem, 96, 293-304.
Du, C., Fang, M., Li, Y., Li, L. and Wang, X. (2000) Smac, a mitochondrial protein that
promotes cytochrome c-dependent caspase activation by eliminating lAP
inhibition. Cell, 102, 33-42.
Dummer, R., Hassel, J.C., Fellenberg, F., Eichmuller, S., Maier, T., Slos, P., Acres, B., Bleuzen,
P., Bataille, V., Squiban, P., Burg, G. and Urosevic, M. (2004) Adenovirus-mediated

282

intralesional interferon-gamma gene transfer induces tumor regressions in
cutaneous lymphomas. Blood, 104, 1631-1638.
Dummer, R., Michie, S.A., Kell, D., Gould, J.W., Haeffner, A.C., Smoller, B.R., Warnke, R.A.
and Wood, G.S. (1995) Expression of bcl-2 protein and Ki-67 nuclear proliferation
antigen in benign and malignant cutaneous T-cell infiltrates. J Cufan Pathol, 22, 1117.
Duvic, M. and Edelson, R. (2004) Cutaneous T-cell lymphoma. J Am Acad Dermatol, 51,
S43-45.
Duvic, M., Hymes, K., Heald, P., Breneman, D., Martin, A.G., Myskowski, P., Crowley, C. and
Yocum, R.C. (2001a) Bexarotene is effective and safe for treatment of refractory
advanced-stage cutaneous T-cell lymphoma: multinational phase ll-lll trial results. J
Clin Oncol, 19, 2456-2471.
Duvic, M., Martin, A.G., Kim, Y., Olsen, E., Wood, G.S., Crowley, C.A. and Yocum, R.C.
(2001 b) Phase 2 and 3 clinical trial of oral bexarotene (Targretin capsules) for the
treatment of refractory or persistent early-stage cutaneous T-cell lymphoma. Arch
Dermatol, 137, 581-593.
Duvic, M., Talpur, R., Ni, X., Zhang, C., Hazarika, P., Kelly, C., Chiao, J.H., Reilly, J.F., Ricker,
J.L., Richon, V.M. and Frankel, S.R. (2007) Phase 2 trial of oral vorinostat
(suberoylanilide hydroxamic acid, SAHA) for refractory cutaneous T-cell lymphoma
(CTCL). B/ood, 109,31-39.
Eckner, R., Ewen, M.E., Newsome, D., Gerdes, M., DeCaprio, J.A., Lawrence, J.B. and
Livingston, D.M. (1994) Molecular cloning and functional analysis of the adenovirus
E l A-associated 300-kD protein (p300) reveals o protein with properties of a
transcriptional adaptor. Genes Dev, 8, 869-884.
Edelson, R., Berger, C., Gasparro, F., Jegasothy, B., Heald, P., Wintroub, B., Vonderheid, E.,
Knobler, R., Wolff, K., Plewig, G. and et al. (1987) Treatment of cutaneous T-cell
lymphoma by extracorporeal photochemotherapy. Preliminary results. N Engl J
Med, 316, 297-303.
Ekert, P.G., Read, S.H., Silke, J., Marsden, V.S., Kaufmann, H., Hawkins, C.J., Gerl, R., Kumar,
S. and Vaux, D.L. (2004) Apaf-1 and caspase-9 accelerate apoptosis, but do not
determine whether factor-deprived or drug-treated cells die. J Cell Biol, 165, 835842.

283

Ekert, P.G., Silke, J., Hawkins, C J.. Verhagen, A.M. and Vaux, D.L. (2001) DIABLO promotes
apoptosis by removing MIHA/XIAP from processed caspase 9. J Cell Biol, 152, 483490.
Emanuele, S., Lauricella, M., Carlisi, D., Vassallo, B., D'Anneo, A., Di Fazio, P., Vento, R. and
Tesoriere, G. (2007) SANA induces apoptosis in hepatoma cells and synergistically
interacts with the proteasome inhibitor Bortezomib. Apoptosis, 12, 1327-1338.
Espinet, B., Salido, M., Pujol, R.M., Florensa, L., Gallardo, P., Domingo, A., Servitje, O., Estrach,
T., Garcia-Muret, P., Woessner, S., Serrano, S. and Sole, F. (2004) Genetic
characterization of Sezary's syndrome by conventional cytogenetics and crossspecies color banding fluorescent in situhybridization. Haematologica,

89, 165-173.

Esteller, M. (2005) DNA methylation and cancer therapy: new developments and
expectations. CurrOpin Oncol, 17, 55-60.
Parol, L.T. and Hymes, K.B. (2004) Bexarotene: a clinical review. Expert Rev Anticancer

Ther,

4, 180-188.
Fillingham, J., Keogh, M.C. and Krogan, N.J. (2006) GammaH2AX and its role in DNA
double-strand break repair. Biochem Cell Biol, 84, 568-577.
Fischle, W., Tseng, B.S., Dormann, H.L., Ueberheide, B.M., Garcia, B.A., Shabanowitz, J.,
Hunt, D.F., Funabiki, H. and Allis, C.D. (2005) Regulation of HPl-chromatin binding by
histone H3 methylation and phosphorylation. Nature, 438, 1116-1122.
Fiskus, W., Pranpat, M., Bolasis, M., Herger, B., Rao, R., Chinnaiyan, A., Atadja, P. and Bhalla,
K. (2006a) Histone deacetylase inhibitors deplete enhancer of zeste 2 and
associated polycomb repressive complex 2 proteins in human acute leukemia cells.
Mol Cancer Ther, 5, 3096-3104.
Fiskus, W., Pranpat, M., Bali, P., Balosis, M., Kumaraswamy, S., Boyapalle, S., Rocha, K., Wu,
J., Giles, F., Manley, P.W., Atadja, P. and Bhalla, K. (2006b) Combined effects of
novel tyrosine kinase inhibitor AMN107 and histone deacetylase inhibitor LBH589
against Bcr-Abl-expressing human leukemia cells. Blood, 108, 645-652.
Fiskus, W., Ren, Y., Mohapatra, A., Bali, P., Mandawat, A., Rao, R., Herger, B., Yang, Y.,
Atadja, P., Wu, J. and Bhalla, K. (2007) Hydroxamic acid analogue histone
deacetylase inhibitors attenuate estrogen receptor-alpha levels and transcriptional

284

activity: a result of hyperacetylation and inhibition of chaperone function of heat
shock protein 90. Clin Cancer Res, 13, 4882-4890.
Foss, F. (2004) Mycosis fungoides and the Sezary syndrome. CunrOpin Oncol, 16, 421-428.
Foss, F., Demierre, M.F. and DiVenuti, G. (2005) A phase-1 trial of bexarotene and denileukin
diftitox in patients with relapsed or refractory cutaneous T-cell lymphoma. Blood,
106,454-457.
Foss, F.M., Bacha, P., Osann, K.E., Demierre, M.F., Bell, T. and Kuzel, T. (2001) Biological
correlates of acute hypersensitivity events with DAB(389)IL-2 (denileukin diftitox,
ONTAK) in cutaneous T-cell lymphoma: decreased frequency and severity with
steroid premedication. Clin Lynnphoma, 1, 298-302.
Fouladi, M., Furmon, W.L., Chin, T., Freeman, B.B., 3rd, Dudkin, L., Stewart, C.F., Krailo, M.D.,
Speights, R., Ingle, A.M., Houghton, P.J., Wright, J., Adamson, P.C. and Blaney, S.M.
(2006) Phase I study of depsipeptide in pediatric patients with refractory solid
tumors: a Children's Oncology Group report. J Clin Oncol, 24, 3678-3685.
Fridman, J.S. and Lowe, S.W. (2003) Control of apoptosis by p53. Oncogene, 22, 9030-9040.
Frye, R.A. (2000) Phylogenetic classification of prokaryotic and eukoryotic Sir2-like proteins.
Biochem Biophys Res Commun, 273, 793-798.
Fu, M., Wang, C., Reutens, A.T., Wang, J., Angeletti, R.H., Siconolfi-Baez, L., Ogryzko, V.,
Avontaggiati, M.L. and Pestell, R.G. (2000) p300 and p300/cAMP-response elementbinding protein-associated factor acetylate the androgen receptor at sites
governing hormone-dependent transactivation. J Biol Chem, 275, 20853-20860.
Fu, M., Wang, C., Wang, J., Zhang, X., Sakamaki, T., Yeung, Y.G., Chang, C., Hopp, T.,
Fuqua, S.A., Jaffroy, E., Hoy, R.T., Palvimo, J.J., Janne, O.A. and Pestell, R.G. (2002)
Androgen receptor acetylation governs trans activation and MEKKl-induced
apoptosis without affecting in vitro sumoylotion and trans-repression function. Mol
Cell Biol, 22, 3373-3388.
Fucich, L.F., Freeman, S.F., Boh, E.E., McBurney, E. and Marrogi, A.J. (1999) Atypical
cutaneous lymphocytic infiltrate and a role for quantitative immunohistochemistry
and gene rearrangement studies. Int J Dermatol, 38, 749-756.

285

Fuino, L., Bali, P., Wittmann, S., Donapaty, S., Guo, F., Yamaguchi, H., Wang, H.G., Atadja, P.
and Bhalla, K. (2003) Histone deacetylase inhibitor LAQ824 down-regulotes Her-2
and sensitizes human breast cancer cells to trastuzumab, taxotere, gemcitabine,
and epothilone B. Mo/ Cancer Then 2, 971-984.
Fung, M.A., Murphy, MJ., Hoss, D.M. and Grant-Kels, J.M. (2002) Practical evaluation and
management of cutaneous lymphoma. J Am Acad Dermatol, 46, 325-357; quiz,
358-360.
Furukawo, Y., Sutheesophon, K., Wada, T., Nishimura, M., Saito, Y., Ishii, H. and Furukawa, Y.
(2005) Methylation silencing of the Apaf-1 gene in acute leukemia. Mol Cancer Res,
3, 325-334.
Furumai, R., Matsuyama, A., Kobashi, N., Lee, K.H., Nishiyoma, M., Nakajima, H., Tanaka, A.,
Komatsu, Y., Nishino, N., Yoshida, M. and Horinouchi, S. (2002) FK228 (depsipeptide)
as a natural prodrug that inhibits class I histone deacetylases. Cancer Res, 62, 49164921.
Gallinari, P., Di Marco, S., Jones, P., Pallaoro, M. and Steinkuhler, C. (2007) HDACs, histone
deacetylation and gene transcription: from molecular biology to cancer
therapeutics. Cell Res, 17, 195-211.
Gao, N., Dai, Y., Rahmoni, M., Dent, P. and Grant, S. (2004) Contribution of disruption of the
nuclear foctor-kappaB pathway to induction of apoptosis in human leukemia cells
by histone deacetylase inhibitors and flavopiridol. Mol Pharmacol, 66, 956-963.
Gaughan, L., Logan, I.R., Cook, S., Neal, D.E. and Robson, C.N. (2002) Tip60 and histone
deacetylase 1 regulate androgen receptor activity through changes to the
ocetylation status of the receptor. J Biol Chem, 277, 25904-25913.
Gayther, S.A., Botley, S.J., Linger, L., Bannister, A., Thorpe, K., Chin, S.F., Daigo, Y., Russell, P.,
Wilson, A., Sov\/ter, H.M., Delhanty, J.D., Ponder, B.A., Kouzarides, T. and Caldas, C.
(2000) Mutations truncating the EP300 acetylase in human cancers. Nat Genet, 24,
300-303.
Ge, R., Kralli, A., Weinmann, R. and Ricciardi, R.P. (1992) Down-regulation of the major
histocompatibility complex class I enhancer in adenovirus type 12-transformed cells
is accompanied by an increase in factor binding. J Virol, 66, 6969-6978.
Gemmill, R. (2006) Cutaneous T-cell lymphoma. Semin Oncol Nurs, 22, 90-96.

286

George, P., Bali, P., Annavarapu, S., Scuto, A., Fiskus, W., Guo, F., Sigua, C., Sondarva, G.,
Moscinski, L., Atadja, P. and Bhalla, K. (2005) Combination of the histone
deacetylase inhibitor LBH589 and the hsp90 inhibitor 17-AAG is highly active against
human CML-BC cells and AML cells with activating mutation of FLT-3. Blood, 105,
1768-1776.
Giles, F., Fischer, T., Cortes, J., Garcia-Manero, G., Beck, J., Ravandi, F., Masson, E., Rae, P.,
Laird, G., Sharma, S., Kantarjian, H., Dugon, M., Albitar, M. and Bhalla, K. (2006) 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, 12, 4628-4635.
Gillespie, S., Borrow, J., Zhang, X.D. and Hersey, P. (2006) Bim plays a crucial role in
synergistic induction of apoptosis by the histone deacetylase inhibitor SBHA and
TRAIL in melanoma cells. Apoptosis, 11, 2251-2265.
Girordi, M., Heald, P.W. and Wilson, L.D. (2004) The pathogenesis of mycosis fungoides. N
EnglJMed.

