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Abstract

Cancer develops as a multi-step process through the accumulation of abnormal
genetic alterations in tumour suppressor genes and oncogenes. Superimposed upon
these genetic changes are changes in the epigenome which work together to induce
the hallmarks of cancer. Histone deacetylase inhibitors (HDACIi) are a class of
epigenetic therapeutics approved for the treatment of cutaneous T-cell lymphoma
(CTCL). These agents induce anti-tumour activity in a variety of ways, including
inhibition of cell proliferation and induction of autophagy, differentiation and apoptosis.
The mechanism by which HDACI induce apoptosis has been extensively investigated
and shown to involve induction of a pro-apoptotic gene signature encompassing the
up-regulation of pro-apoptotic genes such as BIM, BAX and BAK and the repression
of anti-apoptotic genes such as BCL-2 and BCL-X.. However, the specific molecular
mechanisms by which this pro-apoptotic signature is induced have yet to be clearly
identified.

Recent reports have demonstrated that HDACI-induced apoptosis is associated with
upregulation of the AP-1 complex genes c-FOS, ¢-JUN and ATF3. The objective of
this thesis was to determine whether induction of c-FOS, c-JUN or ATF3 is directly
required for HDACi-induced apoptosis, and elucidate whether these changes in turn
drive altered expression of the pro-apoptotic gene signature. The expression of c-
FOS, c-JUN and ATF3 expression was found to be robustly and selectively induced
upon HDACI treatment in HDACI-sensitive tumour cell lines. These effects
transcended tumour type and included melanoma, colorectal, breast, lung, gastric and

haematological cell lines.

Through systematic knockdown experiments, induction of ATF3 but not c-FOS or c-
JUN was found to be a functional driver of HDACI-induced apoptosis. This was
demonstrated in HDACI-sensitive lung, colorectal and gastric cancer cell lines. These
results were further confirmed using ATF3” MEFs which were significantly less

sensitive to HDACI-induced apoptosis compared to wild-type MEFs.

As HDACI treatment alters the expression of pro- and anti-apoptotic genes, we also

determined the role of ATF3-induction in mediating these changes. Correlation of



HDACI-induced ATF3 expression with the altered expression of intrinsic apoptotic
members across 15 different cancer cell lines, revealed an inverse correlation between
the magnitude of ATF3 induction and the repression of expression of the pro-survival
gene BCL-X.. Furthermore, we demonstrated that ATF3 induction is directly required
for HDACi-mediated repression of BCL-XL.

A central role for repression of BCL-XL in HDACi-induced apoptosis was demonstrated
in knockdown studies whereby siRNA-mediated silencing of BCL-X. was able to re-
sensitise refractory cell lines to HDACI-induced apoptosis. Similarly, BH3 mimetics
and BCL-X.-specific inhibitors could also re-sensitise refractory cell lines to HDACI-

induced apoptosis both in vitro and in xenograft models in vivo.

In addition to our finding that ATF3 induction is required for HDACI-induced apoptosis,
it has previously been reported that proteasome inhibitor treatment can also induce
ATF3 expression. Furthermore, the combination of HDACi and proteasome inhibitors
has recently been approved for the treatment of multiple myeloma, although the
mechanistic basis for this effect is unclear. We therefore postulated that additive or
synergistic induction of ATF3 may underpin this effect. This thesis demonstrates that
proteasome inhibitors robustly induce ATF3 in both colorectal cancer and multiple
myeloma cell lines, and ATF3 induction is further enhanced by combination treatment
with  HDACi. We also demonstrate that these agents induce ATF3 through
independent mechanisms, and that the combination treatment synergistically
enhances apoptosis in these cell lines. Notably, knockdown of ATF3 attenuated the
apoptotic response induced by the combination establishing ATF3 as a central

component of the apoptotic response.

Collectively, these findings demonstrate that HDACi-induced apoptosis is driven by
ATF3 induction and subsequent repression of BCL-XL. We also demonstrate that
combination treatment with a BCL-X. inhibitor can overcome inherent resistance to
HDACI. Additionally, we demonstrate combination treatment with HDACi and
proteasome inhibitors synergistically enhances apoptosis through additive induction
of ATF3. These studies provide novel insight into the basis for differential response of
cell lines to single agent HDACI therapy, and identify avenues for enhancing the
activity of HDACI through rationally developed drug combinations.
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Chapter 1: Literature Review



1.1 Epigenetics and Cancer

Cancers develop in a step-wise process through the successive accumulation
of genetic alterations in tumour suppressor genes and oncogenes, which can alter the
control of cell proliferation, death and survival, angiogenesis, invasion and metastasis.
In some cancers, this process is accelerated through the acquisition or inheritance of
mutations in genes involved in deoxyribonucleic acid (DNA) repair such as MLH1 and
MLHS. In parallel, tumour cells typically also undergo a number of epigenetic changes,
which can be broadly defined as heritable changes in gene expression that do not alter
the DNA sequence [1-3]. The three primary forms of epigenetic modifications
associated with cancer development are CpG cytosine-5 methylation, histone
modifications, and changes in expression of non-coding RNAs [1, 4, 5] and a key trait
of epigenetics is that these modifications can be maintained and passed down through

multiple cell divisions, yet can also be adapted to changing environmental cues.

A series of enzymes are involved in epigenetic regulation and can be broadly classified
as initiators, readers, writers, erasers and re-modellers. Initiators include transcription
factors and long non-coding RNAs which act to target epigenetic writers and erasers
to specific regions in the genome. These enzymes create or remove epigenetic marks
which include methylation of cytosine residues on DNA and the post-translational
modification (typically acetylation or methylation) of lysine residues within DNA-bound

histone proteins.

These epigenetic marks are subsequently recognised or “read” by epigenetic reader
proteins, which translate the epigenetic marks to either increase or repress gene
expression. Finally, chromatin re-modellers act on a broader scale to regulate gene
expression by repositioning nucleosomes, while insulators form boundaries between

different epigenetic domains [6, 7].

Cancer cells have long been known to undergo extensive epigenetic changes [4, 8].
In addition, in the last decade a number of mutations in epigenetic regulators have
been discovered further underscoring the likely importance of alterations to the
epigenome in cancer development and progression [9]. Thus, it is now clear that

cancer is a disease that develops through both genetic and epigenetic mechanisms.
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1.1.1 Alterations to the epigenome

In a typical human eukaryotic cell, approximately 1.8 meters of DNA needs to
be packed into a nucleus which is only a few micrometres in diameter, thus requiring
the DNA to be tightly compacted. The first step in compacting DNA involves the
creation of the nucleosome, which consists of a histone octamer comprised of 2
subunits each of Histone H2A, Histone H2B, Histone H3 and Histone H4, around
which 146 base-pairs of DNA is tightly wrapped (Figure 1.1) [10-12]. The DNA in
between nucleosome units is termed ‘linker DNA’ and is further compressed and
stabilised to form a 30 nM thick solenoid fibre by histone H1. Histone H1 wraps another
20 base pairs around the octamer to further stabilise it, while also functioning to bind
linker DNA which allows the connection and subsequent compaction of the connected
nucleosomes into the 30 nM thick solenoid fibres. The solenoid fibre is then further
coiled into solenoid loops which are approximately 300 nM wide. Compaction of the

solenoid loops ultimately forms the chromosomes [13, 14].

Linker DNA

|
W Nucleosome

(8 histone sub-units with 146 base
Double stranded DNA pairs of DNA wrapped around)

Figure 1.1: The nucleosome comprises of 146bp of DNA coiled around a histone octamer.

Epigenetic modifications regulate gene expression changes without altering the DNA
sequence, and as such these modifications allow genetically identical cells to achieve
diverse and stable phenotypes. These changes in gene expression are achieved by

controlling the transcriptional activity of numerous parts of the genome through either
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DNA methylation or chromatin remodelling. The primary mechanisms which induce
epigenetic changes are DNA methylation and histone modifications [15, 16].

The initiation and progression of cancer has been established to be controlled by not
only genetics, but also epigenetic events. As mentioned before, epigenetic alterations
are not permanent and can potentially be reversible, unlike genetic alterations, which
are almost impossible reverse. Therefore, the therapeutic targeting of factors which
regulate epigenetic alterations emerged as a potential chemotherapy as well as a
chemo-preventative measure to cancer. This thesis focuses on the mechanism of
action of histone deacetylase inhibitors (HDACI), and as such the literature review will
focus primarily on the HDAC class of epigenetic erasers and on histone modifications,

specifically histone acetylation and de-acetylation.

1.2 Histone modifications

The amino-terminal tails of histone proteins can undergo a range of post-
translational modifications including methylation, acetylation, phosphorylation,
ubiquitylation sumoylation and ADP ribosylation [17, 18]. These modifications are
regulated by a series of enzymes including histone methyltransferases (HMTs) and
demethylases [19], histone acetyltransferases (HATs) and histone deacetylases
(HDACSs) [20], kinases and phosphatases [21], ubiquitin ligases and de-ubiquitins
(DUBs) [22, 23], small ubiquitin-related modifiers (SUMO) [24, 25] and poly-ADP
ribose polymerases and ADP-ribosyltransferases [16, 26, 27].

1.2.1 Histone acetylation

Histone acetylation is regulated by the addition and removal of acetyl groups
from lysine residues on histone tails, respectively. This is a key post-translational
modification which significantly impacts on gene expression by determining whether
chromatin exists in an open or closed conformation (Figure 1.2) [28]. In addition, these
enzymes can also acetylate and deacetylate a number of non-histone substrates,
including the transcription factors tumour protein p53 (TP53), nuclear factor kB (NF-
KB), GATA transcription factors, erythroid kruppel-like factor (EKLF), E2F1, Kruppel-
like factor 5 (KLF5) and B-cell ymphoma 6 (BCL-6). [29-31].



Closed/Compact chromatin conformation

Open/Relaxed chromatin conformation

Figure 1.2: HDACs induce heterochromatin state by removing acetyl groups from histone tails, while

HATSs induce a euchromatin state by hyper-acetylating histones.

1.3 Histone Deacetylases

HDACSs are enzymes that catalyse the de-acetylation of lysine residues in DNA
bound core histone proteins [32, 33]. HDACs also catalyse the deacetylation of lysine
residues in a number of non-histone proteins, including transcription factors and
cytoplasmic proteins [34]. There are 18 mammalian HDAC family members, which can

be classified into four main groups based on their homology to yeast proteins [35].

Class | HDACs (HDAC1, 2, 3 and 8) are approximately 50 kDa in size and are
homologous to the yeast Rpd3, and show predominant nuclear localization. In
comparison, Class Il HDACs (HDAC4, 5, 7 and 9) have a high degree of homology to
the yeast HDA-1, and are approximately 120-150 kDa in size. Class Il HDACs localize
to both the nucleus and cytoplasm, and their activity is dependent on nucleo-

cytoplasmic shuttling. Class Il HDACs have a large amino-terminal which upon
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phosphorylation enhances their binding to the chaperone protein 14-3-3, which
facilitates their shuttling out of the nucleus [36, 37]. The movement of Class Il HDACs
out of the nucleus tips the balance in favour of HATs which induce the hyperacetylation
of histones or specific transcription factors [38-41]. Class Il HDACs can be further
separated in to 2 sub-groups, Class lla (HDACs 4, 5, 7 and 9), and Class Ilb (HDACs
6 and 10), based on the presence of two catalytic sites in HDAC 6 and 10. Structural
studies into Class | and Il HDACs have shown that they possess a zinc-containing

catalytic binding domain which their activity is dependent on.

The Class Il HDACs, which are also known as sirtuins, consist of 7 members (sirt1-7)
and are homologous to the yeast Sir2 protein. Sirtuins have distinct sub-cellular
localisation profiles, with sirtl, 6 and 7 localised in the nucleus, sirt 2 in the cytoplasm
and sirt 3, 4 and 5 localised to the mitochondria. The Class Il HDACs differ
significantly from the Class | and Il HDACs. Sirtl, 2, 3, and 5 have a NAD-dependent
deacetylase domain while sirts, 4, 6 and 7, have an NAD* -dependent ADP ribosylation

domain and deacetylase domain [42].

Finally, the Class IV HDAC, only consists of HDAC11, and is designated a Class on
its own as it does not share sufficient homology with the other HDACs. However, it
does have conserved residues in its catalytic centre that are shared by both Class |
and Il HDACs [10, 43-45].

Class | and Il HDACs most typically exist within large multi-subunit complexes such
as the Sin3, NURD, CoREST and NCoR/SMRT complexes. The Sin3, NuRD and
CoREST complexes contain HDACs 1 and 2 [46-49], while the NCOR/SMRT complex
encompasses HDAC3, 4, 5, and 7 [50, 51]. These HDAC-containing complexes, along
with HATSs, are recruited to gene promoters through interactions with transcription
factors and alter gene expression by regulating the acetylation of surrounding

histones.

1.3.1 Expression profile and function of Class | and Il Histone deacetylases

Class | HDACs are expressed in most tissues while Class Il HDACs have more

tissue-specific expression patterns [28, 52]. To investigate the biological function of
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HDACSs and their roles in specific tissue types, knockout mice have been generated
for several of the Class | and Il HDACs (Table 1). HDAC1-null mice are embryonic
lethal dying in utero day 10.5, due to proliferation defects and growth retardation.
MEFs isolated from these mice demonstrated an up-regulation of the cyclin-dependent
kinase inhibitors p21 and p27 [53-55].

Comparatively, HDAC2-null mice are viable but significantly smaller in size at birth
compared to WT mice. HDAC2-null mice develop cardiac defects, specifically
displaying a thickened myocardial compact zone. From 2 months of age on-wards,
HDAC2-null mice were found to be resistant to cardiac hypertrophy induced by
hypertrophic stimuli [56]. Similar to HDAC1-null mice, HDAC3-null mice are also
embryonically lethal, dying at embryonic day 9.5 due to defects in gastrulation [57-59].
Global deletion of HDACS in mice are viable however, they suffer perinatal lethality
due to defects in the skull [60].

HDACS5 and 9 knockout mice, share similar phenotypes in which they are sensitive to
cardiac stress signals and develop cardiac hypertrophy at older ages (6+ months).
Furthermore, studies looking at the dual knockout of HDACS5 and 9 found that these
mice were prone to embryonic lethality and early post-natal death due to an increased
amount of cardiac abnormalities including ventricular septal defects and thinning of

the myocardium walls [61, 62].

HDAC7 was shown to play a role in maintaining cardiac vascular integrity as HDAC7
knockout-mice were found to be embryonic lethal due to a failure in endothelial cell-
cell adhesion, which subsequently results in dilation and rupturing of blood vessels.
This phenotype has been shown to be driven by the increased expression of matrix
metalloproteinase (MMP) 10, a secreted endoproteinase which is responsible for
degrading the extracellular matrix. HDACY is required to repress MMP10 during critical

stages angiogenesis and vascular re-modelling [63].

All the Class lla HDACs, except for HDAC4, play a role in cardiac development. In
contrast, HDAC4 knockout mice develop defects in bone formation, due to premature

ossification of developing bones. HDAC4 has been shown to be crucial in the



regulation of chondrocyte hypertrophy which gives rise to this bone defect phenotype
[64].

The Class llb HDACs, HDAC6 and 10 are mostly cytoplasmic and are the only class
of HDACs which display no phenotype when knocked out in mice. The only
observation made in HDAC6 knockout mice was an increase in hyperacetylated
tubulin in most tissues, but these mice were found to viable and fertile [65]. A HDAC10-

null mice model has yet to be reported.

Table 1. Phenotype of histone de-acetylase knockout mice.

Class | HDACs

HDAC1 HDAC2 HDAC3 HDACS
Localisation Nucleus Nucleus Nucleus Nucleus
Size (amino 483 488 428 377
acids)
Knockout Embryonically Cardiac defect Embryonically Crano-facial
phenotype lethal lethal defects

Class lla HDACs

HDACA4 HDAC5 HDAC7 HDAC9
Localisation Nucleus Nucleus Nucleus Nucleus

Cytoplasm Cytoplasm Cytoplasm Cytoplasm
Size (amino 1,084 1,122 855 1,011
acids)
Knockout Defects in Cardiac defect Maintenance of Cardiac defect
phenotype chondrocyte vascular integrity,

differentiation increase in

MMP10
Class llb HDACs Class IV

HDACG6 HDAC10 HDAC11

Localisation Mostly cytoplasm Mostly cytoplasm | Nucleus
Cytoplasm

Size (amino 1,215 669 347
acids)
Knockout None present N/A N/A
phenotype

1.4 HDACSs as therapeutic targets in cancer

A role of HDACs in the development of cancer was initially demonstrated in
acute promyelocytic leukemia (APL). A genetic characteristic of APL is the t(15;17)
chromosomal translocation, which causes a fusion of the promyelocytic leukemia

(PML) and retinoic acid receptor-alpha (RARa) genes. The resulting fusion protein
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binds to retinoic acid responsive elements (RARES) in target genes and recruits
HDAC-containing co-repressor complexes with high affinity. This reduces the ability of
RARa to bind retinoic acid, which normally serves to activate RARa and promote
myeloid differentiation. Binding of the HDAC-corepressor complex therefore results in
transcriptional repression of genes that normally regulate the differentiation and
proliferation of myeloid cells [28, 66-68]. In addition, the expression of several HDACs
have been found to be overexpressed in a range of tumours including Hodgkin’s
lymphoma, acute lymphoblastic leukemia, prostate, ovarian, bladder and colorectal
cancer. Collectively, these findings have led to the investigation of HDACs as potential

therapeutic targets in cancer.

15 HDAC mutations in cancer

In general, the large cancer sequencing studies have failed to identify mutations
in any of the HDACs in high frequency. There has been some exception however, with
Ropero et al identifying truncating mutations within a mononucleotide repeat region in
the HDAC2 gene which resulted in loss of HDAC2 expression and activity in a subset
of colorectal cancer cell lines with microsatellite instability. The authors went onto to
demonstrate that these mutant cell lines were non-responsive to HDAC inhibitor
therapy when compared to wild type cell lines. Inhibition of HDAC activity by
Trichostatin A (TSA) treatment of RKO and Col15 cells displayed no decrease in
proliferation or G2/M arrest, which were observed HDAC2 wild-type line, HCT116 [69].
However, the functional importance of this HDAC2 truncating mutation has been
debated due to contrasting reports on the frequency of these mutations. Specifically,
Ree et al reported that the RKO cells cultured in their laboratory expressed HDAC2,
as did RKO cells obtained from the American Type Culture Collection (ATCC). They
went onto demonstrate that regardless of HDAC2 expression, HDAC inhibitor
treatment induced histone hyper-acetylation in all the investigated cell lines (RKO-
ATCC, RKO-Ropero, Co115 and HCT116) and that radiotoxicity was enhanced by
TSA treatment equally in both the RKO-Ropero and RKO-ATCC lines [70]. Hence, the
authors concluded that the loss of HDAC2 was not a major determinant of HDAC

inhibitor response.



The difference in HDAC2 mutation status between different RKO cell clones is likely
due to the microsatellite instability (MSI) status of this cell line. MSI colorectal tumours
are driven by mutation or epigenetic inactivation of DNA mismatch repair genes, such
as MLHL1. This results in a high mutation rate within mono-, di- or trinucleotide repeat
elements which are especially prone to replication error. Hence, it has been suggested
that the different HDAC2 mutation status of different RKO cell lines may be a
consequence of chance propagation of different clones in different laboratories. In
support of this theory, Hanigan et al also noted that the HCT116 cell line cultured in
their laboratory was heterozygous for the HDAC2 mutation, while a newly passaged
HCT116 line was wild-type [71]. Collectively, the majority of these studies suggest that
the HDAC2 mutation observed by Ropero et al is most likely a bystander mutation that
occasionally manifests in MSI tumours due to the presence of a microsatellite

sequence within the coding sequence of HDAC2.

Sjoblom et al also reported a low frequency of HDAC4 mutations in breast cancer
specimens in one of the first whole exome sequencing studies undertaken [72]. This
finding was also confirmed in the TCGA 2015 data set in which HDAC4 mutations
were identified in 13 out of 816 invasive breast carcinoma specimens [73]. However,

the functional and clinical relevance of this mutation is yet to be determined.

1.6 HDAC expression in cancers

1.6.1 Role of HDACs in haematological cancers

Altered expression and activity of several HDACs has been reported in a
number if haematological cancers. HDAC1, 2 and 3 are overexpressed in Hodgkin’s
lymphoma, although notably, decreased HDAC1 expression is associated with a
worse outcome [74]. In acute lymphoblastic leukemia (ALL), expression levels of
HDACs 1, 2 and 8 were each elevated compared to normal cells [75]. Furthermore,
the elevated expression of HDAC1 and 2 were significantly correlated with poorer
outcome. HDAC1, 2 and 6 are also overexpressed in diffuse large B-cell lymphoma
(DLBCL) and peripheral T-cell ymphoma (PTCL), when compared to normal lymphoid
tissue [76]. However, the association with outcome differs depending on tumour type.
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For example, while both DLBCL and PTCL patients had overexpression of HDACS,
the overexpression was associated with a favourable outcome in DLBCL and poorer
outcome in PTCL [76].

Direct evidence for a role for specific HDACs in haematological cancer progression
includes the observation that HDAC1 or HDAC2 knockdown during the leukemic
phase induces differentiation and apoptosis of APL cells, resulting in in increased
survival in mice [77]. Conversely, knockdown of HDACs 1 and 2 in APL
haematopoietic progenitors derived from PML-RAR transgenic mice resulted in
accelerated leukemia development [66]. These results suggest a ‘time’ dependent
dual role for HDACs 1 and 2 in APL, whereby they act as tumour promoters in pre-
leukemic cells and tumour suppressors in established leukemic cells. HDAC3 on the
other hand, has been demonstrated to only play an oncogenic role in leukemia, with
HDAC3 knockdown inducing differentiation and apoptosis and reducing leukemia

development [78].

1.6.2 Role of HDACs in breast cancer

Estrogen is an established mitogenic factor highly implicated in breast cancer
progression mediating its effects through binding and activation of the estrogen
receptor (ERa). A number of studies have suggested that HDAC mediated chromatin
modification plays a critical role in ERa silencing in breast cancer cells [79, 80]. In
regard to HDAC expression, a study analysing 162 cases of invasive carcinoma of the
breast found that HDAC1 mRNA was expressed at significantly higher levels in
tumours from patients over 50 years of age and in those tumours without axillary lymph
node involvement that were HER2 negative and interestingly, ERC/PgR positive.
Furthermore, patients with high HDAC1 expression levels were further found to have
a better prognosis in terms of both disease-free and overall survival [80]. In a more
recent study, Muller et al examined HDAC1, 2 and 3 expression in 238 primary breast
cancer tissue samples found that most of the tumour samples displayed an
intermediate or high expression of all 3 HDACs. Furthermore, HDAC2 and 3
expression was found to be significantly higher in less differentiated breast cancers

and negatively correlated with hormone receptor status. HDAC2 was also found to be
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significantly associated with tumours with HER2 overexpression and nodal metastasis
[81]. In a study by Senese et al the knockdown of HDAC1 and HDAC2 in breast cancer
cells was shown to reduce cell proliferation [82]. Furthermore, the knockout of HDAC?2,
but not HDAC1 increased sensitivity to tamoxifen and topoisomerase inhibitor-induced

apoptosis in breast cancer cells [83, 84].

1.6.3 Role of HDACs in prostate cancer

HDAC1, 2 and 3 expression has been reported to be elevated in prostate
tumour tissue compared to normal prostate epithelium and expression was positively
associated with an increase in tumour cell proliferation. Further to this, high HDAC?2
expression was identified as an independent prognostic marker for prostate cancer
[85]. A separate study by Wang et al also investigated the expression of HDACSs in
malignant prostate tissues and various prostate cancer cell lines compared to benign
human prostate, and identified increased expression of HDACs 1-5 in the malignant
samples and cancer cell lines [86]. Functionally, the overexpression of HDAC1 in
prostate cancer cells induced an increase in proliferation and promoted an

undifferentiated phenotype [87].

1.6.4 Role of HDACs in ovarian and endometrial cancers

In ovarian cancer, the expression of the Class | HDACs 1, 2 and 3 are all
overexpressed and associated with a poor prognosis. Similar findings were also
observed in endometrial cancers [88, 89]. Studies into the functional role of Class |
HDACSs in ovarian cancer cells demonstrated that their knockdown suppressed cell
growth, with HDAC3 knockdown inducing the most robust effect [89, 90].

Platinum-based chemotherapy is currently the standard treatment for ovarian cancers,
however resistance to these therapeutics commonly occurs. A study by Stronach et al
found that tumours which had developed resistance to platinum-based therapies,
displayed increases in HDAC4 expression compared to the paired pre-treatment
biopsy [91]. A direct role for HDAC4 in mediating resistance to platinum-based
chemotherapy was subsequently established by siRNA-mediated knockdown of
HDACA4, which re-sensitised cells to this treatment. These findings suggest a potential
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role for HDAC4 inhibition as a strategy for overcoming resistance to platinum-based

chemotherapy in ovarian cancer.

1.6.5 Role of HDACs in bladder cancer

A few studies have investigated the expression levels of HDACs in bladder
cancer with a similar trend to that observed in other cancer types emerging whereby
HDACs 1, 2 and 3 are frequently overexpressed [92, 93]. In the study by Poyet et al
expression of HDAC1, 2 and 3 was investigated in 174 urothelial carcinoma patients
using a tissue microarray, with HDAC1 found to be overexpressed in 40% of cases,
HDAC2 overexpressed in 42% of cases, and HDAC3 overexpressed in 59% of cases.
Furthermore, high expression of HDACs 1 and 2 were associated with higher tumour
grades. In a separate study, Niegisch et al reported increased expression of HDACs
2 and 8 in bladder cancer cell lines, whereas the majority of the Class || HDACS
(HDACA4, 5 and 7) were found to be down-regulated. However, in a set of 24 urothelial
cancer tissue samples, only the expression of HDAC8 mRNA was found to be

significantly increased when compared to benign bladder tissues [92].

1.6.6 Role of HDACs in colorectal cancer

Several studies have demonstrated that various HDACs, particularly the Class
| HDACs, are overexpressed in colorectal tumours [94-98]. HDACs 1, 2, 3 and 8 have
each been shown to be overexpressed at both the mRNA and protein level in
colorectal tumours compared to normal colon tissue [94-99]. Weichert et al analysed
140 colorectal carcinomas for their expression of Class | HDACs and reported high
expression of HDACL1 in 36.4% of tumours, overexpression of HDAC2 in 57.9% of
tumours and overexpression of HDAC3 in 72.9% of tumours analysed. HDAC2
expression was also shown to be an independent prognostic indicator with 5-year
survival rates approximately 20% less in patients with high HDAC2 expressing
tumours [100]. The overexpression of HDACs 1 & 2 have been linked to the
transcriptional activity of Spl and Sp3 which orchestrate the expression of these
HDACs [101]. HDAC2 overexpression in colorectal tumours has also been
demonstrated to be driven by the Wnt-B-catenin-Myc signalling pathway, a critical
driver of colon tumourigenesis [97]. Consistent with this, in LacZ-HDAC2 knockout
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mice attenuated formation of adenomas was observed when these mice were crossed
with ApcMn" mice [102]. Numerous studies looking into the functional role of HDACs in
colorectal cancer have found that the knockdown of HDACs 1, 2 and 3, reduces growth

of numerous colorectal cancer cell lines [94, 103, 104].

1.6.7 Mechanisms by which HDACs regulate gene expression in cancers

Collectively, these studies demonstrate that HDACs are overexpressed in
several tumour types. Their overexpression may contribute to tumour progression in
several ways. First, HDACs catalyse the de-acetylation of specific lysine residues in
DNA-bound core histone proteins. This confers a positive charge on the histone
proteins, which enhances the histone protein’s affinity for negatively charged DNA.
This produces a more compact chromatin conformation, which in turn leads to reduced
accessibility of the RNA polymerase to the core DNA, resulting in transcriptional
repression (Figure 1.2) [10, 11, 44, 105, 106]. Consequently, HDAC overexpression
could contribute to tumour progression through the transcriptional repression of
tumour suppressor genes. Second, HDACs regulate gene expression is through the
deacetylation of transcription factors themselves. These include p53 [29], E2F [107],
specificity protein 1 (Spl) and specificity protein 3 (Sp3) [106, 108], TCF [109], HMG-
1[110], and c-Myb [111], many of which play important roles in tumorigenesis.
Depending on the transcription factor, acetylation can either increase or decrease their

DNA binding activity, and thus modulate their ability to regulate gene expression.

Finally, HDAC overexpression can contribute to tumourigenesis by inducing the hypo-
acetylation of cytoplasmic proteins such as the Hsp90 protein [30, 112]. Hsp90 protein
is a chaperone protein required for the proper folding and maintenance of several pro-
growth and pro-survival signalling proteins, including Bcr-Abl, mutant FLT-3, c-Raf,
and AKT in human leukemia cells [113]. The binding of Hsp90 to Bcr-Abl is dependent
on ATP, which prevents the poly-ubiquitination and degradation of Bcr-Abl [113, 114].
The chaperone activity of Hsp90 is regulated by its acetylation status, which is in turn
controlled by HDAC6. HDACG6 knockout in cells results in Hsp90 hyperacetylation and
inhibits ATP binding. Therefore, HDACS is crucial for the binding of ATP to Hsp90

hence overexpression of HDAC6 could in turn contribute to tumourigenesis through

14



facilitating the HSP90-dependent stabilization of pro-survival factors such as Bcr-Abl
[115].

1.7 Histone Deacetylase inhibitors

Given that HDACs are frequently overexpressed in a range of cancers and
often associated with poorer outcome, and the evidence implicating a direct role for
these enzymes in tumour cell proliferation and survival, HDACs have emerged as
attractive targets for cancer therapy. Consequently, a number of HDAC inhibitors have
been developed and undergone extensive pre-clinical and clinical evaluation. Several
of these compounds have demonstrated robust anti-tumour effects in multiple cancer
cell lines including induction of growth arrest, differentiation and apoptosis [10, 44,
116], and a number of HDACi are now approved for the treatment of CTCL and
multiple myeloma [117-121]. More recently, there have also been reports of HDACI
having anti-tumour activity in acute myelogenous leukemia, and myelodysplastic
syndrome [122].

1.7.1 Development of HDACI

HDACI were initially developed based on the observation that the compound
dimethyl sulfoxide (DMSO) could induce differentiation of murine virus induced
erythroleukemia cells. Friend et al, discovered that continuous incubation of leukemia
cells in media containing 2% DMSO for 5 days resulted in their differentiation into more
normal-like cells [123]. However, DMSO itself is not a clinically viable compound due
to the high concentration required (280 nM) to treat cancers in vivo. Hence, a number
of chemical modifications were made to DMSO in order to develop more potent
compounds. Using this approach, three new compounds were developed which were
able to induce differentiation and apoptosis of cancer cells at significantly lower
concentrations: diethyl bis (pentamethylene-N,N-dimethylcarboxamide) malonate
(EMBA), m-carboxycinnamic acid bis-hydroxamide (CBHA) and suberoylanilide
hydroxamic acid (SAHA). Of these three compounds, SAHA demonstrated the most
potent activity with an IC°0 of 2 uM [124]. A number of other studies also demonstrated
that treatment of cancer cells with these DMSO-based compounds induced an
accumulation of acetylated histones, which was then later demonstrated to be a
consequence of HDAC inhibition [125].
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1.7.2 Classes of HDACI

Modern HDACI can be classified into four main groups based on their chemical
structure; hydroxamates, short-chain fatty acids, benzamides and cyclic peptides
(Figure 1.3) [12, 43, 126]. These compounds selectively inhibit Class I, Il and IV
HDACs, with no effect on the structurally distinct Class Il HDACs (sirtuins).
Biochemical studies have shown that different HDACi have stronger affinities for some
HDACs over others, and can be further categorised as either pan or class specific
HDACI [127, 128]. For example, the hydroxamates SAHA and Trichostatin A (TSA)
are pan-HDACI which inhibit Class I, Il and IV HDACs. Depsipeptide more potently
inhibits HDACs 1 and 2 compared to the Class Il HDACs, HDAC4 and 6 [129]. Short-
chain-fatty acid based HDACI such as valproic acid (VPA) and sodium butyrate (NaBu)
are Class | and lla specific HDACI, but are rarely used in cancer therapy due to the
active metabolism via B-oxidation. The benzamide MS-275 (Entinostat) preferentially
inhibits HDAC1, and is less efficient in inhibiting HDACs 3 and 8 [130]. A summary of
HDAC inhibitor compounds is listed in Table 2.
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Figure 1.3: The four major chemical classes of HDAC inhibitors; hydroxamates, cyclic peptides,
benzamides and short chain fatty acids.
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Table 2. HDACI trialled as potential anti-cancer therapeutics and their specificity for different HDACs.

Class Compound HDA? . Clinical trials
specificity
‘Egg;tﬁgzlsn Butyrate Class |, lla Phase |, I
Valproic acid (VPA) Class I, lla Phase I, I
Hydroxamates | Trichostatin A (TSA) Class I, I, IV N/A
Suberoylanilide Phase | 11 1]
hydroxamic acid (SAHA, | Class I, Il, IV A ove’d1 '
Vorinostat) ppr
Belinostat (PXD101) Class I, I Phase I, I, Approved
: Phase |, Il, IlI,
Panobinostat (LBH589) | Class |, Il A
pproved
Oxamflatin N/A N/A
Scriptaid N/A N/A
Tubacin Class llb N/A
Benzamides MS-275 HDACs 1, 2,3,8 | Phasel, Il
ClI-994 (Tacedinaline) N/A N/A
Cyclic Romidepsin Class I I] Phase I, I, Orphan
Peptides (Istodax)/Depsipeptide ’ approval
Apicidin HDACs 1 and 3 N/A

1.7.3 Clinical Activity of HDACI

HDACI are approved as single agents for the treatment of CTCL and peripheral
T-cell lymphoma and in combination with the proteasome inhibitor Bortezomib for the
treatment of multiple myeloma [117-121]. The efficacy of these drugs in solid tumours
is more limited, although recent studies have demonstrated clinical activity in non-
small cell lung cancer when used in combination with Azacitidine [131], and in ER-
positive advanced breast cancer when used in combination with the aromatase
inhibitor, Exemestane [132]. Furthermore, HDAC inhibitors have been shown to
potently induce growth arrest and apoptosis in multiple solid tumour cell line models
both in vitro and in vivo [43, 133-135], suggesting these agents may have activity in

subsets of solid tumours.

Currently, there are four HDACIi which are FDA approved for the treatment of various
cancers: Vorinostat [117], Romidepsin [136], Belinostat [137] and Panobinostat [138].
The key trials which led to the approval of these drugs are described below.
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Suber-anilo-hydroxamic acid (SAHA/Vorinostat/Zolinza) is a pan-HDACI
approved for the treatment of CTCL patients with progressive, persistent, and
recurrent disease who have failed systemic therapy. Vorinostat inhibits the
enzymatic activity of the Class | HDACs (HDAC1, 2, and 3), as well as the Class
Il HDAC, HDACG6. The key trial which led to the registration of this drug was a
single-arm open-label phase Il trial which enrolled 74 patients with stage 1B or
higher CTCL who had failed two prior systemic therapies. The primary efficacy
endpoint was objective response assessed by the Severity-Weighted
Assessment Tool. The trial demonstrated an objective response rate of 30%
(95% confidence interval [Cl], 19.7%-41.5%), with a median response duration
of 168 days and the median time to tumour progression of 202 days. Another

single centre study with 33 patients demonstrated similar results [117].