350, 1978-1988.

Glaser, K.B. (2007) HDAC inhibitors: Clinical update and mechanism-based potential.
Biochem Pharmacol, 74, 659-671.
Glaser, K.B., Li, J., Pease, L.J., Stover, M.J., Marcotte, P.A., Guo, J., Frey, R.R., Garland, R.B.,
Heyman, H.R., Wada, C.K., Vosudevon, A., Michoelides, M.R., Davidsen, S.K. and
Curtin, M.L. (2004) Differential protein ocetylotion induced by novel histone
deacetylase inhibitors. Biochem Biophys Res Commun, 325, 683-690.
Glaser, K.B., Staver, M.J., Waring, J.F., Stender, J., Ulrich, R.G. and Davidsen, S.K. (2003)
Gene expression profiling of multiple histone deacetylase (HDAC) inhibitors: defining
a common gene set produced by HDAC inhibition in T24 and MDA carcinoma cell
lines. Mo/Cancer Ther, 2, 151-163.
Glozok, M.A., Sengupta, N., Zhang, X. and Seto, E. (2005) Acetylation and deacetylotion of
non-histone proteins. Gene, 363, 15-23.
Glozak, M.A. and Seto, E. (2007) Histone deacetyloses and cancer. Oncogene, 26, 54205432.
Gojo, I., Jiemjit, A., Trepel, J.B., Sporreboom, A., Figg, W.D., Rollins, S., Tidwell, M.L., Greer, J.,
Chung, E.J., Lee, M.J., Gore, S.D., Sausville, E.A., Zwiebel, J. and Korp, J.E. (2007)

287

Phase 1 and pharmacologic study of MS-275, a histone deacetylose inhibitor, in
adults with refractory and relapsed acute leukennias. Blood, 109, 2781-2790.
Goodnnan, R.H. and Smolik, S. (2000) CBP/p300 in cell growth, transformation, and
development. Genes Dev. 14, 1553-1577.
Goyal, L. (2001) Cell death inhibition: keeping caspases in check. Cell. 104, 805-808.
Gozuacik, D. and Kimchi, A. (2004) Autophagy as a cell death and tumor suppressor
mechanism. Oncogene. 23, 2891-2906.
Green, D.R. (2000) Apoptotic pathways: paper wraps stone blunts scissors. Cell. 102, 1-4.
Green, D.R. (2005) Apoptotic pathways: ten minutes to dead. Cell. 121, 671-674.
Gregoretti, I.V., Lee, Y.M. and Goodson, H.V. (2004) Molecular evolution of the histone
deacetylase family: functional implications of phylogenetic analysis. J Mol Biol, 338,
17-31.
Grunstein, M. (1997) Histone acetylation in chromatin structure and transcription. Nature,
389. 349-352.
Gu, W. and Roeder, R.G. (1997) Activation of p53 sequence-specific DNA binding by
acetylation of the p53 C-terminal domain. Cell. 90, 595-606.
Guo, F., Sigua, C., Tao, J., Bali, P., George, P., Li, Y., Wittmann, S., Moscinski, L., Atadja, P.
and Bhalla, K. (2004) Cotreatment with histone deacetylase inhibitor LAQ824
enhances Apo-2L/tumor necrosis factor-related apoptosis inducing ligand-induced
death inducing signaling complex activity and apoptosis of human acute leukemia
cells. Cancer Res. 64. 2580-2589.
Hagberg, H., Pettersson, M., Bjerner, T. and Enblad, G. (2005) Treatment of a patient with a
nodal peripheral T-cell lymphoma (angioimmunoblastic T-Cell lymphoma) with a
human monoclonal antibody against the CD4 antigen (HuMax-CD4). Med Oncol,
22, 191-194.
Hajji, N., Wallenberg, K., Vlachos, P., Nyman, U., Hermanson, O. and Joseph, B. (2007)
Combinatorial action of the HDAC inhibitor trichostatin A and etoposide induces
caspase-mediated AlF-dependent apoptotic cell death in non-small cell lung
carcinoma cells. Oncogene.

288

Hakem, R., Hakem, A., Duncan, G.S., Henderson, J.T., Woo, M., Soengas, M.S., Elio, A., de la
Pompa, J.L., Kagi, D., Khoo, W., Potter, J., Yoshida, R., Kaufman, S.A., Lowe, S.W.,
Penninger, J.M. and Mak, T.W. (1998) Differential requirement for caspase 9 in
apoptotic pathways in vivo. Cell. 94, 339-352.
Halkidou, K., Gaughon, L., Cook, S., Leung, H.Y., Neal, D.E. and Robson, C.N. (2004)
Upregulation and nuclear recruitment of HDACl in hormone refractory prostate
cancer. Prostate, 59, 177-189.
Hanahan, D. and Weinberg, R.A. (2000) The hallmarks of cancer. Cell, 100, 57-70.
Harris, A.W., Pinkert, C.A., Crawford, M., Langdon, W.Y., Brinster, R.L and Adams, J.M. (1988)
The E mu-myc transgenic mouse. A model for high-incidence spontaneous
lymphoma and leukemia of early B cells. J Exp Med, 167, 353-371.
He, L.Z., Tolentino, T., Grayson, P., Zhong, S., Warrell, R.P., Jr., Rifkind, R.A., Marks, P.A.,
Richon, V.M. and Pandolfi, P.P. (2001) Histone deacetylase inhibitors induce
remission in transgenic models of therapy-resistant acute promyelocytic leukemia. J
Clin Invest, 108, 1321-1330.
Hemann, M.T., Brie, A., Teruya-Feldstein, J., Herbst, A., Nilsson, J.A., Cordon-Cardo, C.,
Cleveland, J.L., Tansey, W.P. and Lowe, S.W. (2005) Evasion of the p53 tumour
surveillance network by tumour-derived MYC mutants. Nature, 436, 807-811.
Henderson, C., Mizzau, M., Paroni, G., Maestro, R., Schneider, C. and Brancolini, C. (2003)
Role of caspases. Bid, and p53 in the apoptotic response triggered by histone
deacetylase inhibitors trichostatin-A (TSA) and suberoylanilide hydroxomic acid
(SAHA). J Biol Chem, 278, 12579-12589.
Herbert, W.C. (2003) Imiquimod and the treatment of cutaneous T-cell proliferative
diseases: at the threshold. Skinmed, 2, 272-27A.
Heme, K.L., Talpur, R., Breuer-McHam, J., Champlin, R. and Duvic, M. (2003)
Cytomegalovirus seropositivity is significantly associated with mycosis fungoides and
Sezary syndrome. Blood, 101,2132-2136.
Hess-Stumpp, H. (2005) Histone deacetylase inhibitors and cancer: from cell biology to the
clinic. Eur J Ce;/6/o/, 84, 109-121.

289

Hinz, S., Kempkensteffen, C., Weikert, S., Schostak, M., Schroder, M., Miller, K. and Christoph,
F. (2007) EZH2 polycomb transcriptional repressor expression correlates with
methylotion of the APAF-1 gene in superficial transitional cell carcinoma of the
bladder. Tumour B/o/, 28, 151-157.
Hobbs, C.A., Wei, G., DeFeo, K., Paul, B., Hayes, C.S. and Gilmour, S.K. (2006) Tip60 protein
isoforms and altered function in skin and tumors that overexpress ornithine
decarboxylase. Cancer Res, 66, 8116-8122.
Honigsmann, H., Brenner, W., Rouschmeier, W., Konrad, K. and Wolff, K. (1984)
Photochemotherapy for cutaneous T cell lymphoma. A follow-up study. J Am Acad
Dermatol, 10, 238-245.
Huong, D.C. and Strasser, A. (2000) BH3-Only proteins-essential initiators of apoptotic cell
death. Cell, 103, 839-842.
Huong, L. and Pardee, A.B. (2000) Suberoylanilide hydroxamic acid as a potential
therapeutic agent for human breast cancer treatment. Mol Med, 6, 849-866.
Hunter, A.M., LoCasse, E.G. and Korneluk, R.G. (2007) The inhibitors of apoptosis (lAPs) as
cancer targets. Apopfos/'s, 12, 1543-1568.
lanori. A., Gollo, R., Palmo, M., Alesse, E. and Gulino, A. (2004) Specific role for p300/CREBbinding protein-associated factor activity in E2F1 stabilization in response to DNA
damage. J Biol Chem, 279, 30830-30835.
Ida, K., Kitaboyashi, I., Taki, T., Toniwoki, M., Noro, K., Yomomoto, M., Ohki, M. and Hayoshi,
Y. (1997) Adenoviral E l A-associated protein p300 is involved in acute myeloid
leukemia with t(l I;22)(q23;ql3). Blood, 90, 4699-4704.
Imai, S., Johnson, F.B., Morciniok, R.A., McVey, M., Pork, P.U. and Guorente, L. (2000) Sir2: on
NAD-dependent histone deacetylase that connects chromatin silencing,
metabolism, and aging. Cold Sprhg Harb Symp Quant Biol, 65, 297-302.
Imoi, T., Adochi, S., Nishijo, K., Ohgushi, M., Okoda, M., Yosumi, T., Watanobe, K.,
Nishikomori, R., Nokoyama, T., Yonehara, S., Toguchida, J. and Nakahoto, T. (2003)
FR901228 induces tumor regression associated with induction of Fas ligand and
activation of Fas signaling in human osteosarcoma cells. Oncogene, 22, 9231-9242.

290

Inohara, N., Koseki, T., del Peso, L., Hu. Y., Yee, C., Chen, S., Carrio, R., Merino, J., Liu, D., Ni,
J. and Nunez, G. (1999) Nodi, an Apaf-l-lilce activator of caspase-9 and nuclear
factor-kappaB. J Biol Chem, 274, 14560-14567.
Inoue, S., MacFarlane, M., Harper, N., Wheat, L.M., Dyer, M J . and Cohen, G.M. (2004)
Histone deacetylase inhibitors potentiate TNF-related apoptosis-inducing ligand
(TRAIL)-induced apoptosis in lymphoid malignancies. Cell Death Differ, 11 SuppI 2,
S I 93-206.
Inoue, S., Riley, J., Cant, T.W., Dyer, M.J. and Cohen, G.M. (2007) Apoptosis induced by
histone deacetylase inhibitors in leukemic cells is mediated by Bim and Noxa.
Leukemia, 21, 1773-1782.
Insinga, A., Monestiroli, S., Ronzoni, S., Gelmetti, V., Morchesi, F., Viale, A., Altucci, L., Nervi,
C., Minucci, S. and Pelicci, P.G. (2005a) Inhibitors of histone deacetylases induce
tumor-selective apoptosis through activation of the death receptor pathway. Nat
Med, 11, 71-76.
Insinga, A., Pelicci, P.G. and Inucci, S. (2005b) Leukemia-associated fusion proteins. Multiple
mechanisms of action to drive cell transformation. Cell Cycle, 4, 67-69.
Ito, A., Kawaguchi, Y., Lai, C.H., Kovacs, J.J., Higashimoto, Y., Appella, E. and Yao, T.P.
(2002) MDM2-HDAC1-mediated deacetylation of p53 is required for its degradation.
Embo J, 21, 6236-6245.
Jaboin, J., Wild, J., Hamidi, H., Khanna, C., Kim, C.J., Robey, R., Bates, S.E. and Thiele, C.J.
(2002) MS-27-275, an inhibitor of histone deacetylase, has marked in vitro and in
vivo antitumor activity against pediatric solid tumors. Cancer Res, 62, 6108-6115.
Jenuwein, T. and Allis, C.D. (2001) Translating the histone code. Science, 293, 1074-1080.
Jia, L., Srinivasulo, S.M., Liu, F.T., Newland, A.C., Fernandes-Alnemri, T., AInemri, E.S. and
Kelsey, S.M. (2001) Apaf-1 protein deficiency confers resistance to cytochrome cdependent apoptosis in human leukemic cells. Blood, 98, 414-421.
Jillella, A.P., Murren, J.R., Hamid, K.K., Longley, B.J., Edelson, R.L and Cooper, D.L. (2000) Pglycoprotein expression and multidrug resistance in cutaneous T-cell lymphoma.
Cancer Invest, 18, 609-613.

291

Johnstone, R.W. (2002) Histone-deocetylose inhibitors: novel drugs for the treatment of
cancer. Nat Rev Drug Discov, 1, 287-299.
Johnstone, R.W., Cretney, E. and Smyth, M.J. (1999) P-glycoprotein protects leukemia cells
against caspase-dependent, but not caspase-independent, cell death. Blood. 93,
1075-1085.
Johnstone, R.W., Ruefli, A.A. and Lowe, S.W. (2002) Apoptosis: a link between cancer
genetics and chemotherapy. Cell, 108, 153-164.
Jones, G.W., Hoppe, R.T. and Glatstein, E. (1995) Electron beam treatment for cutaneous Tcell lymphoma. Hematol Oncol Clin North Ann, 9, 1057-1076.
Jones, P.A. and Baylin, S.B. (2007) The epigenomics of cancer. Cell, 128, 683-692.
Juan, L.J., Shia, W.J., Chen, M.H., Yang, W.M., Seto, E., Lin, Y.S. and Wu, C.W. (2000) Histone
deacetylases specifically down-regulate p53-dependent gene activation. J Biol
Chem, 275, 20436-20443.
Kocinski, B.M. and Flick, M. (2001) Apoptosis and cutaneous T cell lymphoma. Ann N Y
AcadSci, 941, 194-199.
Kaplan, E.L. and Meier, P. (1958) Nonporametric estimation from incomplete observations.
J. Ann. Stat. Assoc., 53, 457-481.
Karenko, L., Sarna, S., Kahkonen, M. and Ranki, A. (2003) Chromosomal abnormalities in
relation to clinical disease in patients with cutaneous T-cell lymphoma: a 5-year
follow-up study. Br J Dermatol, 148, 55-64.
Kawai, H., Li, H., Avraham, S., Jiang, S. and Avraham, H.K. (2003) Overexpression of histone
deacetylase HDACl modulates breast cancer progression by negative regulation
of estrogen receptor alpha. Int J Cancer, 107, 353-358.
Kawamoto, N., Chen, J. and Koeffler, H.P. (2007) Suberoylonilide hydroxamic acid (SAHA;
vorinostot) suppresses translation of cyclin D1 in mantle cell lymphoma cells. Blood,
110, 2667-2673.
Kelly, W.K., O'Connor, O.A., Krug, L.M., Chiao, J.H., Heaney, M., Curley, T., MacGregoreCortelli, B., Tong, W., Secrist, J.P., Schwartz, L., Richardson, S., Chu, E., Olgac, S.,
Marks, P.A., Scher, H. and Richon, V.M. (2005) Phase I study of an oral histone

292

deacetylase inhibitor, suberoylanilide hydroxamic acid, in patients with advanced
cancer. J Clin Oncol. 23, 3923-3931.
Kelly, W.K., Richon, V.M., O'Connor, O., Curley, T., MacGregor-Curtelli, B., Tong, W., Klang,
M., Schwartz, L., Richardson, S., Rosa, E., Drobnjak, M., Cordon-Cordo, C., Chiao,
J.H., Rifkind, R., Marks, P.A. and Scher, H. (2003) Phase I clinical trial of histone
deacetylase inhibitor: suberoylanilide hydroxamic acid administered intravenously.
Clin Cancer Res. 9, 3578-3588.
Khan, N., Jeffers, M., Kumar, S., Hackett, C., Boldog, F., Khramtsov, N., Qian, X., Mills, E.,
Berghs, S.C., Carey, N., Finn, P.W., Collins, L.S., lumber. A., Ritchie, J.W., Jensen, P.B.,
Lichenstein, H.S. and Sehested, M. (2008) Determination of the class and isoform
selectivity of small-molecule histone deacetylase inhibitors. Biochem J, 409, 581-589.
Klemke, C.D., Goerdt, S., Schrama, D. and Becker, J.C. (2006) New insights into the
molecular biology and targeted therapy of cutaneous T-cell lymphomas. J Dtsch
Dermatol Ges, 4, 395-406.
Klisovic, D.D., Katz, S.E., Effron, D., Klisovic, M.I., Wickham, J., Parthun, M.R., Guimond, M.
and Marcucci, G. (2003) Depsipeptide (FR901228) inhibits proliferation and induces
apoptosis in primary and metastatic human uveal melanoma cell lines. Invest
Ophthalmol Vis Sci. 44, 2390-2398.
Kohn, E.G., Steis, R.G., Sausville, E.A., Veach, S.R., Stocker, J.L., Phelps, R., Franco, S., Longo,
D.L., Bunn, P.A. and Ihde, D.C. (1990) Phase II trial of intermittent high-dose
recombinant interferon alfa-2a in mycosis fungoides and the Sezary syndrome. J
Clin Oncol. 8, 155-160.
Kondo, S., Shinomura, Y., Miyazaki, Y., Kiyohora, T., Tsutsui, S., Kitamura, S., Nagasawa, Y.,
Nakahara, M., Kanayoma, S. and Matsuzowa, Y. (2000) Mutations of the bak gene
in human gastric and colorectal cancers. Cancer Res. 60. 4328-4330.
Kornberg, R.D. and Lorch, Y. (1999) Twenty-five years of the nucleosome, fundamental
particle of the eukaryote chromosome. Cell. 98, 285-294.
Korsmeyer, S.J. (1999) BCL-2 gene family and the regulation of programmed cell death.
Cancer Res. 59. 1693s-1700s.
Kouzarides, T. (2000) Acetylation: a regulatory modification to rival phosphorylation? Embo
J. 19, 1176-1179.

293

Kouzarides, T. (2007) Chromatin modifications and their function. Cell, 128, 693-705.
Kumagoi, T., Wakimoto, N., Yin, D., Gery, S., Kawamata, N., Tal<ai, N., Komatsu, N.,
Chumakov, A., Imoi, Y. and Koeffler, H.P. (2007) Histone deacetyiose inhibitor,
suberoylanilide hydroxomic acid (Vorinostat, SAHA) profoundly inhibits the growth
of human pancreatic cancer cells. Inf J Cancer, 121, 656-665.
Kuzel, T.M., Roenigk, H.H., Jr., Samuelson, E., Herrmann, J.J., Hurria, A., Rademaker, A.W.
and Rosen, S.T. (1995) Effectiveness of interferon alfa-2a combined with
phototherapy for mycosis fungoides and the Sezory syndrome. J Clin Oncol, 13, 257263.
LaCasse, E.G., Baird, S., Korneluk, R.G. and MacKenzie, A.E. (1998) The inhibitors of
apoptosis (lAPs) and their emerging role in cancer. Oncogene, 17, 3247-3259.
Lakshmikanthan, V., Kaddour-Djebbar, I., Lewis, R.W. and Kumar, M.V. (2006) SAHAsensitized prostate cancer cells to TNFalpha-related apoptosis-inducing ligand
(TRAIL): mechanisms leading to synergistic apoptosis. Int J Cancer, 119, 221-228.
Leder, A., Orkin, S. and Leder, P. (1975) Differentiation of erythroleukemic cells in the
presence of inhibitors of DNA synthesis. Science, 190, 893-894.
Lee, B.I., Park, S.H., Kim, J.W., Sausville, E.A., Kim, H.T., Nakanishi, O., Trepel, J.B. and Kim, S.J.
(2001) MS-275, a histone deacetyiose inhibitor, selectively induces transforming
growth factor beta type II receptor expression in human breast cancer cells.
Cancer Res, 61, 931-934.
Lee, H.W., Lee, S.S., Lee, S.J. and Um, H.D. (2003) Bcl-w is expressed in a majority of
infiltrative gastric adenocarcinomas and suppresses the cancer cell death by
blocking stress-activated protein kinase/c-Jun NH2-terminal kinase activation.
Cancer Res, 63, 1093-1100.
Leo, G., Horn, L.G., Rauscher, G., Hentschel, B., Richter, G.E., Schutz, A., Leo, G.P. and
Hockel, M. (2007) Lack of apoptotic protease activating factor-1 expression and
resistance to hypoxia-induced apoptosis in cervical cancer. Clin Cancer Res, 13,
1149-1153.
Levy, D.E. and Lee, G.K. (2002) What does Stat3 do? J Clin Invest, 109, 1143-1148.

294

Liang, J., Prouty, L , Williams, B.J., Dayton, M.A. and Blanchard, K l . (1998) Acute mixed
lineage leukemia with an inv(8)(pl l q l 3 ) resulting in fusion of the genes for MOZ and
TIF2. B/ood, 92,2118-2122.
Lin, RJ., Sternsdorf, T., Tini, M. and Evans, R.M. (2001) Transcriptional regulation in acute
promyelocytic leukemia. Oncogene, 20, 7204-7215.
Lindemann, R.K., Gabrielli, B. and Johnstone, R.W. (2004) Histone-deacetylose inhibitors for
the treatment of cancer. Cell Cycle, 3, 779-788.
Lindemann, R.K., Newbold, A., Whitecross, K.F., Cluse, L.A., Frew, A.J., Ellis, L., Williams, S.,
Wiegmans, A.P., Dear, A.E., Scott, C.L., Pellegrini, M., Wei, A., Richon, V.M., Marks,
P.A., Lowe, S.W., Smyth, M.J. and Johnstone, R.W. (2007) Analysis of the apoptotic
and therapeutic activities of histone deocetylase inhibitors by using a mouse model
of B cell lymphoma. Proc Natl Acad Sci US A, 104, 8071-8076.
Liston, P., Roy, N., Tamai, K., Lefebvre, C., Baird, S., Cherton-Horvat, G., Farahoni, R.,
McLean, M., Ikeda, J.E., MacKenzie, A. and Korneluk, R.G. (1996) Suppression of
apoptosis in mammalian cells by NAIP and a related family of lAP genes. Nature,
379, 349-353.
Liu, X., Ge, R., Westmoreland, S., Cooney, A.J., Tsai, S.Y., Tsai, M.J. and Ricciordi, R.P. (1994)
Negative regulation by the R2 element of the MHC class I enhancer in adenovirus12 transformed cells correlates with high levels of COUP-TF binding. Oncogene, 9,
2183-2190.
Lowe, S.W. (1995) Cancer therapy and p53. CurrOpin Oncol, 7, 547-553.
Lowe, S.W., Bodis, S., McClatchey, A., Remington, L., Ruley, H.E., Fisher, D.E., Housman, D.E.
and Jacks, T. (1994) p53 status and the efficacy of cancer therapy in vivo. Science,
266, 807-810.
Lowe, S.W., Ruley, H.E., Jacks, T. and Housman, D.E. (1993a) p53-dependent apoptosis
modulates the cytotoxicity of anticancer agents. Cell, 74, 957-967.
Lowe, S.W., Schmitt, E.M., Smith, S.W., Osborne, B.A. and Jocks, T. (1993b) p53 is required for
radiation-induced apoptosis in mouse thymocytes. Nature, 362, 847-849.
Luger, K., Mader, A.W., Richmond, R.K., Sargent, D.F. and Richmond. T.J. (1997) Crystal
structure of the nucleosome core particle at 2.8 A resolution. Nature. 389, 251-260.

295

Lundin, J., Hagberg, H., Repp, R., Cavallin-Stahl, E., Freden, S., Juliusson, G., Rosenblad, E.,
Tjonnfjord, G., Wiklund, T. and Osterborg, A. (2003) Phase 2 study of alemtuzumab
(anti-CD52 monoclonal antibody) in patients with advanced mycosis
fungoides/Sezory syndrome. Blood. 101, 4267-4272.
Luo, J., Nikolaev, A.Y., Imai, S., Chen, D., Su, F., Shiloh, A., Guarente, L. and Gu, W. (2001)
Negative control of p53 by Sir2alpha promotes cell survival under stress. Cell. 107,
137-148.
Luo, J., Su, F., Chen, D., Shiloh, A. and Gu, W. (2000) Deacetylation of p53 modulates its
effect on cell grov^^th and apoptosis. Nature. 408, 377-381.
Luo, R.X. end Dean, D.C. (1999) Chromatin remodeling and transcriptional regulation. J
NafI Cancer Inst. 91. 1288-1294.
MacFarlane, M., Inoue, S., Kohlhaas, S.L., Mojid, A., Harper, N., Kennedy, D.B., Dyer, M.J.
and Cohen, G.M. (2005a) Chronic lymphocytic leukemic cells exhibit apoptotic
signaling via TRAIL-Rl. Cell Death Differ. 12, 773-782.
MacFarlane, M., Kohlhaas, S.L., Sutcliffe, M.J., Dyer, M.J. and Cohen, G.M. (2005b) TRAIL
receptor-selective mutants signal to apoptosis via TRAIL-Rl in primar/ lymphoid
malignancies. Cancer Res. 65. 11265-11270.
Moeda, T., Tov/atari, M., Kosugi, H. and Saito, H. (2000) Up-regulation of
costimulatory/adhesion molecules by histone deacetylase inhibitors in acute
myeloid leukemia cells. Blood, 96. 3847-3856.
Magner, W.J., Kazim, A.L., Stewart, C., Romano, M.A., Catalano, G., Grande, C., Keiser, N.,
Santaniello, F. and Tomasi, T.B. (2000) Activation of MHC class I, II, and CD40 gene
expression by histone deacetylase inhibitors. J Immunol. U 5 , 7017-7024.
Mai, A., Massa, S., Rotili, D., Cerbora, I., Valente, S., Pezzi, R., Simeoni, S. and Ragno, R.
(2005) Histone deacetylation in epigenetics: an attractive target for anticancer
therapy. Med Res Rev. 25, 261-309.
Maiso, P., Corvajal-Vergaro, X., Odo, E.M., Lopez-Perez, R., Mateo, G., Gutierrez, N., Atadja,
P., Pandiella, A. and San Miguel, J.F. (2006) The histone deacetylase inhibitor LBH589
is o potent antimyeloma agent that overcomes drug resistance. Cancer Res. 66.
5781-5789.