Romidepsin (Istodax) is a cyclic peptide, Class | and Il-specific HDACI for which
it's activity has been linked to one of the sulfhydryl groups of the reduced form
of the compound interacting with the zinc ions in the active site of the Class |
and Il HDAC enzymes, leading to potent inhibition of enzymatic activity [139].
The drug was initially fast tracked and granted orphan drug status by the FDA
and European Medicines Agency (EMA) for monotherapy treatment of CTCL
patients who had become refractory to systemic therapies in 2009 [117, 140,
141] and in the following years was further approved for the treatment of
peripheral T-cell ymphomas [142]. The approval for CTCL was based on 2
multi-centre (US, Europe and Australia), single-arm trials in CTCL patients who
had failed on at least one form of systemic therapy [141, 143]. The first study
consisted of 96 patients who had received at least one prior systemic therapy,
while the second consisted of 71 patients who had received a median of two
prior systemic therapies. In both studies, patients could be treated until the end
of the trial. The overall response rates obtained for both studies were very
similar, 34% in study 1 and 35% in study 2. This was similarly observed for
complete response rates where both trials achieved a complete response rate
of 6%. Median response time was 15 months in study 1 and 11 months in study

2 [141, 144]. The approval for PTCL was approved based on a phase Il study

19



for patients with relapsed or refractory disease, consisting of 131 patients. The
study demonstrated an objective response rate of 25% including 15% with
complete response, with median duration of response of 17 months. At median
follow up time of 13.4 months, 89% of the patients had yet to experience
disease progression. Long-term responses to Romidepsin were achieved in
patients regardless of baseline characteristics, including subtype, heavy pre-

treatment, response to prior therapy, or advanced disease [145].

Belinostat (PXD101/Beleodaq) is a pan-HDACIi FDA approved for the treatment
of relapsed or refractory PTCL. Belinostat was granted approval based on the
results of the phase Il BELIEF (CLN-19) trial, which was a multi-centre, open
label, non-randomised, single-arm study consisting of 129 PTCL patients who
had progressed after receiving more than one systemic therapy. The overall
response rate in the 120 evaluable patients was 25.8% (31 of 120), including
13 complete (10.8%) and 18 partial responses (15%). Median progression-free
and overall survival were 1.6 and 7.9 months, respectively [146].

Panobinostat (LBH-589/FARYDAK) is a pan-HDACi FDA and EMA approved
for the treatment of multiple myeloma, when used in combination with
Bortezomib and dexamethasone [121, 147] . Approval is only for multiple
myeloma patients who have received at least two prior regimens, including
Bortezomib and an immunomodulatory agent. Approval was initially based on
the PANORAMA | trial, which was a randomised, multi-centre, phase lll trial of
Panobinostat (20mg orally) or placebo, combined with Bortezomib (1.3mg/m?,
IV) and Dexamethasone (20mg orally), in 193 patients. Patients enrolled in this
trial were refractory multiple myeloma patients who had previously received at
least two prior regimens, including Bortezomib and an immunomodulatory
agent. The study demonstrated that the group who received Panobinostat plus
Bortezomib gained significantly greater benefit than the control arm. Median
PFS was 10.6 months in the Panobinostat-containing arm (Panobinostat +
Bortezomib + Dexamethasone) versus 5.8 months in the control arm (placebo
+ Bortezomib + Dexamethasone) [HR 0.52 (95% CI: 0.36, 0.76)]. Overall
response rates were 58.5% (95% CI:47.9, 68.6) in the Panobinostat arm and
41.4% (95% CI:31.6, 51.8) in the control arm [147]. The benefit of adding
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Panobinostat to Bortezomib and Dexamethasone were further validated in the
PANORAMA Il trial which was a single-arm, open-label, multi-centre, phase 2
study of Panobinostat in combination with Bortezomib and Dexamethasone in
55 adult patients with Bortezomib refractory multiple myeloma. The overall
response rate was 34.5% (1 near-complete response and 18 partial
responses). A clinical benefit rate of 52.7% was achieved, and median
exposure and progression-free survival were 4.6 months and 5.4 months,
respectively. In patients who achieved a response, median time to response

was 1.4 months, and median duration of response was 6.0 months [121].

1.8 Mechanism by which HDACI induce anti-tumour activity

1.8.1 Cell-cycle arrest

A key cellular effect induced by most HDAC:i is the induction of cell cycle arrest.
This occurs primarily at the G1/S checkpoint, although induction of arrest at the G2/M
phase also occurs when HDACI are used at higher concentrations [148-151]. Several
mechanisms by which HDACI induce cell cycle arrest have been described. First,
HDACI induce expression of CDKN1A/p21WAF1/CIP1, a negative regulator of G1/S
transition. p21 induction by HDACI occurs in a p53-independent manner and inhibits
CDK2 activity, which is required for the phosphorylation of the retinoblastoma protein.
This results in reduced transcriptional activation of the E2F transcription factor which
regulates the expression of several genes required for DNA replication, thus inducing
a GO/G1 arrest [152-154]. Furthermore, HDACI treatment up-regulates several other
CDK inhibitors such as p15NK4B p19'NK4D and p57X'P2 which inhibit cells from entering
S phase [155].

Second, HDACI treatment directly mediates the repression of cell cycle progression
genes including cyclin D1, cyclin E1,CDK2 and CDK4 [156-158], which are required
for cell cycle progression. Specifically, the cyclin D1-CDK4/CDK6 complex is required
for progression through the G1 checkpoint by inducing phosphorylation of the
retinoblastoma protein and release of the E2F transcription factor. Similarly, cyclin E,
which is synthesized during mid G1-phase and is jointly activated by E2F and Myc,
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results in activation of CDK2 kinase which is required for G1/S transition [159]. Hence,
the downregulation of these cyclins and CDK’s have been postulated to contribute to
HDACI-induced cell cycle arrest. Finally, HDACi can directly repress the transcription
of CTP synthase and thymidylate synthase, which are required for DNA synthesis.
Collective down-regulation of these key cell cycle regulators inhibits S-phase
progression, and contributes to HDACi-induced G1/S arrest [160].

HDACI can also induce cell cycle arrest at the G2/M phase, which is independent of
DNA damage [156, 161-163]. HDACi mediated G2/M arrest has been suggested to be
mediated by the downregulation of cyclin A and cyclin B, which in turn prevent the
formation of the cyclin A/CDK2 and cyclin B/ICDK1 G2/M regulatory complexes [43,
156, 164-167]. In regards to cyclin A, it has been shown that HDACi treatment induces
hyper-acetylation of cyclin A, causing it to be ubiquitinated and subsequently degraded
[168, 169]. In comparison, the expression of cyclin B1 is regulated by the GADD45
family of cell cycle regulatory genes. HDACI induce expression of GADD45 which
promotes G2/M arrest through inhibition of cyclin B1. HDAC-induction of GADDA45 also
causes the down-regulation of Aurora A and PLK1, additional factors involved in the
transition of G2 to M phase, contributing to the induction of G2/M arrest [170-172].

1.8.2 Senescence

HDACI treatment of leukemia, colorectal and breast cancer cell lines has also
been demonstrated to induce a senescence cell like morphology and increase
expression of the senescence associated markers [B-galactosidase (SAb-Gal),
p21CIP1/WAF1 (Cdknln/p21) and p16 [173, 174]. Recent studies have found that
polycomb repressor group proteins such Bmil [174-176] and EZH2 [177] are key
mediators of HDACI-induced senescence. Specifically, BMI1 is a known repressor of
the cell cycle inhibitors and senescence markers p16 and p19 [175]. In breast, tongue
and leukemia cell lines, HDACi induced a strong repression of BMI1, which
subsequently leads to the increased expression of p16 and p19, inducing senescence
[176, 178, 179]. p16 (cyclin-dependent kinase inhibitor 2A) and p19 (cyclin-dependent
kinase inhibitor 2D), are tumour suppressor proteins that have important roles in cell
cycle regulation by prohibiting the progression of cells from the G1 phase to S phase.
These two cell cycle inhibitors bind to CDK4 and CDK®6, which inhibits the formation
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of the cyclin D-CDK4/6 complex, and in turn inhibits CDK4/6-mediated
phosphorylation of the retinoblastoma protein (Rb). This causes Rb to be inactivated
and facilitates progression through the cell cycle progression [180-183]. HDACI also
decrease expression of EZH2, a histone lysine methyltransferase, which catalyses the
tri-methylation of H3K27, a repressive chromatin mark [184-186]. The depletion of
EZH2 by HDACI in melanoma cells inhibits proliferation and induces a senescent
phenotype. Studies looking into the depletion of EZH2 have demonstrated that
p21/CDKN1A and pl16 are induced upon knockdown of EZH2 in melanoma cells,
which has been shown to be a crucial driver of the senescence phenotype observed
[187-189].

1.8.3 Apoptosis

One of the consistent anti-tumour effects induced by HDACI is the induction of
apoptosis. This effect has been demonstrated in multiple models including multiple
cell lines derived from both haematological and solid tumours [10, 133, 153, 190, 191].
The efficacy of HDACI as a tumour-selective apoptotic drug has been demonstrated
in several pre-clinical studies, where HDACI induce potent anti-tumour activity while
causing minimal toxicities to the host [192-197]. However, the underlying mechanism
as to why tumour cells are more sensitive to HDACi remains unclear. Bolden et al
explored this by looking at the gene expression profiles induced by Vorinostat in
matched human normal and transformed cells where transformation was induced
through the sequential introduction of genes encoding the SV40 large T and small t
antigens, hTERT and H-RAS®'?V, Gene-ontology analysis of the matched samples
identified a tumour-cell-selective pro-apoptotic gene-expression signature that
included altered expression of several members of the BCL2 family, such as BCL-XL
which was preferentially inhibited in transformed cells [198]. While numerous studies
have demonstrated that HDACI-induced apoptosis typically occurs via activation of
both the intrinsic and extrinsic apoptotic pathways, majority of evidence implicates

activation of the intrinsic pathway as the primary mechanism.
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1.8.3.1 Intrinsic (Mitochondrial) pathway

Numerous studies in various tumour types have demonstrated induction of
apoptosis through activation of the intrinsic or mitochondrial apoptotic pathway in
response to HDACI treatment [199-202]. Activation of this pathway is initiated
predominantly at a transcriptional level, where several anti-apoptotic members of the
BCL-2 family are repressed and conversely, a number of pro-apoptotic members are
up-regulated following HDACI treatment [43, 163, 198, 203].

Anti-apoptotic members of the BCL-2 family including BCL-2, BCL-XL and MCL-1,
which function to protect mitochondrial integrity [204, 205], are repressed by HDACI
treatment in multiple tumour types [198, 206-211]. BCL-XL and MCL-1 preferentially
bind to the BH3-only proteins BIM, PUMA, and NOXA but can also bind to BAK and
BAX [204, 212, 213]. HDACI are thought to facilitate the initiation of apoptosis via the
displacement model, whereby the repression of BCL-XL and MCL-1 displaces their
binding to BAX and BAK, subsequently allowing BAX and BAK to create pores in the
mitochondrial membrane and initiate the release of cytochrome ¢ [214-216]. The
released cytochrome c binds to APAF-1 and initiates formation of the apoptosome.
This activates the caspase cascade, starting with the activation by cleavage of the
initiator caspase, caspase 9 [217-219]. The activation of caspase 9 in turn cleaves and
activates the executioner caspases, 3 and 7, which subsequently drives apoptosis
[218, 220-222]. The repression of pro-survival BCL-2 family members has been
directly demonstrated to be important in HDACI-induced apoptosis in several ways.
First, the overexpression of BCL-X., BCL-2 or MCL-1 attenuates HDACi-induced
apoptosis in lymphomas, multiple myeloma, mesothelioma and head and neck
squamous cell carcinoma [198, 210, 211, 223-230]. Furthermore, in an in vivo model
of Ep-myc-driven lymphoma the overexpression of BCL-2 or BCL-XL protected

lymphoma cells from HDACI-induced apoptosis [195, 231]

Conversely, HDACI treatment also induces the expression of several pro-apoptotic
members of the BCL-2 family, which can be divided in 2 groups: multi-domain proteins
which alter membrane permeability (BAX and BAK), and BH3-only proteins (BAD, BID,
BIM, BMF, PUMA, and NOXA) which act as sensors of cellular stress leading to

alterations in mitochondrial membrane remodelling and permeability [232-236]. First,
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HDACI induce expression of BAX and BAK, which promote apoptosis via the
cytochrome c apoptotic cascade [214-216]. Several studies have demonstrated the
importance of Bax for the induction of apoptosis in numerous tumour cell types
including prostate, glioma, breast, head and neck squamous cell carcinoma, and
pancreatic cancer. Collectively, these studies have shown that overexpression of BAX
can greatly enhance the apoptotic response of tumour cells to chemotherapeutic
agents, or spontaneously induce apoptosis [237-241]. The transcriptional induction of
BID, BIM, BAD, BMF, PUMA, and NOXA, by HDACI has been reported by several
studies [43, 229, 231, 242, 243]. BID and BIM are also known as ‘activator’ BH3-only
proteins and can directly interact with BAX and/or BAK to induce conformational
changes that enhance the assembly of the BAX/BAK multimeric pores in the
mitochondrial membrane [244, 245]. BAD, BMF, PUMA, and NOXA are considered as
‘sensitiser’ BH3-only proteins and facilitate the induction of apoptosis by binding to
anti-apoptotic members of the BCL-2 family and displacing their binding to BAX and/or
BAK [246-249]. The importance of BAX and BAK induction in HDACI-induced
apoptosis has been demonstrated by the knockdown of BAX or BAK, in glioblastoma
and pancreatic cells respectively, attenuating HDACIi-induced apoptosis [250, 251].
This was similarly observed with the ‘sensitiser’ BH3-only pro-apoptotic proteins,
where knockdown or overexpression of these members attenuated or increased
HDACI-induced apoptosis, respectively. For example, knockdown of BIM in leukemia
and myeloma cells significantly attenuated HDACi-induced apoptosis [252]. Similarly,
the knockdown of NOXA in leukemia cells also attenuated HDACI-induced apoptosis
[200].

1.8.3.2 Extrinsic (Death-receptors) pathway

While the majority of studies published to date implicate activation of the
intrinsic apoptotic pathway in HDACI-induced apoptosis, studies in several tumour
types including CTCL, multiple myeloma, peripheral T-cell ymphoma, non-small cell
lung carcinoma, renal, pancreatic, breast and colorectal, have demonstrated activation
of the extrinsic apoptotic pathway through up-regulation of TNF super family members
(DR4, DR5, and Fas) and their related ligands (TRAIL, TRAIL-receptors and FasL)
[253-258]. These proteins initiate the extrinsic apoptotic pathway by recruiting the
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adaptor proteins, FADD and TRADD, as well as pro-caspases -8 and -10 [193, 259-
262]. Specifically, in peripheral T-cell lymphomas and prostate cancer cells, HDACi-
induced up-regulation of the TRAIL receptor, TRAIL-R2 and reduced the levels in
cytoplasmic FLICE-like inhibitory protein (c-FLIP). This enabled the formation of the
death inducing signal complex (DISC) and subsequent activation of caspase-8 leading
to apoptosis [255, 263, 264]. Inhibition of HDACi-mediated up-regulation of these
death receptors using siRNAs or their blockade using DR5-Fc and Fas-Fc chimeras,
leads to the attenuation of HDACIi-induced apoptosis demonstrating the importance of
this pathway in HDACI-induced apoptosis [192, 193, 265]. Notably, the induction of
these receptors and ligands has been shown to be tumour cell specific [192, 193, 266].
For example, Insinga et al demonstrated selective induction of TRAIL, DR5, FasL and
Fas by HDACI in leukemic cells, but not in normal hematopoietic progenitor cells [192].
However, the functional importance of activating the extrinsic pathway in HDACI-
induced apoptosis is cell type dependent. For example, a study in acute myeloid
leukemia cells demonstrated that knockdown of TRAIL attenuated HDACI-induced
apoptosis [192], whereas TRAIL inhibition in the Ey-myc lymphoma model had no
effects on HDACi-induced apoptosis [195].

1.8.4 Differentiation

Sodium-butyrate, a first generation HDACI, was initially explored as a potential
anti-cancer therapeutic due its ability to induce differentiation in erythroleukemia cells
[267]. The ability of a number of HDACI to induce differentiation has subsequently
been demonstrated in several other haematological cancer cell lines as well as in solid
tumour cell lines, including colorectal, gastric and breast cancer cells [267-275].
Specifically, VPA effectively drives differentiation of PML/RAR fusion harbouring AML
cells in vitro [276]. AML sub-class 3, better known as acute promyelocytic leukemia
(APL), is a haematological cancer characterised by a chromosomal translocation
t(15;17), that causes a fusion of the PML and RAR genes. The PML-RARa fusion
protein binds to RARESs, and recruits HDAC-corepressor complexes with high affinity.
This effectively competes with the ability of retinoic acid to bind to the fusion protein,
resulting in the repression of target genes involved in myeloid differentiation. HDACi
treatment is able to reverse this process and enables re-expression of these genes,

promoting myeloid differentiation [28, 66-68]. Notably though, differentiation therapy
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with ATRA, which restores the binding of retinoic acid, has made APL an essentially
curable disease [277, 278]. However, having demonstrated that HDACIi also induce
differentiation of APL, this provided a strong molecular rationale for the combination
of HDACi and ATRA [279]. The addition of HDACIi can also re-sensitise ATRA-
resistant APL cell lines to ATRA [280], and pilot studies in a small number of patients
have shown that combining the HDACi VPA with ATRA has shown promising clinical
activity [281-283], with one study demonstrating mono-myelocytic differentiation in

patients with stable disease [282].

HDACI also induce differentiation in NUT midline carcinoma (NMC) cells. NMC is
driven by an oncogenic fusion (BRD4-NUT) between BRD4 and NUT genes which
prevents squamous cell differentiation [284]. The mechanism by which this occurs is
postulated to be through the BRD4-NUT fusion protein sequestering HAT activity and
diminishing H3K18, H4, and H4K8 acetylation, histone marks associated with active
gene expression, all of which can be reversed by HDACI treatment [285]. HDACI
treatment restores normal levels of histone hyperacetylation and allows the
resumption of squamous differentiation programs [284, 285]. Finally, HDACI treatment
has also been demonstrated to induce differentiation of colorectal cancer cells
assessed by the formation of dome like structures, which is a characteristic of
increased water absorption [286] and improved tight junction function [287]. In addition
to inducing these morphological changes, HDACIi treatment also induces expression
of a number of differentiation markers including intestinal alkaline phosphatase [269,
288, 289], E-cadherin [290-292], villin [10, 293] and gelsolin [294-296].

1.9 Mechanisms by which HDACI regulate gene expression

HDACs regulate gene expression by deacetylating DNA-bound histone
proteins as well as transcription factors (Figure 1.4). Conversely, by inhibiting the
activity of HDACs in the cell, HDAC-inhibitors alter the balance between the activity of
HATs and HDACSs in favour of HATs which can alter transcription in several ways [10,
11]. First, altering the balance in favour of HATs leads to histone hyper-acetylation
and a more open chromatin conformation (Figure 1.5). This facilitates transcription by

increasing the accessibility of the core RNA polymerase complex to the DNA template,
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resulting in transcriptional activation [11, 198]. Altering the balance in favour of HATs
can also induce hyper-acetylation of transcription factors. This can modulate their DNA
binding capacity [29], their recognition by BRD-containing epigenetic readers [297],
their ability to homo [298] and hetero-dimerise [299], and their subcellular localisation
[300]. Finally, there are also studies which demonstrate that acetylation of a specific
lysine residue influences its ability to undergo other post-transcriptional modifications.
For example, Vervoots et al demonstrated that cAMP-response-element-binding
protein (CBP) acetylates c-MYC which decreases its ability to be ubiquitinated and
degraded ultimately resulting in increased c-MYC levels [301, 302].

HDACI ¥V

I | Altered Gene Expression

|

Cell cycle arrest
Apoptosis
Differentiation

Figure 1.4: HDAC inhibitors modify gene expression through induction of histone and transcription

factor hyper-acetylation.
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Closed/Compact chromatin conformation

Open/Relaxed chromatin conformation

Figure 1.5: HDACi induce histone hyper-acetylation by inhibiting HDACs and allowing HATs to transfer

an acetyl group from acetyl onto histones and inducing a more open chromatin conformation.

1.9.1 Review of gene expression changes induced by HDACI

As a result of both histone and transcription factor acetylation, HDACi treatment
induces extensive transcriptional changes in tumour cells. Several studies have
investigated the similarities and differences in these transcriptional changes both

within and between different tumour types.

A study by LaBonte et al [303], compared the transcriptional changes induced by
HDACI in the colorectal cancer cell lines, HT29 and HCT116, and observed a 35%
overlap in the percentage of genes altered in expression. A similar study conducted
by our own laboratory in SW403 and HCT116 colorectal cancer cells identified a 64%
overlap (Figure 1.6). A similar study performed in hepatoma cell lines, compared
HDACI-induced transcriptional changes between 6 lines. Although they did not publish
the percentage of overlap between the lines, they did find 57 genes which were
consistently induced and 119 which were consistently repressed [304]. Collectively,
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these studies suggest that HDACi control the transcriptional regulation of a common
set of genes within the same tumour type.

NaBu 5mM

| Total : 1318

|

64% Overlap

Figure 1.6: Overlap of gene expression changes following HDACI treatment of two colorectal

cancer cell lines. Genes induced or repressed by two-fold or more were included in the analysis [11].

To investigate the extent of overlap in HDACI regulated genes between tumour types,
Monks et al compared the HDACIi-induced gene expression changes in colorectal
cancer cell lines with the changes induced in seven cell lines derived from other tumour
types [305]. A total of 25 genes were found to be similarly regulated by HDACI
treatment across the 8 cell lines, including several key cell cycle regulators (CCNA2,
CCNB1, and TYMS) which were consistently repressed upon HDACI (Belinostat)
treatment [305]. Similarly, Glaser et al identified 13 genes which were commonly
regulated upon HDACI treatment in breast and bladder cancer cell lines [160]. Once
again, several of these genes were found to encode cell cycle regulators (TYMS and
CTP synthase). However, the proportion of genes which are commonly regulated by
HDACI across different tumour types only represent 1-2% of the total genes modified
by HDACI in these cell lines. This indicates that most HDACi-induced transcriptional
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changes are tumour type specific, but there still remains a core sub-set of genes which
are consistently altered by HDACI regardless of tumour type. A list of genes
consistently altered in expression by HDACI in at least two tumour types is listed in
(Table 3) [11]. As indicated in Table 3, one gene that is consistently induced by HDACI
in the majority of cell lines investigated to-date is p21 (CDKN1A) [306-308].

Table 3. Genes regulated by HDACI in at least two tumour types.

Genes Induced Genes Repressed
P21 TYMS
CTGF CTPS
HIFO MCM3
IGFBP3 MCM?7
GADD45 Cyclin D1
BMF CCNA2
Gelsolin Myc
BAK Survivin
APAFI FLIP
ATF3 TRX

1.10 Transcriptional response associated with apoptotic sensitivity to HDACI

While HDACI-induced apoptosis has been associated with altering the balance
between pro- and anti-apoptotic genes in favour of pro-apoptotic genes, the changes
induced vary significantly both within and between tumour cell types. Furthermore, the
specific transcriptional mechanisms by which these genes are induced have not been
clearly elucidated.

To address this, Wilson et al analysed the HDACI-induced transcriptional changes
associated with apoptotic sensitivity to these agents [309]. The study utilised
microarray profiling to compare the gene expression changes induced by HDACI in
five sensitive versus five resistant cell lines and identified 48 genes which were
preferentially induced and 44 genes which were preferentially repressed in the
sensitive lines [309]. Notably, they found that the genes preferentially induced by
HDACI in sensitive lines were enriched for immediate-early genes including several
members of the AP-1 transcription factor complex (FOS, JUN and ATF3) and stress-
response genes (Gadd45B, Ndrg4, Mt1B, Mt1E, Mt1F, Mt1H, and MtIX). As

immediate-early and stress-response genes have been previously shown to be co-
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ordinately regulated [310], they investigated the mechanism of induction of these
genes by HDACI identifying a key role for the Sp1 and Sp3 transcription factors. This
was established by knockdown experiments, whereby simultaneous knockdown of
Sp1 and Sp3 attenuated HDACI induction of the immediate-early and stress response

genes as well as HDACI-induced apoptosis [309].

1.10.1 HDACIi-induce immediate-early genes across multiple tumour types.

To determine whether the induction of immediate-early and stress response
genes are associated with HDACi-induced apoptosis in other tumour types, a screen
was first undertaken in my laboratory to identify cancer cell lines which were sensitive
and resistant to HDACI [311]. Fifty human cancer cell lines containing representative
lines from common solid tumours, as well as CTCL and multiple myeloma cell lines
where HDACIi are currently clinically utilised, were screened for sensitivity to
Vorinostat-induced apoptosis. This screen identified multiple sensitive (A549-lung
carcinoma, HCT116 and SW948-colorectal cancer, AGS-gastric cancer, SK-MEL28-
melanoma and MCF-7-breast cancer) and resistant (PC3-prostate cancer, U87-
glioblastoma and PANC1-pancreatic cancer) cell lines from a range of tumour types.
Notably, the screen also revealed that grouping the cell lines into haematological vs
solid tumours re-capitulated what is clinically observed, in that haematological cell
lines were significantly more sensitive to HDACi compared cell lines derived from solid

tumours.

Having identified HDACI sensitive cancer cell lines from a range of tumour types, the
laboratory next sought to determine whether the HDACI-induced transcriptional
response identified in colorectal cancer cell lines was also induced in cell lines derived
from other tumour types. As observed in colorectal cancer cells, Vorinostat induced
expression of the IE genes c-FOS, c-JUN, ATF3, EGR1 and EGRS3, and the stress
response gene GADDA45f in 8 sensitive cell lines derived from a range of tumour
types, including melanoma (SK-MEL-28), breast (MCF7), lung adenocarcinoma
(A549), gastric (AGS), CTCL (HH) and multiple myeloma (KG1 and RPMI-8226).

32



1.10.2 HDACI-induced apoptosis correlates with the magnitude of induction of c-
FOS, c-JUN and ATF3

Finally, to determine if induction of these genes correlated with HDACi-induced
apoptosis across tumour types, the magnitude of induction of c-FOS, c-JUN, ATF3,
EGR1, EGR3 and GADD45B in response to 24h Vorinostat treatment was determined
in each of the 50 cell lines, and correlated with the corresponding magnitude of
apoptosis induction. Of the 6 genes analysed, the magnitude of induction of c-FOS,
c-JUN and ATF3 correlated significantly with the magnitude of induction of apoptosis

across the 50 cell lines.

1.11 AP-1 transcription factor complex

The three genes identified which positively correlate with HDACIi-induced
apoptosis encode for proteins which are members of the AP-1 transcription factor
complex [312]. AP-1 belongs to the dimeric basic region-leucine zipper (bZIP) group
of transcription factors and is composed by hetero- or homo-dimerisations of members
of the FOS (c-FOS, FosB, Fra-1, and Fra2), JUN (c-JUN, JunB, and JunD), ATF
(ATF2, ATF3, B-ATF3, JDP1, and JDP2) and MAF (c-Maf, MafB, MafA, MafG/F/K,
and Nrl) family of proteins.

The AP-1 transcriptional complex is induced in response to a wide range of stimuli
including growth factors, cytokines, and physical and chemical stresses [313]. These
stimuli typically activate the mitogen activated protein kinase (MAPK) signalling
pathways (ERK, JNK and p38) which in turn induce AP-1 transcriptional activity in
several ways [314]. For example, growth factor-mediated activation of the ERK
pathway results in the activation of ternary complex factors (TCFs) such as ELK-1,
SAP-1 or NET, that bind to the promoter of Fos to further promote transcription [315,
316]. Stimulation of the JNK and p38 pathways can also induce AP-1 activation [314].
Specifically, activation of JNK induces phosphorylates c-JUN, which enhances its
transcriptional activity [317]. In addition, JNK can also phosphorylate and activate
ATF2, which can dimerise with c-JUN and bind to AP-1 sites in the c-JUN promoter to
also promote c-JUN transcription [318]. Finally, the p38 MAPK pathway can also

activate the AP-1 transcription factor complex via similar mechanisms. Specifically,
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activation of p38 phosphorylates ATF2, MEF2C and TCFs which in turn can drive
transcription of c-FOS and c-JUN [319].

A class of anti-cancer therapeutics which induces AP-1 activity via activation of the
JNK and p38 MAPK pathways are proteasome inhibitors [320-322]. Proteasome
inhibitors are approved for the treatment of multiple myeloma, but were initially used
as a tool by cell biologists to identify proteins which were targeted for degradation by
the 26S proteasome [323]. Inhibition of the proteasome results in the abnormal
accumulation of proteins targeted for destruction, which induces cellular stress and
activation of the JNK and p38 stress response pathways [324, 325]. Consistent with
induction of these pathways, several studies have shown that proteasome inhibitor
treatment induces expression of c-FOS, c-JUN and ATF3 in various cancer cells [326-
328].

Given the large number of AP-1 homo and hetero-dimers which can be formed, it is
not surprising that AP-1 transcription factor complex regulates a wide range of cellular
processes including proliferation, apoptosis, survival and differentiation [329, 330]. As
HDACI induced apoptosis positively correlates with induction of three members, c-

FOS, c-JUN and ATF3, their function is discussed is more detail below.

1.11.1 FOS (c-FOS)

The FOS family consists of 5 members, c-FOS, FosB, FosB2, and the Fos-
related proteins Fra-1 and Fra-2. All Fos proteins contain a hydrophobic bZIP motifs,
which comprises a leucine zipper region that mediates heterodimerization with Jun,
and a basic region that mediates DNA binding [331]. While all family members contain
a bZIP domain, c-FOS and FosB also contain transactivation motifs. These
transactivation motifs play a role in transcriptional activation, acting to stabilise the
assembly of the pre-initiation complex [332]. The c-fos gene comprises of four exons,
which encode a 381 amino acid, 55kDa protein [333, 334]. Fos proteins cannot form
homodimers, but can heterodimerize with Jun family proteins and can also interact
with other transcriptional co-activators such as creb-binding protein (CBP) and the
GATA-4 transcription factor [335-337]. While the level of expression of c-FOS is low
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or undetectable in most normal cells its induction is associated with a range of cellular

processes including cell cycle progression and cellular differentiation [313].

In the context of its role in cancer development and progression, evidence exists for
c-FOS acting as either an oncogenic driver or a tumour suppressor, depending on the
cell type. The oncogenic properties of c-FOS were initially reported by Grigoriadis et
al, where the overexpression of c-FOS induced osteosarcomas by transforming
chondroblasts and osteoclasts in transgenic mice [338]. Furthermore, knockout of c-
FOS reduces proliferation and invasion of squamous carcinoma cells [339] and
supresses the growth of human colorectal carcinomas grown as xenografts in
immune-compromised mice [340]. Conversely, other studies have reported that c-
FOS can also act as a tumour suppressor with the overexpression of ¢c-FOS inducing
apoptosis in p53** colorectal cancer cells and also in CD43+ pro-B cells [341, 342].
Correlative studies also support a tumour suppressor function with low levels of c-FOS
expression associated with worse outcome in ovarian [343, 344] and in gastric cancers
[345].

1.11.2 JUN (c-Jun)

The human c-jun protein is composed of 334 amino acids and comprises three
highly conserved domains: a bZIP domain, a basic region and a transactivation
domain. The bZIP domain contains two parallel a-helices that form a coiled coil in the
C-terminus and is responsible for dimerization of with other AP-1 proteins [346]. In
normal cells, c-JUN is required for progression through the G1 phase of the cell cycle
with cells lacking c-JUN undergoing G1 arrest due to increased expression of p53 and
p21 [347-349]. c-JUN also plays an important role in apoptosis, although both pro and
anti-apoptotic functions have been demonstrated. For example, serine 63/73
phosphorylated c-JUN co-operates with NF-kB to prevent TNFa induced apoptosis
[348]. Conversely, several studies have demonstrated that c-Jun overexpression

leads to increased apoptosis in a variety cell types [350-352].

In the context of cancer, c-JUN has been described to be an important factor in liver

tumour development. In a model of carcinogen-induced liver cancer, mice with c-JUN
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knocked out in the liver showed decreased tumour formation and increased survival
compared to wild-type mice [353]. Conversely, the overexpression of c-JUN in breast
cancer xenografts induces increased invasiveness, tumour formation and metastasis
in nude mice [354, 355]. In regards to c-JUN expression in tumour samples, Szabo et
al found that c-JUN was expressed in 31% of primary and metastatic lung tumours
compared to normal airway and alveolar epithelial cells, although expression was not
associated with outcome [356]. Comparatively, in invasive breast cancers,
phosphorylated c-JUN was predominantly expressed in cells at the invasive front in
38% cases. However, as for lung cancers, expression of c-JUN was not correlated
with outcome [357].

One of the few studies looking into c-JUN regulation by HDACI in cancers,
demonstrated that HDACI treatment of K-562 bone marrow chronic myelogenous
leukemia cells induced c-JUN. However, HDACI treatment of c-JUN overexpressing
K-562 cells did not potentiate HDACIi-induced growth inhibition or apoptosis [358].
Conversely, HDACI treatment of neuroblastoma cells demonstrated a repression in c-
JUN and Fra-1 levels. In the study by He et al, they demonstrated that co-
overexpression of c-JUN and Fra-1 promoted proliferation and antagonised HDACI-

mediated anti-proliferative effects [359].

1.11.3 ATF (ATF3)

Finally, the preliminary findings in my laboratory also demonstrated that
expression of activating transcription factor 3 (ATF3) is induced by HDACI, and that
the magnitude of its induction correlates significantly with induction of apoptosis across
multiple cell lines. ATF3 is a member of the activating transcription/cyclic AMP
responsive element-binding (CREB) family of transcription factors that share the
leucine zipper DNA-binding motif and bind to the CREB/ATF sequence TGACGTCA.

ATF3 levels are mostly un-detectable in cells under normal conditions but is
induced by a variety of stress-inducing stimuli including DNA damage inducing agents
and hypoxia [360{Hai, 2001 #1672]}. Similar to the other AP-1 complex members,
ATF3 is also responsible for the regulation of numerous cellular processes including

proliferation, invasion, and in some cases apoptosis, depending on cell type [361,
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362]. Numerous xenograft studies have also demonstrated that depending on the
cancer cell type, the expression of ATF3 can act as either a tumour suppressor or an
oncogene [361, 363-365]. For example, the dual role of ATF3 in cancer was
demonstrated by Yin et al where overexpression of ATF3 in aggressive MCF101a
breast cancer cells protected the cells from apoptosis and promoted their metastatic
potential, while in un-transformed MCF10a cells the gain of ATF3 induced apoptosis
[366].

In regards to the oncogenic role of ATF3, transgenic mice overexpressing ATF3 in
their mammary glands develop mammary carcinomas [367]. Similarly, transgenic mice
overexpressing ATF3 in basal epithelial cells develop epidermal hyperplasia, hair
follicle anomalies and neoplastic lesions of the oral mucosa including squamous cell
carcinoma [368]. The oncogenic properties of ATF3 have also been demonstrated in
prostate cancer cells, where its overexpression increased proliferation and metastasis
[369]. This oncogenic role of ATF3 was further demonstrated in colorectal cancer [363]
and Hodgkin lymphoma [370] cells where attenuation of ATF3 decreased cell
proliferation and viability. The expression pattern of ATF3 in tumour specimens also
supports an oncogenic role, with elevated expression of ATF3 observed in breast
[366], prostate [371], and Hodgkin’s lymphoma [370].

Converse to the oncogenic properties of ATF3 discussed above, there are also several
studies which demonstrate the tumour suppressor role of ATF3. For example Atf3”
MEFs, upon Ras transformation demonstrated increased growth rates, increased
colony formation, and formed larger tumours when injected into mice when compared
to the WT MEFs [364]. Similarly, the overexpression of ATF3 in colorectal [372],
prostate [373], oesophageal squamous cell carcinoma [374] and ovarian [375] cancer
cells resulted in decreased proliferation and invasion properties, and in the case of
ovarian and prostate even increased apoptosis. This tumour suppressor role was
further demonstrated in colorectal cancer by Bottone et al where ATF3 overexpression
reduced the size of HCT116 colorectal cancer xenografts [361]. In line with these
results, several of the studies mentioned above also performed ATF3 knockdown
studies which resulted in increased proliferation and migration, and tumour growth in

mice xenograft models. Furthermore, the anti-tumour effect of ATF3 is supported by

37



the observation that a wide range of anti-tumour agents including curcumin [376], non-
steroidal anti-inflammatory drugs [361] and HDACI [377, 378] induce ATF3.

Finally, ATF3 has been reported to act as both a transcriptional activator as well as a
transcriptional repressor [379-382]. In terms of its role as a transcriptional activator,
ATF3 has been shown to induce expression of MAL2, RGS2 and GPR110 [383].
Conversely, its role as a transcriptional repressor is demonstrated by its ability to
transcriptionally repress targets such as p53 [382] and to repress activity of a reporter

construct containing 3 contiguous ATF3 binding sites [381].

1.12 Hypothesis

HDACI are an effective treatment option for specific haematological malignancies,
however their activity in solid tumours is more limited. A detailed understanding of the
mechanisms which drive HDACi-induced apoptosis could provide important biological
insight into the molecular basis for the differential cellular responses to these agents,
which in turn could help identify rational drug combinations which overcome inherent

resistance to these agents.

Prior work undertaken in my laboratory has demonstrated that HDACi-induced
apoptosis across a range of tumour types is significantly correlated with induction of
the immediate-early genes c-FOS, c-JUN and ATF3. These genes encode

transcription factors which form the AP-1 transcription factor complex.

Based on these findings, we hypothesise that the induction of AP-1 transcription factor
components c-FOS, c¢-JUN or ATF3 are critical determinants of HDACI-induced
apoptosis. Inturn, this thesis will investigate if induction of the AP-1 components alters
the expression of specific pro-and or apoptotic genes to drive HDACI-induced
apoptosis, and if this information can be utilized to develop rational drug combinations

to overcome inherent resistance to HDACI.
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1.12.1 Aims

1. To validate the finding that induction of c-FOS, c-JUN and ATF3 is a consistent
feature of HDACI-induced apoptosis, independent of tumour type, and to
determine whether the induction of these genes is required for HDACi induced
apoptosis.

2. To determine if HDACI-induction of c-FOS, c-JUN and or ATF3 alters the
expression of pro and or anti-apoptotic genes.

3. Based on the findings above, to identify rational drug combinations which can

overcome inherent resistance to HDAC,i.
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Chapter 2: Methods
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2.1 Cell Culture

2.1.1 Cell Lines

All cancer cell lines were obtained from the American Type Culture collection
(ATCC, USA), or from other sources as cited in Table 4. Cells were cultured in
Dulbecco’'s Modified Eagles Medium (DMEM)-F12 (GIBCO BRL, Australia),
supplemented with 10% Fetal Calf Serum (FCS) (PAA Laboratories, Australia), 1%
GlutaMAX™ Supplement - 200 mM L-alanyl-L-glutamine dipeptide in 0.85% NaCl
(GIBCO BRL, Australia), 1% Penicillin Streptomycin (PenStrep) - 10,000U/ml (GIBCO
BRL, Australia) and 1% 1M HEPES (N-2-hydroxyethylpiperazine-N-2-ethane sulfonic
acid) (GIBCO BRL, Australia), unless otherwise stated (Table 4) and maintained in a
37°C incubator with 5% CO.. Cells were passaged when approximately 80% confluent
and seeded 12-24 hours prior to drug treatment. All cells were in their exponential
growth phase when treated with drug. Adherent cells were passaged by removing the
old medium and washing with Dulbecco's phosphate-buffered saline (DPBS, no
calcium and no magnesium [KClI 200mg/L, KH2PO4 200mg/L, NaCl 8000mg/L,
Na2HPO4-7H20 2160mg/L]) (GIBCO BRL, Australia). TrypLE™ Express Enzyme (Life
technologies™, Australia) was then added to the flasks (3ml for a T25 and T75 flask
and 5mL for a T175 flask) to induce cell detachment. Suspension lines were passaged
by taking a 3mL aliquot of the old cell suspension and adding 7mL of fresh medium.

41



Table 4. Cancer cell lines used and their growth medium.

I Description Media
SK-MEL-28 Adherent human malignant melanoma cell | DMEM-F12
line, with an epithelial-like morphology. +Supplements
SK-MEL-3 Adherent human malignant melanoma cell | DMEM-F12
line, with an fibroblast-like morphology. +Supplements
MCF7 Adherent human breast cancer cell line, | RF-10
with an epithelial morphology. +Supplements
PANC-1 Adherent human pancreatic cancer cell | DMEM-F12
line, with an epithelial morphology. +Supplements
PC3 Adherent human prostate cancer cell line; | DMEM-F12
derived from metastatic bone site, with an | +Supplements
epithelial morphology.
U-87 MG Adherent human glioblastoma cell line, | DMEM-F12
with an epithelial-like morphology. +Supplements
SW948 Adherent human colorectal cancer cell | DMEM-F12
line, with an epithelial morphology. +Supplements
HCT116 Adherent human colorectal cancer cell | DMEM-F12
line, with an epithelial morphology. +Supplements
A549 Adherent human lung cancer cell line, with | DMEM-F12
an epithelial morphology. +Supplements
AGS Adherent human gastric cancer cell line, | DMEM-F12
with an epithelial morphology. +Supplements
HH Suspension human CTCL cancer cell line, | RF-10
with a lymphoblast morphology. +Supplements
U266 Suspension human multiple myeloma cell | RF-10
line, with a lymphoblast morphology. +Supplements
OPM2 Suspension human multiple myeloma cell | RF-10

line, with a lymphoblast morphology.

+Supplements
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MEF WT Wild type mouse embryonic fibroblasts | MEM
cells +Supplements
MEF ATF3" ATF3  knockout mouse embryonic | MEM
fibroblasts cells +Supplements
MEF WT Wild type mouse embryonic fibroblasts | DMEM
cells +Supplements
+250 UM L-
asparagine
+50 uM 2-
mercaptoethanol
MEF FLAG- | Flag-tagged human BCL-X. | DMEM
tagged hBCL- | overexpressing mouse embryonic | +Supplements
XL fibroblasts cells +250 pM L-
asparagine
+50 uM 2-
mercaptoethanol

2.1.2 Cell counting & seeding

Cells were trypsinised and re-suspended in 5-10mL of media for cell counting.
Trypan blue (Bio-Rad, USA) exclusion was used to ensure only live cells were
counted. 10 uL of the cell suspension with an equal volume of Trypan blue was loaded
onto a Bio-Rad Cell counting slide (Bio-Rad, USA) and cells counted using a Bio-Rad
TC10 Automated cell counter (Bio-Rad, USA). The seeding density for each cell line
was optimized to ensure that cells reached approximately 80% confluence at the time
of completion of the experiment. Seeding densities used for each cell line are listed
Table 5.
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Table 5. Seeding densities of all cancer cell lines used.

Cell line Plate size Seeding density
SK-MEL-28 6-well plate 3x10°
12-well plate 1x10°
24-well plate 4x10%
SK-MEL-3 6-well plate 3x10°
12-well plate 1x10°
24-well plate 4x10%
MCF7 6-well plate 3x10°
12-well plate 1x10°
24-well plate 4x10%
PANC-1 6-well plate 3x10°
12-well plate 1x10°
24-well plate 4x10%
PC3 6-well plate 3x10°
12-well plate 1x10°
24-well plate 4x10%
U-87 MG 6-well plate 3x10°
12-well plate 1x10°
24-well plate 4x10*
SwWo48 6-well plate 4x10°
12-well plate 2x10°
24-well plate 5x104
HCT116 6-well plate 3x10°
12-well plate 1x10°
24-well plate 4x104
A549 6-well plate 1.5x10°
12-well plate 6x10%
24-well plate 2.5x104
AGS 6-well plate 3x10°
12-well plate 1x10°
24-well plate 4x10%
HH 6-well plate 1x108
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12-well plate 5x10°
U266 6-well plate 1x108
12-well plate 5x10°
OPM2 6-well plate 1x108
12-well plate 5x10°
MEF WT 6-well plate 3x10°
12-well plate 1x10°
MEF ATF37 6-well plate 3x10°
12-well plate 1x10°
MEF WT 6-well plate 3x10°
12-well plate 1x10°
MEF FLAG- 6-well plate 3x10°
tagged hBCL-XL | 12-well plate 1x10°

2.2

Drug Treatments

After seeding, cells were incubated overnight at 37°C in 5% CO2 and subjected

to drug treatment the following day. All drugs used in this thesis, their function, diluent

and concentration ranges are listed in Table 6.

Table 6. Function, source, diluent and concentration ranges of drugs used in this thesis.

Compound Name

Function/Target

Supplier

Diluent &

Concentration

SAHA/Vorinostat

Panobinostat/LBH-589

Depsipeptide
MS-275/Entinostat
Belinostat/PXD101
Valproic Acid (VPA)
Sodium Butyrate
Bortezomib
Mithramycin

PMA

SB203580
ABT-737

Pan-HDACI
Pan-HDACI

Class &Il HDACI
HDAC 1,2,3&8 inhibitor
Pan-HDACI

Class I&lla HDACI
Class I&lla HDACI
Proteasome inhibitor
Sp1&Sp3 inhibitor
Protein Kinase C agonist
p38 inhibitor

BH3 mimetic inhibitor

Selleckchem, USA
Selleckchem, USA
Selleckchem, USA
Selleckchem, USA
Selleckchem, USA
Selleckchem, USA
Selleckchem, USA
Selleckchem, USA
Selleckchem, USA
SIGMA ALDRICH, USA
Selleckchem, USA
Selleckchem, USA

DMSO 2.5-5puM
DMSO 10-50 nM
Water  10-50 nM
DMSO 1-5uM
DMSO 1-2.5uM
DMSO 5-10 mM
Water 1-5mM
DMSO 1-10nM
DMSO 1 uM
DMSO 100 nM
DMSO 100 nM
DMSO 1-10uM
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ABT-199 Bcl-2 inhibitor Selleckchem, USA DMSO 1-10 uM
A-1331852 Bcl-xL inhibitor WEHI DMSO 1-10uM
ABT-263 Bcl-xL inhibitor Selleckchem, USA DMSO 0.1-10 uM

2.3 RNA extraction, cDNA synthesis and Quantitative Real-Time Polymerase
Chain Reaction (QRT-PCR)

2.3.1 Extraction of RNA

Following drug treatment, cells were harvested by scraping and pelleted by
centrifugation at 300 x g. A minimum of 1.5x10° cells per sample were collected for
RNA extraction using the High Pure RNA Isolation Kit (ROCHE, Germany). Cell pellets
were re-suspended in 200 uyl PBS and then lysed with 400 pl of Lysis Buffer by
vortexing for 15 seconds. The lysed cell suspension was then transferred to a High
Pure Filter Tube and then inserted into a collection tube. The entire tube was then
centrifuged in a table-top centrifuge for 15 seconds at 8000 x g. After centrifugation,
the fluid collected in the collection tube was discarded and re-combined with the High
Pure Filter Tube. For each sample, 90ul of DNase | Incubation Buffer and 10 yl DNase
| was added to the top part of the High Pure Filter Tube, ensuring coverage of the
fleece part of the tube. Each sample was incubated for 15 min at +15 to +25°C. 500
pl of Wash Buffer | was then added to the High Pure Filter Tube and centrifuged for
15 s at 8,000 x g, with the flowthrough in the collection tube discarded. 500 ul of Wash
Buffer Il was then added to the High Pure Filter Tube and centrifuged for 15 s at
8,000g. The flowthrough was once again discarded and 200 pl of Wash Buffer Il was
added to the High Pure Filter Tube, and centrifuged for 2 minutes at maximum speed
(approx. 13,000 x g) to remove any residual Wash Buffer. 30-50 pl of Elution Buffer
was then added to the High Pure Filter Tube/1.5mL eppendorf tube and centrifuged
for 1 minute at 8000 x g to elute the final RNA product which was stored at -80°C for
further cDNA synthesis.

2.3.2 Assessment of RNA concentration and quality

To determine the concentration and purity of the extracted RNA,
spectrophotometric analyses were performed using the NanoDrop ND-2000
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instrument (NanoDrop Technologies, United States). Purity of the extracted RNA was
assessed by computing the 260 nm/280 nm absorbance ratio, and samples with ratio>

1.8 were considered to be of high purity and suitable for cDNA synthesis.

2.3.3 cDNA synthesis

cDNA synthesis was performed using the Transcriptor High Fidelity cDNA
Synthesis Kit (Roche Diagnostic, Germany), by combining 1ug of total RNA with 0.5pl
of Random Hexamer (600 pmol/ul) and 5.5ul of High grade PCR H20, on ice, in 0.2mL
Eppendorf PCR Tubes (Eppendorf, USA). The mixture was incubated at 65°C for 10
minutes in a MasterCycler® (Eppendorf, USA) thermal cycler, then held at 4°C. A
reverse transcriptase master mix containing 2ul of 5x Transcriptor High Fidelity
Reaction Buffer, 1ul of 10mM PCR grade dNTP mix, 0.5 uyl of 100mM DTT, 0.25 pl of
40U/ul Protector RNase Inhibitor and 0.55 ul of 10U Transcriptor High Fidelity Reverse
Transcriptase (blend of a recombinant reverse transcriptase and a proofreading
mediating enzyme), was subsequently added to the 5.7ul RNA mixture. The 10l
reaction was then incubated at 48°C for 60 minutes in the MasterCycler® (Eppendorf,
USA) thermal cycler, followed by incubation at 85°C for 5 minutes to inactivate the
enzyme. Samples were cooled to 4°C, and diluted 1:10 with high grade PCR H20 and

stored at 80°C for use in subsequent real-time PCR experiments.

2.3.4 Quantitative Real-Time Polymerase Chain Reaction (Q-RT-PCR)

Quantitative real-time PCR analysis was performed using either the 7500 Fast
Real Time PCR System or the ViiA™ 7 384 well block Real-Time PCR System and
data analysed using the respective software of each system (Applied Biosystems,
USA). The oligonucleotides/primers used to detect expression of specific genes, are
listed in Table 3. In all cases, expression levels of genes of interest were normalized
against the expression of beta actin (ACTB) housekeeping gene using the delta Cr

method (described below).

7500 Fast Real Time PCR System
For qRT-PCR analyses using the 7500 Fast Real Time PCR System, 10pl reactions

were prepared consisting of: 1.5 uL of forward primer (50 nM final concentration), 1.5
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ML of reverse primer (50 nM final concentration), 5 pL of 2 x SBYR Green PCR Master
Mix (Roche Applied Sciences) and 2 pL of template cDNA. Samples were loaded in
triplicate onto a MicroAmp® Optical 96-Well Reaction Plate (Applied Biosystems,
USA) and the plate centrifuged to ensure components of the reaction were
concentrated at the base of the wells. Plates were then run on the 7500 Fast Real

Time PCR System using the following running conditions:

1. Aninitial incubation at 95°C for 10 minutes to denature the sample.
2. Forty-five amplification cycles using a 2-step cycling protocol consisting
of a 15 second 95°C denaturing step and a 1 minute 60°C annealing and

extension step.

ViiIA™ 7 Real-Time PCR System — 384 well block system

For gRT-PCR analyses using the ViiA™ 7 384 well block Real-Time PCR System, 5l
reactions were prepared consisting of: 0.75 uL of forward primer (50 nM final
concentration), 0.75 pL of reverse primer (50 nM final concentration), 2.5 pL of 2 x
SBYR Green PCR Master Mix (Roche Applied Sciences) and 1 pL of template cDNA.
Samples were prepared in a MicroAmp® Optical 384-Well Reaction Plate with
Barcode (Applied Biosystems, USA). The plate was centrifuged and run on the ViiA™

7 Real-Time PCR System under the following conditions:

1. A denaturing step was initially performed (95°C for 10 minutes).
2. 50 amplification cycles, using a 2-step cycling protocol which consists of
a 15 second 95°C denaturing step and a 1 minute 60°C annealing and

extension step.
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2.3.5 Primers

All primers were obtained from Sigma-Aldrich, Australia. Primers were diluted

to 500 nM in nuclease-free H20 and stored at —20°C.

Table 7. Primer sequences used in all gRT-PCR analysis.

Primer Name Sequence

c-FOS Forward
c-FOS Reverse

c-JUN Forward

c-JUN Reverse

ATF3 Forward
ATF3 Reverse

EGR1 Forward
EGR1 Reverse

EGR3 Forward
EGR3 Reverse

GADD45p Forward
GADD45pB Reverse

Bcl-xL Forward

Bcl-xL Reverse

ACTB Forward
ACTB Reverse

ATCAAGGGAAGCCACAGACA
ATCAAGGGAAGCCACAGACA

TGACTGCAAAGATGGAAACG
TGAGGAGGTCCGAGTTCTTG

GTGCCGAAACAAGAAGAAGG
GTGCCGAAACAAGAAGAAGG

ATCCCCGACTACCTGTTTCC
GTTTGATGAGCTGGGACTGG

ATCTGTGGGGAGAAAGAGCA
ATGATGGTGGGAAGGAGAAA

ACCTGCATTGTCTCCTGGTC
TGGCAGCAACTCAACAGATT

CTGCTGCATTGTTCCCATAG
TTCAGTGACCTGACATCCCA

CACCTTCACCGTTCCAGTTT
GATGAGATTGGCATGGCTTT
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2.4  Western Blot analysis

2.4.1 Cell lysate preparation

Following drug treatment, the medium was removed, cells were washed in cold
DPBS and harvested by scraping on ice in cold DPBS. Cells were pelleted by
centrifugation at 300 x g for 5 minutes at 4°C in a micro-centrifuge (Thermoscientific,
USA). Proteins were extracted following the lysis of cells in 250uL of NP-40 lysis buffer
[1% NP-40, 50mM Tris-HCL pH 7.5, 150mM NacCl, 0.5% sodium deoxycholate, 1mM
EDTA, Protease Inhibitor Cocktail, 1 tablet/10mL, Phosphatase Inhibitor cocktail, 1
tablet/10mL, 3M Urea] (all products from SIGMA ALDRICH, USA), by incubation at
4°C, with gentle agitation. Samples were subsequently sonicated at 15 pulses/second
for 10 minutes and the insoluble contents removed by centrifugation at 17,000 x g for
15 minutes at 4°C. The supernatant containing the extracted proteins were then

transferred to fresh tubes and stored at -80°C.

2.4.2 Extraction of Histone proteins

Total histones were extracted from cell lines treated with or without the HDAC
inhibitor Vorinostat for 24 hours. For histone extraction, approximately 4x10° cells
were harvested as described above. Larger number of cells were required for this
procedure to ensure sufficient amounts of histone proteins were collected. Pelleted
cells were re-suspended in 100 pL of cold histone lysis buffer [LOmM HEPES pH 7.9;
1.5mM MgClz; 10mM KCI, 0.5mM DTT and protease inhibitor cocktail tablets
(1tablet/10mL)] (Roche, Germany). 4 yL of 5mM sulphuric acid (H2SOa4) (SIGMA
ALDRICH, USA) was then added to each sample and vortexed immediately. Samples
were incubated on ice for 1 hour with intermittent vortexing, and centrifuged at 17,000
x g for 10minutes at 4°C. The supernatant was harvested and diluted with acetone at
a ratio of 9:1, and incubated overnight at -20°C. Samples were then centrifuged at
17,000 x g for 10 minutes at 4°C, and the supernatant removed. The insoluble pellet
containing histone proteins was washed with 70% ethanol and air dried. Histone
protein pellets were re-suspended in 100 pL of Milli-Q water and sonicated at 15
pulses/second for 10 minutes on ice. Remaining un-dissolved particles were removed

by further centrifugation at 17,000 x g for 5 minutes.
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2.4.3 Determination of protein concentration

The Bradford assay was used to determine the concentration of extracted
proteins. Protein lysates (1uL) was diluted with 9 pL of MilliQ water in a 90-well flat
bottom plate (BD Falcon, Australia). 190uL of Bradford Reagent (Bio-Rad
Laboratories, USA) was added to the sample and incubated at room temperature for
5 minutes. Absorbance was measured at 595 nm using a Molecular Devices
VERSAmax micro-plate reader (Sunnyvale, United States). Protein concentrations
were determined against a standard curve generated from known concentrations of
bovine serum albumin (Sigma Aldrich, USA), incubated in parallel with Bradford

Reagent.

2.4.4 Resolution of proteins on Bis-Tris gels

30 pg of protein in lysis buffer was combined with a corresponding volume of
4X sample buffer (SB) (Novex, USA) and 10X sample reducing agent (Novex, USA).
20 g of protein was then resolved using NUPAGE® Novex® 10% Bis-Tris precast 10
or 15 well gels (Invitrogen, USA). Gels were run in a XCell SureLock™ Mini-Cell tank
(Novex, USA), using 1 X MES SDS Running Buffer (Invitrogen, USA), with the addition
of 500 pL of NUPAGE® Antioxidant to the inner chamber. Novex® Sharp Pre-Stained
Protein Standards (Invitrogen, USA) were used as protein weight markers for all
western blots performed. Gels were initially run at 100 Volts to stack the proteins and
subsequently increased to 120 Volts for the remaining run. Proteins were then
transferred to PVDF membranes (iBlot® PVDF Transfer Stacks) (Novex, USA) using
the iBlot® Dry Blotting System (Invitrogen, USA) at 20 Volts for 8 minutes.

PVDF membranes were blocked with Odyssey PBS Blocking Buffer [PBS based,
highly purified non-mammalian proteins] (LICOR, USA), a for 30-60 minutes at room
temperature. Blots were then incubated with primary antibodies diluted in a 50%
blocking buffer and 50% PBS/T (PBS plus 0.1% Tween 20) solution, overnight at 4°C.
Blots were then washed 3 times for 10 minutes each with PBS/T, and incubated with
a species-appropriate fluorescent IRDye-conjugated secondary antibody (LICOR,
USA) diluted in the 50% blocking buffer and 50% PBS/T solution, for 1 hour at room
temperature in the dark. Blots were once again washed 3 times for 10 minutes each

with PBS/T and dried in the dark. Dried blots were then scanned and analysed using
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the Odyssey Classic Infrared Imaging system and visualized using the Odyssey
software (LICOR, USA). Primary and secondary antibodies used, their dilutions,

incubation conditions and suppliers are listed in Table 8 and Table 9, respectively.

2.4.5 Primary and secondary antibodies used in Western blotting

Table 8. Primary antibodies used. O/N denotes overnight.

Primary Antibodies Supplier Condition
Anti-c-FOS #4384 (Rabbit) Cell Signalling, USA 1:5000 4°C OIN
Anti-c-JUN #9165 (Rabbit) Cell Signalling, USA 1:5000 4°C OIN
Anti-ATF3 C19 #SC-188 (Rabbit) | Santa Cruz, USA 1:2500 4°C OIN
Anti-Spl #07-645(Rabbit) Millipore, USA 1:10000 4°C OIN
Anti-Sp3 #07-107(Rabbit) Millipore, USA 1:10000 4°C OIN
Anti-p-p38 #9211 (Rabbit) Cell Signalling, USA 1:2500 4°C  OIN
Anti-Cleaved Caspase 3 Cell Signalling, USA 1:5000 4°C OIN
ASP175 #9661 (Rabbit)

Anti-Ac-Histone H3 #382158 Millipore, USA 1:20000 4°C  OIN
(Rabbit)

Anti-H3 C-16 #SC-8654 (Goat) | Santa Cruz, USA 1:5000 4°C OIN
Anti-B-Tubulin #Ab6046 (Rabbit) | Abcam, USA 1:15000 4°C OIN

Table 9. Secondary antibodies used. R/T denotes room temperature.
Secondary Antibodies  Supplier Condition

IRDye Mouse 680RD LICOR, USA 1:20000 RT 1 Hour
IRDye Rabbit 680RD LICOR, USA 1:20000 RT 1 Hour
IRDye Mouse 800RD LICOR, USA 1:20000 RT 1 Hour
IRDye Rabbit 800RD LICOR, USA 1:20000 RT 1 Hour
IRDye Goat 6800RD LICOR, USA 1:20000 RT 1 Hour

2.5 Fluorescence Activated Cell Sorting (FACS)

Cell cycle changes and the percentage of apoptotic cells induced following drug
treatments were determined by staining cells overnight with propidium iodide (PI)
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[50pg/ml PI diluted in citrate/Triton buffer (0.1% Sodium citrate, 0.1% Triton X-100)
(Sigma-Aldrich Corporation, USA)], followed by fluorescence activated cell sorting
(FACS). At the completion of the treatment period, cells were scraped in their
individual wells and 200 pL of the cell-media suspension (which included adherent and
floating cells) centrifuged in a 96-well plate at 300 x g for 5 minutes. The medium was
discarded, cell pellets re-suspended in 200 L of PI buffer and incubated in the dark,
overnight at 4°C. The following day PI-stained cells were analysed using a FACS
Canto Il flow-cytometer (BD Biosciences, USA) equipped with a high throughput
sampler (HTS). A total of 10,000 events (cells) were recorded for each sample. Single
cells were initially gated from debris and clumped cells using the forward (FSC-A) and
side scatter (SSC-A) parameters. This population was then further gated to exclude
debris and clumped cells based on the area and width of the PE-Cy5 signal (PE-Cy5-
W vs Pe-Cy5-A). The previous gate is then displayed in a count vs PE-Cy5-A plot
summarizing the distribution of cells in the gated population with different DNA
contents. The FlowJo software (FlowJo-LLC, USA) was used to assess any cell cycle
changes, particularly the changes in the percentage of sub-diploid DNA content which

were considered to be apoptotic cells.

2.6  Transient transfections and luciferase reporter assays

BCL-Xv. luciferase promoter reporter activity following ATF3 overexpression and
Vorinostat treatment was measured using the Dual-Luciferase Reporter Assay System
(Promega, USA), which measures Firefly and Renilla luciferase activities in a sample.

2.6.1 DNA transfections

All transfections were performed in cells seeded in 24-well plates in pen-strep
free DMEM medium supplemented with 10% FCS and 1% Glutamax. Prior to
transfection the medium was replaced with 400 uL/well of fresh pen-strep free DMEM.
Source of the BCL-XL reporter and ATF3 overexpression constructs used are listed in

Table 10. Transfection mixtures were prepared as follows.

Reporter Construct Transfection Mixture
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Mixture A

¢ Reporter construct 0.5ug

e Renilla 0.1ug

e Volume adjusted to 50uL with OPTI-MEM

e Incubated at room temperature for 5 minutes
Mixture B

e 2uL of Lipofectamine 2000

e 48pL of OPTI-MEM

e Incubated at room temperature for 5 minutes

Mixtures A & B were then combined, incubated at room temperature for 20 minutes
and added to cells growing in a 24-well plate in 400uL of medium (pen-strep free).
Cells were incubated with the transfection mixture for 24-hours following which in the
appropriate experiments, drug treatment was commenced. Following 24-hours of drug

treatment cells were collected and prepped for luciferase assay.

2.6.2 Reporter constructs

Table 10. List of reporter constructs used and their respective sources.

Reporter Constructs ‘ Supplier

pGL3 Dr Ni Chen, Sichuan University
pGL3-Bcl-xL-1281 Dr Ni Chen, Sichuan University
pCG Professor Tsonwin Hai, Ohio State University
pCG ATF3 Professor Tsonwin Hai, Ohio State University

2.6.3 Dual luciferase reporter assays

At the completion of the drug treatment period, cells were lysed with 100uL of
1X passive lysis buffer provided in the Dual-Luciferase Reporter Assay kit (Promega,
USA) by incubation at room temperature for 20 minutes with regular agitation. 20 pL
of cell lysate was transferred into 96-well Solid White Polystyrene plates (CORNING,
USA) and luciferase assays were performed using a SpectraMax Luminescence

spectrometer using the in-built Luminescence Assay_Flash > Dual-Luciferase Spectra
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MaxL protocol. This protocol dispenses 25uL of Luciferase Assay Reagent Il
(PROMEGA, USA) which is the substrate for Firefly luciferase, and reads the
luminescence signal generated. 25 pL of Stop&Glo reagent (PROMEGA, USA) is then
dispensed into the same well to quench the firefly luciferase reaction and
concomitantly activate Renilla luciferase activity, followed by reading of the
luminescence signal. Renilla values were not used to control for transfection efficiency
in experiments involving HDACI treatment due these drugs strongly inducing Renilla
reporter activity. To account for this, untreated and HDACi-treated cells were always
transfected with the same transfection master mix, and samples were corrected for
total cellular protein instead to account for the reduction in cell number induced by
HDACI treatment.

2.7  Small interfering RNA (siRNA)-mediated-knock-down of gene expression

2.7.1 siRNA Transfection protocol

Expression of target genes of interest were downregulated by transient
transfection of various siRNAs listed in Table 11. A reverse transfection protocol was
used for all siRNA transfections, which were performed in cells seeded 12-well
plates according to the seeding densities listed in Table 5. All transfections were
performed such that the final concentration of SiRNA per well was 25 nM. ON-
TARGET Plus siRNA (GE Dharmacon, USA) was used as a control for all SiRNA
experiments. The transfection mixtures were prepared for each well as described

below.

SsiRNA Transfection Mixture
Mixture A

e 1.25uL of 20uM siRNA stock

e 98.75uL of OPTI-MEM

¢ Incubate at room temperature for 5 minutes
Mixture B

e 2uL of RNAi Max

e 98uL of OPTI-MEM
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e Incubated at room temperature for 5 minutes

Mixture A & B were combined and incubated at room temperature for 20 minutes, then

added to cells cultured in 800uL medium for 48 hours. Fresh medium was then added

and cells subjected to drug treatments.

Table 11. Sequences of siRNAs used. ORF-Open reading frame, UTR-Untranslated region.

siRNA Target

Targeted

Sequence

Catalogue No.

c-FOS ON-TARGET PLUS

c-JUN ON-TARGET PLUS

ATF3 ON-TARGET PLUS

ATF3#1 ON-TARGET PLUS

ATF3#2 ON-TARGET PLUS

NON-TARGETING ON-
TARGET PLUS

Reg.

Pooled

Pooled

Pooled

J'UTR, ORF

ORF

Pooled

GGGAUAGCCUCUCUUACUA

ACAGUUAUCUCCAGAAGAA
GAACCUGUCAAGAGCAUCA
GCAAUGAGCCUUCCUCUGA

GAGCGGACCUUAUGGCUAC
GAACAGGUGGCACAGCUUA
GAAACGACCUUCUAUGACG
UGAAAGCUCAGAACUCGGA

GAGCUAAGCAGUCGUGGUA
GCAAAGUGCCGAAACAAGA
AGAAGCAGCAUUUGAUAUA
CGAGAAAGAAAUAAGAUUG

GAGCUAAGCAGUCGUGGUA

GCAAAGUGCCGAAACAAGA

UGGUUUACAUGUCGACUAA
GGUUUACAUGUUUUCUGA

UGGUUUACAUGUUUUCCUA
UGGUUUACAUGUUGUGUGA

L-003265-00-
0005

L-003268-00-
0005

L.-008663-00-
0005

J-008663-05-
0005

J-008663-05-
0005

D-001810-10-50
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2.8 Plasmid preparation

2.8.1 Bacterial transformation

Bacterial transformation was performed using One Shot® TOP10 Competent
cells (Thermofisher, USA). 5 pL of the DNA was added to 100 pyL of competent cells
and incubated on ice for 30 minutes. Cells were then heat shocked by incubation at
42°C for 30 seconds and placed on ice. 250 pL of pre-warmed S.0.C medium was
then added to each vial and cells incubated at 37°C shaker 1 hour. 100 uL of the
bacterial culture was then spread onto LB agar plates containing 0.1mg/mL ampicillin,

the plates inverted and incubated overnight at 37°C.

2.8.2 Minipreps

Individual ampicillin resistant colonies were picked and cultured overnight in
5mL of LB broth containing 0.1mg/mL ampicillin. The following day, 1mL of the
bacterial culture was frozen at -80°C in lysogeny broth (LB) containing 30% glycerol.
The remaining bacterial stock was subjected to plasmid DNA extraction using the
PureLink® HiPure Plasmid Miniprep Kit (Thermofisher, USA) as per manufacturer’s
protocol. Purified plasmid DNA were eluted in 50ul of nuclease-free H20 and stored
at -20°C. The presence of DNA and identity of the plasmid was determined by
restriction enzyme digestion and resolution and visualization of the digests on agarose

gels.

2.8.3 Maxipreps

Once the proper identity of the plasmids were confirmed, large scale plasmid
preparation was performed using the PureLink® HiPure Plasmid Maxiprep Kit. Two-
hundred pl from the frozen miniprep culture was added to 250mL of LB broth
containing 0.1mg/mL of ampicillin (Millipore, USA) and incubated at 37°C with
continuous shaking for approximately 18 hours. Bacterial cells were then harvested by
centrifugation at 6000 rpm for 15 minutes at 4°C in an Allegra® X-12R centrifuge.
Plasmid DNA was extracted as per the manufacturer’s instructions and re-suspended

in 200 pl of nuclease-free H20 and stored at -20°C. The concentration of plasmid DNA
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was measured using a Nanodrop® Spectrophotometer (ND-2000), and additional
restriction enzyme digests performed to further confirm the proper identity of the

plasmid.

2.9 Mouse Xenograft experiments

2.9.1 Mice

BALB/c nu/nu immune-deficient mice (developed through crosses and back-
crosses between BALB/cABom-nu and BALB/cAnNNCrj-nu at Charles River
Laboratories, Japan) were purchased from the Animal Resource Centre (Perth,
Western Australia) and maintained at the Bio-Resources Facility (BRF) at Austin
Health. Mice were housed in micro-isolators and used between 6-12 weeks of age. All
animal experiments were approved by the Austin Health Animal Ethics Committee and
carried out in accordance with the guidelines of University of Melbourne and
conformed to the National Health and Medical Research Council’s code of practice for
the care and use of animals for scientific purposes. Euthanasia was performed by

overdose with Isoflurane and subsequent cervical dislocation.

2.9.2 Tumour Xenograft injections

The glioblastoma line, U87 was used in the mouse xenograft study. Cells were
trypsinised and cell counts performed 45 minutes prior to injection into mice to ensure
maximal cell viability. A total of 3x10° cells were pelleted at 300 x g and re-suspended
in 75uL of medium and combined with an equal volume of ice-cold Matrigel (BD
Biosciences, Australia). This suspension was kept on ice during transport to the animal
facility. Using ice cold 27-gauge insulin needles (TERUMO, Japan), the cell
suspension was injected subcutaneously into the left and right flanks of the BALB/c
nu/nu mice. Tumours were allowed to establish for 4 days before commencing drug

treatments.
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2.9.3 Drug treatment of mice

All drugs were prepared in the laboratory prior to transport to the animal facility.
A full description of the drugs used, their concentrations, vehicles and methods of
delivery are listed in the Table 7. Mice were randomized into 4 groups to receive
Vehicle only (DMSO Intra-peritoneal injection and Phosal50 mixture gavage), ABT-
263, Vorinostat or the combination of ABT-263 plus Vorinostat. Mice injected every

day for 5 days with a 2 day break in between.