296

Maiuri, M.C., Criollo, A., Tasdemir, E., Vicencio, J.M., Tajeddine, N., Hickman. J.A., Geneste,
O. and Kroemer, G. (2007) BH3-only proteins and BH3 mimetics induce autophagy
by competitively disrupting the interaction between Beclin 1 and Bcl-2/Bcl-X(L).
Autophagy. 3. 374-376.
Mao, X., Orchard, G., Lillington, D.M., Child, F.J., Vonderheid, E.G., Nowell, P.C., Bagot, M.,
Bensusson, A., Russell-Jones, R., Young, B.D. and Whittal<er, S.J. (2004) BCL2 and
JUNB abnormalities in primary cutaneous lymphomas. Br J Dermatol. 151, 546-556.
Marks, P.A. (2007) Discovery and development of SANA as an anticancer agent.
Oncogene. 26. 1351-1356.
Marks, P.A. and Dokmanovic, M. (2005) Histone deacetylose inhibitors: discovery and
development as anticancer agents. Expert Opin Investig Drugs. 14, 1497-1511.
Morrogi, A.J., Khan, M.A., Vonderheid, E.G., Wood, G.S. and McBurney, E. (1999) p53 tumor
suppressor gene mutations in transformed cutaneous T-cell lymphoma; a study of 12
cases. J Cutan Pathol. 26. 369-378.
Marsden, V.S., O'Connor, L., O'Reilly, L.A., Silke, J., Metcalf, D., Ekert, P.G., Huong, D.C.,
Cecconi, F., Kuido, K., Tomaselli, K.J., Roy, S., Nicholson, D.W., Vaux, D.L., Bouillet, P.,
Adams, J.M. and Strasser, A. (2002) Apoptosis initiated by Bcl-2-regulated cospase
activation independently of the cytochrome c/Apaf-l/caspase-9 apoptosome.
Nature. 419. 634-637.
Martinez-Balbas, M.A., Bauer, U.M., Nielsen, S.J., Brehm, A. and Kouzarides, T. (2000)
Regulation of E2F1 activity by acetylation. Embo J. 19, 662-671.
Marzio, G., Wagener, C., Gutierrez, M.I., Cortwright, P., Helin, K. and Giacco, M. (2000) E2F
family members are differentially regulated by reversible acetylation. J Biol Chem.
275. 10887-10892.
Mathos, S., Lietz, A., Anagnostopoulos, I., Hummel, F., Wiesner, B., Janz, M., Jundt, F., Hirsch,
B., Johrens-Leder, K., Vornlocher, H.P., Bommert, K., Stein, H. and Dorken, B. (2004) cFLIP mediates resistance of Hodgkin/Reed-Sternberg cells to death receptorinduced apoptosis. J Exp Med, 199, 1041-1052.
Matsushita, H., Scoglioni, P.P., Bhaumik, M., Rego, E.M., Coi, L.F., Mojid, S.M., Miyachi, H.,
Kokizuka, A., Miller, W.H., Jr. and Pondolfi, P.P. (2006) In vivo analysis of the role of

297

aberrant histone deacetylase recruitment and RAR alpha blockade in the
pathogenesis of acute pronnyelocytic leukemia. J Exp Med, 203, 821-828.
McGinnis, K.S., Junkins-Hopkins, J.M., Crawtord, G., Shapiro, M., Rook, A.H. and Vittorio, C.C.
(2004) Low-dose oral bexarotene in combination with low-dose interferon alfa in the
treatment of cutaneous T-cell lymphoma: clinical synergism and possible
immunologic mechanisms. J Am Acad Dermatol, 50, 375-379.
McGregor, J.M., Crook, T., Fraser-Andrews, E.A., Rozycko, M., Crossland, S., Brooks, L. and
Whittaker, S.J. (1999) Spectrum of p53 gene mutations suggests a possible role for
ultraviolet radiation in the pathogenesis of advanced cutaneous lymphomas. J
Invest Dermatol, 112,317-321.
McKenna, S.L. and Padua, R.A. (1997) Multidrug resistance in leukaemia. Br J Haematol, 96,
659-674.
ME, L.L., Vidol, F., Gallardo, D., Diaz-Fuertes, M., Rojo, F., Cuatrecasas, M., Lopez-Vicente, L.,
Kondoh, H., Blanco, C., Carnero, A. and Ramon y Cajal, S. (2006) New p53 related
genes in human tumors: significant downregulation in colon and lung carcinomas.
Oncol Rep, 16, 603-608.
Meech, S.J., Edelson, R., Walsh, P., Norris, D.A. and Duke, R.C. (2001) Reversible resistance to
apoptosis in cutaneous T cell lymphoma. Ann N Y Acad Sci, 941, 46-58.
Merino, D., Lalaoui, N., Morizot, A., Solary, E. and Micheau, O. (2007) TRAIL in cancer
therapy: present and future challenges. Expert Opin Ther Targets, 11,1299-1314.
Metivier, R., Penot, G., Hubner, M.R., Reid, G., Brand, H., Kos, M. and Gannon, F. (2003)
Estrogen receptor-alpha directs ordered, cyclical, and combinatorial recruitment of
cofactors on a natural target promoter. Cell, 115, 751-763.
Michaelis, M., Michaelis, U.R., Fleming, I., Suhan, T., CinatI, J., Blaheta, R.A., Hoffmann, K.,
Kotchetkov, R., Busse, R., Nau, H. and CinatI, J., Jr. (2004) Valproic acid inhibits
angiogenesis in vitro and in vivo. Mol Pharmacol, 65, 520-527.
Michel, L., Dupuy, A., Jean-Louis, F., Sors, A., Poupon, J., Viguier, M., Musette, P., Dubertret,
L., Degos, L., Dombret, H. and Bachelez, H. (2003) Arsenic trioxide induces apoptosis
of cutaneous T cell lymphoma cells: evidence for a partially caspase-independent
pathway and potentiation by ascorbic acid (vitamin C). J Invest Dermatol, 121,
881-893.

298

Mickley, L.A., Bates, S.E., Richert, N.D., Currier, S., Tanaka, S., Foss, F., Rosen, N. and Fojo, A.T.
(1989) Modulation of thie expression of a multidrug resistance gene (mdr-l/Pglycoprotein) by differentiating agents. J Biol Chem, 264, 18031-18040.
Minucci, S. and Pelicci, P.G. (2006) Histone deocetylase inhiibitors and tine pronnise of
epigenetic (and more) treatments for cancer. Nat Rev Cancer, 6, 38-51.
Mitsiades, C.S., Mitsiades, N.S., McMullan, C.J., Poulaki, V., Shringarpure, R., Hidestiima, T.,
Akiyama, M., Ctiaulnan, D., Munshi, N., Gu, X., Bailey, C., Josepin, M., Libermonn,
T.A., Richon, V.M., Marks, P.A. and Anderson, K.C. (2004) Transcriptional signature of
histone deacetylase inhibition in multiple myeloma: biological and clinical
implications. Proc Natl Acad Sci U S A, 101, 540-545.
Mitsiades, N., Mitsiades, C.S., Richardson, P.O., McMullan, C., Poulaki, V., Fanourakis, G.,
Schlossmon, R., Chauhan, D., Munshi, N.C., Hideshima, T., Richon, V.M., Marks, P.A.
and Anderson, K.C. (2003) Molecular sequelae of histone deacetylase inhibition in
human malignant B cells. Blood. 101, 4055-4062.
Morales, J.C., Ruiz-Mogana, M.J. and Ruiz-Ruiz, C. (2007) Regulation of the resistance to
TRAIL-induced apoptosis in human primary T lymphocytes: role of NF-koppaB
inhibition. Mol Immunol, 44, 2587-2597.
Murphy, M., Ahn, J., Walker, K.K., Hoffman, W.H., Evans, R.M., Levine, A.J. and George, D.L.
(1999) Transcriptional repression by wild-type p53 utilizes histone deacetylases,
mediated by interaction with mSinSa. Genes Dev, 13, 2490-2501.
Muschen, M., Warskulat, U. and Beckmann, M.W. (2000) Defining CD95 as a tumor
suppressor gene. J Mol Med, 78, 312-325.
Nakajima, H., Hori, Y., Terano, H., Okuharo, M., Manda, T., Matsumoto, S. and Shimomura, K.
(1996a) New antitumor substances, FR901463, FR901464 and FR901465. II. Activities
against experimental tumors in mice and mechanism of action. J Antibiot (Tokyo),
49, 1204-1211.
Nakajima, H., Kim, Y.B., Terano, H., Yoshido, M. and Horinouchi, S. (1998) FR901228, a potent
antitumor antibiotic, is a novel histone deacetylase inhibitor. Exp Cell Res. 241, 126133.
Nakajima, H., Sato, B., Fujita, T., Takose, S., Terano, H. and Okuhara, M. (1996b) New
antitumor substances, FR901463, FR901464 and FR901465.1. Taxonomy,
299

fermentation, isolation, physico-chemical properties and biological activities. J
Anfibiot (Tokyo). 49, 1196-1203.
Nal<ata, S., Yoshida, T., Horinako, M., Shiraishi, T., Wakada, M. and Sakai, T. (2004) Histone
deacetylase inhibitors upregulate death receptor 5/TRAIL-R2 and sensitize apoptosis
induced by TRAIL/AP02-L in human malignant tumor cells. Oncogene, 23, 6261 6271.
Nakshatri, H., Mendonca, M.S., Bhat-Nakshatri, P., Patel, N.M., Goulet, R.J., Jr. and Cornetta,
K. (2000) The orphan receptor COUP-TFII regulates G2/M progression of breast
cancer cells by modulating the expression/activity of p21 (WAFl/CIPl), cyclin D l ,
and cdk2. Biochem Biophys Res Commun. 270, 1144-1153.
Nataraj, A.J., Wolf, P., Cerroni, L. and Ananthaswamy, H.N. (1997) p53 mutation in
squamous cell carcinomas from psoriasis patients treated with psoralen + UVA
(PUVA). J Invest Dermatol, 109, 238-243.
Nathan, D., Ingvarsdottir, K., Sterner, D.E., Bylebyl, G.R., Dokmanovic, M., Dorsey, J.A.,
Whelan, K.A., Krsmanovic, M., Lane, W.S., Meluh, P.B., Johnson, E.S. and Berger, S.L.
(2006) Histone sumoylation is a negative regulator in Saccharomyces cerevisiae
and shows dynamic interplay with positive-acting histone modifications. Genes
Dev. 20, 966-976.
Navi, D. and Huntley, A. (2004) Imiquimod 5 percent cream and the treatment of
cutaneous malignancy. Dermatol Online J, 10, 4.
Nebbioso, A., Clarke, N., Voltz, E., Germain, E., Ambrosino, C., Bontempo, P., Alvarez, R.,
Schiavone, E.M., Ferrora, P., Bresciani, F., Weisz, A., de Lera, A.R., Gronemeyer, H.
and Altucci, L. (2005) Tumor-selective action of HDAC inhibitors involves TRAIL
induction in acute myeloid leukemia cells. Nat Med. 11, 77-84.
Nelson, C.J., Santos-Rosa, H. and Kouzarides, T. (2006) Proline isomerization of histone H3
regulates lysine methylation and gene expression. Cell, 126, 905-916.
Ni, X., Hazarika, P., Zhang, C., Talpur, R. and Duvic, M. (2001) Fas ligand expression by
neoplastic T lymphocytes mediates elimination of CD8+ cytotoxic T lymphocytes in
mycosis fungoides: a potential mechanism of tumor immune escape? Clin Cancer
Res, 7, 2682-2692.