2.9.4 Monitoring of mice and tumour measurements

Mice were weighed daily and monitored every day for changes in physical
appearance or activity. Tumours were measured by a single investigator (Mr. lan Luk)
blinded to the identity of the mouse throughout the duration of the study. At the end of
the study mice were culled by Isolfurane overdose (ABBOTT, AUSTRALIA) followed
by cervical dislocation. Tumours were excised, photographed, measured and
weighed, and subsequently paraffin-embedded for future IHC analysis and parts were

snap frozen for further analysis.
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Chapter 3: Determination of the role of c-FOS, c-JUN and ATF3
in HDACI-induced apoptosis
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3.1 Introduction

Our laboratory previously identified a 48 gene signature which was
preferentially induced by HDACI treatment in colorectal cancer cell lines that were
sensitive to these agents [311]. This gene signature was enriched for immediate-early
genes, including several members of the AP-1 transcription factor complex (c-FOS, c-
JUN and ATF3) and stress-response genes (Gadd45B, Ndrg4, Mt1B, Mt1E, MtlF,
Mt1H, and MtIX).

To determine if the induction of these genes was linked to HDACi-induced apoptosis
independent of tumour type, our laboratory performed a screen of 50 cancer cell lines
derived from a range of haematological and solid tumours, for their apoptotic
responses to Vorinostat. This identified multiple HDACi-sensitive and resistant cell
lines from various tumour types. As observed in colorectal cancer cells, Vorinostat
induced mRNA expression of the immediate early genes c-FOS, c-JUN, ATF3, EGR1
and EGR3, and the stress-response gene GADD45B in multiple HDACi-sensitive cell
lines derived from a range of tumour types, including melanoma, breast, lung
adenocarcinoma, gastric, CTCL and multiple myeloma. Furthermore, the magnitude
of induction of c-FOS, c-JUN and ATF3, but not EGR1, EGR3 or GADD45B, correlated

significantly with the magnitude of apoptosis induction across the 50 cell lines.

Having demonstrated that HDACi preferentially induce mRNA expression of c-FOS,
c-JUN and ATF3 in HDACI sensitive cell lines [309], we first sought to confirm these
findings and determine if their induction was also evident at the protein level.
Secondly, we sought to determine whether induction of these genes was observed in
response to treatment with HDACi from multiple different chemical classes. Thirdly,
we sought to determine the mechanism by which HDACI induce expression of these
genes in diverse tumour types. Finally, and most importantly, the aim was to
determine whether HDACIi-induction of c-FOS, c-JUN and ATF3 was a direct
requirement for HDACi-induced apoptosis and to investigate this question in cell lines

derived from multiple tumour types.
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3.2 Results

3.2.1 Confirmation of HDACI sensitive and resistant cancer cell lines

A prior screen undertaken in my laboratory assessed sensitivity to HDACI-
induced apoptosis in 50 cancer cell lines derived from various tumour types, and
identified multiple HDACI sensitive and resistant cell lines. To confirm those findings,
3 representative sensitive and resistant cell lines were selected from this panel and
their differential sensitivity to Vorinostat were determined (Figure 3.1). The HDACI
sensitive cell lines selected were a lung cancer line (A549), a gastric cancer line (AGS)
and a colorectal cancer line (HCT116), while the HDACI resistant cohort consisted of
a pancreatic cancer line (PANC1), a prostate cancer line (PC3) and a glioblastoma

line (U87). The six cancer cell lines were selected to cover a broad spectrum of tumour
types.
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Figure 3.1: Apoptotic sensitivity of 3 representative HDACI sensitive (A549, AGS, HCT116) and
resistant (PANC1, PC3, U87) cancer cell lines to 72 hours Vorinostat (500M) treatment. Apoptosis was
determined by propidium-iodide (PI) staining and FACS analysis. Values shown are mean + SEM from

2 independent experiments, each performed in triplicate. (***P<0.0001)
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3.2.2 HDACI induce c-FOS, c-JUN and ATF3 protein expression in multiple tumour
types

Studies from my laboratory also established a statistically significant correlation
between the magnitude of HDACI-induced apoptosis and the magnitude of HDACI-
induction of c-FOS, ¢c-JUN and ATF3 mRNA expression across the cell line panel. To
confirm this finding at the protein level, the effect of HDACI treatment on c-FOS, c-
JUN and ATF3 protein expression was examined in the three representative HDACI
sensitive cell lines. A549, AGS and HCT116 were treated with Vorinostat for 8 to 48
hours and protein expression determined by Western blot. Consistent with the
previously observed induction of MRNA expression of these genes, Vorinostat induced
a sustained induction of c-FOS, c-JUN and ATF3 protein in all 3 cell lines (Figure 3.2).

A549 AGS HCT116
Time (hours) & 8 24 48 8 8 24 48 8 8 24 48
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Figure 3.2: Induction of c-FOS, c-JUN and ATF3 protein in response to Vorinostat (Vorino) treatment

in 3 HDAC:I sensitive cell lines derived from different tumour types.

Next, to determine whether induction of these proteins occurred preferentially in cell
lines sensitive to HDACI, we selected 2 representative HDACI sensitive (A549 and
HCT116) and 2 representative HDACI resistant (PANC1 and PC3) cancer cell lines to
analyse HDACIi-induced c-FOS, c-JUN and ATF3 protein induction. All 4 cell lines
were treated with Vorinostat for 24 hours and the induction of the three targets were
examined by western blot. The induction of c-FOS, c-JUN and ATF3 protein upon

Vorinostat treatment was observed overall in the 2 HDACi sensitive lines, with
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induction of only one of the three genes (c-JUN) observed in one of the resistant cell
lines (PANC1) (Figure 3.3).

Sensitive Resistant
A549 HCT116 PANCA1 PC-3
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c-FOS
c-JUN
ATF3
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Figure 3.3: Induction of c-FOS, c-JUN and ATF3 protein following 24 hour Vorinostat (Vorino) treatment
in representative HDACI sensitive (A549 and HCT116) and resistant (PANC-1 and PC-3) cancer cell

lines.

3.2.3 Effect of other HDACI on c-FOS, ¢c-JUN and ATF3 mRNA induction

Next, we also wanted to determine if the induction of c-FOS, c-JUN and ATF3
MRNA expression in response to HDACI treatment occurred in response to treatment
with different structurally distinct classes of HDACI. To address this, the HH CTCL cell
line, for which these drugs are approved for, was treated with HDACi belonging to
each major chemical class across a range of concentrations and induction of c-FOS,
c-JUN and ATF3 mRNA determined by qRT-PCR. c-FOS mRNA levels were induced
8-2000 fold, c-JUN mRNA levels were induced from 2-128 fold and ATF3 mRNA levels
were induced from 2-16 fold, following treatment with the highest doses of the
hydroxamic acids Panobinostat, Belinostat and TSA, the cyclic tetrapeptide
Depsipeptide, the benzamide MS275 and the short-chain fatty acid VPA. In each case,
gene expression occurred in a concentration-dependent manner (Figure 3.4).

64



124 .9 cFos 124 -®- cFCS 124 -®- cFCS

o~ -®- cJUN -®- cJUN -®- cJUN
3 @~ ATF3 N -9~ ATF3 &; -9~ ATF3
o 9. g’ 9" ’ o 9"
< = . ]
s € s 6 ¥ s 6
-— - . —
[T o . .,--. T
3 o g3l AT 3
£ k= <
© © © Ve
3 o 3 0 T T 1 3 o ols T 1
L 0 10 50 100 w 0 05 1 5 B 0 - 1 25
'3" -3- -3-
Panobinostat (nM) Belinostat (uM) TSA (uM)
124 -®: oFCS 124 -®: oFOS
-®- oJUN -9 - oJUN 15+
~N -9~ ATF3 ~N -9~ ATF2 -
o 94 o 9. N
3 S o
: ’,. : k) 104
s 9 ? s 9 <
o ! ‘6 g - 5.
s 33 F* { 2
£ £ S e e
3 o o | 3 o__izr_,*d I 0
. 0 W 50 100 1 256 § LS
-3 -3 -
Depsipeptide(nM) MS275 (uM) -5- VPA (mM)

Figure 3.4: Effect of the HDACi Panobinostat, Belinostat, trichostatin A (TSA), Depsipeptide, MS-275
and valproic acid (VPA on c-FOS, c-JUN and ATF3 mRNA induction in the CTCL cell line, HH. Cells
were treated with each HDACI for 24 hours and gene expression determined by q-RT-PCR. Values

shown are mean = SEM from 3 independent experiments, each performed in triplicate.

3.2.4 The differential induction of c-FOS, ¢c-JUN and ATF3 between sensitive and
resistant cell lines is not due to differences in HDAC inhibition

We next determined whether the mechanistic basis for the differential induction
of c-FOS, c-JUN and ATF3 between sensitive and resistant cell lines was a
consequence of differences in the extent of HDAC inhibition. To address this, the 3
sensitive and resistant cell lines investigated above were treated with Vorinostat for
24 hours and the extent of histone acetylation measured by western blot using a pan-
acetyl Histone H3 antibody (Figure 3.5A). Histone H3 acetylation was induced to a
similar extent following Vorinostat treatment in both sensitive and resistant lines (p-

value=0.932) (Figure 3.5B). These findings demonstrate that the differential induction
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of c-FOS, c-JUN and ATF3 between sensitive and resistant cell lines is not due to
differential inhibition of HDAC activity.
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Figure 3.5: (A) Induction of histone acetylation following 24 hours Vorinostat treatment in 4
representative sensitive and resistant cell lines. Histone acetylation was assessed by extraction of total
histones and assessment of pan-acetylated histone H3 (Ac. H3) by Western blot. Separate blots were

probed for total histone H3 to control for loading. (B) Densitometric analysis of Ac-H3/H3 ratio.
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3.2.5 Induction of ATF3 but not c-FOS or ¢c-JUN is required for HDACi-induced
apoptosis

Our studies to-date have established a correlation between the magnitude of
induction of c-FOS, ¢c-JUN and ATF3 and HDACi-induced apoptosis, which transcends
tumour type. However, whether induction of these genes is directly required for
HDACI-induced apoptosis has not been previously investigated. Therefore, to
determine if induction of c-FOS, c-JUN or ATF3, are direct drivers of HDACi-induced
apoptosis, the expression of each of these genes were knocked-down using pooled
siRNAs (containing a pool of 4 individual siRNASs) in the 3 representative HDACI
sensitive cell lines, prior to Vorinostat treatment. Western blot analysis demonstrated
that transfection with c-FOS, c-JUN and ATF3-targeting SiRNAs significantly

attenuated Vorinostat-induction of their respective targets in all 3 cell lines (Figure 3.6).
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Figure 3.6: Knockdown efficiency of c-FOS, c-JUN and ATF3 in the HDACI sensitive cell lines A549,
AGS and HCT116. Cell lines were transiently transfected with a non-targeting siRNA or c-FOS, ¢c-JUN

Vorino5 uM .

or ATF3-targeting siRNAs for 48 hours, following which they were treated with Vorinostat for 24 hours.

Knockdown efficiency of c-FOS, c-JUN and ATF3 protein was determined by Western blot.
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The effect of ¢c-FOS, c-JUN and ATF3 knockdown on Vorinostat-induced apoptosis
was next investigated in the 3 cell lines. Knockdown of c-FOS failed to inhibit HDACI-
induced apoptosis in any of the cell lines. Notably, an enhancement of HDACi-induced
apoptosis from 6.93+0.29-fold to 14.40+0.72-fold was observed in the AGS gastric
cancer cell line; however, this effect was not observed in the A549 lung cancer or
HCT116 colon cancer cell lines (Figure 3.7). Likewise, knockdown of c¢-JUN had
minimal effect on HDACi-induced apoptosis in all 3 cell lines. Conversely, knockdown
of ATF3 significantly attenuated HDACI-induced apoptosis in all 3 cell lines (Figure
3.7). In A549 cells HDACI-induced apoptosis was reduced from 15.12+0.24-fold in
cells transfected with a non-targeting siRNA to 9.11+1.10-fold following ATF3
knockdown. Similarly, HDACIi-induced apoptosis was reduced from 6.93+0.29-fold to
4.8310.22-fold in AGS cells and from 9.85+1.95-fold to 4.63+0.47-fold in HCT116 cells
(Figure 3.7).
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Figure 3.7: Effect of c-FOS, c-JUN and ATF3 knockdown on HDACIi-induced apoptosis. The HDACI
sensitive cell lines A549, AGS and HCT116 were transiently transfected with a non-targeting siRNA or
c-FOS, c-JUN or ATF3-targeting siRNAs for 48 hours, following which cells were treated with 5 pM
Vorinostat for 24 hours. Apoptosis was determined by FACS analysis of cells stained with PI. Values
shown are mean + SEM from a representative experiment performed in triplicate. *P<0.05, Student’s t-

test.
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To validate this finding with independent ATF3-targeting siRNAs, we repeated the
experiments using the pooled ATF3 siRNA as well as with 2 individual ATF3-targeting
siRNAs that were part of the pool. The pool, as well as the 2 individual siRNAs
effectively attenuated HDACIi-induction of ATF3 in all 3 cell lines (Figure 3.8A). As
observed with the pool of ATF3-targeting siRNAs, knockdown of ATF3 using the 2
individual ATF3-targeting siRNAs also significantly attenuated HDACI-induced
apoptosis in all 3 cell lines. In A549 cells, the magnitude of HDACi-induced apoptosis
was reduced from 23.60x0.70-fold in cells transfected with a non-targeting SiRNA to
19.07+0.98-fold, 12.63+1.27-fold, and 9.70+0.50-fold following transfection with the
pool, ATF3 #1 and siATF3 #2, respectively. Similarly, in AGS cells, apoptosis was
attenuated from 21.32+0.32-fold in cells transfected with a non-targeting siRNA to
9.30+2.15-fold, 7.26+0.31-fold and 10.00+0.46-fold following transfection with the
pool, ATF3 #1 and ATF3 #2 respectively, while finally in HCT116 cells apoptosis was
attenuated from 6.93+0.28-fold to 4.83+0.22-fold, 3.87+0.34-fold, and 4.20+0.50-fold
respectively (Figure 3.8B).
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Figure 3.8: Effect of ATF3 knockdown with a pool of 4 ATF3-targeting siRNAs or 2 individual ATF3-
targeting siRNAs, on HDACI-induced apoptosis. The HDACI-sensitive cell lines A549, AGS and
HCT116 were transiently transfected with a non-targeting siRNA, a pool of 4 ATF3-targeting siRNAs
(SiATF3-pool) or 2 individual ATF3 targeting SiRNAs, siATF3 #1 and siATF3 #2 for 48 hours followed b
treatment with Vorinostat 5 uM for 24 hours. (A) Assessment of knockdown efficiency of ATF3 protein
expression by Western blot. (B) Assessment of apoptotic responses by FACS analysis of Pl stained
cells. Values shown are represented mean + SEM from 3 independent experiments, each performed in
triplicate. *P<0.05, Student’s t-test.



3.2.6 ATF3 s required for HDACIi-induced apoptosis of mouse embryonic
fibroblasts

To confirm the role of ATF3 in HDACi-induced apoptosis using an independent
model system, we used mouse embryonic fibroblasts (MEFs) derived from wild-type
(WT) and ATF3 knockout (ATF37) mice. We first treated WT and ATF37 cells with
Vorinostat and measured the induction of mouse ATF3 mRNA expression by gRT-
PCR. Vorinostat induced ATF3 mRNA expression 2.3-fold in WT MEFs but as
expected, failed to induce ATF3 mRNA expression in ATF3” cells (Figure 3.9A). We
next examined the effect of HDACI treatment on apoptosis induction in the WT and
ATF37 lines. Cells lacking ATF3 underwent significantly reduced apoptosis following
treatment with Vorinostat or the short-chain fatty acid-based HDACI, sodium butyrate,
compared to WT cells. The attenuated apoptotic response was observed across a
range of concentrations of Vorinostat (2.5-20 uM) (Figure 3.9B) and sodium-butyrate
(2.5-20mM) (Figure 3.9C).
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Figure 3.9: Effect of HDACi-induced apoptosis in ATF3" MEFs. (A) Induction of ATF3 mRNA following
Vorinostat treatment of WT and ATF3- MEFs. Cells were treated with Vorinostat for 24 hours and ATF3
MRNA expression assessed by g-RT-PCR. (B-C) Apoptotic response to increasing doses of (B)
Vorinostat or (C) sodium butyrate (NaBu). Cells were treated with Vorinostat or NaBu for 72 hours and
apoptosis determined by Pl staining and FACS analysis. Values shown are mean + SEM from 3

independent experiments, each performed in triplicate. *P<0.05, Student’s t-test.
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3.3 Discussion

HDACI induce a range of anti-tumour effects on cancer cell lines including
growth arrest, autophagy, differentiation and apoptosis in multiple cancer types [10,
44, 116], and are an established treatment option for CTCL and more recently for
multiple myeloma [117-121]. The clinical activity of these agents also continues to be
researched and tested in trials, mostly in combination, in a range of tumour types,

including solid tumours where their single agent activity is limited.

We undertook this study to investigate the mechanisms of action of HDACi in order to
subsequently facilitate the identification of predictive biomarkers of HDACI response,
which is required to enhance the clinical use of these agents. We previously
demonstrated that HDACIi-induced apoptosis in HDACI-sensitive cells is associated
with a specific transcriptional response involving the upregulation of multiple members
of the AP-1 complex, specifically c-FOS, ¢c-JUN and ATF3. We are now able to
demonstrate that HDACI induction of this transcriptional response robustly occurs in
multiple tumour types, significantly correlates with apoptotic sensitivity, and occurs

independent of tumour type.

Of these three AP-1 genes we also now establish a direct role for the basic-region
leucine zipper (bZIP) transcription factor ATF3 in mediating HDACIi-induced apoptosis
in multiple tumour cell types. Our finding that ATF3 plays a pro-apoptotic role in
HDACI-induced apoptosis is consistent with a number of previous observations. First,
ATF3 overexpression alone has been shown to induce apoptosis in prostate [384] and
ovarian cancer cells [385], while fibroblasts derived from ATF3 knockout mice are
refractory to UV-induced apoptosis [386]. ATF3 induction is also required for apoptosis
triggered by stimuli including ER stress [387], anoxia [388], and the cytotoxic agents
5FU [389], Etoposide, Camptothecin [390] and Cisplatin [391]. Our finding that HDACI
induced ATF3 expression is also consistent with a report by Liu et al [392]. Lui et al
went on to further demonstrate that the induction of ATF3 by HDACI drove subsequent
expression of death receptor 5 (DR5), and sensitised cells to an agonistic anti-DR5
antibody. Furthermore, this sensitisation was attenuated by knockdown of ATF3 [392].
Consistent with the current findings, ATF3 induction by HDACI has also been observed

in breast, prostate, ovarian and lung cancer cell lines [391, 393], and HDACIi have

72



been shown to further enhance Cisplatin-induced ATF3 expression [391]. Notably,
the enhanced apoptotic effect induced by combination treatment of A549 lung cancer
cells with cisplatin and the HDACi M344 was also partially attenuated by ATF3
knockdown [391]. Finally, during the course of these studies, Sooraj et al
demonstrated that the HDACI Pracinostat induces ATF3 expression in bladder cancer
cell lines, and that ATF3 knockdown attenuated HDACI-induced apoptosis [393].
However, whether the magnitude of ATF3 induction correlated with the extent of
apoptosis was not investigated. Furthermore, the downstream mechanisms by which
ATF3 induction drives apoptosis was not investigated, a key question that we address
in the following chapter.

Therefore, in the current study we build on a number of prior findings by demonstrating
a statistically significant correlation between the magnitude of ATF3 induction and
HDACI-induced apoptosis across multiple cell lines derived from a wide range of
tumour types. Furthermore, direct evidence that ATF3 induction is required for HDACI-
induced apoptosis is demonstrated through the resistance of ATF3-deficient MEFs to
HDACI-induced apoptosis and the attenuation of HDACIi-induced apoptosis following
ATF3 knockdown in multiple cell lines. The underlying reason to why there is a
difference in HDACIi-induction of c-FOS, c-JUN and ATF3 between HDACI sensitive
and resistant lines is yet to be defined. To investigate this, our lab also previously
demonstrated that the promoters of c-FOS, c-JUN and ATF3 are GC rich and harbor
multiple binding sites for the Sp1/Sp3 family of transcription factors [394]. It was also
established that Spl and Sp3 physically localised to these promoters in colorectal
cancer cells, and that HDACI induction of these genes could be inhibited using the
Sp1 and Sp3 inhibitor Mithramycin, or by siRNA-mediated knockdown of Sp1 and Sp3
[394].

While these findings demonstrate a key role for Spl and Sp3 in mediating HDACI-
induced ATF3 expression, multiple other stimuli which can induce ATF3 expression,
which have been previously explored. These include p53-mediated induction in
response to UV radiation [395], MAPK signalling-mediated induction in response to
cisplatin treatment [396] and ATF4-mediated induction subsequent to activation of the
ER stress / unfolded protein response pathway [387]. These findings raise the
possibility that combining HDACi with agents which stimulate ATF3 expression
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through these alternate pathways may result in additive or synergistic induction of
ATF3, and further enhance apoptosis. We directly investigate this in Chapter 5 of this
thesis. Collectively, the results from this study demonstrate that HDACi-induced
apoptosis is dependent on the induction of ATF3, and that this effect is independent

of tumour cell type.
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Chapter 4: HDACi-induction of ATF3 drives apoptosis through
repression of the pro-survival protein BCL-X,
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4.1 Introduction

HDACI-induced apoptosis has been linked to activation of both the intrinsic
(mitochondrial) and extrinsic (death receptor) apoptotic pathways, however, the
majority of studies implicate activation of the intrinsic pathway as the major driver of
HDACI-induced apoptosis [199-202]. HDACi have been shown to activate the intrinsic
apoptotic pathway by changing the balance in expression of pro- and anti-apoptotic
genes in favour of pro-apoptotic factors. Pro-apoptotic genes induced by HDACI
include TRAIL, DR5, BAX, BAK, BIM and APAF1 while anti-apoptotic genes including
BCL-2, BCL-X. and MCL-1 have been shown to be repressed by these agents [43,
163, 198, 203]. However, studies investigating the altered expression of these genes
have often been in single cell lines or tumour types, and their altered expression has
not been consistently linked to the magnitude of HDACI-induced apoptosis across
tumour types. Furthermore, the transcriptional mechanisms by which HDACI regulate
changes in expression of these factors has not been systematically investigated.

Having established in the previous chapter that induction of the ATF3 transcription
factor is critical for HDACi-induced apoptosis across tumour types, we next sought to
determine if induction of ATF3 mediates apoptosis through altering the expression of
pro-and or anti-apoptotic components of the intrinsic apoptotic pathway. Specifically,
we investigated if HDACI-induction of ATF3 in turn regulated expression of
components of the intrinsic apoptotic pathway including the multi-domain proteins BAX
and BAK, which alter membrane permeability, the BH3-only proteins BAD, BIK, BID,
BIM, BMF, PUMA, and NOXA, which act as sensors of cellular stress leading to
alterations in membrane insertion and remodelling, and anti-apoptotic members such
as BCL2, BCL-X.(BCL2L1), BCL-W (BCL2L2) and MCL-1. To ensure this was a
comprehensive analysis, APAF-1, which forms the apoptosis inducing complex with
BAX and BAK, was also included in the analysis along with Caspase 9, the initiating

caspase in the apoptotic cascade.
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4.2 Results

4.2.1 HDACI-induced ATF3 expression and apoptosis inversely correlates with
BCL-XL expression

Work previously undertaken in my laboratory investigated the change in mRNA
expression of all components of the intrinsic apoptotic pathway following 24-hour
treatment with the HDACIi sodium butyrate in 15 cell lines derived from a range of
tumour types with a range of sensitivities to HDACI treatment by qRT-PCR (Chueh,
Tse et al, under revision in Clinical Cancer Research). We utilized these data to
determine if the magnitude of change in expression of any of these genes correlated
with the magnitude of induction of ATF3 across 15 cell lines. This analysis identified a
significant inverse correlation between the magnitude of induction of ATF3 and the
magnitude of repression of the pro-survival gene BCL-X. (R= -0.553, P= 0.033)
(Figure 4.1A). As expected, the magnitude of repression of BCL-XL also correlated
inversely with the magnitude of HDACi-induced apoptosis across the 15 cell lines (R=
-0.697, P=0.004) (Figure 4.1B). These findings identified BCL-XL as a candidate ATF3
target gene and potential determinant of HDACi-induced apoptosis.

BCL2L1 mRNA
(Log Fold Change)
BCL2L1 mRNA
(Log Fold Change)
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(Log Fold Change)

Figure 4.1. (A) Pearson’s correlation showing that the magnitude of HDACi-induction of ATF3 mRNA
correlates inversely with the magnitude of repression of BCL-XL mMRNA across 15 representative cell
lines. (B) Pearson’s correlation showing that the magnitude of HDACi-induced apoptosis correlates
inversely with the magnitude of repression of BCL-XL mMRNA expression across the 15 representative

cancer cell lines.
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To confirm the preferential repression of BCL-XL in HDACIi-sensitive cell lines, we
examined the effect of Vorinostat on BCL-XL protein expression in the 3 representative
HDACI-sensitive cell lines (A549, AGS and HCT116) and resistant (PANC1, PC3 and
u87) cell lines, derived from different tumour types that were investigated in the
previous chapter (Figure 4.2A). Consistent with the mRNA expression, BCL-XL protein
was downregulated to a greater extent following Vorinostat treatment in the 3 HDACI-
sensitive cell lines compared to the resistant lines. Densitometry analysis revealed this

to be a statistically significant difference (P= 0.043) (Figure 4.1B).
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Figure 4.2 (A) Assessment of BCL-XL protein expression following 24 hours Vorinostat (Vorino)
treatment in 3 representative HDACi-sensitive (A549, AGS and HCT116) and resistant (PANC1, PC3

and U87) cell lines. (B) Densitometric analysis of the ratio of expression of BCL-XL/B-tubulin.
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4.2.2 Knockdown of BCL-X. promotes HDACIi-induced apoptosis in resistant cells

To determine whether the failure to downregulate BCL-XL contributes to
resistance to HDACI-induced apoptosis, we examined the effect of SIRNA-mediated
knockdown of BCL-XL on HDACI-induced apoptosis in the 3 HDACI resistant cell lines
PANC1, PC3 and U87. Knockdown efficiency of BCL-X.-targeting siRNAs was
assessed by Western blot and shown to result in a significant downregulation BCL-XL
protein expression in all 3 resistant cell lines (Figure 4.3). As previously observed,
HDACI treatment alone resulted in minimal repression of BCL-XL in the 3 resistant

lines.
PANC1 PC3 us7

| — i |
e O B ) = )
= @ = @ = @
w0 1] w0 1] wn 172

Vorino 5pM: - + - - = + - + _ + _ +
BCL‘XL - a S 1 — - e

B-Tubulin |SEPEE NP S - — - g w—

Figure 4.3: Knockdown efficiency of BCL-XL in PANC-1 (pancreatic), PC3 (prostate) and U87
(glioblastoma) determined by western blot. Cells were transiently transfected with a non-targeting
SiRNA pool or a pool of 4 BCL-X. targeting siRNAs for 48 hours. The following day cells were treated
with or without Vorinostat (Vorino) for 24 hours.

The effect of BCL-XL knockdown on basal as well as HDACIi-induced apoptosis was
subsequently investigated. Knockdown of BCL-XL alone induced a modest increase in
apoptosis compared to cells transiently transfected with a non-targeting siRNA in all 3
resistant cell lines (Figure 4.4). Comparatively, BCL-XL knockdown enhanced HDACI-
induced apoptosis 3 to 8-fold depending on the cell lines. In PANC1 cells, Vorinostat-
induced apoptosis increased from 5.52+0.77% to 31.10+0.70% in cells transfected
with a non-targeting or BCL-X.-targeting SiRNA respectively. Similarly, Vorinostat-
induced apoptosis increased from 6.28+0.57% to 19.23+0.82% in PC3 cells and from
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2.681£0.39% to 9.81+0.15% in U87 cells transfected with non-targeting and BCL-XL
SsiRNASs respectively (Figure 4.4). These findings demonstrate that downregulation of

BCL-XLis a key event in determining the extent of the apoptotic response to HDACI

treatment.
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Figure 4.4: Effect of BCL-XL knockdown on Vorinostat (Vorino)-induced apoptosis. PANC1, PC3 and
uU87 cells were transiently transfected with a non-targeting siRNA or BCL-X.-targeting siRNAs for 48
hours. The following day cells were left untreated or treated with Vorinostat for 24 hours. Apoptosis was
determined by PI staining and FACS analysis. Values shown are mean + SEM from 2 independent

experiments, each performed in triplicate. *P<0.05 and **P<0.01, Student’s t-test.

We further confirmed the importance of BCL-XL in HDACi-induced apoptosis using
MEFs in which BCL-XL was overexpressed. The overexpression of BCL-X. was first
confirmed by Western blot analysis of Flag-Tagged human BCL-X. (hBCL-XL) protein
expression, which was only observed in the overexpressing cell line. Assessment of
Vorinostat-induced apoptosis in WT and BCL-XL overexpressing cells demonstrated
that Vorinostat-induced apoptosis was significantly reduced from 49.40+1.50% in WT
MEFs to 32.87+0.15% in hBCL-XL overexpressing MEFs (Figure 4.5). These results
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further demonstrate that the repression of BCL-X. is a key mediator of HDACi-induced

apoptosis.
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Figure 4.5: Effect of BCL-XL overexpression on Vorinostat (Vorino)-induced apoptosis. (A) Assessment
of BCL-XL overexpression. (B) Effect on Vorinostat-induced apoptosis in WT and BCL-X.
overexpressing cell lines. Apoptosis was measured by treating cells with Vorinostat for 72 hours
followed by PI staining and FACS analysis. Values shown are mean £ SEM from a representative

experiment performed in triplicate. *P<0.05, Student’s t-test.

4.2.3 HDACI-mediated repression of BCL-X, is dependent on ATF3 induction

Effect of Vorinostat on BCL-X. promoter activity

Having established a significant correlation between the magnitude of induction
of the ATF3 transcription factor and repression of BCL-XL in response to HDACI-
treatment we next sought to determine whether these events were directly associated.
To address this, we first investigated the effect of Vorinostat on reporter activity of a
1261 bp BCL-XL promoter reporter construct in the 3 HDACI sensitive cell lines, A549,
AGS and HCT116. Vorinostat repressed BCL-XL promoter activity by 17.10+0.02%,
82.80+0.03% and 64.00£0.04% in A549, AGS and HCT116 cells respectively (Figure

4.6).
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Figure 4.6: Effect of Vorinostat (Vorino) on BCL-X. promoter activity. A549, AGS and HCT116 cells
were transiently transfected with a 1261 bp BCL-XL promoter-reporter construct and treated with
Vorinostat for 24 hours. Reporter activity was determined by assessment of luciferase activity and
corrected for total cellular protein. Values shown are mean + SEM from 3 biological experiments, each

performed in triplicate. *P<0.05 and **P <0.01, Student’s t-test.
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Effect of ATF3 overexpression on BCL-X. promoter activity

We next determined the effect of ATF3 overexpression alone on BCL-XL
promoter activity in the same 3 cell lines. ATF3 overexpression repressed BCL-XL
promoter activity by >80% in all 3 cell lines (Figure 4.7).
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Figure 4.7: Effect of ATF3 overexpression on BCL-X. promoter activity. A549, AGS and HCT116 cells
were transiently transfected with a 1261 bp BCL-XL promoter-reporter construct, an ATF3 expression
vector and TK-Renilla for 24 hours. BCL-XL reporter activity was determined by assessment of
luciferase activity and corrected for TK-Renilla luciferase activity. Values shown are mean + SEM from

3 independent experiments, each performed in triplicate. ***P<0.001, Student’s t-test.
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ATF3 is required for HDACi-mediated repression of BCL-X,

Finally, to directly determine if HDACI-induction of ATF3 is required for
subsequent BCL-XL repression, we examined the effect of ATF3 knockdown on
HDACIi-mediated BCL-XL. repression in the 3 HDACi-sensitive cell lines. Samples used
in these experiments were the same as those used in Chapter 3 (Figure 3.6), in which
efficient knockdown of ATF3 was established. Knockdown of ATF3 resulted in marked
attenuation of HDACi-mediated repression of BCL-XL. These findings directly establish
that ATF3 induction is required for HDACi-mediated repression of BCL-XL in multiple
cancer cell lines (Figure 4.8)
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Figure 4.8: Effect of ATF3 knockdown on Vorinostat-mediated repression of BCL-X.. A549, AGS and
HCT116 cells were transiently transfected with a non-targeting or ATF3-targeting siRNAs overnight.
The following day cells were treated with Vorinostat for 24 hours, and BCL-XL protein expression
determined by western blot.

4.2.4 Combination treatment with HDACi-inhibitors and BCL-X. inhibitors
overcomes inherent resistance to HDACi-induced apoptosis

Having demonstrated that siRNA-mediated knockdown of BCL-XL can re-
sensitise inherently resistant cell lines to HDACIi-induced apoptosis, we next tested
whether a similar effect could be induced pharmacologically, by combining HDACi with
BCL-Xw inhibitors. To address this, the 3 HDACI resistant cell lines PANC1, PC3 and
U87 were treated with Vorinostat alone and in combination with ABT-263 (Navitoclax),
a BH3-mimetic which inhibits BCL-X., BCL-2 and BCL-w. Combination treatment of
the 3 resistant cell lines with Vorinostat and ABT-263 resulted in significantly enhanced
apoptosis compared to either agent alone (Figure 4.9). In the PANC1 cells, the
combination induced 84.66+4.10% of apoptosis compared to 11.60+1.42% and
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39.87+0.18% in cells treated with Vorinostat alone or ABT-263 alone, respectively. In
PC3, combination treatment induced 82.47+0.99% apoptosis compared to
5.56%0.11% and 47.43+1.92% in cells treated with VVorinostat alone or ABT-263 alone,
respectively. Finally, treatment of U87 cells produced a similar outcome whereby
combination treatment induced 52.23+0.60% apoptosis compared to 11.97+0.49%
and 19.90+0.31% in cells treated with Vorinostat alone or ABT-263 alone, respectively

(Figure 4.9).
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Figure 4.9: Effect of combination treatment with Vorinostat and ABT-263 on apoptosis induction in the
HDACI resistant cell lines PANC-1, PC3 and U87. Cell lines were treated with both drugs alone or in
combination for 24 hours, and apoptosis determined by Pl staining and FACS analysis. Values shown
are mean + SEM from a representative experiment performed in triplicate. *P<0.05 and ***P<0.001,

Student’s t-test.