300

Ni, X., Zhang, C., Talpur, R. and Duvic, M. (2005) Resistance to activation-induced cell
death and bystander cytotoxicity via the Fas/Fas ligand pathv\/ay are implicated in
the pathogenesis of cutaneous T cell lymphomas. J Invest Dermatol, 124, 741 -750.
Nimmanapalli, R., Fulno, L., Bali, P., Gasparetto, M., Glozak, M., Too, J., Moscinski, L., Smith,
C., Wu, J., Jove, R., Atadja, P. and Bhallo, K. (2003) Histone deacetylase inhibitor
LAQ824 both lowers expression and promotes proteasomal degradation of Bcr-AbI
and induces apoptosis of imatinib mesylate-sensitive or -refractory chronic
myelogenous leukemia-blast crisis cells. Cancer Res, 63, 5126-5135.
Nowak, S.J. and Corces, V.G. (2000) Phosphorylation of histone H3 correlates with
transcriptionally active loci. Genes Dev, 14, 3003-3013.
O'Connor, O.A., Heaney, M.L, Schwartz, L., Richardson, S., Willim, R., MacGregor-Cortelli, B.,
Curly, T., Moskowitz, C., Portlock, C., HorM^itz, S., Zelenetz, A.D., Frankel, S., Richon, V.,
Marks, P. and Kelly, W.K. (2006) Clinical experience with intravenous and oral
formulations of the novel histone deacetylase inhibitor suberoylanilide hydroxamic
acid in patients with advanced hematologic malignancies. J Clin Oncol, 24, 166173.
Ogasawara, J., Watanabe-Fukunaga, R., Adachi, M., Matsuzawa, A., Kasugai, T., Kitamuro,
Y., Itoh, N., Suda, T. and Nagata, S. (1993) Lethal effect of the anti-Fas antibody in
mice. Nature, 364, 806-809.
Olsen, E.A. and Bunn, P.A. (1995) Interferon in the treatment of cutaneous T-cell lymphoma.
Hematol Oncol Clin North Am, 9, 1089-1107.
Olsen, E.A., Kim, Y.H., Kuzel, T.M., Pacheco, T.R., Foss, F.M., Parker, S., Frankel, S.R., Chen, C.,
Ricker, J.L., Arduino, J.M. and Duvic, M. (2007) Phase lib multicenter trial of
vorinostat in patients with persistent, progressive, or treatment refractory cutaneous
T-cell lymphoma. J Clin Oncol, 25, 3109-3115.
Olsson, A., Manzl, C., Strasser, A. and Villunger, A. (2007) How important are posttranslational modifications in p53 for selectivity in target-gene transcription and
tumour suppression? Cell Deathi Differ, 14, 1561-1575.
Palmerini, F., Devilard, E., Jarry, A., Birg, F. and Xerri, L. (2001) Caspase 7 downregulation as
an immunohistochemical marker of colonic carcinoma. Hum Pattiol, 32, 461-467.

301

Panagopoulos. I., Fioretos, T., Isaksson, M., Samuelsson, U., Billstrom, R., Strombeck, B.,
Mitelman, F. and Johansson, B. (2001) Fusion of the MORF and CBP genes in acute
myeloid leukemia with the t(10;16)(q22;pl3). Hum Mol Genet, 10, 395-404.
Pandolfi, P.P. (2001) Transcription therapy for cancer. Oncogene, 20, 3116-3127.
Park, J.H., Jong, H.S., Kim, S.G., Jung, Y., Lee, K.W., Lee, J.H., Kim, D.K., Bang, Y.J. and Kim,
T.Y. (2008) Inhibitors of histone deacetylases induce tumor-selective cytotoxicity
through modulating Aurora-A kinase. J Mol Med. 86. 117-128.
Pork, S.H., Lee, S.R., Kim, B.C., Cho, E.A., Patel, S.P., Kang, H.B., Sousville, E.A., Nokanishi, O.,
Trepel, J.B., Lee, B.I. and Kim, S.J. (2002) Transcriptional regulation of the
transforming growth factor beta type II receptor gene by histone acetyltransferase
and deacetylase is mediated by NF-Y in human breast cancer cells. J Biol Chenn.
277,5168-5174.
Pattingre, S. and Levine, B. (2006) Bcl-2 inhibition of autophagy: a new route to cancer?
Cancer Res, 66. 2885-2888.
Pattingre, S., Tossa, A., Qu, X., Garuti, R., Liang, X.H., Mizushima, N., Packer, M., Schneider,
M.D. and Levine, B. (2005) Bcl-2 antlapoptotic proteins inhibit Beclin 1-dependent
autophagy. Cell, 122, 927-939.
Peart, M.J., Smyth, O.K., van Laor, R.K., Bowtell, D.D., Richon, V.M., Marks, P.A., Holloway,
A.J. and Johnstone, R.W. (2005) Identification and functional significance of genes
regulated by structurally different histone deacetylase inhibitors. Proc Natl Acad Sci
US A. 102. 3697-3702.
Peart, M.J., Tainton, K.M., Ruefli, A.A., Dear, A.E., Sedelies, K.A., O'Reilly, L.A., Woterhouse,
N.J., Trapani, J.A. and Johnstone, R.W. (2003) Novel mechanisms of apoptosis
induced by histone deacetylase inhibitors. Cancer Res, 63, 4460-4471.
Pediconi, N., lanori. A., Costanzo, A., Belloni, L., Gallo, R., Cimino, L., Porcellini, A., Screpanti,
I., Balsano, C., Alesse, E., Gulino, A. and Levrero, M. (2003) Differential regulation of
E2F1 apoptotic target genes in response to DNA damage. Nat Cell Biol, S, 552-558.
Pereiro, F.A., Qiu, Y., Zhou, G., Tsai, M.J. and Tsai, S.Y. (1999) The orphan nuclear receptor
COUP-TFII is required for angiogenesis and heart development. Genes Dev, 13,
1037-1049.

302

Piekarz, R.L.. Frye, A.R., Wright, J.J., Steinberg, S.M., Liewehr, DJ., Rosing, D.R., Sachdev, V.,
Fojo, T. and Bates, S.E. (2006) Cardiac studies in patients treated with depsipeptide,
FK228, in a phase II trial for T-cell lymphoma. Clin Cancer Res, 12, 3762-3773.
Piekarz, R.L., Robey, R., Sandor, V., Bakke, S., Wilson, W.H., Dahmoush, L., Kingma, D.M.,
Turner, M.L., Altemus, R. and Bates, S.E. (2001) Inhibitor of histone deacetylation,
depsipeptide (FR901228), in the treatment of peripheral and cutaneous T-cell
lymphoma: a case report. Blood. 98, 2865-2868.
Piekarz, R.L., Robey, R.W., Zhan, Z., Kayastha, G., Sayah, A., Abdeldaim, A.H., Torrico, S. and
Bates, S.E. (2004) T-cell lymphoma as a model for the use of histone deacetylose
inhibitors in cancer therapy: impact of depsipeptide on molecular markers,
therapeutic targets, and mechanisms of resistance. Blood. 103, 4636-4643.
Pili, R., Kruszewski, M.P., Hager, B.W., Lantz, J. and Corducci, M.A. (2001) Combination of
phenylbutyrate and 13-cis retinoic acid inhibits prostate tumor growth and
angiogenesis. Cancer Res. 61, 1477-1485.
Pitti, R.M., Marsters, S.A., Ruppert, S., Donahue, C.J., Moore, A. and Ashkenozi, A. (1996)
Induction of apoptosis by Apo-2 ligand, a new member of the tumor necrosis factor
cytokine family. J Biol Chem. 271, 12687-12690.
Plumb, J.A., Finn, P.W., Williams, R.J., Bandara, M.J., Romero, M.R., Watkins, C.J., La
Thangue, N.B. and Brown, R. (2003) Pharmacodynamic response and inhibition of
growth of human tumor xenografts by the novel histone deacetylase inhibitor
PXD101. Mol Cancer Ther. 2. 721-728.
Pukac, L., Kanakaraj, P., Humphreys, R., Alderson, R., Bloom, M., Sung, C., Riccobene, T.,
Johnson, R., Fiscella, M., Mahoney, A., Carrell, J., Boyd, E., Yao, X.T., Zhang, L ,
Zhong, L., von Kerczek, A., Shepard, L., Vaughan, T., Edwards, B., Dobson, C.,
Salcedo, T. and Albert, V. (2005) HGS-ETRl, a fully human TRAIL-receptor 1
monoclonal antibody, induces cell death in multiple tumour types in vitro and in
vivo. Br J Cancer. 92. 1430-1441.
Qian, D.Z., Kato, Y., Shabbeer, S., Wei, Y., Verheul, H.M., Salumbides, B., Sanni, T., Atadja, P.
and Pili, R. (2006a) Targeting tumor angiogenesis with histone deacetylase inhibitors:
the hydroxamic acid derivative LBH589. Clin Cancer Res. 12, 634-642.

303

Qian, X., LaRochelle, W.J., Ara, G., Wu, F., Petersen, K.D., Thougaard, A., Sehested, M.,
Lichenstein, H.S. and Jeffers. M. (2006b) Activity of PXDIOI, a histone deacetylase
inhibitor, in preclinical ovarian cancer studies. Mol Cancer Ther, 5, 2086-2095.
Querteid, C., Rosen, S.T., Kuzel, T.M., Kirby, K.A., Roenigic, H.H., Jr., Prinz, B.M. and Guitart, J.
(2005) Long-term follow-up of patients with early-stage cutaneous T-cell lynnphoma
who achieved complete remission with psoralen plus UV-A monotherapy. Arch
Dermatol, 141,305-311.
Quiros, P.A., Jones, G.W., Kacinsl<i, B.M., Braverman, I.M., Heald, P.W., Edelson, R.L. and
Wilson, L D . (1997) Total skin electron beam therapy followed by adjuvant
psoralen/ultraviolet-A light in the management of patients with T1 and T2
cutaneous T-cell lymphoma (mycosis fungoides). Int J Radiat Oncol Biol Phys, 38,
1027-1035.
R Core Development Team. (2005) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria.
Rampino, N., Yamamoto, H., lonov, Y., Li, Y., Sawai, H., Reed, J.C. and Perucho, M. (1997)
Somatic fromeshift mutations in the BAX gene in colon cancers of the microsatellite
mutator phenotype. Science, 275, 967-969.
RappI, G., Abken, H., Hasselmann, D.O., Tilgen, W., Ugurel, S. and Reinhold, U. (2001a) The
CD7(-) subset of CD4(+) memory T cells is prone to accelerated apoptosis that is
prevented by interleukin-15 (IL-15). Cell Death Differ, 8, 395-402.
RappI, G., Kapsokefalou, A., Heuser, C., Rossler, M., Ugurel, S., Tilgen, W., Reinhold, U. and
Abken, H. (2001 b) Dermal fibroblasts sustain proliferation of activated T cells via
membrane-bound interleukin-15 upon long-term stimulation with tumor necrosis
factor-alpha. J/nvesf Dermato/, 116, 102-109.
Rascle, A., Johnston, J.A. and Amati, B. (2003) Deacetylase activity is required for
recruitment of the basal transcription machinery and transactivation by STATS. Mol
Cell Biol, 23,4162-4173.
Rasheed, W.K., Johnstone, R.W. and Prince, H.M. (2007) Histone deacetylase inhibitors in
cancer therapy. Expert Opin Investig Drugs, 1 A, 659-678.
Reed, J.C. (1999) Dysregulation of apoptosis in cancer. J Clin Oncol, 17, 2941-2953.

304

Remiszewski, S.W. (2003) The discovery of NVP-LAQ824: from concept to clinic.

CurrMed

Chem, 10, 2393-2402.
Richon, V.M., Emiliani, S., Verdin, E., Webb, Y., Breslow, R., Rifkind, R.A. and Marks, P.A.
(1998) A class of hybrid polar inducers of transformed cell differentiation inhibits
histone deacetylases. Proc Natl Acad Sci USA,

95, 3003-3007.

Richon, V.M., Sandhoff, T.W., Rifkind, R.A. and Marks, P.A. (2000) Histone deocefylase
inhibitor selectively induces p21 WAFl expression and gene-associated histone
acetylation. Proc Natl Acad Sci U S A, 97, 10014-10019.
Riggs, M.G., Whittaker, R.G., Neumann, J.R. and Ingram, V.M. (1977) n-Butyrate causes
histone modification in HeLa and Friend erythroleukaemio cells. Nature, 268, 462464.
Rishi, L., Dhiman, R., Raje, M. and Majumdar, S. (2007) Nitric oxide induces apoptosis in
cutaneous T cell lymphoma (HuT-78) by downregulating constitutive NF-kappaB.
Bioct)im Biapt^ys Acta, 1770, 1230-1239.
Roccaro, A.M., Hideshima, T., Raje, N., Kumar, S., Ishitsuka, K., Yasui, H., Shiraishi, N., Ribatti,
D., Nico, B., Vacco, A., Dommacco, F., Richardson, P.G. and Anderson, K.C. (2006)
Bortezomib mediates antiangiogenesis in multiple myeloma via direct and indirect
effects on endothelial cells. Cancer Res, 66, 184-191.
Rosato, R.R., Almenara, J.A., Dai, Y. and Grant, S. (2003) Simultaneous activation of the
intrinsic and extrinsic pathv*/ays by histone deocefylase (HDAC) inhibitors and tumor
necrosis factor-related apoptosis-inducing ligond (TRAIL) synergistically induces
mitochondrial damage and apoptosis in human leukemia cells. Mol Cancer Ther, 2,
1273-1284.
Rosato, R.R. and Grant, S. (2005) Histone deocefylase inhibitors: insights into mechanisms of
lethality. Expert Opin Ther Targets, 9, 809-824.
Rosato, R.R., Maggio, S.C., Almenara, J.A., Payne, S.G., Atadja, P., Spiegel, S., Dent, P. and
Grant, S. (2006) The histone deocefylase inhibitor LAQ824 induces human leukemia
cell death through a process involving XIAP dov\/n-regulation, oxidative injury, and
the acid sphingomyelinose-dependent generation of ceramide. Mol

Pharmacol,

69,216-225.