We next determined whether the combination of Vorinostat and ABT-263 could also
provide an enhanced apoptotic response in HDACI sensitive cell lines, at significantly
lower concentrations. To address this, we treated the HDACI-sensitive colorectal

cancer cell line HCT116 with Vorinostat at 2.5 pyM and ABT-263 at 0.1 uM, which are

85



doses 2-fold and 10-fold lower doses respectively than the doses used in the resistant
cell lines (Vorinostat 5 uM and ABT-263 1 uM). Despite the lower doses used, the
combination of Vorinostat and ABT-263 at significantly enhanced apoptosis induction
compared to either agent alone, with the combination inducing 66.70+0.52%
apoptosis, compared 23.47+1.72% apoptosis induced by Vorinostat alone and

9.11+1.02% by ABT-263 alone (Figure 4.10).
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Figure 4.10: Effect of combination treatment with Vorinostat and ABT-263 on apoptosis induction in the
HDACI sensitive colon cancer cell line HCT116. Cells were treated with both drugs alone or in
combination for 24 hours, and apoptosis determined by PI staining and FACS analysis. Values shown

are mean + SEM from a representative experiment performed in triplicate. ***P<0.001, Student’s t-test.
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These experiments were repeated using ABT-737, the precursor compound to ABT-
263 and pan BCL family-inhibitor. As observed for ABT-263, combination treatment of
the 3 resistant cell lines with Vorinostat and ABT-737 induced significantly greater
apoptosis than either agent alone (Figure 4.11). Furthermore, treatment of the HDACI-
sensitive cell line HCT116 with a 2-fold lower concentration of Vorinostat (2.5 uM) and
a 10-fold lower concentration of ABT-737 (1 uM) to that used in the resistant cell lines

was sufficient to induce >60% apoptosis (Figure 4.12).
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Figure 4.11: Effect of combination treatment with Vorinostat and ABT-737 on apoptosis induction of
HDACI resistant cell lines PANC-1, PC3 and U87. Cell lines were treated with both drugs alone or in
combination for 24 hours, and apoptosis determined by PI staining and FACS analysis. Values shown

are mean + SEM from 2 independent experiments, each performed in triplicate. *P< 0.05, Student’s t-

test.
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Figure 4.12: Effect of combination treatment with Vorinostat and ABT-737 on apoptosis induction in the
HDACI sensitive colon cancer cell line HCT116. Cells were treated with both drugs alone or in
combination for 24 hours, and apoptosis determined by Pl staining and FACS analysis. Values shown
are mean + SEM from 2 independent experiments. each performed in triplicate. **P< 0.01, Student’s t-

test.

Effect of combination treatment with Vorinostat and the BCL-X.-specific inhibitor
A1331852 on apoptosis.

ABT-263 and ABT-737 are pan-BCL inhibitors which inhibit BCL-2, BCL-XL and
BCL-w. Therefore, to determine if the enhanced apoptosis induced by combining these
agents with HDACi was due to inhibition of BCL-X., we determined the effect of
combining Vorinostat with the BCL-Xc-specific inhibitor, A1331852. Similar to the
effects observed when Vorinostat was combined with ABT-263 or ABT-737, combining
Vorinostat with A1331852 significantly enhanced apoptosis induction compared to
either agent alone, in all 3 HDAC: resistant cell lines (Figure 4.13). In the PANCL1 cells,
the combination induced 36.24+1.44% apoptosis compared to 8.94+1.79% and
5.67+£0.78% apoptosis in cells treated with Vorinostat alone or A1331852 alone,
respectively. In PC3, the combination induced 40.44+3.57% apoptosis compared to
8.56%£2.41% and 9.23%£1.67% apoptosis in cells treated with Vorinostat or A1331852
alone, respectively. A similar result was observed in U87 cells in which the

combination treatment induced 24.34+1.43% apoptosis compared to 4.44+0.49% and
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10.66+£0.80% apoptosis in cells treated with Vorinostat or A1331852 alone,
respectively. Furthermore, treatment of the HDACi-sensitive colorectal cancer cell line
HCT116 with a 2-fold lower concentration of Vorinostat (2.5 uM) and a 10-fold lower
concentration of A1331852 (1 uM) to that used in resistant cell lines was sufficient to
induce 79.83%+2.17% apoptosis compared to 13.25+0.51% and 6.62+1.39%
apoptosis in cells treated with Vorinostat or A1331852 alone, respectively (Figure

4.14).
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Figure 4.13: Effect of combination treatment with Vorinostat and A1331852 on apoptosis in the HDACI
resistant cell lines PANC-1, PC3 and U87. Cell lines were treated with both drugs alone or in
combination for 24 hours, and apoptosis determined by PI staining and FACS analysis. Values shown

are mean + SEM from 3 independent experiments, each performed in triplicate. ***P<0.001, Student’s

t-test.
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Figure 4.14: Effect of combination treatment with Vorinostat and ABT-737 on apoptosis induction in the
HDACI sensitive colon cancer cell line HCT116. Cells were treated with both drugs alone or in
combination for 24 hours, and apoptosis determined by Pl staining and FACS analysis. Values shown

are mean + SEM from 3 independent experiments, each performed in triplicate. **P< 0.01, Student’s t-

test.
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The BCL-2-specific inhibitor ABT-199 does not enhance HDACI-induced apoptosis.

Finally, we examined the effect of combining Vorinostat with the BCL-2-specific
inhibitor, ABT-199 (Venetoclax). In contrast, to the effects observed with the BCL-XL
inhibitor, combining Vorinostat with ABT-199 resulted in minimal to no enhancement
in apoptosis induction compared to either agent alone, in all 3 resistant cell lines
(PANC1, PC3 and U87) (Figure 4.15). Similar results were obtained in the HDACI
sensitive colorectal cancer cell line HCT116, of which lower doses of both agents were

used at, to compare efficacy to the BCL-Xv inhibitors (Figure 4.16).
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Figure 4.15: Effect of combination treatment with Vorinostat and ABT-199 on apoptosis induction in the
HDACI resistant cell lines PANC-1, PC3 and U87. Cell lines were treated with both drugs alone or in
combination for 24 hours, and apoptosis determined by PI staining and FACS analysis. Values shown

are mean £ SEM from 2 independent experiments, each performed in triplicate. *P<0.05, Student’s t-

test.
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Figure 4.16: Effect of combination treatment with Vorinostat and ABT-199 on apoptosis induction in the
HDACI sensitive colon cancer cell line HCT116. Cells were treated with both drugs alone or in
combination for 24 hours, and apoptosis determined by PI staining and FACS analysis. Values shown

are mean £ SEM from 2 independent experiments, each performed in triplicate.
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4.2.5 Combination treatment with Vorinostat and ABT-263 inhibits growth of HDACI
resistant tumour xenografts in-vivo

Having demonstrated that the combination of Vorinostat and ABT-263
significantly enhances apoptosis induction of HDACIi-resistant tumour cells in vitro, we
next sought to determine whether this combination could also inhibit tumour growth in
vivo. To address this, HDACI resistant U87 cells were engrafted into the right and left
flank of Balb/c nu/nu mice and treatments commenced once the tumours were of a
palpable size, which was 4 days after initial engraftment. Mice were treated daily for 5
days, followed by 2 days break, for a total of 19 days. Consistent with the findings in
vitro, Vorinostat or ABT-263 treatment alone had minimal effect on tumour growth
(Figure 4.17A-C). Comparatively, the combination significantly inhibited tumour
volume by >50% when assessed by calliper measurements (Combination 56.32+4.16
mm?® vs Control 131.25+14.52 mm?3), or final tumour weights (Combination
0.010%0.01g vs Control 0.024+0.01g in control). No loss in body weight was observed
during the course of the study in any of the groups, with the exception of the first day
after IP drug administration where all mice lost weight. Notably, all mice regained their

lost body weight over the following 24 hours (Figure 4.18).
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Figure 4.17: Effect of Vorinostat and ABT-263 on tumour growth in vivo. HDACi-resistant U87 cells
were injected into the right and left flank of Balb/c nu/nu mice (day 0). On day 4, mice were randomised
to receive vehicle, Vorinostat (50 mg/kg), ABT-263 (25mg/kg), alone or in combination. Mice were
treated daily for 5 days followed by a 2-day break for a total of 19 days. (A) Extracted tumours at study
completion. (B) Tumour volume measured using calipers. Data represented as mean + SEM and
analysed using Two-way ANOVA with Tukey's post hoc test. (C) Tumour weight at study completion.
Data represented are mean + SEM and analysed using One-way ANOVA with Tukey’s post hoc test.
**P<0.01 and ***P < 0.005.
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Figure 4.18: Effect of Vorinostat and ABT-263 treatment on change of body weight relative to starting
weight, over the study period. Data presented are the mean + SEM. Black arrow indicates day of tumour

injection and red arrow indicates the start of drug treatments.
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4.3 Discussion

In the previous chapter, we established a key role for induction of the ATF3
transcription factor in driving HDACI-induced apoptosis. However, the precise
mechanism by which ATF3 induction regulates apoptosis remains unknown. A number
of previous studies have demonstrated HDACI-induced apoptosis involves the altered
expression of various regulatory components of the intrinsic apoptotic pathway across
a range of tumour cell lines [199-202], including induction of the pro-apoptotic factors
BIM, BMF, BAX and BIK, and repression of the anti-apoptotic factors BCL-2, BCL-XL
and MCL-1 [43, 163, 198, 203].

Prior work undertaken in my laboratory therefore sought to establish a link between
the magnitude of HDACIi-induction of ATF3 and corresponding change in expression
of pro and or anti-apoptotic components of the intrinsic apoptotic pathway. This
analysis identified a statistically significant correlation between the magnitude of
HDACI-induction of ATF3 mRNA expression and the corresponding repression of
expression of BCL-XL in 15 cancer cell lines representing a range of HDACI
sensitivities and tumour types. Importantly, this analysis also demonstrated a
significant inverse correlation between the magnitude of repression of BCL-XL and
apoptotic sensitivity of to these agents. The aim of this chapter was to determine if the
repression of BCL-X. was required for HDACIi-induced apoptosis, and if the repression
of BCL-XL was directly mediated by ATF3.

First, | extended the previous findings of my laboratory and demonstrated that BCL-XL
protein expression was also preferentially repressed in HDACI sensitive cell lines.
Next, through promoter reporter assays we demonstrated that ATF3 overexpression
repressed activity of a BCL-XL promoter construct. Importantly, investigation of the
sequence of the BCL-XL promoter demonstrates the existence of several putative AP-
1 binding sites capable of binding ATF3. Indeed, ChIP experiments undertaken by
other members of my laboratory has confirmed direct binding of ATF3 to these sites
following HDACI treatment (Chueh et al, Clinical Cancer Research). Notably, in these
ChIP experiments we also identified regions in the BCL-XL promoter which did not
possess AP-1 binding sites, but also displayed high ATF3 binding and significant

repression of BCL-XL promoter activity. Within these regions we identified several
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potential NF-kB binding sites, raising the possibility that ATF3 may interact with factors
such as NF-kB to repress BCL-XL. As previously discussed, the activation and
accumulation of NF-kB has been previously demonstrated to be regulated by HDACI

[397], therefore, such a model could be plausible and is worthy of further investigation.

The repressive effect of ATF3 on BCL-XL promoter activity most likely also involves
the recruitment of co-repressor complexes to induce epigenetic changes associated
with transcriptional repression. The identity of these factors is currently unknown but
may include histone deacetylase and histone methyltransferase containing

complexes.

Collectively, these results demonstrate that HDACi treatment induces ATF3
expression which in turn represses expression of the pro-survival gene BCL-XL.. We
demonstrate that this occurs preferentially in HDACi sensitive cells, providing new
mechanistic insights into the basis for differential sensitivity of cancer cell lines to
HDACI-induced apoptosis. The findings of this chapter also demonstrate that
knockdown of BCL-XL can sensitise HDACI-resistant cancer cell lines to HDACI-
induced apoptosis, providing direct evidence for a key role for BCL-XL repression in
HDACI-induced apoptosis. This finding is consistent with the findings of Hamed et al
who demonstrated that overexpression of BCL-XL can attenuate apoptosis induced by
the combination of Sorafenib and HDACI [398].

Having identified the repression of BCL-XL as a critical mediator of HDACi-induced
apoptosis, we went on to test whether combining HDACi and a BCL-XL inhibitor may
represent a means of overcoming inherent resistance to HDACi. We first
demonstrated that combining HDACI with the pan-BCL family inhibitors, ABT-263 or
ABT-737, significantly enhanced apoptosis compared to either agent alone. We
demonstrated this in multiple HDACI resistant cell lines in vitro and in the HDACI-
resistant U87 cell line in vivo. We subsequently demonstrated that the enhanced
apoptotic response was specifically driven by the co-suppression of BCL-XL as
treatment of resistant cell lines with HDACi and the BCL-XL-specific inhibitor A-
1338352, but not the BCL-2-specific inhibitor, ABT-199, significantly enhanced
HDACI-induced apoptosis. We also demonstrated that a BCL-XL inhibitor could
enhance HDACI-induced apoptosis in a HDACI sensitive cell line, when used at lower
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concentrations. Whether high dose HDACI treatment or combination treatment with
lower doses of an HDACi and a BCL-XL inhibitor represents a more effective therapy
for HDACI sensitive cells will need to be assessed in vivo, where anti-tumour activity
can be assessed in parallel with toxicity. In this regard, a well-established side effect
of ABT-263 treatment is thrombocytopenia as haemostatic platelet function is heavily
reliant on BCL-XL [399, 400], and several studies have demonstrated that which ABT-
263 can enhance the anti-tumour activity of drugs such as Rituximab, Gemcitabine
and Carboplatin/Paclitaxel, thrombocytopenia is a consistent dose-limiting side effect
[400-405].

However, during the course of these studies, we also noted that the molecular or
pharmacological inhibition of BCL-XL alone in resistant cell lines did not induce
apoptosis to the same extent to that observed during HDACi-mediated inhibition of
BCL-XL, suggesting HDACI-induced apoptosis likely requires additional molecular
changes. To investigate this, members of my laboratory have investigated other pro
and anti-apoptotic components of the intrinsic apoptotic pathway which are altered in
expression following HDACI treatment, and identified consistent induction of the pro-
apoptotic BH3-only genes BIM, BIK, BMF and NOXA (Chueh, Tse et al, under revision
in Clinical Cancer Research). Notably, a number of these genes have previously been
shown to be required for HDACi-induced apoptosis [406, 407]. It is important to
emphasise however, that in contrast to the pattern of regulation of BCL-X. which was
preferentially repressed in HDACI sensitive cell lines, the magnitude of induction of
these genes was similar in sensitive and resistant cell lines, indicating their induction
alone is not sufficient to induce apoptosis. Therefore, we propose a model whereby
HDACIi-induced apoptosis involves both the induction of pro-apoptotic genes such as
BIM, BIK, BMF and NOXA and the ATF3-dependent repression of the pro-survival
factor BCL-XL. Of these events, ATF3-dependent repression of BCL-XL only occurs in

some lines and is therefore the key event which determines apoptotic response.

In conclusion, we demonstrate that the induction of ATF3 and subsequent repression
of BCL-XL is a key mediator of HDACI-induced apoptosis. Furthermore, we utilize this
information to test and demonstrate that combining HDACI with a BCL-XL inhibitor can
overcome inherent resistance to HDACI regardless of tumour type, and provides a
strategy for broadening the use of HDACI as a cancer therapeutic.
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Chapter 5: Histone deacetylase and proteasome inhibitors
synergistically induce apoptosis through induction of ATF3
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51 Introduction

HDAC inhibitors and proteasome inhibitors synergistically induce apoptosis in cancer
cell lines.

Combination treatment with HDAC-inhibitors (HDACi) and proteasome
inhibitors have been shown to synergistically induce apoptosis in multiple cancer cell
lines, including cell lines derived from multiple myeloma [408-410], leukemia [411-415]
and colorectal cancer [416, 417]. Combinatorial treatment of the HDACI, Vorinostat
and Panobinostat, with the proteasome inhibitor, Bortezomib, have also been recently
shown to confer additional clinical benefit for the treatment of multiple myeloma in two
large randomized Phase Il studies, VANTAGE 088 [418] and PANORAMA [121, 147],
respectively. In the VANTAGE 088 trial, combination of Vorinostat and Bortezomib
provided a modest increase in progression free survival of 0.8 months compared to
Bortezomib alone. However, a statistical difference in overall survival was not
observed. In comparison, the subsequent PANORAMA trial which tested the
combination of Panobinostat with Bortezomib and Dexamethasone, increased
progression free survival (PFS) by 4.8 months compared to Bortezomib and
Dexamethasone alone and was approved for the treatment of relapsed multiple

myeloma in 2015.

Proteasome inhibitors

Ubiquitin-Proteasome cascade of protein degradation

The degradation of un-wanted cellular proteins is a complex and tightly
regulated process which aids in the regulation of cellular function and maintenance of
homeostasis. The ubiquitin-proteasome pathway is one of the major pathways in
which intra-cellular proteins are degraded and it is responsible for the degradation of
proteins involved in a wide variety of cellular responses such as DNA repair,
transcription, cell cycle and apoptosis. The degradation of un-wanted proteins occurs
by a multi-catalytic process in which the protein to be degraded is tagged by a
covalently linked polyubiquitin chain through the coordinate action of three enzymes:
E1l (a ubiquitin-activating enzyme), E2 (a ubiquitin-conjugating enzyme) and E3 (a
ubiquitin ligase) (Figure 5.1) [378, 419, 420]. This process is initiated by the activation
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of a ubiquitin molecule through formation of a thiol ester bond between the ubiquitin
and an E1 enzyme [421]. The activated ubiquitin is then transferred to the active site
within an E2 enzyme which together with an E3 enzyme transfers the ubiquitin to a
lysine residue on the target protein. This process occurs in multiple rounds, resulting
in the formation of a polyubiquitin chain on the protein. The poly-ubiquitinated proteins
are then shuttled to the 26S proteasome where they are degraded in the central portion
(20S subunit) of the 26S proteasome complex [422].

=

26S Proteasome

Figure 5.1 The ubiquitin-proteasome pathway. The addition of poly-ubiquitinated tails to specific lysine
residue on proteins targets them for proteasomal degradation. Three enzymes are involved in protein
ubiquitination: E1 (a ubiquitin-activating enzyme), E2 (a ubiquitin-conjugating enzyme) and E3 (a
ubiquitin ligase). Proteins which have been ubiquitinated are subsequently degraded by the 26S

proteasome.

Proteasome inhibitors as cancer therapeutics

Proteasome inhibitors were initially synthesised as a chemical compound to
assist in the investigation of the proteasome’s catalytic function and to identify proteins
which were heavily dependent on 26S proteasomal degradation. However, early in
vitro studies also demonstrated that proteasome inhibitors induced apoptosis in
leukemic cell lines [423, 424] and provided anti-tumour activity in an in vivo model of
Burkitt’s lymphoma [425].

Several mechanisms for apoptotic sensitivity of tumour cells to proteasome inhibitors
have been proposed. First, tumour cells have a greater dependence on protein
turnover due to their higher proliferation rates [426]. A study by Crawford et al
supported this hypothesis by demonstrating that increased proteasomal activity, which

is indicative of higher protein turnover rates, correlated with an increased sensitivity of

102



leukemic cells to proteasome inhibitors [427]. Second, a number of tumours are
dependent on the NF-kB transcription factor for their survival, and the proteasome
plays a critical role in NF-kB activation by catalysing the ubiquitination and subsequent
degradation of the inhibitory partner of NF-kB, IkB [428]. IkB binds to NF-kB preventing
its nuclear localisation and maintaining it in an inactive state in the cytoplasm [429-
431].

The proteasome inhibitor Bortezomib (Velcade) was initially chosen from a panel of
boronic acid analogues based on its cytotoxicity in a screen of the National Cancer
Institute’s panel of 60 cancer cell lines [432], and its cytotoxicity was subsequently
confirmed in a number of pre-clinical tumour models. The efficacy of Bortezomib was
then further investigated in pre-clinical studies in various tumour types and displayed
indications of activity in prostate cancer [433] and multiple myeloma cells [434]. In
subsequent trials, Bortezomib demonstrated clinical activity in multiple myeloma [435-
437], and the drug was FDA approved for the treatment of relapsed multiple myeloma
in 2003 [438]. FDA approval of Bortezomib for multiple myeloma was based on a
Phase Il, open-label, single arm, multi-centre study of 202 heavily pre-treated patients.
Of the 188 patients that were evaluable, complete responses were achieved in 5
patients (3%) and partial response in 47 patients (25%), with median duration of
response being 365 days [438]. Bortezomib has also since been approved as a first

line treatment option for mantle cell lymphoma in 2015 [439].

Several explanations as to why these tumour types are particularly sensitive to
proteasome inhibitors have been proposed. One proposed mechanism is the ability of
proteasome inhibitors to block NF-kB activity, a key transcription factor which
promotes myeloma genesis [440, 441]. Inhibition of proteasome degradation would
prevent the degradation of the inhibitory unit of NF-kB, IkB, and consequently in
inhibition of NF-kB activity [442]. Second, in multiple myeloma cells unfolded and
misfolded proteins often accumulate. Hence, multiple myeloma cells have a well-
developed endoplasmic-reticulum-associated protein degradation (ERAD) system, in
which misfolded proteins are excluded from the endoplasmic reticulum, poly-
ubiquitinated and degraded by the proteasome. The inhibition of the proteasome

would be expected to result in disruptions in the balance of the ERAD system, over-
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stressing of the endoplasmic reticulum and induction of stress activated apoptosis in
multiple myeloma cells [443].

Activation of the JNK and p38 stress response pathways

Numerous studies have demonstrated that the intracellular accumulation of un-
wanted proteins following proteasome inhibition results in activation of the JNK and
p38 stress response pathways [320-322], which regulate a range of cellular
responses, including cell proliferation, differentiation and apoptosis [444, 445]. The
JNK and p38 pathways are typically activated by stress-inducing stimuli including
osmotic stress, ionizing radiation [446], chemotherapy treatment and proteasome
inhibition [320, 321]. Activation of these pathways in turn activates a number of
transcription factors including ELK1, p53 and c-myc as well as the members of the
AP-1 complex c-JUN, and AT3 [445].

The context by which activation of p38 induces ATF3 was investigated in a study by
Lu et al, where they demonstrated p38 activation by Anisomycin, a well characterised
JNK and p38 activator, was crucial for ATF3 mRNA induction and subsequent
apoptosis in HeLa, COS-1 and HEK-293T cells. Analysis of the ATF3 promoter further
found that CREB, which is a phosphorylation target of p38, was necessary for p38
induced expression of ATF3. However, the authors noted that their short-list of p38
phosphorylated transcription factors was not comprehensive, and that a range of other
transcription factors may also have a role in p38 mediated induction of ATF3 [447].
Furthermore, the ATF3 promoter contains numerous binding sites including AP-1,
CRE/ATF, E2F, p53 and NF-kB, for which other transcription factors can also bind and
mediate ATF3 expression.

Proteasome inhibitor-induced apoptosis

As described for HDACI, a major mechanism by which proteasome inhibitors
exert their anti-tumour activity is through the induction of apoptosis [448-450].
Mechanistically, this occurs through activation of either the intrinsic or extrinsic
apoptotic pathways, although the majority of data indicate activation of the intrinsic
apoptotic pathway. Various studies have demonstrated that proteasome inhibitor
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treatment initiates apoptosis through the induction of pro-apoptotic proteins and
repression of anti-apoptotic members. For example, Ling et al demonstrated that
treatment of H460 (NSCLC) cells with Bortezomib leads to phosphorylation and
cleavage of the pro-survival protein BCL-2 [448]. The phosphorylation and cleavage
of BCL-2 has been shown to be dependent on JNK activation [320, 451]. Proteasome
inhibitors also activate BAX and BAK, and up-regulate the pro-apoptotic factors NOXA,
p53, p27, BIM, BAX, and SMAC [452-454]. Conversely, the inhibition of the
proteasome has also been shown to cause an accumulation and increased half-life of
the anti-apoptotic protein MCL-1. Tumour cells expressing elevated levels of MCL-1
are resistant to proteasome inhibitors and studies have combining proteasome
inhibitors with MCL-1 inhibitors have demonstrated enhanced cell killing [455, 456].

In regards to the extrinsic pathway, proteasome inhibitor treatment results in the up-
regulation of several death receptors such as Fas and DR5, and enhanced caspase 8
activity [449, 457]. Furthermore, the requirement of Fas for proteasome inhibitor-
induced apoptosis was demonstrated by Tani et al where the attenuation of Fas with
antibodies prevented proteasome inhibitor-induced apoptosis in glioblastoma cells
[458].

Potential mechanisms for the enhanced anti-tumour activity induced by combining
HDACI and proteasome inhibitors

While combination treatment with HDAC and proteasome inhibitors is clinically
approved for refractory multiple myeloma, the mechanistic basis for the activity of this
combination has not been clearly defined. One mechanism proposed is that this
combination induces blockade of both the proteasome as well as the aggresome,
resulting in inhibition of all routes of protein degradation. While the proteasome is the
major pathway by which un-wanted proteins are degraded [378, 426], an alternate
compensatory mechanism of protein degradation is via formation of aggresomes.
When the proteasome is inhibited or overwhelmed, aggresomes are formed to
facilitate the degradation of these proteins by lysosomes. Misfolded and un-wanted
proteins aggregate to form aggresomal particles which are transported in a
microtubule-dependent manner to the microtubule organising centre, where they are

sequestered together to form the aggresome. Aggresome formation and function has
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been demonstrated to require HDACG6 [459-463]. HDACG6 acetylates a-tubulin and
associates with dynein to aid the transport of the aggregated protein particles through
the cytosol to lysosomes for degradation [460]. Therefore, combination treatment with
proteasome and HDAC inhibitors has been postulated to result in inhibition of both the
26S proteasome and the aggresome, resulting in greater accumulation of unwanted
proteins, cell stress and ultimately apoptosis.

However, other studies which have demonstrated that combination treatment with
proteasome inhibitors and HDACi which do not target HDAC6 can also synergistically
induce apoptosis [464, 465]. For example, studies combining proteasome inhibitors
with the Class | HDACi MS-275 (Entinostat) synergistically induced apoptosis in
cholangiocarcinoma cells and nasopharyngeal carcinoma cells, without inhibiting
aggresome function [465, 466]. These findings suggest that additional mechanisms
may play a role in driving the synergistic induction of apoptosis by this drug

combination.

Hypothesis:

As discussed previously, a number of studies have demonstrated the induction
of ATF3 in response to proteasome inhibitor treatment subsequent to activation of the
p38 and JNK stress response pathways [326, 445, 467, 468]. As we have
demonstrated a key role for the induction of ATF3 in HDACi-induced apoptosis, and
given that HDACi-induction of ATF3 is mediated through the Sp1 and Sp3 transcription
factors [309], we postulated that combination treatment with an HDACi and a
proteasome inhibitor would synergistically induce ATF3 expression. We hypothesise
that the synergistic induction of ATF3 would subsequently drive the enhanced

induction of apoptosis in response to this drug combination (Figure 5.2).
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Figure 5.2 Proposed model by which HDACi and proteasome inhibitors may synergistically induce
ATF3 expression. We propose that HDACi induce ATF3 in a Sp1/Sp3 dependent manner whereas
proteasome inhibitors induce ATF3 expression via p38 activation and subsequent phosphorylation of

transcription factors that mediates ATF3 induction.
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5.2 Results

5.2.1 Combination treatment with HDAC and proteasome inhibitors synergistically
induces apoptosis in colorectal cancer and multiple myeloma cell lines

To test our hypothesis that combination treatment with HDAC and proteasome
inhibitors synergistically induces apoptosis through additive induction of ATF3, we first
determined the effect of this drug combination on apoptosis induction in 2 colon cancer
and 2 multiple myeloma cell lines. Combination treatment with Vorinostat and
Bortezomib synergistically induced apoptosis in the 2 colorectal cancer cell lines, with
the combination inducing >70% apoptosis in both cases (Figure 5.3A). In the HCT116
cell line, the combination induced 86.57+5.90% apoptosis compared to 13.17+3.09%
and 41.60+£3.06% apoptosis in cells treated with Vorinostat or Bortezomib alone,
respectively. A similar result was obtained in SW948 where the combination induced
77.25+1.73% apoptosis compared to 17.50+£3.25% and 17.37+1.14% apoptosis in

cells treated with Vorinostat or Bortezomib alone, respectively.

Consistent with the clinical activity of Vorinostat and Bortezomib in haematological
cancers, the combination also synergistically induced apoptosis in the 2 multiple
myeloma cell lines, even when Vorinostat and Bortezomib were used at 5-fold and 10-
fold lower concentrations respectively to the concentrations used in colorectal cancer
cells (Figure 5.3B). In OPM2 the combination induced 34.78+2.78% apoptosis
compared to 5.33+0.52% and 10.06+0.94% apoptosis in cells treated with Vorinostat
or Bortezomib alone, respectively. Similarly, in U266 the combination induced
34.00+0.21% apoptosis compared to 11.47+2.06% and 10.0.4+1.91% apoptosis in
cells treated with Vorinostat or Bortezomib alone, respectively. Synergy was
statistically determined using the Chou & Talalay method (Figure 5.4 A & B).
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Figure 5.3 Effect of Vorinostat (Vorino) and Bortezomib (Btz) alone and in combination on apoptosis in
(A) 2 colorectal cancer (HCT116 and SW948) and (B) 2 multiple myeloma (U266 and OPM2) cell lines.
Cells were treated for 24 hours and apoptosis determined by FACS analysis of Pl stained cells. Values

shown are mean + SEM from 3 independent experiments, each performed in triplicate. * Denotes

synergy as determined by the Chou & Talalay method.
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Figure 5.4 Combination index (CI) plots and Isobologram obtained from Chou & Talalay synergy
calculation of Vorinostat and Bortezomib combination treatment in the (A) 2 colorectal cancer cell lines,
and the (B) 2 multiple myeloma cell lines. Combination index values that fall below 1 and isobologram
values that fall below the gradient of 1 are considered to by synergistic.

The synergistic induction of apoptosis was further demonstrated by measurement of
cleaved caspase 3 which was markedly higher in the 2 colorectal (Figure 5.5A) and 2

multiple myeloma (Figure 5.5B) cell lines treated with the combination compared to
either agent alone.
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Figure 5.5 Effect of Vorinostat (Vorino) and Bortezomib (Btz) alone and in combination on apoptosis in
(A) 2 colorectal cancer (HCT116 and SW948) and (B) 2 multiple myeloma (U266 and OPM?2) cell lines.
Cells were treated for 24 hours and cleaved caspase 3 induction determined by Western blot.
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To determine whether combining other clinically relevant HDACi with Bortezomib also
synergistically induced apoptosis, HCT116 and SW948 colorectal cancer cells were
treated with Bortezomib and the other three FDA approved HDACI, Depsipeptide
(Romedipsin), Belinostat (PXD101) and Panobinostat. All three HDACI induced an

enhanced apoptotic when combined with Bortezomib in both colorectal cancer cell

lines (Figure 5.6A-C).
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Figure 5.6 Effect of Bortezomib (Btz) and (A) Depsipeptide (Dep), or (B) Belinostat (Bel) or (C)
Panobinostat (Pano) alone and in combination on apoptosis in 2 colorectal cancer (HCT116 and
SW948) cell lines. Cells were treated for 24 hours and apoptosis determined by FACS analysis of PI
stained cells. Values shown are mean + SEM from a representative experiment from 2 independent

experiments, each performed in triplicate. *P < 0.05, Student’s t-test.
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5.2.2 HDACI and proteasome inhibitors induce ATF3 mRNA and protein expression

To confirm the previous reports that proteasome inhibitor treatment induces
expression of ATF3 and to extend this finding to multiple cell lines, we examined the
effect of treating the 2 colorectal cancer cell lines (HCT116 & SW948) and 2 multiple
myeloma cell lines (U266 & OPM2) with Bortezomib for 24 hours on ATF3 induction.
For comparison, the same cell lines were also treated with Vorinostat. Bortezomib and
Vorinostat both robustly induced ATF3 mRNA expression in all 4 cell lines (Figure 5.7
A-B). Notably, the magnitude of ATF3 mRNA induction in response to Bortezomib

treatment was markedly higher in multiple myeloma cell lines compared to colorectal

cancer cell lines.
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Figure 5.7 Effect of Vorinostat (Vorino) and Bortezomib (Btz) on ATF3 mRNA induction in (A) colorectal
cancer (HCT116 and SW918) and (B) multiple myeloma (U266 and OPM2) cell lines. Cells were treated
for 24 hours and gene expression determined by q-RT-PCR. Values shown are mean + SEM from 3

independent experiments, each performed in triplicate.

113



The induction of ATF3 by proteasome inhibitors and HDACi was also confirmed at the
protein level with sustained induction of ATF3 observed over 24-48 hours in response

to treatment with either Bortezomib or Vorinostat (Figure 5.8 A-B).
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Figure 5.8 Effect of Bortezomib (Btz) and Vorinostat (Vorino) on ATF3 protein expression in (A)
colorectal cancer (HCT116 and SW918) and (B) multiple myeloma (U266 and OPM2) cell lines
determined by western blot. Cells were treated with Bortezomib or Vorinostat for 8-48hours.
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5.2.3 Vorinostat but not Bortezomib-induced ATF3 expression is dependent on the
Spl and Sp3 transcription factors

Wilson et al previously established that HDACi-induced expression of ATF3
was dependent on the Spl and Sp3 transcription factors, as combined knockdown of
Spl and Sp3 attenuated HDACI-induced apoptosis [309]. To determine if Bortezomib
induction of ATF3 was dependent or independent on Spl and Sp3, the effect of Spl
and Sp3 knockdown on Bortezomib-induced ATF3 expression was investigated in
SW948 colorectal cancer cells. The effect of Spl and Sp3 knockdown on Vorinostat-
induced ATF3 expression was examined in parallel for comparison. Co-transfection
with Spl and Sp3-targeting siRNAs partially inhibited Spl and Sp3 expression as
assessed by Western blot. As previously demonstrated in HCT116 colorectal cancer
cells, combinatorial knockdown of Spl and Sp3 attenuated induction of ATF3
expression following Vorinostat treatment. Comparatively, Sp1/Sp3 knockdown had

minimal effect on Bortezomib-induced ATF3 protein expression (Figure 5.9).
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Figure 5.9 Effect of combinatorial knockdown of Spl and Sp3 on Vorinostat (Vorino) or Bortezomib
(Btz)-mediated induction of ATF3 protein expression determined by Western blot. SW948 cells were
transiently co-transfected with Sp1 and Sp3-targeting siRNAs overnight and the following day treated

with Vorinostat or Bortezomib for 24 hours.
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To confirm these findings, the effect of Mithramycin, a pharmacological inhibitor of
Sp1/Sp3 binding to GC rich sequences, on Vorinostat and Bortezomib-induced
expression of ATF3 mRNA was investigated. Mithramycin treatment significantly
attenuated induction of ATF3 following Vorinostat treatment, with ATF3 mRNA
expression induced 7.03+0.14-fold by Vorinostat alone compared to 1.60+0.99-fold,
when treated with Vorinostat in combination with Mithramycin (Figure 5.10A).
Unexpectedly, Mithramycin treatment alone induced ATF3 mRNA expression SW948
cells. In comparison, induction of ATF3 mRNA expression following Bortezomib
treatment was not attenuated by Mithramycin, and instead an enhancement of ATF3

MRNA expression was observed (Figure 5.10B).
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Figure 5.10 Effect of the Spl/Sp3 inhibitor Mithramycin (Mith) on (A) Vorinostat (Vorino) or (B)
Bortezomib (Btz)-mediated induction of ATF3 mRNA expression. SW948 cells were treated with
Vorinostat or Bortezomib alone and in combination with Mithramycin for 24 hours, and ATF3 mRNA
expression determined by gRT-PCR. Values shown are mean + SEM from 2 independent experiments,

each performed in triplicate. *P < 0.05, Student’s t-test.
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5.2.4 Vorinostat but not Bortezomib-induced apoptosis is dependent on the Spl
and Sp3 transcription factors

Similarly, the importance of Spl1 and Sp3 on HDACI-induced ATF3 expression
was also reflected on an apoptotic level, with Mithramycin inhibiting Vorinostat-induced
apoptosis from 11.47+0.40% to 5.80+0.70% (Figure 5.11A). Conversely, Bortezomib-
induced apoptosis was not attenuated but in fact enhanced when Mithramycin was
combined, from 9.68+0.64% to 14.70+0.42% (Figure 5.11B).
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Figure 5.11 Effect of the Spl/Sp3 inhibitor Mithramycin (Mith) on (A) Vorinostat (Vorino) or (B)
Bortezomib (Btz)-mediated induction of apoptosis. SW948 cells were treated with Vorinostat or
Bortezomib alone and in combination with Mithramycin for 24 hours, and induction of apoptosis
determined by PI staining and FACS analysis. Values shown are mean + SEM from a representative

experiment performed in triplicate. *P < 0.05, Student’s t-test.
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5.2.5 Bortezomib but not Vorinostat-induced ATF3 expression is dependent on the
p38 MAPK pathway

An established effect of proteasome inhibitor treatment is induction of cellular
stress and consequent activation of the p38 and JNK stress response signalling
pathways. Activation of these pathways culminates in changes in expression of a
number of genes, including ATF3 [445, 447, 469]. To determine if proteasome inhibitor
mediated induction of ATF3 is dependent on activation of the p38 stress response
pathway, we determined the effects of p38 inhibition on ATF3 induction by Bortezomib.
Consistent with previous reports, Bortezomib treatment of SW948 colorectal cancer
cells strongly activated p38 signalling as determined by the induction of
phosphorylated p38 (p-p38) (Figure 5.12). The p38 inhibitor SB203580, effectively
inhibited Bortezomib-induction of p-p38 and in turn also attenuated Bortezomib-

induced expression of ATF3 protein.
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Figure 5.12 Effect of the p38 inhibitor (SB203580) on Bortezomib (Btz)-mediated induction of ATF3
protein expression determined by Western blot. SW948 cells were treated with Bortezomib alone and
in combination with the p38 inhibitor for 24 hours. Dotted lines represent sections which were removed

from the blot, as those samples were from other unrelated drug treatments.
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Similar results were obtained at the mRNA level, where inhibition of p38 signalling
attenuated Bortezomib-induced ATF3 expression from 11.55+0.73-fold to 3.84+2.34-
fold (Figure 5.13A). Comparatively, inhibition of p38 signalling failed to attenuate

Vorinostat-induced ATF3 mRNA expression, instead inducing a modest enhancement

of ATF3 expression (Figure 5.13B).
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Figure 5.13 Effect of the p38 inhibitor (SB203580) on Bortezomib (Btz) or Vorinostat (Vorino)-mediated
induction of ATF3 mMRNA expression. SW948 cells were treated with (A) Bortezomib or (B) Vorinostat
alone and in combination with the p38 inhibitor for 24 hours, and ATF3 mMRNA expression determined

by gRT-PCR. Values shown are mean + SEM from 2 independent experiments, each performed in

triplicate. *P < 0.05, Student’s t-test.
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5.2.6 Bortezomib but not Vorinostat-induced apoptosis is dependent on the p38
MAPK pathway

Finally, the importance of the p38 pathway on proteasome inhibitor-induced
apoptosis was determined. Inhibition of p38 signalling significantly attenuated

Bortezomib-induced apoptosis from 12.53+0.90% to 8.26+0.35% (Figure 5.14A).
Conversely, p38 inhibition had minimal effect on Vorinostat-induced apoptosis (Figure

5.14B).
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Figure 5.14 Effect of the p38 inhibitor (SB203580) on Bortezomib (Btz) or Vorinostat (Vorino)-induced
apoptosis. SW948 cells were treated with Bortezomib or Vorinostat alone and in combination with the
p38 inhibitor for 24 hours, and induction of apoptosis determined by Pl staining and FACS analysis.
PCR. Values shown are mean + SEM from 2 independent experiments, each performed in triplicate.

*P < 0.05, Student’s t-test.

5.2.7 Combination treatment with HDACi and proteasome inhibitors markedly
enhances induction of ATF3 expression

Having demonstrated that HDAC and proteasome inhibitors induce ATF3
MRNA and protein expression via mechanistically distinct pathways, we next
determined the effect of combination treatment on ATF3 gene expression in 2
colorectal cancer (HCT116 and SW948) and 2 multiple myeloma (OPM2 and U266)
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cell lines. Combination treatment with Vorinostat and Bortezomib resulted in
significant enhancement of ATF3 mRNA expression compared to either agent alone
in all 4 cell lines. In HCT116 cells, the combination induced ATF3 mRNA expression
by 19.86+1.27-fold, compared to 2.13+1.07-fold by Vorinostat alone, and 13.69+1.06-
fold by Bortezomib alone (Figure 5.15A). Similar effects were observed in SW948
cells, where the combination induced ATF3 expression 24.60£2.0-fold, compared to a
3.29+0.56-fold by Vorinostat alone, and 1.58+0.14-fold by Bortezomib alone (Figure

5.15B).
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Figure 5.15 Effect of Vorinostat (Vorino) and Bortezomib (Btz) alone and in combination on ATF3
MRNA expression in 2 colorectal cancer cell lines (A) HCT116 and (B) SW948. Cell lines were treated
with both drugs alone or in combination for 24 hours, and ATF3 mRNA expression determined by qRT-
PCR. Values shown are mean + SEM from 2 independent experiments, each performed in triplicate.

*P < 0.05, Student’s t-test.
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The Vorinostat and Bortezomib single agent time course experiments performed in the
2 multiple myeloma cell lines (Figure 5.6) revealed these lines to be highly sensitive
to single agent treatment. Therefore, for combination studies Vorinostat was used at
a concentration of 0.5 [JM and Bortezomib at a concentration of 1 nM. In the U266
multiple myeloma cell line combination treatment induced ATF3 expression
8.01+0.77-fold compared to a 3.58+0.31-fold and 1.49+0.31-fold induction when
treated with Vorinostat or Bortezomib alone, respectively (Figure 5.16A). Finally, in the
OPM2 multiple myeloma line, the combination induced ATF3 expression by
140.10+4.88-fold, compared to a 9.62+1.93-fold by Vorinostat alone, and 35.00+1.34-
fold by Bortezomib alone (figure 5.16B).
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Figure 5.16 Effect of combination treatment with Vorinostat (Vorino) and Bortezomib (Btz) on ATF3
MRNA expression in 2 multiple myeloma cell lines (A) U266 and (B) OPM2. Cell lines were treated with
both drugs alone or in combination for 4 hours, and ATF3 mRNA expression determined by gRT-PCR.
Values shown are mean + SEM from 2 independent experiments, each performed in triplicate. *P <

0.05, Student’s t-test.
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The enhanced induction of ATF3 by the combination was further demonstrated at the
protein level where the combination enhanced ATF3 protein expression to a markedly

greater extent compared to either agent alone in all 4 cell lines (Figure 5.17 A&B).
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Figure 5.17 Effect of Vorinostat (Vorino) and Bortezomib (Btz) treatment alone and in combination, on
ATF3 protein induction in (A) 2 colorectal cancer (HCT116 and SW948) and (B) 2 multiple myeloma

(U266 and OPM2) cell lines determined by Western blot. Cells were treated with Vorinostat and
Bortezomib alone and in combination for 24 hours.
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5.2.7 ATF3is required for the synergistic induction of apoptosis mediated by HDAC
and proteasome inhibitor combination treatment

Our findings in Chapter 3, demonstrated a direct role for ATF3 in HDACI-
induced apoptosis. Here, we demonstrate that the combination of HDAC and
proteasome inhibitors further enhances ATF3 expression with a parallel induction of
apoptosis. To determine if the additive induction of ATF3 drives this increase in
apoptosis, ATF3 expression was downregulated in HCT116 and SW948 colorectal
cancer cells using ATF3-targeting siRNAs, prior to drug treatment. ATF3-targeting
siRNAs patrtially inhibited ATF3 induction by single agent and combination treatment
in both cell lines (Figure 5.18). In parallel, the effect of ATF3 knockdown on the
induction of apoptosis was determined by measuring levels of cleaved caspase 3.
ATF3 knockdown markedly reduced levels of cleaved caspase 3 in cells treated with
the combination, indicating a direct requirement for ATF3 in apoptosis induction.
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Figure 5.18 Effect of ATF3 knockdown on Vorinostat (Vorino) or Bortezomib (Btz)-mediated induction
of apoptosis in 2 colorectal cancer (HCT116 and SW948) cell lines. Cells were treated for 24 hours and

cleaved caspase 3 induction determined by Western blot.
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These findings were also confirmed when apoptosis was assessed by PI staining and
FACS analysis. In HCT116 cells, knockdown of ATF3 modestly attenuated Vorinostat
and Bortezomib-induced apoptosis, with the greatest attenuation observed in cells
treated with the combination, where ATF3 knockdown reduced apoptosis induction
from 31.37+2.02% to 20.40£3.44%. Similarly, in SW948 cells the knockdown of ATF3
modestly attenuated Vorinostat and Bortezomib-induced apoptosis, with the greatest
attenuation observed in cells treated with the combination, where apoptosis was

reduced from 27.37+£0.67% to 18.23+0.86% following ATF3 knockdown (Figure 5.19).
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Figure 5.19 Effect of ATF3 knockdown on Vorinostat (Vorino) or Bortezomib (Btz)-mediated induction
of apoptosis in 2 colorectal cancer (HCT116 and SW948) cell lines. Induction of apoptosis was
determined by PI staining and FACS analysis. Values shown are mean = SEM from a representative

experiment performed in triplicate. *P < 0.05, Student’s t-test.
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5.2.8 Enhanced ATF3 expression leads to an enhanced repression of BCL-XL

In Chapter 4 we demonstrated that HDACIi-induced expression of ATF3
transcriptionally repressed BCL-XL and that this was the mechanism by which HDACI
induced apoptosis in HDACI-sensitive cancer cell lines. Therefore, we determined
whether the enhanced induction of ATF3 by HDACi and proteasome inhibitor
combination treatment also leads to an enhanced repression of BCL-X.. Treatment of
HCT116 cells with Vorinostat and Bortezomib in combination repressed BCL-XL

MRNA to a greater extent compared to either agent alone (Figure 5.20).
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Figure 5.20 Effect of combination treatment with Vorinostat (Vorino) and Bortezomib (Btz) on BCL-X,
MRNA expression in HCT116. Cells were treated with both drugs alone or in combination for 24 hours,
and BCL-X. mRNA expression determined by gRT-PCR. Values shown are mean + SEM from a
representative experiment of 2 independent experiments, each performed in triplicate. *P < 0.05,
Student’s t-test.
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53 Discussion

HDACI are a novel class of anti-cancer therapeutics which are approved for the
treatment of CTCL and multiple myeloma [438, 470] and have displayed anti-tumour
activity in a variety of other haematological malignancies and solid tumours [43, 122,
416, 471]. HDACI induce their anti-tumour effects via a diverse array of mechanisms,
including induction of cell cycle arrest, differentiation and apoptosis. Induction of
apoptosis has been investigated in the greatest detail, and been shown through
studies in mouse models to be key event in mediating the anti-tumour activity of these
agents [43, 194, 198]. HDACIi-induced apoptosis is associated with altered expression
of a number of pro and anti-apoptotic genes [43, 198], however these changes vary
significantly both between cell types as well as within a particular tumour type [11]. In
the Chapter 3 of this thesis, we demonstrated that induction ATF3 is the key
determining factor of HDACIi-induced apoptosis which transcends tumour type.

The proteasome inhibitor Bortezomib, is approved for the treatment of multiple
myeloma [438] and mantle cell lymphoma [439]. Notably, a number of previous
studies have demonstrated that combination treatment of HDAC inhibitors and
proteasome inhibitors synergistically inhibits cell proliferation and induces apoptosis
in several tumour types in vitro [416, 472, 473]. For example, Pitts et al demonstrated
synergistic induction of apoptosis by combining HDAC inhibitors and proteasome
inhibitors by measuring levels of active caspase-3 and -7, and levels of the pro-
apoptotic regulator protein, BIM [416]. Based on these pre-clinical findings, a number
of clinical trials of this combination were undertaken and the combination of
Panobinostat and Bortezomib was recently approved for the treatment of multiple

myeloma [121].

In this Chapter, we determined the mechanistic basis for the synergistic apoptotic
activity of this drug combination. We first confirmed that combination treatment with
Vorinostat and Bortezomib synergistically induced apoptosis in multiple cell lines. We
also demonstrated similar effects when Vorinostat was replaced by 3 other HDACI,

Depsipeptide, Belinostat or Panobinostat.
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We specifically focused on the possibility that the synergistic apoptotic activity induced
by this combination is due to enhanced induction of ATF3. This was based on the
established observation that proteasome inhibitor treatment in cancer cells robustly
induces the JNK and p38 stress response pathways, which are known to induce the
expression of ATF3. We demonstrate that similar to HDACI, proteasome inhibitors
induce the expression ATF3 in both colorectal cancer and multiple myeloma cell lines

and that combination treatment with HDACI further enhanced the expression of ATF3.

Furthermore, our results indicate that the mechanistic basis for the enhanced induction
of ATF3 expression by the combination was due to the 2 agents inducing ATF3
expression via independent mechanisms. First, as expected, we demonstrated that
HDAC inhibitor, but not proteasome inhibitor mediated induction of ATF3 is dependent
on the Spl and Sp3-transcription factors. The role of the Sp1 and Sp3 transcription
in regulating HDACI-induced gene expression changes is consistent with a number of
previous studies [309, 474, 475]. Conversely, we demonstrated that proteasome
inhibitor mediated induction of ATF3 is dependent on the p38 pathway. Finally, through
ATF3 knockdown experiments, we were we were able directly establish that ATF3
induction by the combination was required for the synergistic induction of apoptosis.

Having previously established that HDACi-induced apoptosis involves ATF3-mediated
repression of BCL-X. (Chapter 4) we hypothesized that the combination of HDACi and
proteasome inhibitors would further repress BCL-XL expression. As expected, the
combination enhanced the repression of BCL-X. mRNA. However, further

experiments are required to determine if this effect is mediated through ATF3.

Our finding that the enhanced induction of ATF3 can synergistically induce apoptosis,
suggests that other drug combinations which also induce similar effects. For example,
the chemotherapeutic agent cisplatin has been shown to induce apoptosis via the
MAPK- dependent induction of ATF3 [476]. Furthermore, a study by St Germain et al
demonstrated that the enhanced induction of ATF3 was a key driver of the enhanced
apoptotic response induced by the combination [377]. Analysis of the Broad Institute’s
Connectivity Map (CMap) could potentially identify a range of therapeutics which

induce ATF3 which could be explored in therapeutic combinations.
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In conclusion, these findings demonstrate that the synergistic induction of apoptosis
by the combinatorial treatment of cancer cells with HDAC and proteasome inhibitors
is driven by the enhanced induction of the ATF3 transcription factor. We demonstrate
that the enhanced induction of ATF3 is due to HDAC and proteasome inhibitors
inducing expression of ATF3 via different mechanisms. These findings provide
mechanistic insight into the molecular basis for the clinical activity of this drug

combination.
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Chapter 6: General Discussion
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6.1 Summary

HDACI have proven to be efficacious in the treatment of some haematological
cancers, however their activity in solid tumours is limited. Elucidation of the
mechanisms by which HDACI induce apoptosis could thus provide important biological
insight into the molecular basis for the differential tumour responses to these agents,
which in turn could aid in broadening the use of this approved anti-cancer therapeutic
to solid tumours. Initial experiments performed in our laboratory that have been
submitted for publication (Chueh, Tse et al, under revision in Clinical Cancer
Research), demonstrated that the induction of c-FOS, c-JUN and ATF3 by HDACI
were correlated with apoptotic sensitivity to HDACI. This thesis identifies an apoptosis
inducing cascade wherein HDACIi-induced expression of ATF3 directly represses
BCL-XL to promote HDACi-mediated apoptosis. These results led to the finding that
HDACIi-resistant cells could be re-sensitised by molecular or pharmacological
inhibition of BCL-XL. Lastly, we demonstrated that the synergistic apoptosis induced
by combining HDACi and proteasome inhibitors, is a direct consequence of the

enhanced induction of ATF3 induced by these agents.

6.2 Mechanism by which HDACi induce ATF3 expression

The finding that the magnitude of ATF3 induction by HDACI is a central
determinant of apoptotic response to these agents, raises the question of why HDACi
induce ATF3 expression in some cell lines more than others? In Chapter 3 we
investigated this by determining whether differences in drug uptake or the ability of the
drug to induce histone acetylation may account for the difference. However, analysis
of acetylated histone H3 (AcH3) levels following HDACI treatment revealed no
differences between sensitive and resistant lines, indicating the differential induction
of ATF3 in these cell lines was not due to differences in drug uptake or a reflection of

a global difference in substrate targeting.

HDACIi-regulation of a number of genes has been previously shown to be mediated
by the Spl and Sp3 transcription factors [224, 309, 474]. Likewise, the requirement of
Spl/Sp3 transcription factors in HDACIi-mediated induction of ATF3 was specifically
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investigated in the previous study from my laboratory in HDACI sensitive colorectal
cancer cell lines [309]. This study demonstrated that the ATF3 promoter harbors
multiple Sp1l and Sp3 binding sites to which Spl and Sp3 was shown to localise in
ChIP analyses. Furthermore, knockdown of Spl and Sp3 with siRNA or the Sp1 and
Sp3 inhibitor Mithramycin attenuated the induction of ATF3 by HDACI. In this thesis,
these findings were confirmed and extended to additional tumour types by
demonstrating that the inhibition of Spl and Sp3 attenuated HDACIi-mediated
induction ATF3 as well as apoptosis (Chapter 5, Figure 5.9). Collectively, there is now
strong evidence to demonstrate the importance of the Spl and Sp3 transcription
factors in mediating HDACI-induced expression of ATF3.

Why Spl and Sp3 are preferentially activated by HDACI in sensitive compared to
resistant cells to cause the differential induction of ATF3 and subsequently HDACI-
induced apoptosis remains to be determined, although some possibilities can be

eliminated.

First, my laboratory previously examined whether the abundance of Spl and Sp3 may
explain the differential induction of ATF3 and other genes in HDACi sensitive versus
resistant colorectal cancer cells but failed to observe any difference. Simple
differences in abundance of these factors therefore are unlikely to explain the
differences in induction ATF3 gene expression. Second, while Spl and Sp3 are
required for induction of several HDACI target genes, HDACI do not alter expression
of these transcription factors, and furthermore HDACI treatment does not alter
Sp1/Sp3 enrichment at the promoters of target genes [106, 309, 477, 478]. Therefore,
differential induction of Spl or Sp3 following HDACIi treatment or differential
recruitment of these factors to target gene promoters is unlikely to explain the

differential induction of target genes.

Instead, there is now extensive evidence that Spl and Sp3 are regulated by post-
translational modification, and that these changes can regulate their transcriptional
activity. For example, Spl and Sp3 are both regulated by acetylation, and HDACI-
induced acetylation of Spl has been demonstrated in several cancer cell lines
including pancreatic, colorectal cancer and cervical cancer lines [479-481]. The
acetylation of Sp1 was also shown to induce transcriptional activation the Sp1l target
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gene MMP28 [481]. Similarly, HDACIi induces acetylation of Sp3 in breast and
colorectal cancer cells [106, 482], and Ammanamanchi et al provided several lines of
evidence to demonstrate that acetylated Sp3 acts as a transcriptional activator of the
TGFBRII gene [106]. One possibility, therefore is that Spl and Sp3 may be
differentially acetylated by HDACI in sensitive and resistant cell lines, which may
explain the differential activation of these factors. To address this, we do plan to
perform immunoprecipitation and mass-spectrometry analyses to determine whether
HDACIi do mediate post-translational modification of Sp1 and Sp3, and to determine

whether these effects may vary between HDACI sensitive and resistant cell lines.

HDACI sensitive cell lines HDACI resistant cell lines

Figure 6.1 The postulated apoptotic cascade by which HDACI treatment induces apoptosis. Spl and
Sp3 may be more likely subjected to HDACI-induced post-translational modifications such as
acetylation in the sensitive cell lines compared to the resistant cell lines. Therefore, providing a
mechanistic rationale for the differential induction of ATF3 between the cell lines. The induced ATF3
subsequently binds to the BCL-XL promoter to repress the expression of BCL-XL and as such induces
apoptosis.
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6.3  Predictive biomarkers of response to HDACI

Clinical responses of HDACi as single agents in solid tumours have
demonstrated limited efficacy, however studies investigating rational combinations of
HDACI with other anti-cancer therapeutics have demonstrated promising results [483].
Moreover, single agent therapy in CTCL patients only provides a response rate of
approximately 30% [484]. Therefore, biomarkers to identify those patients likely to
benefit from treatment with these agents and as well as strategies to broaden the use
or improve the efficacy of HDACi are needed. Work described in this thesis supports

the notion that ATF3 could serve as possible biomarkers of response to HDACI.

In Chapter 4 of this thesis, we demonstrated that HDACi preferentially induce
expression of the immediate-early genes c-FOS, c-JUN and ATF3 in HDACIi sensitive
compared to resistant lines, and that this effect is independent of tumour type. Notably,
induction of these genes is observed within 2-6 hours of HDACI treatment. This finding
suggests that the induction of these genes following short-term HDACI treatment could
serve as a biomarker of response to HDACI. Indeed, in our recently submitted paper
(Chueh, Tse et al, submitted), we determined whether the induction of immediate early
genes including ATF3 could be detected in CTCL patients receiving HDACI treatment.
Analysis of peripheral blood mononuclear cells (PBMCs) isolated from 2 patients
containing high levels of tumour cells before and 4 hours post HDACI treatment
demonstrated that HDACI-induction of these immediate-early genes is indeed
detectable in clinical samples (data not shown), demonstrating the feasibility of using
immediate-early genes (including ATF3) induction as a potential biomarker of
response to HDACI therapy. Unfortunately, the anti-tumour response elicited in these
2 patients is not known, and a prospective study involving sufficient patient numbers
is required to address this question.

Interestingly, while investigating the effect of HDACi on repression of BCL-XL we
observed that basal levels of BCL-XL were higher in the sensitive lines (Chapter 4,
Figure 2A). While the number of cell lines investigated was small, it does raise the
possibility that high basal levels of expression of BCL-XL may also serve as a potential
biomarker of sensitivity to HDACI, although this finding will need to be validated in a

larger panel of cell lines and in patient samples.
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Furthermore, we also noted that the HDACI sensitive cell lines with basally higher
levels of BCL-XL were also sensitive to single agent BCL-Xv. inhibitor treatment (Figure
4.10, 4.12 and 4.14), raising the possibility that sensitivity to HDACi may be related to
both the ability to induce ATF3 but also the co-incident reliance of at least a subset of
these cell lines on BCL-X. for their survival. Addition study is required to further

investigate this association.

6.5 Clinical development of the HDACi and BCL-XL combination

Consistent with our findings, several previous studies have also demonstrated
synergistic anti-tumour activity when HDACi are combined with a BCL-XL inhibitor. This
has been demonstrated in cell lines derived from various tumour types including
leukemia, melanoma and small cell lung carcinoma [227, 485, 486]. Mechanistically,
this has been attributed to HDACI inducing pro-apoptotic genes such as BIM, but their
sequestration by BCL-XL limits their apoptosis inducing capacity. The addition of a
BCL-XL inhibitor has been proposed to free BIM enabling apoptosis induction. In
agreement with this model, our screen did identify induction of several pro-apoptotic
genes, including BIM, BIK, BMF and NOXA in response to HDACI treatment, although
notably induction of these genes occurred in both sensitive and resistant cell lines.
One possibility therefore is that in HDACI resistant cell lines, these factors are
sequestered by BCL-X., due to the failure of HDACI to induce ATF3 and drive the
repression of BCL-XL in these cell lines. Consistent with this model, we demonstrated
that the addition of a BCL-Xv inhibitor can re-sensitise these cells to HDACi-induced
apoptosis, while notably, treatment with a BCL-X. inhibitor alone, was insufficient to
induce apoptosis. Conversely, in sensitive cell lines, the parallel induction of BIM,
BMF, BIK and NOXA with repression of BCL-X., alters the balance of pro and anti-

apoptotic factors in the cell in favour of pro-apoptotic proteins, resulting in apoptosis.
The consistent synergistic induction of apoptosis induced by this combination, coupled

with the additional mechanistic insight obtained, suggests further clinical investigation
of this combination may be warranted. However, one hurdle that needs to be
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overcome are the side effects of BCL-XL inhibitors, most notably thrombocytopenia
[399, 400].

6.7 Concluding remarks

Collectively, the research presented in this thesis presents a novel mechanism
by which HDACIi-induced expression of ATF3 directly represses the expression of
BCL-Xt, subsequently leading to apoptosis in multiple tumour types (Figure 6.1).
Elucidation of this apoptotic cascade further led to the rational identification of the
HDACIi and BCL-XL inhibitor combination as a strategy for overcoming inherent

resistance to HDACI.

In addition, the identification of a key role for ATF3 in apoptosis induction by HDACI
provided the basis for understanding the mechanism by which combining HDACi and

proteasome inhibitors synergistically induces apoptosis.

Finally, these data provide the basis for the exploration of ATF3 induction and BCL-XL
repression as biomarkers of response to HDACI therapy. In summary, the work from
this thesis may ultimately contribute to the broader use of HDACI therapy in solid
tumours through the identification of potential biomarkers of response to HDACi and

the identification of rational drug combinations.

136



References

137



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.
26.

Virani, S., et al., Cancer Epigenetics: A Brief Review. ILAR Journal, 2012. 53(3-4): p. 359-369.
Shen, H. and Peter W. Laird, Interplay between the Cancer Genome and Epigenome. Cell.
153(1): p. 38-55.

Berger, S.L., et al., An operational definition of epigenetics. Genes & Development, 2009.
23(7): p. 781-783.

Sharma, S., T.K. Kelly, and P.A. Jones, Epigenetics in cancer. Carcinogenesis, 2010. 31(1): p.
27-36.

Feinberg, A.P., M.A. Koldobskiy, and A. Gondor, Epigenetic modulators, modifiers and
mediators in cancer aetiology and progression. Nat Rev Genet, 2016. 17(5): p. 284-299.
Shen, H. and P.W. Laird, Interplay Between the Cancer Genome and Epigenome. Cell, 2013.
153(1): p. 38-55.

Jones, P.A. and S.B. Baylin, The epigenomics of cancer. Cell, 2007. 128.

Baylin, S.B. and P.A. Jones, A decade of exploring the cancer epigenome — biological and
translational implications. Nat Rev Cancer, 2011. 11(10): p. 726-734.

You, J.S. and P.A. Jones, Cancer Genetics and Epigenetics: Two Sides of the Same Coin?
Cancer Cell, 2012. 22(1): p. 9-20.

Mariadason, J.M., HDACs and HDAC inhibitors in colon cancer. Epigenetics, 2008. 3(1): p. 28-
37.

Chueh, A.C,, et al., Mechanisms of Histone Deacetylase Inhibitor-Regulated Gene Expression
in Cancer Cells. Antioxidants & Redox Signaling, 2014. 23(1): p. 66-84.

Dokmanovic, M., C. Clarke, and P.A. Marks, Histone Deacetylase Inhibitors: Overview and
Perspectives. Molecular Cancer Research, 2007. 5(10): p. 981-989.

Kuznetsova, M.A. and E.V. Sheval, Chromatin fibers: from classical descriptions to modern
interpretation. Cell Biology International, 2016. 40(11): p. 1140-1151.

Kornberg, R.D., Chromatin Structure: A Repeating Unit of Histones and DNA. Science, 1974.
184(4139): p. 868-871.

Wyrick, J.J., M.N.M. Kyriss, and W.B. Davis, Ascending the Nucleosome Face: Recognition and
Function of Structured Domains in the Histone H2A-H2B Dimer. Biochimica et biophysica
acta, 2012. 1819(8): p. 892-901.

Ucar, D., Q. Hu, and K. Tan, Combinatorial chromatin modification patterns in the human
genome revealed by subspace clustering. Nucleic Acids Research, 2011. 39(10): p. 4063-
4075.

Berger, S.L., The complex language of chromatin regulation during transcription. Nature,
2007.447(7143): p. 407-412.

Kouzarides, T., Chromatin Modifications and Their Function. Cell, 2007. 128(4): p. 693-705.
Zhang, Y. and D. Reinberg, Transcription regulation by histone methylation: interplay
between different covalent modifications of the core histone tails. Genes & Development,
2001. 15(18): p. 2343-2360.

Fass, D.M., et al., Histone Acetylation and Deacetylation, in Reviews in Cell Biology and
Molecular Medicine. 2006, Wiley-VCH Verlag GmbH & Co. KGaA.

Bannister, A.J. and T. Kouzarides, Regulation of chromatin by histone modifications. Cell
Research, 2011. 21(3): p. 381-395.

Zhang, Y., Transcriptional regulation by histone ubiquitination and deubiquitination. Genes &
Development, 2003. 17(22): p. 2733-2740.

Cao, J. and Q. Yan, Histone Ubiquitination and Deubiquitination in Transcription, DNA
Damage Response, and Cancer. Frontiers in Oncology, 2012. 2: p. 26.

Bossis, G. and F. Melchior, SUMO: regulating the regulator. Cell Division, 2006. 1: p. 13-13.
Hay, R.T., SUMO. Molecular Cell. 18(1): p. 1-12.

Chi, P, C.D. Allis, and G.G. Wang, Covalent histone modifications: miswritten, misinterpreted,
and miserased in human cancers. Nature Reviews. Cancer, 2010. 10(7): p. 457-469.

138



27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Ryu, K.W., D.-S. Kim, and W.L. Kraus, New Facets in the Regulation of Gene Expression by
ADP-Ribosylation and Poly(ADP-ribose) Polymerases. Chemical Reviews, 2015. 115(6): p.
2453-2481.

Ropero, S. and M. Esteller, The role of histone deacetylases (HDACs) in human cancer.
Molecular Oncology, 2007. 1(1): p. 19-25.

Gu, W. and R.G. Roeder, Activation of p53 Sequence-Specific DNA Binding by Acetylation of
the p53 C-Terminal Domain. Cell, 1997. 90(4): p. 595-606.

Imhof, A,, et al., Acetylation of general transcription factors by histone acetyltransferases.
Current Biology, 1997. 7(9): p. 689-692.

Yang, X.J. and E. Seto, HATs and HDACs: from structure, function and regulation to novel
strategies for therapy and prevention. Oncogene, 2007. 26(37): p. 5310-5318.

Sealy, L. and R. Chalkley, The effect of sodium butyrate on histone modification. Cell, 1978.
14(1): p. 115-121.

Lépez-Rodas, G., et al., Histone deacetylase. FEBS Letters, 1993. 317(3): p. 175-180.
Lépez-Rodas, G., et al., Histone deacetylase: A key enzyme for the binding of regulatory
proteins to chromatin. FEBS Letters, 1993. 317(3): p. 175-180.

Weichert, W., et al., Class | Histone Deacetylase Expression Has Independent Prognostic
Impact in Human Colorectal Cancer: Specific Role of Class | Histone Deacetylases In vitro and
In vivo. Clinical Cancer Research, 2008. 14(6): p. 1669-1677.

Vega, R.B., et al., Protein Kinases C and D Mediate Agonist-Dependent Cardiac Hypertrophy
through Nuclear Export of Histone Deacetylase 5. Molecular and Cellular Biology, 2004.
24(19): p. 8374-8385.

McKinsey, T.A., et al., Signal-dependent nuclear export of a histone deacetylase regulates
muscle differentiation. Nature, 2000. 408(6808): p. 106-111.

Kasler, H.G. and E. Verdin, The Class lla Histone Deacetylases, in Histone Deacetylases:
Transcriptional Regulation and Other Cellular Functions, E. Verdin, Editor. 2006, Humana
Press: Totowa, NJ. p. 129-163.

Parra, M. and E. Verdin, Regulatory signal transduction pathways for class lla histone
deacetylases. Current Opinion in Pharmacology, 2010. 10(4): p. 454-460.

Lu, J., et al., Signal-dependent activation of the MEF2 transcription factor by dissociation
from histone deacetylases. Proceedings of the National Academy of Sciences of the United
States of America, 2000. 97(8): p. 4070-4075.

Youn, H.-D., C.M. Grozinger, and J.O. Liu, Calcium Regulates Transcriptional Repression of
Myocyte Enhancer Factor 2 by Histone Deacetylase 4. Journal of Biological Chemistry, 2000.
275(29): p. 22563-22567.

Feldman, J.L., K.E. Dittenhafer-Reed, and J.M. Denu, Sirtuin Catalysis and Regulation. Journal
of Biological Chemistry, 2012. 287(51): p. 42419-42427.

Bolden, J.E., M.J. Peart, and R.W. Johnstone, Anticancer activities of histone deacetylase
inhibitors. Nat Rev Drug Discov, 2006. 5(9): p. 769-784.

Marks, P.A., V.M. Richon, and R.A. Rifkind, Histone deacetylase inhibitors: inducers of
differentiation or apoptosis of transformed cells. ) Natl Cancer Inst, 2000. 92(15): p. 1210-6.
Gao, L., et al., Cloning and functional characterization of HDAC11, a novel member of the
human histone deacetylase family. ) Biol Chem, 2002. 277(28): p. 25748-55.

Hassig, C.A., et al., Histone Deacetylase Activity Is Required for Full Transcriptional
Repression by mSin3A. Cell, 1997. 89(3): p. 341-347.

Laherty, C.D., et al., Histone Deacetylases Associated with the mSin3 Corepressor Mediate
Mad Transcriptional Repression. Cell, 1997. 89(3): p. 349-356.

Xue, Y., et al., NURD, a Novel Complex with Both ATP-Dependent Chromatin-Remodeling and
Histone Deacetylase Activities. Molecular Cell, 1998. 2(6): p. 851-861.

You, A,, et al., COREST is an integral component of the CoOREST- human histone deacetylase
complex. Proceedings of the National Academy of Sciences, 2001. 98(4): p. 1454-1458.

139



50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Guenther, M.G,, et al., A core SMRT corepressor complex containing HDAC3 and TBL1, a
WD40-repeat protein linked to deafness. Genes & Development, 2000. 14(9): p. 1048-1057.
Li, J., et al., Both corepressor proteins SMRT and N-CoR exist in large protein complexes
containing HDAC3. The EMBO Journal, 2000. 19(16): p. 4342-4350.

de Ruijter, A.J.M,, et al., Histone deacetylases (HDACs): characterization of the classical
HDAC family. Biochemical Journal, 2003. 370(Pt 3): p. 737-749.

Lagger, G., et al., Essential function of histone deacetylase 1 in proliferation control and CDK
inhibitor repression. The EMBO Journal, 2002. 21(11): p. 2672-2681.

Montgomery, R.L., et al., Histone deacetylases 1 and 2 redundantly reqgulate cardiac
morphogenesis, growth, and contractility. Genes & Development, 2007. 21(14): p. 1790-
1802.

Zupkovitz, G., et al., Negative and Positive Regulation of Gene Expression by Mouse Histone
Deacetylase 1. Molecular and Cellular Biology, 2006. 26(21): p. 7913-7928.