305

Rosen, S.T. and Querfeld, C. (2006) Primary cutaneous T-cell lynnphomas. Hematology

Am

Soc Hematol Educ Program, 323-330, 513.
Rossi, D. and Gaidano, G. (2003) Messengers of cell death: apoptotic signaling in health
and disease. Haemafologica, 88, 212-218.
Roth, S.Y., Denu, J.M. and Allis, C.D. (2001) Histone acetyltransferases. Annu Rev Biochem,
70,81-120.
Rubben, A., Kempf, W., Kadin, M.E., Zimmermann, D.R. and Burg, G. (2004) Multilineage
progression of genetically unstable tumor subclones in cutaneous T-cell lymphoma.
Exp Dermatol. 13, 472-483.
Ruefli, A.A., Ausserlechner, M.J., Bernhord, D., Sutton, V.R., Tainton, K.M., Kofler, R., Smyth,
M.J. and Johnstone, R.W. (2001) The histone deacetylase inhibitor and
chemotherapeutic agent suberoylanilide hydroxamic acid (SAHA) induces a celldeath pathway characterized by cleavage of Bid and production of reactive
oxygen species. Proc Natl Acad Sci USA,

98, 10833-10838.

Ruefli, A.A., Bernhord, D., Tainton, K.M., Kofler, R., Smyth, M.J. and Johnstone, R.W. (2002)
Suberoylanilide hydroxamic acid (SAHA) overcomes multidrug resistance and
induces cell death in P-glycoprotein-expressing cells. Int J Cancer, 99, 292-298.
Ryan, K.M., Phillips, A.C. and Vousden, K.H. (2001) Regulation and function of the p53 tumor
suppressor protein. CurrOpin Cell Biol, 13, 332-337.
Ryan, Q.C., Headlee, D., Acharya, M., Sparreboom, A., Trepel, J.B., Ye, J., Figg, W.D.,
Hwang, K., Chung, E.J., Murgo, A., Melillo, G., Elsayed, Y., Monga, M., Kalnitskiy, M.,
Zwiebel, J. and Sausville, E.A. (2005) Phase I and pharmacokinetic study of MS-275,
a histone deacetylase inhibitor, in patients with advanced and refractory solid
tumors or lymphoma. J Clin Oncol, 23, 3912-3922.
Saino, M., Maruyama, T., Sekiya, T., Kayoma, T. and Murakami, Y. (2004) Inhibition of
angiogenesis in human glioma cell lines by ontisense RNA from the soluble
guanylate cyclase genes, GUCYl A3 and GUCYl B3. Oncol Rep, 12, 47-52.
Saitoh, M., Nishitoh, H., Fujii, M., Takeda, K., Tobiume, K., Sawada, Y., Kawabata, M.,
Miyazono, K. and Ichijo, H. (1998) Mammalian thioredoxin is a direct inhibitor of
apoptosis signal-regulating kinase (ASK) 1. Embo J, 17, 2596-2606.

306

Sanda, T., Okamoto, T., Uchida, Y., Nakagawa, H., lida, S., Kayukawa, S., Suzuki, T.,
Oshizawa, T., Suzuki, T., Miyata, N. and Ueda, R. (2007) Proteome analyses of the
growth inhibitory effects of NCH-51, a novel histone deacetylase inhibitor, on
lymphoid malignant cells. Leukemia.
Sandor, V., Bakke, S., Robey, R.W., Kong, M.H., Blagosklonny, M.V., Bender, J., Brooks, R.,
Piekarz, R.L., Tucker, E., Figg, W.D., Chan, K.K., Goldspiel, B., Fojo, A.T., Balcerzak, S.P.
and Bates, S.E. (2002) Phase I trial of the histone deacetylase inhibitor, depsipeptide
(FR901228, NSC 630176), in patients with refractory neoplasms. Clin Cancer Res, 8,
718-728.
Sandor, V., Senderowicz, A., Mertins, S., Sackett, D., Sausville, E., Blagosklonny, M.V. and
Bates, S.E. (2000) P21-dependent g(l )arrest with downregulation ofcyclin D1 and
upregulation of cyclin E by the histone deacetylase inhibitor FR901228. Br J Cancer.
83,817-825.
Sandor, V., Wilson, W., Fojo, T. and Bates, S.E. (1997) The role of MDR-1 in refractory
lymphoma. Leuk Lymphoma, 28, 23-31.
Sano, Y. and Ishii, S. (2001) Increased affinity of c-Myb for CREB-binding protein (CBP) after
CBP-induced acetylation. J Biol Chem, 276, 3674-3682.
Sasakawa, Y., Naoe, Y., Noto, T., Inoue, T., Sasakawa, T., Matsuo, M., Manda, T. and Mutoh,
S. (2003) Antitumor efficacy of FK228, a novel histone deacetylase inhibitor,
depends on the effect on expression of ongiogenesis factors. Biochem
66,

Pharmacol,

897-906.

Sasakawa, Y., Naoe, Y., Sogo, N., Inoue, T., Sasakawa, T., Matsuo, M., Manda, T. and
Mutoh, S. (2005) Marker genes to predict sensitivity to FK228, a histone deacetylase
inhibitor. Biochem Pharmacol. 69, 603-616.
Schimmer, A.D., Dalili, S., Batey, R.A. and Riedl, S.J. (2006) Targeting XIAP for the treatment
of malignancy. Cell Death Differ. 13, 179-188.
Schmitt, C.A., Fridman, J.S., Yang, M., Baronov, E., Hoffman, R.M. and Lowe, S.W. (2002)
Dissecting p53 tumor suppressor functions in vivo. Cancer Cell, 1, 289-298.
Schmitt, C.A. and Lowe, S.W. (2001a) Apoptosis is critical for drug response in vivo. Drug
Resist Updat. 4, 132-134.

307

Schmitt, C.A. and Lowe, S.W. (2001b) Bcl-2 mediates chemoresistance in matched pairs of
primary E(mu)-myc lymphomas in vivo. Blood Cells Mol Dis. 27, 206-216.
Schmitt, C.A., McCurrach, M.E., de Stanchina, E., Wallace-Brodeur, R.R. and Lov\/e, S.W.
(1999) INK4a/ARF mutations accelerate lymphomagenesis and promote
chemoresistance by disabling p53. Genes Dev, 13, 2670-2677.
Schmitt, C.A., Rosenthal, C.T. and Lowe, S.W. (2000) Genetic analysis of chemoresistance in
primary murine lymphomas. Nat Med. 6 . 1029-1035.
Schon, M.P. and Schon, M. (2004) Immune modulation and apoptosis induction: two sides
of the antitumoral activity of imiquimod. Apoptosis, 9, 291-298.
Schuchmann, M., Schulze-Bergkamen, H., Fleischer, B., Schattenberg, J.M., Siebler, J.,
Weinmonn, A., Teufel, A., Worns, M., Fischer, T., Strand, S., Lohse, A.W. and Galle,
P.R. (2006) Histone deacetylase inhibition by valproic acid down-regulates cFLIP/CASH and sensitizes hepatoma cells towards CD95- and TRAIL receptormediated apoptosis and chemotherapy. Oncol Rep, 15, 227-230.
Scott, C.L., Schuler, M., Marsden, V.S., Egle, A., Pellegrini, M., Nesic, D., Gerondakis, S., Nutt,
S.L., Green, D.R. and Strasser, A. (2004) Apaf-1 and caspase-9 do not act as tumor
suppressors in myc-induced lymphomagenesis or mouse embryo fibroblast
transformation. J Cell Biol, U 4 , 89-96.
Scott, G.K., Mattie, M.D., Berger, C.E., Benz, S.C. and Benz, C.C. (2006) Rapid alteration of
microRNA levels by histone deacetylase inhibition. Cancer Res, 66, 1277-1281.
Sentman, C.L., Shutter, J.R., Hockenbery, D., Kanagawa, O. and Korsmeyer, S.J. (1991) bcl-2
inhibits multiple forms of apoptosis but not negative selection in thymocytes. Cell,
67, 879-888.
Shankor, S., Chen, X. and Srivastavo, R.K. (2005a) Effects of sequential treatments with
chemotherapeutic drugs followed by TRAIL on prostate cancer in vitro and in vivo.
Prostate, 62, 165-186.
Shankar, S., Singh, T.R., Fandy, T.E., Luetrakul, T., Ross, D.D. and Srivastavo, R.K. (2005b)
Interactive effects of histone deacetylase inhibitors and TRAIL on apoptosis in
human leukemia cells: involvement of both death receptor and mitochondrial
pathways. ;nf J Mo; Med, U , 1125-1138.

308

Shao, Y., Gao, Z., Marks, P.A. and Jiang, X. (2004) Apoptotic and autophagic cell death
induced by histone deacetylase inhibitors. Proc Natl Acad Sci U S A, 101, 1803018035.
Sheikh, M.S. and Fornace, A.J., Jr. (2000) Death and decoy receptors and p53-mediated
apoptosis. Leukemia, 14, 1509-1513.
Sherr, C.J. and Weber, J.D. (2000) The ARF/p53 pathway. Curr Opin Genet Dev. 10, 94-99.
Shilatifard, A. (2006) Chronnatin modifications by methylation and ubiquitination:
innplications in the regulation of gene expression. Annu Rev Biochem, 75, 243-269.
Shin, J., Monti, S., Aires, D.J., Duvic, M., Golub, T., Jones, D.A. and Kupper, T.S. (2007)
Lesional gene expression profiling in cutaneous T-cell lymphonna reveals natural
clusters associated with disease outcome. Blood. 110, 3015-3027.
Shin, M.S., Kim, H.S., Lee, S.H., Park, W.S., Kim, S.Y., Park, J.Y., Lee, J.H., Lee, S.K., Lee, S.N.,
Jung, S.S., Han, J.Y., Kim, H., Lee, J.Y. and Yoo, N.J. (2001) Mutations of tumor
necrosis factor-related apoptosis-inducing ligand receptor 1 (TRAIL-Rl) and
receptor 2 (TRAIL-R2) genes in metastatic breast cancers. Cancer Res, 61, 49424946.
Siegel, R.S., Pandolfino, T., Guitart, J., Rosen, S. and Kuzel, T.M. (2000) Primary cutaneous Tcell lymphoma: review and current concepts. J Clin Oncol, 18, 2908-2925.
Singh, T.R., Shankar, S. and Srivastava, R.K. (2005) HDAC inhibitors enhance the apoptosisinducing potential of TRAIL in breast carcinoma. Oncogene, 24, 4609-4623.
Smirnov, D.A., Hou, S. and Ricciardi, R.P. (2000) Association of histone deacetylase with
COUP-TF in tumorigenic Adl 2-transformed cells and its potential role in shut-off of
MHC class I transcription. Virology, 268, 319-328.
Smith, B.D. and Wilson, L.D. (2003) Management of mycosis fungoides. Part 1. Diagnosis,
staging, and prognosis. Oncology (Willisfon Park), 17, 1281-1288.
Smith, C.A., Farrah, T. and Goodwin, R.G. (1994) The TNF receptor superfamily of cellular
and viral proteins: activation, costimulation, and death. Cell, 76, 959-962.
Smyth, G.K. (2005) Limma: linear models for microorray data. In Gentleman, R., Carey, V.,
Dudoit, S., Irizarry, R. and Huber, W. (eds.), Bioinformatics and Computational
Biology Solutions using R and Bioconductor. Springer, New York, pp. 397-420.

309

Smyth, MJ., Krasovskis, E., Sutton, V.R. and Johnstone, R.W. (1998) The drug efflux protein, Pglycoprotein, additionally protects drug-resistant tumor cells from multiple forms of
caspase-dependent apoptosis. Proc Natl Acad Sci USA,

95, 7024-7029.