Trivedi, C.M,, et al., Hdac2 regulates the cardiac hypertrophic response by modulating
Gsk3[beta] activity. Nat Med, 2007. 13(3): p. 324-331.

Bhaskara, S., et al., Deletion of Histone Deacetylase 3 reveals critical roles in S-phase
progression and DNA damage control. Molecular cell, 2008. 30(1): p. 61-72.

Knutson, S.K., et al., Liver-specific deletion of histone deacetylase 3 disrupts metabolic
transcriptional networks. The EMBO Journal, 2008. 27(7): p. 1017-1028.

Montgomery, R.L., et al., Maintenance of cardiac energy metabolism by histone deacetylase
3 in mice. The Journal of Clinical Investigation, 2008. 118(11): p. 3588-3597.

Haberland, M., et al., Epigenetic control of skull morphogenesis by histone deacetylase 8.
Genes & Development, 2009. 23(14): p. 1625-1630.

Chang, S., et al., Histone Deacetylases 5 and 9 Govern Responsiveness of the Heart to a
Subset of Stress Signals and Play Redundant Roles in Heart Development. Molecular and
Cellular Biology, 2004. 24(19): p. 8467-8476.

Zhang, C.L,, et al., Class Il Histone Deacetylases Act as Signal-Responsive Repressors of
Cardiac Hypertrophy. Cell, 2002. 110(4): p. 479-488.

Chang, S., et al., Histone Deacetylase 7 Maintains Vascular Integrity by Repressing Matrix
Metalloproteinase 10. Cell, 2006. 126(2): p. 321-334.

Vega, R.B., et al., Histone Deacetylase 4 Controls Chondrocyte Hypertrophy during
Skeletogenesis. Cell, 2004. 119(4): p. 555-566.

Zhang, Y., et al., Mice Lacking Histone Deacetylase 6 Have Hyperacetylated Tubulin but Are
Viable and Develop Normally. Molecular and Cellular Biology, 2008. 28(5): p. 1688-1701.
Ceccacci, E. and S. Minucci, Inhibition of histone deacetylases in cancer therapy: lessons from
leukaemia. British Journal of Cancer, 2016. 114(6): p. 605-611.

Minucci, S. and P.G. Pelicci, Histone deacetylase inhibitors and the promise of epigenetic (and
more) treatments for cancer. Nat Rev Cancer, 2006. 6(1): p. 38-51.

Lin, H.-Y., et al., Targeting histone deacetylase in cancer therapy. Medicinal Research
Reviews, 2006. 26(4): p. 397-413.

Ropero, S., et al., A truncating mutation of HDAC2 in human cancers confers resistance to
histone deacetylase inhibition. Nat Genet, 2006. 38(5): p. 566-569.

Ree, A.H., S. Folkvord, and K. Flatmark, HDAC2 deficiency and histone acetylation. Nat Genet,
2008. 40(7): p. 812-813.

Hanigan, C.L., et al., An Inactivating Mutation in HDAC2 Leads to Dysregulation of Apoptosis
Mediated by APAF1. Gastroenterology, 2008. 135(5): p. 1654-1664.e2.

Sjoblom, T., et al., The Consensus Coding Sequences of Human Breast and Colorectal Cancers.
Science, 2006. 314(5797): p. 268-274.

Ciriello, G., et al., Comprehensive molecular portraits of invasive lobular breast cancer. Cell,
2015. 163(2): p. 506-519.

140



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Adams, H., et al., Class | histone deacetylases 1, 2 and 3 are highly expressed in classical
Hodgkin's lymphoma. Expert Opinion on Therapeutic Targets, 2010. 14(6): p. 577-584.
Gruhn, B., et al., The expression of histone deacetylase 4 is associated with prednisone poor-
response in childhood acute lymphoblastic leukemia. Leukemia Research. 37(10): p. 1200-
1207.

Marquard, L., et al., Histone deacetylase 1, 2, 6 and acetylated histone H4 in B- and T-cell
lymphomas. Histopathology, 2009. 54(6): p. 688-698.

Santoro, F., et al., A dual role for Hdac1: oncosuppressor in tumorigenesis, oncogene in
tumor maintenance. Blood, 2013. 121(17): p. 3459-3468.

Matthews, G.M,, et al., Functional-genetic dissection of HDAC dependencies in mouse
lymphoid and myeloid malignancies. Blood, 2015. 126(21): p. 2392-2403.

Cameron, E.E., et al., Synergy of demethylation and histone deacetylase inhibition in the re-
expression of genes silenced in cancer. Nat Genet, 1999. 21(1): p. 103-107.

Zhang, Z., et al., Quantitation of HDAC1 mRNA Expression in Invasive Carcinoma of the
Breast*. Breast Cancer Research and Treatment, 2005. 94(1): p. 11-16.

Midller, B.M., et al., Differential expression of histone deacetylases HDAC1, 2 and 3 in human
breast cancer - overexpression of HDAC2 and HDAC3 is associated with clinicopathological
indicators of disease progression. BMC Cancer, 2013. 13: p. 215-215.

Senese, S., et al., Role for Histone Deacetylase 1 in Human Tumor Cell Proliferation.
Molecular and Cellular Biology, 2007. 27(13): p. 4784-4795.

Bicaku, E., et al., Selective Inhibition of Histone Deacetylase 2 Silences Progesterone
Receptor—Mediated Signaling. Cancer Research, 2008. 68(5): p. 1513-1519.

Marchion, D.C,, et al., HDAC2 regulates chromatin plasticity and enhances DNA vulnerability.
Molecular Cancer Therapeutics, 2009. 8(4): p. 794-801.

Weichert, W., et al., Histone deacetylases 1, 2 and 3 are highly expressed in prostate cancer
and HDAC2 expression is associated with shorter PSA relapse time after radical
prostatectomy. British Journal of Cancer, 2008. 98(3): p. 604-610.

Wang, L., et al., Increased expression of histone deacetylaces (HDACs) and inhibition of
prostate cancer growth and invasion by HDAC inhibitor SAHA. American Journal of
Translational Research, 2009. 1(1): p. 62-71.

Halkidou, K., et al., Upregulation and Nuclear Recruitment of HDAC1 in Hormone Refractory
Prostate Cancer. The Prostate, 2004. 59(2): p. 177-189.

Weichert, W., et al., Expression of Class | Histone Deacetylases Indicates Poor Prognosis in
Endometrioid Subtypes of Ovarian and Endometrial Carcinomas. Neoplasia (New York, N.Y.),
2008. 10(9): p. 1021-1027.

Khabele D, S.D., Parl AK, Goldberg GL, Augenlicht LH, Mariadason JM, Rice VM., Drug-
induced inactivation or gene silencing of class | histone deacetylases suppresses ovarian
cancer cell growth: implications for therapy. Cancer Biology & Therapy, 2007. 6(5): p. 795-
801.

Hayashi, A., et al., Type-specific roles of histone deacetylase (HDAC) overexpression in
ovarian carcinoma: HDAC1 enhances cell proliferation and HDAC3 stimulates cell migration
with downregulation of E-cadherin. International Journal of Cancer, 2010. 127(6): p. 1332-
1346.

Stronach, E.A., et al., HDAC4-regulated STAT1 activation mediates platinum resistance in
ovarian cancer. Cancer research, 2011. 71(13): p. 4412-4422.

Niegisch, G., et al., Changes in histone deacetylase (HDAC) expression patterns and activity of
HDAC inhibitors in urothelial cancers. Urologic Oncology: Seminars and Original
Investigations, 2013. 31(8): p. 1770-1779.

Poyet, C., et al., Expression of histone deacetylases 1, 2 and 3 in urothelial bladder cancer.
BMC Clinical Pathology, 2014. 14: p. 10-10.

141



94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

1009.

110.

111.

112.

113.

114.

Wilson, A.J., et al., Histone Deacetylase 3 (HDAC3) and Other Class | HDACs Regulate Colon
Cell Maturation and p21 Expression and Are Deregulated in Human Colon Cancer. Journal of
Biological Chemistry, 2006. 281(19): p. 13548-13558.

Nakagawa, M., Oda, Y., Eguchi, T., Aishima, S., Yao, T., Hosoi, F., Basaki, Y., Ono, M., Kuwano,
M., Tanaka, M., Tsuneyoshi, M., Expression profile of class | histone deacetylases in human
cancer tissues. Oncology Reports, 2007. 18: p. 769-774.

Ishihama, K., et al., Expression of HDAC1 and CBP/p300 in human colorectal carcinomas.
Journal of Clinical Pathology, 2007. 60(11): p. 1205-1210.

Zhu, P., et al., Induction of HDAC2 expression upon loss of APC in colorectal tumorigenesis.
Cancer Cell, 2004. 5(5): p. 455-463.

Huang, B.H., et al., Inhibition of histone deacetylase 2 increases apoptosis and
p21Cip1//WAF1 expression, independent of histone deacetylase 1. Cell Death Differ, 2005.
12(4): p. 395-404.

Giannani, R., Cavallini and Aldo, Expression Analysis of a Subset of Coregulators and Three
Nuclear Receptors in Human Colorectal Carcinoma. Anticancer Research, 2005. 25(6B): p.
4287-4292.

Weichert, W., et al., Class | Histone Deacetylase Expression Has Independent Prognostic
Impact in Human Colorectal Cancer: Specific Role of Class | Histone Deacetylases <em>In
vitro</em> and <em>In vivo</em>. Clinical Cancer Research, 2008. 14(6): p. 1669-1677.
Yang, H., et al., Overexpression of histone deacetylases in cancer cells is controlled by
interplay of transcription factors and epigenetic modulators. The FASEB Journal, 2014.
28(10): p. 4265-4279.

Zimmermann, S., et al., Reduced Body Size and Decreased Intestinal Tumor Rates in HDAC2-
Mutant Mice. Cancer Research, 2007. 67(19): p. 9047-9054.

Zhu, P., et al., Induction of HDAC2 expression upon loss of APC in colorectal tumorigenesis.
Cancer Cell. 5(5): p. 455-463.

Spurling, C.C., et al., HDAC3 overexpression and colon cancer cell proliferation and
differentiation. Molecular Carcinogenesis, 2008. 47(2): p. 137-147.

Chen, H.P., Y.T. Zhao, and T.C. Zhao, Histone Deacetylases and Mechanisms of Regulation of
Gene Expression. 2015. 20(1-2): p. 35-47.

Ammanamanchi, S., J.W. Freeman, and M.G. Brattain, Acetylated Sp3 Is a Transcriptional
Activator. Journal of Biological Chemistry, 2003. 278(37): p. 35775-35780.

Arnsdorf, E.J., et al., The epigenetic mechanism of mechanically induced osteogenic
differentiation. Journal of Biomechanics, 2010. 43(15): p. 2881-2886.

Braun, H., et al., Transcription factor Sp3 is requlated by acetylation. Nucleic Acids Research,
2001. 29(24): p. 4994-5000.

Waltzer, L. and M. Bienz, Drosophila CBP represses the transcription factor TCF to antagonize
Wingless signalling. Nature, 1998. 395(6701): p. 521-525.

Munshi, N., et al., Acetylation of HMG I(Y) by CBP Turns off IFN8 Expression by Disrupting the
Enhanceosome. Molecular Cell, 1998. 2(4): p. 457-467.

Tomita, A., et al., c-Myb acetylation at the carboxyl-terminal conserved domain by
transcriptional co-activator p300. Oncogene, 2000. 19(3): p. 444-51.

Kovacs, J.J., et al., HDAC6 Regulates Hsp90 Acetylation and Chaperone-Dependent Activation
of Glucocorticoid Receptor. Molecular Cell, 2005. 18(5): p. 601-607.

Park, J.-H., et al., Inhibitors of histone deacetylases induce tumor-selective cytotoxicity
through modulating Aurora-A kinase. Journal of Molecular Medicine, 2008. 86(1): p. 117-
128.

Bali, P., et al., Inhibition of Histone Deacetylase 6 Acetylates and Disrupts the Chaperone
Function of Heat Shock Protein 90: A NOVEL BASIS FOR ANTILEUKEMIA ACTIVITY OF HISTONE
DEACETYLASE INHIBITORS. Journal of Biological Chemistry, 2005. 280(29): p. 26729-26734.

142



115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Salesse, S. and C.M. Verfaillie, BCR/ABL: from molecular mechanisms of leukemia induction
to treatment of chronic myelogenous leukemia. Oncogene, 2002. 21(56): p. 8547-8559.
Spiegel, S., S. Milstien, and S. Grant, Endogenous modulators and pharmacological inhibitors
of histone deacetylases in cancer therapy. Oncogene, 2012. 31(5): p. 537-551.

Mann, B.S., et al., FDA Approval Summary: Vorinostat for Treatment of Advanced Primary
Cutaneous T-Cell Lymphoma. The Oncologist, 2007. 12(10): p. 1247-1252.

Cheng, T., Grasse, L., Shah, J., Chandra, J., Panobinostat, a pan-histone deacetylase inhibitor:
Rationale for and application to treatment of multiple myeloma. DRUGS OF TODAY,
2015(51(8)).

Lemal, R., et al., Les inhibiteurs des histone-désacétylases en onco-hématologie. Bulletin du
Cancer, 2011. 98(8): p. 867-878.

Stimson, L. and N.B. La Thangue, Biomarkers for predicting clinical responses to HDAC
inhibitors. Cancer Letters, 2009. 280(2): p. 177-183.

Richardson, P.G., et al., PANORAMA 2: panobinostat in combination with bortezomib and
dexamethasone in patients with relapsed and bortezomib-refractory myeloma. Blood, 2013.
122(14): p. 2331-2337.

Garcia-Manero, G., et al., Phase Il Trial of Vorinostat With Idarubicin and Cytarabine for
Patients With Newly Diagnosed Acute Myelogenous Leukemia or Myelodysplastic Syndrome.
Journal of Clinical Oncology, 2012. 30(18): p. 2204-2210.

Friend, C., et al., Hemoglobin Synthesis in Murine Virus-Induced Leukemic Cells In Vitro:
Stimulation of Erythroid Differentiation by Dimethyl! Sulfoxide. Proceedings of the National
Academy of Sciences of the United States of America, 1971. 68(2): p. 378-382.

Richon, V.M., et al., A class of hybrid polar inducers of transformed cell differentiation
inhibits histone deacetylases. Proceedings of the National Academy of Sciences of the United
States of America, 1998. 95(6): p. 3003-3007.

Riggs, M.G., et al., Modified Histones in HelLa and Friend Erythroleukemia Cells Treated with
n-Butyrate. Cold Spring Harbor Symposia on Quantitative Biology, 1978. 42: p. 815-818.
Richon, V.M. and J.P. O’Brien, Histone Deacetylase Inhibitors: A New Class of Potential
Therapeutic Agents for Cancer Treatment. Clinical Cancer Research, 2002. 8(3): p. 662-664.
Ververis, K., et al., Histone deacetylase inhibitors (HDACIs): multitargeted anticancer agents.
Biologics : Targets & Therapy, 2013. 7: p. 47-60.

Gallinari, P., et al., HDACs, histone deacetylation and gene transcription: from molecular
biology to cancer therapeutics. Cell Res, 2007. 17(3): p. 195-211.

Furumai, R., et al., FK228 (Depsipeptide) as a Natural Prodrug That Inhibits Class | Histone
Deacetylases. Cancer Research, 2002. 62(17): p. 4916-4921.

Hu, E., et al., Identification of Novel Isoform-Selective Inhibitors within Class | Histone
Deacetylases. Journal of Pharmacology and Experimental Therapeutics, 2003. 307(2): p. 720-
728.

Juergens, R.A,, et al., Combination Epigenetic Therapy Has Efficacy in Patients with
Refractory Advanced Non-Small Cell Lung Cancer. Cancer Discovery, 2011. 1(7): p. 598-607.
Yardley, D.A,, et al., Randomized Phase Il, Double-Blind, Placebo-Controlled Study of
Exemestane With or Without Entinostat in Postmenopausal Women With Locally Recurrent
or Metastatic Estrogen Receptor-Positive Breast Cancer Progressing on Treatment With a
Nonsteroidal Aromatase Inhibitor. Journal of Clinical Oncology, 2013. 31(17): p. 2128-2135.
Hague, A., et al., Sodium butyrate induces apoptosis in human colonic tumour cell lines in a
p53-independent pathway: Implications for the possible role of dietary fibre in the prevention
of large-bowel cancer. International Journal of Cancer, 1993. 55(3): p. 498-505.

Heerdt, B.G., M.A. Houston, and L.H. Augenlicht, Potentiation by specific short-chain fatty
acids of differentiation and apoptosis in human colonic carcinoma cell lines. Cancer Res,
1994. 54(12): p. 3288-93.

143



135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Schwartz, B., C. Avivi-Green, and S. Polak-Charcon, Sodium butyrate induces retinoblastoma
protein dephosphorylation, p16 expression and growth arrest of colon cancer cells. Molecular
and Cellular Biochemistry, 1998. 188(1): p. 21-30.

VanderMolen, K.M., et al., Romidepsin (Istodax® NSC 630176, FR901228, FK228,
Depsipeptide): A Natural Product Recently Approved for Cutaneous T-cell Lymphoma. The
Journal of antibiotics, 2011. 64(8): p. 525-531.

Lee, H.-Z,, et al., FDA Approval: Belinostat for the Treatment of Patients with Relapsed or
Refractory Peripheral T-cell Lymphoma. American Association for Cancer Research, 2015.
21(12): p. 2666-2670.

Laubach, J.P., et al., Panobinostat for the Treatment of Multiple Myeloma. American
Association for Cancer Research, 2015. 21(21): p. 4767-4773.

Lombardi, P.M., et al., Structure, Mechanism, and Inhibition of Histone Deacetylases and
Related Metalloenzymes. Current opinion in structural biology, 2011. 21(6): p. 735-743.
Masuoka, Y., Histone deacetylase inhibitors from microorganisms: the Astellas experience.
Progress in Drug Research, 2008.

Piekarz, R.L., et al., Phase Il Multi-Institutional Trial of the Histone Deacetylase Inhibitor
Romidepsin As Monotherapy for Patients With Cutaneous T-Cell Lymphoma. Journal of
Clinical Oncology, 2009. 27(32): p. 5410-5417.

lyer, S.P. and F.F. Foss, Romidepsin for the Treatment of Peripheral T-Cell Lymphoma. The
Oncologist, 2015. 20(9): p. 1084-1091.

Prince, H.M. and M. Dickinson, Romidepsin for Cutaneous T-cell Lymphoma. American
Association for Cancer Research, 2012. 18(13): p. 3509-3515.

Whittaker, S.J., et al., Final Results From a Multicenter, International, Pivotal Study of
Romidepsin in Refractory Cutaneous T-Cell Lymphoma. Journal of Clinical Oncology, 2010.
28(29): p. 4485-4491.

Coiffier, B., et al., Results From a Pivotal, Open-Label, Phase Il Study of Romidepsin in
Relapsed or Refractory Peripheral T-Cell Lymphoma After Prior Systemic Therapy. Journal of
Clinical Oncology, 2012. 30(6): p. 631-636.

O'Connor, O.A., et al., Belinostat in Patients With Relapsed or Refractory Peripheral T-Cell
Lymphoma: Results of the Pivotal Phase Il BELIEF (CLN-19) Study. Journal of Clinical
Oncology, 2015.

San-Miguel, J.F., et al., Panobinostat plus bortezomib and dexamethasone versus placebo
plus bortezomib and dexamethasone in patients with relapsed or relapsed and refractory
multiple myeloma: a multicentre, randomised, double-blind phase 3 trial. The Lancet
Oncology. 15(11): p. 1195-1206.

Patrick Finzer, C.K., Ubaldo Soto, Harald zur Hausen and Frank Roésl, Inhibitors of histone
deacetylase arrest cell cycle and induce apoptosis in cervical carcinoma cells circumventing
human papillomavirus oncogene expression. Oncogene, 2001. 20.

Giacinti, C. and A. Giordano, RB and cell cycle progression. Oncogene, 2006. 25(38): p. 5220-
5227.

Wagner, S. and K. Roemer, Retinoblastoma protein is required for efficient colorectal
carcinoma cell apoptosis by histone deacetylase inhibitors in the absence of p21Waf.
Biochemical Pharmacology, 2005. 69(7): p. 1059-1067.

Kobayashi H, T.E., Fleming SE., Sodium butyrate inhibits cell growth and stimulates
p21WAF1/CIP1 protein in human colonic adenocarcinoma cells independently of p53 status.
Nutrition and Cancer, 2003. 46.

Newbold, A., et al., The role of p21wafi/cip1 and p27Kip1 in HDACi-mediated tumor cell
death and cell cycle arrest in the E[mu]-myc model of B-cell lymphoma. Oncogene, 2014.
33(47): p. 5415-5423.

JAVrana, R.H.D., CR Johnson, Z Wang, W D Jarvis, V M Richon, M Ehinger, P B Fisher and S
Grant, Induction of apoptosis in U937 human leukemia cells by suberoylanilide hydroxamic

144



154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

acid (SAHA) proceeds through pathways that are regulated by Bcl-2/Bcl-XL, c-Jun, and
p21CIP1, but independent of p53. Oncogene, 1999. 18: p. 7016-7025.

Zhu, W., T. Abbas, and A. Dutta, DNA Replication and Genomic Instability, in Genome
Instability in Cancer Development, N. Back, et al., Editors. 2005, Springer Netherlands:
Dordrecht. p. 249-279.

Gabirielli, B., K. Brooks, and S. Pavey, Defective Cell Cycle Checkpoints as Targets for Anti-
Cancer Therapies. Frontiers in Pharmacology, 2012. 3: p. 9.

Qiu, L., et al., Histone Deacetylase Inhibitors Trigger a G2 Checkpoint in Normal Cells That Is
Defective in Tumor Cells. Molecular Biology of the Cell, 2000. 11(6): p. 2069-2083.

Sandor, V., et al., P21-dependent G (1) arrest with downregulation of cyclin D1 and
upregulation of cyclin E by the histone deacetylase inhibitor FR901228. British Journal of
Cancer, 2000. 83(6): p. 817-825.

Young Bae Kim, K.-H.L., Kenji Sugita, Minoru Yoshida and Sueharu Horinouchi, Oxamflatin is
a novel antitumor compound that inhibits mammalian histone deacetylase. Oncogene, 1999.
18: p. 2461-2470.

Zhang, Z., et al., Inhibition of leukemic cells by valproic acid, an HDAC inhibitor, in xenograft
tumors. OncoTargets and therapy, 2013. 6: p. 733-740.

Glaser, K.B., et al., 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. American Association for Cancer Research, 2003. 2(2): p. 151-163.
Prystowsky, M.B., et al., The histone deacetylase inhibitor LBH589 inhibits expression of
mitotic genes causing G2/M arrest and cell death in head and neck squamous cell carcinoma
cell lines. The Journal of Pathology, 2009. 218(4): p. 467-477.

Falkenberg, K.J. and R.W. Johnstone, Histone deacetylases and their inhibitors in cancer,
neurological diseases and immune disorders. Nat Rev Drug Discov, 2014. 13(9): p. 673-691.
Newbold, A, et al., How do tumor cells respond to HDAC inhibition? FEBS Journal, 2016: p.
n/a-n/a.

Lu, M.-C., et al., Induction of G2/M phase arrest by squamocin in chronic myeloid leukemia
(K562) cells. Life Sciences, 2006. 78(20): p. 2378-2383.

Nair, A.R., et al., Paradoxical effects of trichostatin A: inhibition of NF-Y-associated histone
acetyltransferase activity, phosphorylation of hGCN5 and downregulation of cyclin A and B1
mRNA. Cancer Letters, 2001. 166(1): p. 55-64.

Siavoshian, S., et al., Butyrate and trichostatin A effects on the proliferation/differentiation of
human intestinal epithelial cells: induction of cyclin D3 and p21 expression. Gut, 2000. 46(4):
p. 507-514.

Archer, S.Y., et al., The histone deacetylase inhibitor butyrate downregulates cyclin B1 gene
expression via a p21/WAF-1-dependent mechanism in human colon cancer cells. American
Journal of Physiology - Gastrointestinal and Liver Physiology, 2005. 289(4): p. G696-G703.
Mateo, F., et al., Degradation of cyclin A is reqgulated by acetylation. Oncogene, 2009. 28(29):
p. 2654-2666.

Young Bae Kim, S.W.K., Minoru Yosnida, Sueharu Horinouchi, Mechanism of Cell Cycle Arrest
Caused by Histone Deacetylase Inhibitors in Human Carcinoma Cells. The Journal of
Antibiotics, 2000. 53: p. 1191-1200.

Gabrielli, B., K. Brooks, and S. Pavey, Defective cell cycle checkpoints as targets for anti-
cancer therapies. Frontiers in Pharmacology, 2012. 3.

Chuang M-J, W.S.-T., Tang S-H, Lai X-M, Lai H-C, Hsu K-H, HDAC Inhibitor LBH589 Induces
ERK-Dependent Prometaphase Arrest in Prostate Cancer via HDAC6 Inactivation and Down-
Regulation. PLoS ONE, 2013.

Biran, A, et al., Downregulation of survivin and aurora A by histone deacetylase and RAS
inhibitors: A new drug combination for cancer therapy. International Journal of Cancer, 2011.
128(3): p. 691-701.

145



173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

1809.

190.

191.

192.

193.

194.

Romanov, V.S., et al., p21Waf1 is required for cellular senescence but not for cell cycle arrest
induced by the HDAC inhibitor sodium butyrate. Cell Cycle, 2010. 9(19): p. 3945-3955.

Cho, J.-H., M. Dimri, and G.P. Dimri, MicroRNA-31 Is a Transcriptional Target of Histone
Deacetylase Inhibitors and a Regulator of Cellular Senescence. The Journal of Biological
Chemistry, 2015. 290(16): p. 10555-10567.

Jacobs, J.J.L., et al., The oncogene and Polycomb-group gene bmi-1 regulates cell
proliferation and senescence through the ink4a locus. Nature, 1999. 397(6715): p. 164-168.
Li, Z., et al., Oncogenic roles of Bmil and its therapeutic inhibition by histone deacetylase
inhibitor in tongue cancer. Lab Invest, 2014. 94(12): p. 1431-1445.

Fiskus, W., et al., Histone deacetylase inhibitors deplete enhancer of zeste 2 and associated
polycomb repressive complex 2 proteins in human acute leukemia cells. American
Association for Cancer Research, 2006. 5(12): p. 3096-3104.

Bommi, P.V,, et al., The polycomb group protein BMI1 is a transcriptional target of HDAC
inhibitors. Cell Cycle, 2010. 9(13): p. 2663-2673.

Grant, S., HDAC inhibitors repress the polycomb protein BMI1. Cell Cycle, 2010. 9(14): p.
2722-2730.

Romagosa, C., et al., p16ink4a overexpression in cancer: a tumor suppressor gene associated
with senescence and high-grade tumors. Oncogene, 2011. 30(18): p. 2087-2097.

Serrano , M., Cancer Regression by Senescence. New England Journal of Medicine, 2007.
356(19): p. 1996-1997.

Xin-Hai Pei, Y.X., Biochemical and cellular mechanisms of mammalian CDK inhibitors: a few
unresolved issues. 2005. 24(17): p. 2787-2795.

Weber, J.D., et al., p53-independent functions of the p19ARF tumor suppressor. Genes &
Development, 2000. 14(18): p. 2358-2365.

Ding, X., et al., The Polycomb Protein Ezh2 Impacts on Induced Pluripotent Stem Cell
Generation. Stem Cells and Development, 2014. 23(9): p. 931-940.

O’Meara, M.M. and J.A. Simon, Inner workings and regulatory inputs that control Polycomb
repressive complex 2. Chromosoma, 2012. 121(3): p. 221-234.

Tan, J.-z., et al., EZH2: biology, disease, and structure-based drug discovery. Acta Pharmacol
Sin, 2014. 35(2): p. 161-174.

Yamaguchi, J., et al., Histone deacetylase inhibitor (SAHA) and repression of EZH2
synergistically inhibit proliferation of gallbladder carcinoma. Cancer Science, 2010. 101(2): p.
355-362.

Fiskus, W., et al., Combined epigenetic therapy with the histone methyltransferase EZH2
inhibitor 3-deazaneplanocin A and the histone deacetylase inhibitor panobinostat against
human AML cells. Blood, 2009. 114(13): p. 2733-2743.

Fan, T., et al., EZH2-dependent suppression of a cellular senescence phenotype in melanoma
cells by inhibition of p21/CDKN1A expression. Molecular cancer research : MCR, 2011. 9(4):
p. 418-429.

Frew, A.J., R.W. Johnstone, and J.E. Bolden, Enhancing the apoptotic and therapeutic effects
of HDAC inhibitors. Cancer Letters, 2009. 280(2): p. 125-133.

Duan, H., C.A. Heckman, and L.M. Boxer, Histone Deacetylase Inhibitors Down-Regulate bcl-2
Expression and Induce Apoptosis in t(14;18) Lymphomas. Mol. Cell. Biol., 2005. 25(5): p.
1608-1619.

Insinga, A., et al., Inhibitors of histone deacetylases induce tumor-selective apoptosis through
activation of the death receptor pathway. Nat Med, 2005. 11(1): p. 71-76.

Nebbioso, A, et al., Tumor-selective action of HDAC inhibitors involves TRAIL induction in
acute myeloid leukemia cells. Nat Med, 2005. 11(1): p. 77-84.

Lindemann, R.K.,, et al., Analysis of the apoptotic and therapeutic activities of histone
deacetylase inhibitors by using a mouse model of B cell lymphoma. Proceedings of the
National Academy of Sciences, 2007. 104(19): p. 8071-8076.

146



195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212,

213.

Ellis, L., et al., The histone deacetylase inhibitors LAQ824 and LBH589 do not require death
receptor signaling or a functional apoptosome to mediate tumor cell death or therapeutic
efficacy. Blood, 2009. 114(2): p. 380-393.

Dokmanovic, M. and P.A. Marks, Prospects: Histone deacetylase inhibitors. Journal of Cellular
Biochemistry, 2005. 96(2): p. 293-304.

Daryl C. Drummond, C.0.N., Dmitri B. Kirpotin, Zexiong Guo, Gary K. Scott, , Christopher C.
Benz, CLINICAL DEVELOPMENT OF HISTONE DEACETYLASE INHIBITORS AS ANTICANCER
AGENTS. PHARMACOLOGY AND TOXICOLOGY, 2004. 45.

Bolden, J.E., et al., HDAC inhibitors induce tumor-cell-selective pro-apoptotic transcriptional
responses. Cell Death Dis, 2013. 4: p. e519.

Pérez-Perarnau, A., et al., Analysis of apoptosis reqgulatory genes altered by histone
deacetylase inhibitors in chronic lymphocytic leukemia cells. Epigenetics, 2011. 6(10): p.
1228-1235.

Inoue, S., et al., Apoptosis induced by histone deacetylase inhibitors in leukemic cells is
mediated by Bim and Noxa. Leukemia, 2007. 21(8): p. 1773-1782.

Chen, M.-C., et al., Novel histone deacetylase inhibitor MPTOGO009 induces cell apoptosis and
synergistic anticancer activity with tumor necrosis factor-related apoptosis-inducing ligand
against human hepatocellular carcinoma. 2015. 2015.

Cruickshanks, N., et al., Histone deacetylase inhibitors restore toxic BH3 domain protein
expression in anoikis-resistant mammary and brain cancer stem cells, thereby enhancing the
response to anti-ERBB1/ERBB2 therapy. Cancer Biology & Therapy, 2013. 14(10): p. 982-996.
Geoffrey M. Matthews, A.N., Ricky W. Johnstone, Intrinsic and Extrinsic Apoptotic Pathway
Signaling as Determinants of Histone Deacetylase Inhibitor Antitumor Activity. Advances in
Cancer Research. Vol. 116. 2012.

Shamas-Din, A., et al., Mechanisms of Action of Bcl-2 Family Proteins. Cold Spring Harbor
Perspectives in Biology, 2013. 5(4): p. a008714.

Long, J., et al., Optimization and validation of mitochondria-based functional assay as a
useful tool to identify BH3-like molecules selectively targeting anti-apoptotic Bcl-2 proteins.
BMC Biotechnology, 2013. 13(1): p. 1-10.

Marks, P.A., The clinical development of histone deacetylase inhibitors as targeted anticancer
drugs. Expert opinion on investigational drugs, 2010. 19(9): p. 1049-1066.

Gillenwater, A.M., M. Zhong, and R. Lotan, Histone deacetylase inhibitor suberoylanilide
hydroxamic acid induces apoptosis through both mitochondrial and Fas (Cd95) signaling in
head and neck squamous carcinoma cells. Molecular Cancer Therapeutics, 2007. 6(11): p.
2967-2975.

lacomino, G., M.C. Medici, and G.L. Russo, Valproic acid sensitizes K562 erythroleukemia cells
to TRAIL/Apo2L-induced apoptosis. Anticancer Res, 2008. 28.

Bai, L.-Y., et al., Antitumor effects of (S)-HDAC42, a phenylbutyrate-derived histone
deacetylase inhibitor, in multiple myeloma cells. Cancer Chemotherapy and Pharmacology,
2011. 68(2): p. 489-496.

Fandy, T.E. and R.K. Srivastava, Trichostatin A sensitizes TRAIL-resistant myeloma cells by
downregulation of the antiapoptotic Bcl-2 proteins. Cancer Chemotherapy and
Pharmacology, 2006. 58(4): p. 471-477.

Cao, X.X,, et al., Histone Deacetylase Inhibitor Downregulation of bcl-xI Gene Expression
Leads to Apoptotic Cell Death in Mesothelioma. American Journal of Respiratory Cell and
Molecular Biology, 2001. 25(5): p. 562-568.

Willis, S.N., et al., Proapoptotic Bak is sequestered by Mcl-1 and Bcl-x(L), but not Bcl-2, until
displaced by BH3-only proteins. Genes & Development, 2005. 19(11): p. 1294-1305.

Chen, L., et al., Differential Targeting of Prosurvival Bcl-2 Proteins by Their BH3-Only Ligands
Allows Complementary Apoptotic Function. Molecular Cell. 17(3): p. 393-403.

147



214,

215.

216.

217.

218.

219.

220.

221.

222.

223.

224,

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

Scorrano, L. and S.J. Korsmeyer, Mechanisms of cytochrome c release by proapoptotic BCL-2
family members. Biochemical and Biophysical Research Communications, 2003. 304(3): p.
437-444,

Jiang, X. and X. Wang, Cytochrome C-Mediated Apoptosis. Annual Review of Biochemistry,
2004. 73(1): p. 87-106.

Liu, X., et al., Induction of Apoptotic Program in Cell-Free Extracts: Requirement for dATP and
Cytochrome c. Cell, 1996. 86(1): p. 147-157.

Zou, H., et al., Apaf-1, a Human Protein Homologous to C. elegans CED-4, Participates in
Cytochrome c—Dependent Activation of Caspase-3. Cell, 1997. 90(3): p. 405-413.

Li, P., et al., Cytochrome c and dATP-Dependent Formation of Apaf-1/Caspase-9 Complex
Initiates an Apoptotic Protease Cascade. Cell, 1997. 91(4): p. 479-489.

Wang, |.K., S.Y. Lin-Shiau, and J.K. Lin, Induction of apoptosis by apigenin and related
flavonoids through cytochrome c release and activation of caspase-9 and caspase-3 in
leukaemia HL-60 cells. European Journal of Cancer, 1999. 35(10): p. 1517-1525.