Snell, v., Clodi, K., Zhao, S., Goodwin, R., Thomas, E.K., Morris, S.W., Kadin, M.E., Cabanillas,
F., Andreeff, M. and Younes, A. (1997) Activity of TNF-related apoptosis-inducing
ligand (TRAIL) in haematological malignancies. Br J Haematol, 99, 618-624.
Soengas, M.S., Capodieci, P., Polsky, D., Mora, J., Esteller, M., Opitz-Araya, X., McCombie,
R., Herman, J.G., Gerald, W.L., Lazebnik, Y.A., Cordon-Cardo, C. and Lowe, S.W.
(2001) Inoctivation of the apoptosis effector Apof-l in malignant melanoma.
Nature, 409, 207-211.
Soengas, M.S., Gerald, W.L., Cordon-Cardo, C., Lazebnik, Y. and Lowe, S.W. (2006) Apaf-1
expression in malignant melanoma. Cell Death Differ, 13, 352-353.
Sommer, V.H., Clemmensen, O.J., Nielsen, O., Wasik, M., Lovato, P., Brender, C., Eriksen,
K.W., Woetmann, A., Koestel, C.G., Nissen, M.H., Ropke, C., Skov, S. and Odum, N.
(2004) In vivo activation of STATS in cutaneous T-cell lymphoma. Evidence for an
antiopopfotic function of STAT3. Leukemia, 18, 1288-1295.
Song, Q., Kuang, Y., Dixit, V.M. and Vincenz, C. (1999) Boo, a novel negative regulator of
cell death, interacts with Apaf-1. Embo J, 18, 167-178.
Sors, A., Jean-Louis, P., Pellet, C., Laroche, L., Dubertret, L., Courtois, G., Bachelez, H. and
Michel, L. (2006) Down-regulating constitutive activation of the NF-kappaB
canonical pathway overcomes the resistance of cutaneous T-cell lymphoma to
apoptosis. Blood, 107, 2354-2363.
Stedman, W., Deng, Z., Lu, F. and Lieberman, P.M. (2004) ORC, MCM, and histone
hyperacetylation at the Kaposi's sarcoma-associated herpesvirus latent replication
origin. J Virol, 78, 12566-12575.
Stennicke, H.R., Jurgensmeier, J.M., Shin, H., Deveroux, Q., Wolf, B.B., Yang, X., Zhou, Q.,
Ellerby, H.M., Ellerby, L.M., Bredesen, D., Green, D.R., Reed, J.C., Froelich, C.J. and
Salvesen, G.S. (1998) Pro-caspase-3 is a major physiologic target of caspase-8. J Biol
Chem, 273, 27084-27090.
Sterner, D.E. and Berger, S.L. (2000) Acetylation of histones and transcription-related factors.
Microbiol Mol Biol Rev, 64, 435-459.

310

Strahl, B.D. and Allis, C.D. (2000) The language of covalent histone nnodifications. Nature,
403,41-45.
Strasser, A., Harris, A.W., Bath, M.L. and Cory, S. (1990) Novel primitive lymphoid tumours
induced in transgenic mice by cooperation betv^een myc and bcl-2. Nature, 348,
331-333.
Strasser, A., Harris, A.W. and Cory, S. (1991) bcl-2 transgene inhibits T cell death and
perturbs thymic self-censorship. Cell, 67, 889-899.
Sturm, I., Bosanquet, A.G., Radetzki, S., Hummel, M., Dorken, B. and Daniel, P.T. (2006)
Silencing of APAF-1 in B-CLL results in poor prognosis in the cose of concomitant p53
mutation. Int J Cancer, 118, 2329-2336.
Su, H., Bidere, N., Zheng, L., Cubre, A., Sakoi, K., Dale, J., Salmena, L., Hakem, R., Straus, S.
and Lenardo, M. (2005) Requirement forcaspase-8 in NF-kappaB activation by
antigen receptor. Science, 307, 1465-1468.
Suchin, K.R., Cucchiara, A.J., Gottleib, S.L., Wolfe, J.T., DeNardo, B.J., Macey, W.H., Bromley,
P.G., Vittorio, C.C. and Rook, A.H. (2002) Treatment of cutaneous T-cell lymphoma
v^ith combined immunomodulatory therapy: a 14-year experience at a single
institution. Arch Dermatol, 138, 1054-1060.
Sutheesophon, K., Nishimura, N., Koboyashi, Y., Furukowa, Y., Kawano, M., Itoh, K., Kano, Y.,
Ishii, H. and Furukowa, Y. (2005) Involvement of the tumor necrosis factor (TNF)/TNF
receptor system in leukemic cell apoptosis induced by histone deacetylase inhibitor
depsipeptide (FK228). J Cell Physiol, 203, 387-397.
Suzuki, T., Shen, H., Akagi, K., Morse, H.C., Malley, J.D., Naiman, D.Q., Jenkins, N.A. and
Copeland, N.G. (2002) Nev^^ genes involved in cancer identified by retroviral
tagging. Nat Genet, 32, 166-174.
Suzuki, Y., Imai, Y., Nakayamo, H., Takahashi, K., Takio, K. and Takahoshi, R. (2001) A serine
protease, HtrA2, is released from the mitochondria and interacts with XIAP, inducing
cell death. Mol Cell, 8, 613-621.
Sykes, S.M., Mellert, H.S., Holbert, M.A., Li, K., Marmorstein, R., Lane, W.S. and McMohon, S.B.
(2006) Acetylation of the p53 DNA-binding domain regulates apoptosis induction.
Mol Cell, 24, 841-851.

311

Tabe, Y., Konopleva, M., Contractor, R., Munsell, M.. Schober, W.D., Jin, L., Tsutsumi-lshii, Y.,
Nagaoka, I., Igari, J. and Andreeff, M. (2006) Up-regulation of MDRl and induction
of doxorubicin resistance by histone deacetylase inhibitor depsipeptide {FK228) and
ATRA in acute promyelocytic leulcemia cells. Blood. 107, 1546-1554.
Tannm, I., Richter, S., Oltersdorf, D., Creutzig, U., Harbott, J., Scholz, F., Karawajew, L.,
Ludwig, W.D. and Wuchter, C. (2004a) High expression levels of x-linked inhibitor of
apoptosis protein and survivin correlate with poor overall sun/ival in childhood de
novo acute myeloid leukemia. Clin Cancer Res, 10, 3737-3744.
Tamm, I., Richter, S., Scholz, P., Schmelz, K., Oltersdorf, D., Karav^ajew, L., Schoch, C.,
Haferlach, T., Ludwig, W.D. and Wuchter, C. (2004b) XIAP expression correlates with
monocytic differentiation in adult de novo AML: impact on prognosis. Hematol J, 5,
489-495.
Tan, J., Zhuang, L , Jiang, X., Yang, K.K., Koruturi, K.M. and Yu, Q. (2006) Apoptosis signalregulating kinase 1 is a direct target of E2F1 and contributes to histone deacetylase
inhibitor-induced apoptosis through positive feedback regulation of E2F1 apoptotic
activity. J Biol Chem, 281, 10508-10515.
Tashiro, E., Tsuchiya, A. and Imoto, M. (2007) Functions of cyclin D1 as on oncogene and
regulation of cyclin D1 expression. Cancer Sci, 98, 629-635.
Taunton, J., Hassig, C.A. and Schreiber, S.L. (1996) A mammalian histone deacetylase
related to the yeast transcriptional regulator Rpd3p. Science. 272, 408-411.
Teitz, T., Wei, T., Valentine, M.B., Vanin, E.F., Grenet, J., Valentine, V.A., Behm, F.G., Look,
A.T., Lahti, J.M. and Kidd, V.J. (2000) Caspose 8 is deleted or silenced preferentially
in childhood neuroblastomas with amplification of MYCN. Nat Med, 6, 529-535.
Tepper, C.G. and Seldin, M.F. (1999) Modulation of caspase-8 and FLICE-inhibitory protein
expression as a potential mechanism of Epstein-Barr virus tumorigenesis in Burkitt's
lymphoma. Blood, 94, 1727-1737.
Thaler, S., Burger, A.M., Schuiz, T., Brill, B., Bittner, A., Oberholzer, P.A., Dummer, R. and
Schnierle, B.S. (2004) Establishment of a mouse xenograft model for mycosis
fungoides. Exp Dermatol, 13, 406-412.

312

Thiagalingam, S., Cheng, K.H., Lee, H J., Mineva, N., Thiagalingam, A. and Ponte, J.F. (2003)
Histone deacetylases: unique players in shaping the epigenetic histone code. Ann
NY Acad Sci, 983, 84-100.
Thornberry, N.A. and Lazebnik, Y. (1998) Caspases: enemies within. Science. 281, 1312-1316.
Tonnita, Y., Marchenko, N., Erster, S., Nennajerova, A., Dehner, A., Klein, C., Pan, H., Kessler,
H., Pancoska, P. and Moll, U.M. (2006) WT p53, but not tumor-derived mutants, bind
to Bcl2 via the DNA binding domain and induce mitochondrial permeabilization. J
Biol Chem, 281, 8600-8606.
Tracey, L., Villuendas, R., Dotor, A.M., Spiteri, I., Ortiz, P., Garcia, J.F., Perolto, J.L., Lav\^ler, M.
and Piris, M.A. (2003) Mycosis tungoides shov^^s concurrent deregulation of multiple
genes involved in the TNF signaling pathv/ay: on expression profile study. Blood. 102,
1042-1050.
Trautinger, P., Knobler, R., Willemze, R., Peris, K., Stadler, R., Laroche, L., D'Incan, M., Ranki,
A., Pimpinelli, N., Ortiz-Romero, P., Dummer, R., Estrach, T. and Whittoker, S. (2006)
EORTC consensus recommendations for the treatment of mycosis fungoides/Sezary
syndrome. Eur J Cancer. 42, 1014-1030.
Turner, B.M. (2000) Histone acetylation and an epigenetic code. Bioessays. 22. 836-845.
Ungerstedt, J.S., Sov^a. Y., Xu, W.S., Shao, Y., Dokmanovic, M., Perez, G., Ngo, L., Holmgren,
A., Jiang, X. and Marks, P.A. (2005) Role of thioredoxin in the response of normal
and transformed cells to histone deocetylase inhibitors. Proc Natl Acad Sci

USA.

102, 673-678.
van Doom, R., Dijkman. R., Vermeer, M.H., Storink, T.M., Willemze, R. and Tensen, C.P. (2002)
A novel splice variant of the Fas gene in patients v\/ith cutaneous T-cell lymphoma.
Cancer Res. 62. 5389-5392.
van Doom, R., Zoutmon, W.H., Dijkman, R., de Menezes, R.X., Commandeur, S., Mulder,
A.A., van der Velden, P.A., Vermeer, M.H., Willemze, R., Yan, P.S., Huong, T.H. and
Tensen, C.P. (2005) Epigenetic profiling of cutaneous T-cell lymphoma: promoter
hypermethylation of multiple tumor suppressor genes including BCL7a, PTPRG, and
p73. J Clin Oncol, 23, 3886-3896.
Van Loo, G., Demol, H., von Gurp, M., Hoorelbeke, B., Schotte, P., Beyoert, R., Zhivotovsky,
B., Gevaert, K., Declercq, W., Vandekerckhove, J. and Vandenobeele, P. (2002a) A

313

matrix-assisted laser desorption ionization post-source decay (MALDI-PSD) analysis
of proteins released from isolated liver mitochondria treated with recombinant
truncated Bid. Cell Death Differ. 9. 301-308.
van Loo, G., van Gurp, M., Depuydt, B., Srinivasula, S.M., Rodriguez, I., AInemri, E.S.,
Gevaert, K., Vandekerckhove, J., Declercq, W. and Vandenabeele, P. (2002b) The
serine protease Omi/HtrA2 is released from mitochondria during opoptosis. Omi
interacts v^ith caspase-inhibitor XIAP and induces enhanced caspase activity. Cell
Death Differ, 9. 20-26.
Vaux, D.L., Cory, S. and Adams, J.M. (1988) Bcl-2 gene promotes haemopoietic cell survival
and cooperates v\/ith c-myc to immortalize pre-B cells. Nature, 335, 440-442.
Voziri, H., Dessain, S.K., Ng Eaton, E., Imai, S.I., Frye, R.A., Pondita, T.K., Guarente, L. and
Weinberg, R.A. (2001) hSIR2(SIRTl) functions as an NAD-dependent p53
deacetylase. Cell, 107, 149-159.
Verhagen, A.M., Ekert, P.G., Pakusch, M., Silke, J., Connolly, L.M., Reid, G.E., Moritz, R.L.,
Simpson, R.J. and Vaux, D.L. (2000) Identification of DIABLO, a mammalian protein
that promotes opoptosis by binding to and antagonizing lAP proteins. Cell. 102, 4353.
Verhagen, A.M., Silke, J., Ekert, P.G., Pakusch, M., Kaufmann, H., Connolly, L.M., Day, C.L.,
Tikoo, A., Burke, R., Wrobel, C., Moritz, R.L., Simpson, R.J. and Vaux, D.L. (2002) HtrA2
promotes cell death through its serine protease activity and its ability to antagonize
inhibitor of opoptosis proteins. J Biol Chem. 277. 445-454.
Vermeulen, K., Von Bockstaele, D.R. and Berneman, Z.N. (2005) Apoptosis: mechanisms
and relevance in cancer. Ann Hematol. 84, 627-639.
Vonderheid, E.C., Thompson, R., Smiles, K.A. and Lottanand, A. (1987) Recombinant
interferon alfa-2b in plaque-phase mycosis fungoides. Intralesional and low-dose
intramuscular therapy. Arch Dermatol. 123, 757-763.
Vrana, J.A., Decker, R.H., Johnson, C.R., Wang, Z., Jan/is, W.D., Richon, V.M., Ehinger, M.,
Fisher, P.B. and Grant, S. (1999) Induction of apoptosis in U937 human leukemia cells
by suberoylanilide hydroxamic acid (SAHA) proceeds through pathways that are
regulated by Bcl-2/Bcl-XL, c-Jun, and p21CIPl, but independent of p53. Oncogene.
18, 7016-7025.

314

Walczak, H., Miller, R.E., Ariail, K., Gliniak, B., Griffith, T.S., Kubin, M., Chin, W., Jones, J.,
Woodward, A., Le, T., Smith, C., Smolak, P., Goodwin, R.G., Rauch, C.T., Schuh, J.C.
and Lynch, D.H. (1999) Tumoricidal activity of tunnor necrosis factor-related
apoptosis-inducing ligand in vivo. Nat Med, 5, 157-163.
Wang, C., Fu, M., Angeletti, R.H., Siconolfi-Baez, L., Reutens, A.T., Albanese, C., Lisanti, M.P.,
Katzenellenbogen, B.S., Kato, S., Hopp, T., Fuquo, S.A., Lopez, G.N., Kushner, P.J. and
Pestell, R.G. (2001) Direct acetylation of the estrogen receptor alpha hinge region
by p300 regulates transactivation and hormone sensitivity. J Biol Chem, 276, 1837518383.
Wang, G.G., Allis, C.D. and Chi, P. (2007) Chromatin remodeling and cancer. Part I:
Covalent histone modifications. Trends Mol Med, 13, 363-372.
Wang, S. and El-Deiry, W.S. (2003) TRAIL and apoptosis induction by TNF-family death
receptors. Oncogene, 22, 8628-8633.
Wang, S., Yan-Neale, Y., Cai, R., Alimov, I. and Cohen, D. (2006) Activation of mitochondrial
pathway is crucial for tumor selective induction of apoptosis by LAQ824. Cell Cycle,
5, 1662-1668.
Wang, X. (2001) The expanding role of mitochondria in apoptosis. Genes Dev, 15, 29222933.
Wendel, H.G., Malina, A., Zhao, Z., Zender, L., Kogan, S.C., Cordon-Cardo, C., Pelletier, J.
and Lowe, S.W. (2006) Determinants of sensitivity and resistance to rapamycinchemotherapy drug combinations in vivo. Cancer Res, 66. 7639-7646.
Willemze, R. (2003) Cutaneous T-cell lymphoma: epidemiology, etiology, and classification.
Leuk Lymphoma, 44 SuppI 3, S49-54.
Williams, J.F., Zhang, Y., Williams, M.A., Hou, S., Kushner, D. and Ricciardi, R.P. (2004) El Abased determinants of oncogenicity in human adenovirus groups A and C. Curr
Top Microbiol Immunol, 273, 245-288.
Willis, S.N. and Adams, J.M. (2005) Life in the balance: how BH3-only proteins induce
apoptosis. CurrOpin Cell Biol, 17, 617-625.
Willis, T.G., Jadayel, D.M., Du, M.Q., Peng, H., Perry, A.R., Abdul-Rauf, M., Price, H., Karran, L.,
Majekodunmi, O., Wlodarska, I., Pan, L., Crook, T., Hamoudi, R., Isaacson, P.G. and

315

Dyer, M J . (1999) Bell0 is involved in t(l ;14)(p22;q32) of MALT B cell lymphoma and
mutated in multiple tumor types. Cell. 96, 35-45.
Wilson, A.J., Byun, D.S., Popova, N., Murray, L.B., L'ltalien, K., Sowa, Y., Arango, D., Velcich,
A., Augenlicht, L.H. and Mariodason, J.M. (2006) Histone deacetylase 3 (HDAC3)
and other class I HDACs regulate colon cell maturation and p21 expression and are
deregulated in human colon cancer. J Biol Chem, 281, 13548-13558.
Wilson, L.D., Jones, G.W., Kim, D., Rosenthal, D., Christensen, I.R., Edelson, R.L., Heald, P.W.
and Kacinski, B.M. (2000) Experience vi/ith total skin electron beam therapy in
combination with extracorporeal photopheresis in the management of patients
with erythrodermic (T4) mycosis fungoides. J Am Acad Dermatol, 43, 54-60.
Wolf, B.B., Schuler, M., Li, W., Eggers-Sedlet, B., Lee, W., Tailor, P., Fitzgerald, P., Mills, G.B. and
Green, D.R. (2001) Defective cytochrome c-dependent caspase activation in
ovarian cancer cell lines due to diminished or absent apoptotic protease activating
factor-1 activity. J Biol Chem, 276, 34244-34251.
Wu,

Z., Irizarry, R.A., Gentleman, R., Martinez-Murillo, F. and Spencer, F. (2004) A model-based
background adjustment for oligonucleotide expression arrays. Journal of the American
Statistical Association, 99, 909-917.

Xiao, J.J., Foraker, A.B., Swoon, P.W., Liu, S., Huang, Y., Dai, Z., Chen, J., Sadee, W., Byrd, J.,
Morcucci, G. and Chan, K.K. (2005a) Efflux of depsipeptide FK228 (FR901228, NSC630176) is mediated by P-glycoprotein and multidrug resistance-associated protein
1. J Pharmacol Exp Ther, 313, 268-276.
Xiao, J.J., Huang, Y., Dai, Z., Sadee, W., Chen, J., Liu, S., Marcucci, G., Byrd, J., Covey, J.M.,
Wright, J., Grever, M. and Chan, K.K. (2005b) Chemoresistance to depsipeptide

FK228[(E)-(lS,4S,10S,21R)-7-[(Z)-ethylidene]-4,21-diisopropyl-2-oxa-12,13-dithi a5,8,20,23-tetraazabicyclo[8,7,6]-tricos-16-ene-3,6,9,22-pentanone] is mediated by
reversible MDRl induction in human cancer cell lines. J Pharmacol Exp Ther, 314,
467-475.
Xu, W., Ngo, L., Perez, G., Dokmanovic, M. and Marks, P.A. (2006) Intrinsic apoptotic and
thioredoxin pathways in human prostate cancer cell response to histone
deacetylase inhibitor. Proc Natl Acad Sci U S A, 103, 15540-15545.
Xu, W.S., Parmigiani, R.B. and Marks, P.A. (2007) Histone deacetylase inhibitors: molecular
mechanisms of action. Oncogene, 26, 5541-5552.

316

Yang, W.M., Inouye, C., Zeng, Y., Bearss, D. and Seto, E. (1996) Transcriptional repression by
YYl is mediated by interaction with a mammalian homolog of the yeast global
regulator RPD3. Proc NafI Acad Sci USA.

93, 12845-12850.

Yin, D., Ong, J.M., Hu, J., Desmond, J.C., Kawamoto, N., Konda, B.M., Black, K.L. and
Koeffler, H.P. (2007) Suberoylanilide hydroxomic acid, o histone deacetylase
inhibitor: effects on gene expression and growth of glioma cells in vitro and in vivo.
Clin Cancer Res, 13, 1045-1052.
Yoshido, H., Kong, Y.Y., Yoshida, R., Elio, A.J., Hokem, A., Hakem, R., Penninger, J.M. and
Mak, T.W. (1998) Apafl is required for mitochondrial pathways of apoptosis and
brain development. Cell, 94. 739-750.
Yoshida, M., Kijimo, M., Akita, M. and Beppu, T. (1990) Potent and specific inhibition of
mammalian histone deacetylase both in vivo and in vitro by trichostatin A. J Biol
Chem. 265, 17174-17179.
Ysebaert, L., True, G., Daloc, S., Lambert, D., Petrella, T., Barillot, I., Naudy, S., Horiot, J.C.
and Maingon, P. (2004) Ultimate results of radiation therapy f o r T l - T 2 mycosis
fungoides (including reirradiation). Int J Radiat Oncol Biol Phys. 58, 1128-1134.
Zockheim, H.S., Epstein, E.H., Jr. and Grain, W.R. (1990) Topical cormustine (BGNU) for
cutaneous T cell lymphoma: a 15-year experience in 143 patients. J Am Acad
Dermatol. 22, 802-810.
Zackheim, H.S., Kashoni-Sabet, M. and Amin, S. (1998) Topical corticosteroids for mycosis
fungoides. Experience in 79 patients. Arch Dermatol. 134, 949-954.
Zelent, A., Guidez, F., Melnick, A., Waxmon, S. and Licht, J.D. (2001) Translocations of the
RARalpha gene in acute promyelocytic leukemia. Oncogene. 20, 7186-7203.
Zhang, C. and Duvic, M. (2003) Retinoids: therapeutic applications and mechanisms of
action in cutaneous T-cell lymphoma. Dermatol Ther, 16, 322-330.
Zhang, € . , Richon, V., Ni, X., Talpur, R. and Duvic, M. (2005a) Selective induction of
apoptosis by histone deacetylase inhibitor SAHA in cutaneous T-cell lymphoma
cells: relevance to mechanism of therapeutic action. J Invest Dermatol. 125, 10451052.

317

Zhang, C.L., Kamarashev, J., Qin, J.Z., Burg, G., Dummer, R. and Dobbeling, U. (2003)
Expression of apoptosis regulators in cutaneous T-cell lymphoma (CTCL) cells. J
Pathol. 200, 249-254.
Zhang, X.D., Gillespie, S.K., Borrow, J.M. and Hersey, P. (2004a) The histone deocetylase
inhibitor suberic bishydroxomate regulates the expression ot multiple apoptotic
mediators and induces mitochondria-dependent apoptosis of melanoma cells. Mol
Cancer Ther, 3, 425-435.
Zhang, Y., Adochi, M., Kawamuro, R. and Imoi, K. (2006) Bmf is a possible mediator in
histone deocetylase inhibitors FK228 and CBHA-induced apoptosis. Cell Death
Differ, 13, 129-140.
Zhang, Y. and Reinberg, D. (2001) Transcription regulation by histone methylation: interplay
between different covalent modifications of the core histone tails. Genes Dev, 15,
2343-2360.
Zhang, Z., Yamashita, H., Toyama, T., Sugiura, H., Ando, Y., Mita, K., Homaguchi, M., Hara,
Y., Koboyashi, S. and Iwose, H. (2005b) Quantitation of HDACl mRNA expression in
invasive carcinoma of the breast*. Breast Cancer Res Treat. 94, 11 -16.
Zhang, Z., Yamashita, H., Toyama, T., Sugiura, H., Omoto, Y., Ando, Y., Mita, K., Hamoguchi,
M., Hoyashi, S. and Iwase, H. (2004b) HDAC6 expression is correlated with better
survival in breast cancer. Clin Cancer Res, 10, 6962-6968.
Zhao, B., Hou, S. and Ricciardi, R.P. (2003) Chromatin repression by COUP-TFII and HDAC
dominates activation by NF-koppoB in regulating major histocompatibility complex
class I transcription in adenovirus tumorigenic cells. Virology, 306, 68-76.
Zhao, Y., Ton, J., Zhuong, L., Jiang, X., Liu, E.T. and Yu, Q. (2005) Inhibitors of histone
deacetyloses target the Rb-E2F1 pathway for apoptosis induction through
activation of proapoptotic protein Bim. Proc Natl Acad Sci US A, 102, ] 6090-16095.
Zheng, Y., Vig, M., Lyons, J., Van Porijs, L. and Beg, A.A. (2003) Combined deficiency of p50
and cRel in CD4+ T cells reveals an essential requirement for nuclear factor IcoppaB
in regulating mature T cell survival and in vivo function. J Exp Med, 197, 861-874.
Zhu, P., Martin, E., Mengwasser, J., Schlog, P., Jonssen, K.P. and Gottlicher, M. (2004)
Induction of HDAC2 expression upon loss of APC in colorectal tumorigenesis.
Cancer Cell, 5, 455-463.

318

Zic, J.A. (2003) The treatment of cutaneous T-cell lymphoma with photopheresis. Dermatol
Ther, 16, 337-346.
ZIobec, I., Minoo, P., Baker, K., Haegert, D., Khetoni, K., Tornillo, L., Terracciano, L., Jass, J.R.
and Lugli, A. (2007) Loss of APAF-1 expression is associated with tumour progression
and adverse prognosis in colorectal cancer. Eur J Cancer, 43, 1101-1107.

319