Zheng, T.S,, et al., Deficiency in caspase-9 or caspase-3 induces compensatory caspase
activation. Nat Med, 2000. 6(11): p. 1241-1247.

Boatright, K.M. and G.S. Salvesen, Mechanisms of caspase activation. Current Opinion in Cell
Biology, 2003. 15(6): p. 725-731.

Rodriguez, J. and Y. Lazebnik, Caspase-9 and APAF-1 form an active holoenzyme. Genes &
Development, 1999. 13(24): p. 3179-3184.

Kang, M.H. and C.P. Reynolds, Bcl-2 Inhibitors: Targeting Mitochondrial Apoptotic Pathways
in Cancer Therapy. American Association for Cancer Research, 2009. 15(4): p. 1126-1132.
Duan, H., C.A. Heckman, and L.M. Boxer, Histone Deacetylase Inhibitors Down-Regulate bcl-2
Expression and Induce Apoptosis in t(14;18) Lymphomas. Molecular and Cellular Biology,
2005. 25(5): p. 1608-1619.

West, A.C. and R.W. Johnstone, New and emerging HDAC inhibitors for cancer treatment.
The Journal of Clinical Investigation. 124(1): p. 30-39.

Glozak, M.A. and E. Seto, Histone deacetylases and cancer. Oncogene, 2007. 26(37): p. 5420-
5432.

Chen, S., et al., Bim Upregulation by Histone Deacetylase Inhibitors Mediates Interactions
with the Bcl-2 Antagonist ABT-737: Evidence for Distinct Roles for Bcl-2, Bcl-x(L), and Mcl-1.
Molecular and Cellular Biology, 2009. 29(23): p. 6149-6169.

Doi, S., et al., The histone deacetylase inhibitor FR901228 induces caspase-dependent
apoptosis via the mitochondrial pathway in small cell lung cancer cells. Molecular Cancer
Therapeutics, 2004. 3(11): p. 1397-1402.

Zhang, X.D., et al., The histone deacetylase inhibitor suberic bishydroxamate regulates the
expression of multiple apoptotic mediators and induces mitochondria-dependent apoptosis
of melanoma cells. Molecular Cancer Therapeutics, 2004. 3(4): p. 425-435.

He, L., et al., Mcl-1 and FBW?7 control a dominant survival pathway underlying HDAC and Bcl-
2 inhibitor synergy in squamous cell carcinoma. Cancer discovery, 2013. 3(3): p. 324-337.
Lindemann, R.K,, et al., Analysis of the apoptotic and therapeutic activities of histone
deacetylase inhibitors by using a mouse model of B cell lymphoma. Proceedings of the
National Academy of Sciences of the United States of America, 2007. 104(19): p. 8071-8076.
Willis, S.N. and J.M. Adams, Life in the balance: how BH3-only proteins induce apoptosis.
Current Opinion in Cell Biology, 2005. 17(6): p. 617-625.

and, D.T.C. and S.J. Korsmeyer, BCL-2 FAMILY: Regulators of Cell Death. Annual Review of
Immunology, 1998. 16(1): p. 395-419.

Adams, J.M. and S. Cory, The Bcl-2 Protein Family: Arbiters of Cell Survival. Science, 1998.
281(5381): p. 1322-1326.

Cory, S. and J.M. Adams, The Bcl2 family: regulators of the cellular life-or-death switch. Nat
Rev Cancer, 2002. 2(9): p. 647-656.

148



236.

237.

238.

239.

240.

241.

242,

243,

244,

245,

246.

247.

248.

249,

250.

251.

252.

253.

254,

255.

Burlacu, A., Regulation of apoptosis by Bcl-2 family proteins. Journal of Cellular and
Molecular Medicine, 2003. 7(3): p. 249-257.

Michael A. Vogelbaum, J.X.T., Rajashri Perugu, David H. Gutmann, Keith M. Rich,,
Overexpression of bax in human glioma cell lines. Journal of Neurosurgery, 1999. 91(3): p.
483-489.

Sakakura, C., et al., Overexpression of bax sensitizes human breast cancer MCF-7 cells to
radiation-induced apoptosis. International Journal of Cancer, 1996. 67(1): p. 101-105.

Guo, B., et al., Overexpression of Bax Enhances Antitumor Activity of Chemotherapeutic
Agents in Human Head and Neck Squamous Cell Carcinoma. Clinical Cancer Research, 2000.
6(2): p. 718-724.

Lin, P.H., et al., Overexpression of Bax sensitizes prostate cancer cells to TGF-[beta] induced
apoptosis. Cell Res, 2005. 15(3): p. 160-166.

Xu, Z.-W., et al., Overexpression of Bax sensitizes human pancreatic cancer cells to apoptosis
induced by chemotherapeutic agents. Cancer Chemotherapy and Pharmacology, 2002. 49(6):
p. 504-510.

Peart, M.J., et al., Identification and functional significance of genes regulated by structurally
different histone deacetylase inhibitors. Proceedings of the National Academy of Sciences of
the United States of America, 2005. 102(10): p. 3697-3702.

Xargay-Torrent, S., et al., Vorinostat-Induced Apoptosis in Mantle Cell Lymphoma Is
Mediated by Acetylation of Proapoptotic BH3-Only Gene Promoters. Clinical Cancer
Research, 2011. 17(12): p. 3956-3968.

Kuwana, T., et al., Bid, Bax, and Lipids Cooperate to Form Supramolecular Openings in the
Outer Mitochondrial Membrane. Cell, 2002. 111(3): p. 331-342.

Gavathiotis, E., et al., BAX Activation is Initiated at a Novel Interaction Site. Nature, 2008.
455(7216): p. 1076-1081.

Kuwana, T., et al.,, BH3 Domains of BH3-Only Proteins Differentially Regulate Bax-Mediated
Mitochondrial Membrane Permeabilization Both Directly and Indirectly. Molecular Cell.
17(4): p. 525-535.

Chen, L., et al., Differential Targeting of Prosurvival Bcl-2 Proteins by Their BH3-Only Ligands
Allows Complementary Apoptotic Function. Molecular Cell, 2005. 17(3): p. 393-403.
Cartron, P.-F., et al., The First &#x3b1; Helix of Bax Plays a Necessary Role in Its Ligand-
Induced Activation by the BH3-Only Proteins Bid and PUMA. Molecular Cell, 2004. 16(5): p.
807-818.

Vo, T.-T. and A. Letai, BH3-Only Proteins and Their Effects on Cancer. Advances in
experimental medicine and biology, 2010. 687: p. 49-63.

Martin, A.P., et al., BCL-2 Family Inhibitors Enhance Histone Deacetylase Inhibitor and
Sorafenib Lethality via Autophagy and Overcome Blockade of the Extrinsic Pathway to
Facilitate Killing. Molecular Pharmacology, 2009. 76(2): p. 327-341.

Yu, C., et al., Mitochondrial Bax translocation partially mediates synergistic cytotoxicity
between histone deacetylase inhibitors and proteasome inhibitors in glioma cells. Neuro-
Oncology, 2008. 10(3): p. 309-319.

Chen, S., et al., Bim Upregulation by Histone Deacetylase Inhibitors Mediates Interactions
with the Bcl-2 Antagonist ABT-737: Evidence for Distinct Roles for Bcl-2, Bcl-xL, and Mcl-1.
Molecular and Cellular Biology, 2009. 29(23): p. 6149-6169.

Srinivas, C., et al., Novel SAHA analogues inhibit HDACs, induce apoptosis and modulate the
expression of microRNAs in hepatocellular carcinoma. Apoptosis, 2016. 21(11): p. 1249-1264.
McLaughlin, K.A., et al., FLIP: A Targetable Mediator of Resistance to Radiation in Non-Small
Cell Lung Cancer. Molecular Cancer Therapeutics, 2016. 15(10): p. 2432-2441.

Zheng, Z., et al., c-FLIP is involved in tumor progression of peripheral T-cell lymphoma and
targeted by histone deacetylase inhibitors. Journal of Hematology & Oncology, 2014. 7: p.
88.

149



256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

Zhang, G., et al., Vorinostat and sorafenib synergistically kill tumor cells via FLIP suppression
and CD95 activation. Clinical cancer research : an official journal of the American Association
for Cancer Research, 2008. 14(17): p. 5385-5399.

Frew, A.l., et al., Combination therapy of established cancer using a histone deacetylase
inhibitor and a TRAIL receptor agonist. Proceedings of the National Academy of Sciences of
the United States of America, 2008. 105(32): p. 11317-11322.

Carson, R., et al., HDAC inhibition overcomes acute resistance to MEK inhibition in BRAF
mutant colorectal cancer by down-regulation of c-FLIP(L). Clinical cancer research : an official
journal of the American Association for Cancer Research, 2015. 21(14): p. 3230-3240.
Anreddy, N. and L.A. Hazlehurst, Targeting Intrinsic and Extrinsic Vulnerabilities for the
Treatment of Multiple Myeloma. Journal of Cellular Biochemistry, 2016: p. n/a-n/a.
Al-Yacoub, N., et al., Apoptosis Induction by SAHA in Cutaneous T-Cell Lymphoma Cells Is
Related to Downregulation of c-FLIP and Enhanced TRAIL Signaling. Journal of Investigative
Dermatology, 2012. 132(9): p. 2263-2274.

Chinnaiyan, A.M., et al., FADD, a novel death domain-containing protein, interacts with the
death domain of fas and initiates apoptosis. Cell. 81(4): p. 505-512.

Imawati Budihardjo, H.O., Michael Lutter, Xu Luo, and Xiaodong Wang, Imawati Budihardjo,
Holt Oliver, Michael Lutter, Xu Luo, and Xiaodong Wang. Annual Review of Cell and
Developmental Biology, 1999. 15(1).

Wood, T.E., et al., Selective Inhibition of Histone Deacetylases Sensitizes Malignant Cells to
Death Receptor Ligands. American Association for Cancer Research, 2010. 9(1): p. 246-256.
McCourt, C., et al., Elevation of c-FLIP in Castrate-Resistant Prostate Cancer Antagonizes
Therapeutic Response to Androgen Receptor—Targeted Therapy. American Association for
Cancer Research, 2012. 18(14): p. 3822-3833.

Singh, T.R., S. Shankar, and R.K. Srivastava, HDAC inhibitors enhance the apoptosis-inducing
potential of TRAIL in breast carcinoma. Oncogene, 2005. 24(29): p. 4609-4623.

Lucas DM, A.L., West DA, Davis ME, Edwards RB, Johnson AJ, The Novel Deacetylase Inhibitor
AR-42 Demonstrates Pre-Clinical Activity in B-Cell Malignancies In Vitro and In Vivo. PLoS
ONE, 2010. 5.

Leder, A. and P. Leder, Butyric acid, a potent inducer of erythroid differentiation in cultured
erythroleukemic cells. Cell, 1975. 5(3): p. 319-322.

Orchel, A, et al., Butyrate-Induced Differentiation of Colon Cancer Cells Is PKC and JNK
Dependent. Digestive Diseases and Sciences, 2005. 50(3): p. 490-498.

Shin, J., et al., The Intestinal Epithelial Cell Differentiation Marker ALPi is Selectively Induced
by HDAC Inhibitors in Colon Cancer Cells in a KLF5-dependent Manner. Journal of Biological
Chemistry, 2014.

Bai, Z., et al., Sodium butyrate induces differentiation of gastric cancer cells to intestinal cells
via the PTEN/phosphoinositide 3-kinase pathway. Cell Biology International, 2010. 34(12): p.
1141-1145.

Graham, K.A. and R.N. Buick, Sodium butyrate induces differentiation in breast cancer cell
lines expressing the estrogen receptor. Journal of Cellular Physiology, 1988. 136(1): p. 63-71.
Di Pompo, G., et al., Novel Histone Deacetylase Inhibitors Induce Growth Arrest, Apoptosis,
and Differentiation in Sarcoma Cancer Stem Cells. Journal of Medicinal Chemistry, 2015.
58(9): p. 4073-4079.

Lehrmann, H., L.L. Pritchard, and A. Harel-Bellan, Histone acetyltransferases and
deacetylases in the control of cell proliferation and differentiation, in Advances in Cancer
Research. 2002, Academic Press. p. 41-65.

Munster, P.N., et al., The Histone Deacetylase Inhibitor Suberoylanilide Hydroxamic Acid
Induces Differentiation of Human Breast Cancer Cells. Cancer Research, 2001. 61(23): p.
8492-8497.

150



275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292,

Richon, V.M., et al., A class of hybrid polar inducers of transformed cell differentiation
inhibits histone deacetylases. Proceedings of the National Academy of Sciences, 1998. 95(6):
p. 3003-3007.

Gottlicher, M., et al., Valproic acid defines a novel class of HDAC inhibitors inducing
differentiation of transformed cells. The EMBO Journal, 2001. 20(24): p. 6969-6978.

Laurent Degos, Z.Y.W., All trans retinoic acid in acute promyelocytic leukemia. Oncogene,
2001. 20(49): p. 7140-7145.

Zhou, G.-B., et al., Treatment of acute promyelocytic leukaemia with all-trans retinoic acid
and arsenic trioxide: a paradigm of synergistic molecular targeting therapy. Philosophical
Transactions of the Royal Society B: Biological Sciences, 2007. 362(1482): p. 959-971.
Saverio Minucci, C.N., Francesco Lo Coco, Pier Giuseppe Pelicci, Histone deacetylases: a
common molecular target for differentiation treatment of acute myeloid leukemias?
Oncogene, 2001. 20(24): p. 3110-3115.

Lin, R.J., et al., Role of the histone deacetylase complex in acute promyelocytic leukaemia.
Nature, 1998. 391(6669): p. 811-814.

Fredly, H., B.T. Gjertsen, and @. Bruserud, Histone deacetylase inhibition in the treatment of
acute myeloid leukemia: the effects of valproic acid on leukemic cells, and the clinical and
experimental evidence for combining valproic acid with other antileukemic agents. Clinical
Epigenetics, 2013. 5(1): p. 1-13.

Cimino, G., et al., Sequential Valproic Acid/All-trans Retinoic Acid Treatment Reprograms
Differentiation in Refractory and High-Risk Acute Myeloid Leukemia. Cancer Research, 2006.
66(17): p. 8903-8911.

Roy, R., et al., Differentiation therapy: targeting breast cancer stem cells to reduce resistance
to radiotherapy and chemotherapy. Breast Cancer Research : BCR, 2010. 12(Suppl 1): p. O5-
05.

French, C.A., et al., BRD-NUT oncoproteins: a family of closely related nuclear proteins that
block epithelial differentiation and maintain the growth of carcinoma cells. Oncogene, 2007.
27(15): p. 2237-2242.

Schwartz, B.E., et al., Differentiation of NUT Midline Carcinoma by Epigenomic
Reprogramming. Cancer research, 2011. 71(7): p. 2686-2696.

Mariadason JM, R.K., Barkla DH, Augenlicht LH, Gibson PR., Divergent phenotypic patterns
and commitment to apoptosis of Caco-2 cells during spontaneous and butyrate-induced
differentiation. Journal of Cellular Physiology, 2000. 183(3): p. 347-354.

Mariadason, J., D. Barkla, and P. Gibson, Effect of short-chain fatty acids on paracellular
permeability in Caco-2 intestinal epithelium model. American Journal of Physiology -
Gastrointestinal and Liver Physiology, 1997. 272(4): p. G705-G712.

Kim, Y.S., et al., Effects of sodium butyrate and dimethylsulfoxide on biochemical properties
of human colon cancer cells. Cancer, 1980. 45(S5): p. 1185-1192.

Heerdt, B.G., M.A. Houston, and L.H. Augenlicht, Potentiation by Specific Short-Chain Fatty
Acids of Differentiation and Apoptosis in Human Colonic Carcinoma Cell Lines. Cancer
Research, 1994. 54(12): p. 3288-3294.

Kakihana, M., et al., Induction of E-Cadherin in Lung Cancer and Interaction with Growth
Suppression by Histone Deacetylase Inhibition. Journal of Thoracic Oncology. 4(12): p. 1455-
1465.

Wang, L.-T., et al., A novel class | HDAC inhibitor, MPTOGO030, induces cell apoptosis and
differentiation in human colorectal cancer cells via HDAC1/PKC6 and E-cadherin. Oncotarget,
2014.5(14): p. 5651-5662.

Catalano, M.G., et al., Histone Deacetylase Inhibition Modulates E-Cadherin Expression and
Suppresses Migration and Invasion of Anaplastic Thyroid Cancer Cells. The Journal of Clinical
Endocrinology & Metabolism, 2012. 97(7): p. E1150-E1159.

151



293.

294,

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

Hodin, R.A., A. Shei, and S. Meng, Transcriptional activation of the human villin gene during
enterocyte differentiation. Journal of Gastrointestinal Surgery, 1997. 1(5): p. 433-438.

L., K.L.H.J.S.T.S.S.A., Oncogenic Ras Promotes Butyrate-induced Apoptosis through Inhibition
of Gelsolin Expression. Journal of Biological Chemistry, 2004. 279(35): p. 36680-36688.
Hoshikawa, Y.K., HJ.; Yoshida, M.; Horinouchi, S.; Beppu, T, Trichostatin A Induces
Morphological Changes and Gelsolin Expression by Inhibiting Histone Deacetylase in Human
Carcinoma Cell Lines. Experimental Cell Research, 1994. 214(1): p. 189-197.

Han, J.-W,, et al., Apicidin, a Histone Deacetylase Inhibitor, Inhibits Proliferation of Tumor
Cells via Induction of p21WAF1/Cip1 and Gelsolin. Cancer Research, 2000. 60(21): p. 6068-
6074.

Zou, Z., et al., Brd4 maintains constitutively active NF-[kappa]B in cancer cells by binding to
acetylated RelA. Oncogene, 2014. 33(18): p. 2395-2404.

Kramer, O.H., et al., Acetylation of Statl modulates NF-«kB activity. Genes & Development,
2006. 20(4): p. 473-485.

Yuan, Z.-l., et al., Stat3 Dimerization Regulated by Reversible Acetylation of a Single Lysine
Residue. Science, 2005. 307(5707): p. 269-273.

Gupta, M., et al., Regulation of STAT3 by histone deacetylase-3 in diffuse large B-cell
lymphoma: implications for therapy. Leukemia, 2012. 26(6): p. 1356-1364.

Vervoorts, J., et al., Stimulation of c-MYC transcriptional activity and acetylation by
recruitment of the cofactor CBP. EMBO reports, 2003. 4(5): p. 484-490.

Kaneda, R., et al., Genome-Wide Screening for Target Regions of Histone Deacetylases in
Cardiomyocytes. Circulation Research, 2005. 97(3): p. 210-218.

LaBonte, M.J., et al., DNA microarray profiling of genes differentially regulated by the histone
deacetylase inhibitors vorinostat and LBH589 in colon cancer cell lines. BMC Medical
Genomics, 2009. 2: p. 67-67.

Chiba, T., et al., Identification of genes up-regulated by histone deacetylase inhibition with
cDNA microarray and exploration of epigenetic alterations on hepatoma cells. Journal of
Hepatology, 2004. 41(3): p. 436-445.

Monks, A., et al., Gene expression-signature of belinostat in cell lines is specific for histone
deacetylase inhibitor treatment, with a corresponding signature in xenografts. Anti-Cancer
Drugs, 2009. 20(8): p. 682-692.

Johnstone, R.W., Histone-deacetylase inhibitors: novel drugs for the treatment of cancer. Nat
Rev Drug Discov, 2002. 1(4): p. 287-299.

Kobayashi, H., E.M. Tan, and S.E. Fleming, Acetylation of histones associated with the
p21WAF1/CIP1 gene by butyrate is not sufficient for p21WAF1/CIP1 gene transcription in
human colorectal adenocarcinoma cells. International Journal of Cancer, 2004. 109(2): p.
207-213.

Bellucci, L., et al., Activation of p21 by HDAC Inhibitors Requires Acetylation of H2A.Z. PLOS
ONE, 2013. 8(1): p. e54102.

Wilson, A.l,, et al., Apoptotic Sensitivity of Colon Cancer Cells to Histone Deacetylase
Inhibitors Is Mediated by an Sp1/Sp3-Activated Transcriptional Program Involving
Immediate-Early Gene Induction. Cancer Research, 2010. 70(2): p. 609-620.

Kovary, K. and R. Bravo, The jun and fos protein families are both required for cell cycle
progression in fibroblasts. Molecular and Cellular Biology, 1991. 11(9): p. 4466-4472.
Chueh, A.C.T., Janson WT. Dickinson, Michael, loannidis, Paul. Jenkins, Laura. Togel, Lars.
Tan, Bee S. Luk, lan. Davalos-Salas, Mercedes. Nightingale, Rebecca. Thompson, Matthew R.
Williams, Bryan RG. Lessene, Guillaume. Fairlie, Walter D. Dhillon, Amardeep S. Maridason,
John M., ATF3-mediated repression of BCL-XL drives HDAC inhibitor-induced apoptosis across
tumour types. Cancer Research (Submitted), 2017.

Eferl, R. and E.F. Wagner, AP-1: a double-edged sword in tumorigenesis. Nat Rev Cancer,
2003. 3(11): p. 859-868.

152



313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

Shaulian, E. and M. Karin, AP-1 as a regulator of cell life and death. Nat Cell Biol, 2002. 4(5):
p. E131-E136.

Chang, L. and M. Karin, Mammalian MAP kinase signalling cascades. Nature, 2001.
410(6824): p. 37-40.

Hill, C.S., J. Wynne, and R. Treisman, Serum-regulated transcription by serum response factor
(SRF): a novel role for the DNA binding domain. The EMBO Journal, 1994. 13(22): p. 5421-
5432.

Murai, K. and R. Treisman, Interaction of Serum Response Factor (SRF) with the Elk-1 B Box
Inhibits RhoA-Actin Signaling to SRF and Potentiates Transcriptional Activation by Elk-1.
Molecular and Cellular Biology, 2002. 22(20): p. 7083-7092.

Karin, M., The Regulation of AP-1 Activity by Mitogen-activated Protein Kinases. Journal of
Biological Chemistry, 1995. 270(28): p. 16483-16486.

Gupta, S., et al., Transcription factor ATF2 regulation by the JNK signal transduction
pathway. Science, 1995. 267(5196): p. 389-393.

Han, J., et al., Activation of the transcription factor MEF2C by the MAP kinase p38 in
inflammation. Nature, 1997. 386(6622): p. 296-299.

Yang, Y., et al., Proteasome inhibitor PS-341 induces growth arrest and apoptosis of non-
small cell lung cancer cells via the JNK/c-Jun/AP-1 signaling. Cancer Sci, 2004. 95(2): p. 176-
80.

Lauricella, M., et al., JNK and AP-1 mediate apoptosis induced by bortezomib in HepG2 cells
via Fasl/caspase-8 and mitochondria-dependent pathways. Apoptosis, 2006. 11(4): p. 607-
25.

Lioni, M., et al., Bortezomib induces apoptosis in esophageal squamous cell carcinoma cells
through activation of the p38 mitogen-activated protein kinase pathway. Mol Cancer Ther,
2008. 7(9): p. 2866-75.

Lee, D.H. and A.L. Goldberg, Proteasome inhibitors: valuable new tools for cell biologists.
Trends in Cell Biology. 8(10): p. 397-403.

Meriin, A.B., et al., Proteasome Inhibitors Activate Stress Kinases and Induce Hsp72: DIVERSE
EFFECTS ON APOPTOSIS. Journal of Biological Chemistry, 1998. 273(11): p. 6373-6379.
Almond JB, C.G., The proteasome: a novel target for cancer chemotherapy. Leukemia, 2002.
16(4).

Poulaki, V., et al., The Proteasome Inhibitor Bortezomib Induces Apoptosis in Human
Retinoblastoma Cell Lines In Vitro. Investigative Ophthalmology & Visual Science, 2007.
48(10): p. 4706-4719.

Mitsiades, N., et al., Molecular sequelae of proteasome inhibition in human multiple
myeloma cells. Proceedings of the National Academy of Sciences of the United States of
America, 2002. 99(22): p. 14374-14379.

He, H., et al., c-Fos Degradation by the Proteasome: AN EARLY, Bcl-2-REGULATED STEP IN
APOPTOSIS. Journal of Biological Chemistry, 1998. 273(39): p. 25015-25019.

Vogt, P.K., Fortuitous convergences: the beginnings of JUN. Nat Rev Cancer, 2002. 2(6): p.
465-469.

Angel, P. and M. Karin, The role of Jun, Fos and the AP-1 complex in cell-proliferation and
transformation. Biochimica et Biophysica Acta (BBA) - Reviews on Cancer, 1991. 1072(2): p.
129-157.

Tulchinsky, E., Fos family members: regulation, structure and role in oncogenic
transformation. Histol Histopathol, 2000. 3.

Funk, M., et al., A novel, transformation-relevant activation domain in Fos proteins.
Molecular and Cellular Biology, 1997. 17(2): p. 537-544.

Piechaczyk, M. and J.-M. Blanchard, c-fos proto-oncogene regulation and function. Critical
Reviews in Oncology / Hematology, 1994. 17(2): p. 93-131.

153



334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344,

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

Hu, E., et al., Targeted disruption of the c-fos gene demonstrates c-fos-dependent and -
independent pathways for gene expression stimulated by growth factors or oncogenes. The
EMBO Journal, 1994. 13(13): p. 3094-3103.

Halazonetis, T.D., et al., c-Jun dimerizes with itself and with c-Fos, forming complexes of
different DNA binding affinities. Cell, 1988. 55(5): p. 917-924.

Bannister, A.J. and T. Kouzarides, CBP-induced stimulation of c-Fos activity is abrogated by
E1A. The EMBO Journal, 1995. 14(19): p. 4758-4762.

McBride, K., et al., Interaction with GATA transcription factors provides a mechanism for cell-
specific effects of c-Fos. Oncogene, 2003. 22(52): p. 8403-8412.

Grigoriadis, A., et al., Osteoblasts are target cells for transformation in c-fos transgenic mice.
The Journal of Cell Biology, 1993. 122(3): p. 685-701.

Saez, E., et al., c-fos is required for malignant progression of skin tumors. Cell, 1995. 82(5): p.
721-732.

Pandey, M.K., et al., Knockdown of c-Fos suppresses the growth of human colon carcinoma
cells in athymic mice. International journal of cancer. Journal international du cancer, 2012.
130(1): p. 213-222.

Preston, G.A., et al., Induction of apoptosis by c-Fos protein. Molecular and Cellular Biology,
1996. 16(1): p. 211-8.

Hu, L., et al., Overexpression of c-Fos induces apoptosis of CD43+ pro-B cells. The Journal of
Immunology, 1996. 157(9): p. 3804-11.

Mahner, S., et al., C-Fos expression is a molecular predictor of progression and survival in
epithelial ovarian carcinoma. British Journal of Cancer, 2008. 99(8): p. 1269-1275.

Hein, S., Mahner, S., Kanowski, C., Loning, T., Janicke, F., & Milde-Langosch, K., Expression of
Jun and Fos proteins in ovarian tumors of different malignant potential and in ovarian cancer
cell lines. Oncology Reports, 2009. 22.

Jin, S.P., et al., Prognostic significance of loss of c-fos protein in gastric carcinoma. Pathology
& Oncology Research, 2007. 13(4): p. 284-289.

Landschulz, W., P. Johnson, and S. McKnight, The leucine zipper: a hypothetical structure
common to a new class of DNA binding proteins. Science, 1988. 240(4860): p. 1759-1764.
Wisdom, R., R.S. Johnson, and C. Moore, c-Jun regulates cell cycle progression and apoptosis
by distinct mechanisms. The EMBO Journal, 1999. 18(1): p. 188-197.

Wisdom, R., R.S. Johnson, and C. Moore, c-Jun regulates cell cycle progression and apoptosis
by distinct mechanisms. The EMBO Journal, 1999. 18(1): p. 188-197.

Schreiber, M., et al., Control of cell cycle progression by c-Jun is p53 dependent. Genes &
Development, 1999. 13(5): p. 607-619.

Leppa S, B.D., Diverse functions of INK signaling and c-Jun in stress response and apoptosis.
Oncogene, 1999.

Wang, N., et al., c-Jun Triggers Apoptosis in Human Vascular Endothelial Cells. Circulation
Research, 1999. 85(5): p. 387-393.

Bossy-Wetzel, E., L. Bakiri, and M. Yaniv, Induction of apoptosis by the transcription factor c-
Jun. The EMBO Journal, 1997. 16(7): p. 1695-1709.

Eferl, R., et al., Liver Tumor Development. c-Jun antagonizes the proapoptotic activity of p53.
Cell. 112(2): p. 181-192.

Leia M Smith, S.C.W., Denver T Hendricks, Anita L Sabichi, Timothy Bos, Praveen Reddy,
Powel H Brown and Michael J Birrer, cJun overexpression in MCF-7 breast cancer cells
produces a tumorigenic, invasive and hormone resistant phenotype. Oncogene, 1999. 18(44):
p. 6063-6070.

Zhang, Y., et al., Critical role of c-Jun overexpression in liver metastasis of human breast
cancer xenograft model. BMC Cancer, 2007. 7: p. 145-145.

Szabo, E., et al., Altered cJUN Expression: An Early Event in Human Lung Carcinogenesis.
Cancer Research, 1996. 56(2): p. 305-315.

154



357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

372.

373.

374.

375.

Vleugel, M.M.,, et al., c-Jun activation is associated with proliferation and angiogenesis in
invasive breast cancer. Human Pathology. 37(6): p. 668-674.

Huang, H.-M. and J.-C. Liu, c-Jun blocks cell differentiation but not growth inhibition or
apoptosis of chronic myelogenous leukemia cells induced by STI571 and by histone
deacetylase inhibitors. Journal of Cellular Physiology, 2009. 218(3): p. 568-574.

He, W., et al., HDAC inhibitors suppress c-Jun/Fra-1-mediated proliferation through
transcriptionally downregulating MKK7 and Raf1 in neuroblastoma cells. Oncotarget, 2016.
7(6): p. 6727-6747.

Hai, T., The ATF Transcription Factors in Cellular Adaptive Responses, in Gene Expression and
Regulation, J. Ma, Editor. 2006, Springer New York: New York, NY. p. 329-340.

Bottone, F.G., et al., The anti-invasive activity of cyclooxygenase inhibitors is requlated by the
transcription factor ATF3 (activating transcription factor 3). Molecular Cancer Therapeutics,
2005. 4(5): p. 693-703.

Li, J., et al., ATF3 suppresses ESCC via downregulation of ID1. Oncology Letters, 2016. 12(3):
p. 1642-1648.

Ishiguro T, N.H., Naito M, Tsuruo T., Inhibitory effect of ATF3 antisense oligonucleotide on
ectopic growth of HT29 human colon cancer cells. Japan Journal of Cancer Research, 2000.
91(8).

Lu, D., C.D. Wolfgang, and T. Hai, Activating Transcription Factor 3, a Stress-inducible Gene,
Suppresses Ras-stimulated Tumorigenesis. Journal of Biological Chemistry, 2006. 281(15): p.
10473-10481.

Bandyopadhyay, S., et al., The Tumor Metastasis Suppressor Gene Drg-1 Down-regulates the
Expression of Activating Transcription Factor 3 in Prostate Cancer. Cancer Research, 2006.
66(24): p. 11983-11990.

Yin, X., J.W. DeWille, and T. Hai, A potential dichotomous role of ATF3, an adaptive-response
gene, in cancer development. Oncogene, 2007. 27(15): p. 2118-2127.

Wang, A, et al., The transcription factor ATF3 acts as an oncogene in mouse mammary
tumorigenesis. BMC Cancer, 2008. 8: p. 268-268.

Wang, A., et al., Epidermal hyperplasia and oral carcinoma in mice overexpressing the
transcription factor ATF3 in basal epithelial cells. Molecular Carcinogenesis, 2007. 46(6): p.
476-487.

Pelzer, A.E., et al., The Expression of Transcription Factor Activating Transcription Factor 3 in
the Human Prostate and its Regulation by Androgen in Prostate Cancer. The Journal of
Urology. 175(4): p. 1517-1522.

Janz, M., et al., Classical Hodgkin lymphoma is characterized by high constitutive expression
of activating transcription factor 3 (ATF3), which promotes viability of Hodgkin/Reed-
Sternberg cells. Blood, 2006. 107(6): p. 2536-2539.

Pelzer, A.E., et al., The Expression of Transcription Factor Activating Transcription Factor 3 in
the Human Prostate and its Regulation by Androgen in Prostate Cancer. The Journal of
Urology, 2006. 175(4): p. 1517-1522.

Hackl, C., et al., Activating transcription factor-3 (ATF3) functions as a tumor suppressor in
colon cancer and is up-regulated upon heat-shock protein 90 (Hsp90) inhibition. BMC Cancer,
2010. 10: p. 668-668.

Huang, X., X. Li, and B. Guo, KLF6 Induces Apoptosis in Prostate Cancer Cells through Up-
regulation of ATF3. The Journal of Biological Chemistry, 2008. 283(44): p. 29795-29801.

Xie, J.-)., et al., ATF3 functions as a novel tumor suppressor with prognostic significance in
esophageal squamous cell carcinoma. Oncotarget, 2014. 5(18): p. 8569-8582.

Syed, V., et al., Identification of ATF-3, caveolin-1, DLC-1, and NM23-H2 as putative
antitumorigenic, progesterone-regulated genes for ovarian cancer cells by gene profiling.
Oncogene, 2005. 24(10): p. 1774-1787.

155



376.

377.

378.

379.

380.

381.

382.

383.

384.

385.

386.

387.

388.

389.

390.

391.

392.

393.

Yan, C,, et al., Gene expression profiling identifies activating transcription factor 3 as a novel
contributor to the proapoptotic effect of curcumin. Molecular Cancer Therapeutics, 2005.
4(2): p. 233-241.

St Germain, C., A. O'Brien, and J. Dimitroulakos, Activating Transcription Factor 3 regulates
in part the enhanced tumour cell cytotoxicity of the histone deacetylase inhibitor M344 and
cisplatin in combination. Cancer Cell International, 2010. 10: p. 32-32.

Liu, J., et al., Targeting the ubiquitin pathway for cancer treatment. Biochimica et Biophysica
Acta (BBA) - Reviews on Cancer, 2015. 1855(1): p. 50-60.

Thompson, M.R., D. Xu, and B.R.G. Williams, ATF3 transcription factor and its emerging roles
in immunity and cancer. Journal of Molecular Medicine, 2009. 87(11): p. 1053.

Mashima, T., S. Udagawa, and T. Tsuruo, Involvement of transcriptional repressor ATF3 in
acceleration of caspase protease activation during DNA damaging agent-induced apoptosis.
Journal of Cellular Physiology, 2001. 188(3): p. 352-358.

Chen, B.P., et al., ATF3 and ATF3 delta Zip. Transcriptional repression versus activation by
alternatively spliced isoforms. Journal of Biological Chemistry, 1994. 269(22): p. 15819-
15826.

Kawauchi, J., et al., Transcriptional Repressor Activating Transcription Factor 3 Protects
Human Umbilical Vein Endothelial Cells from Tumor Necrosis Factor-a-induced Apoptosis
through Down-regulation ofp53 Transcription. Journal of Biological Chemistry, 2002.
277(41): p. 39025-39034.

Zhao, J., et al., The common stress responsive transcription factor ATF3 binds genomic sites
enriched with p300 and H3K27ac for transcriptional regulation. BMC Genomics, 2016. 17(1):
p. 335.

Huang, X., X. Li, and B. Guo, KLF6 induces apoptosis in prostate cancer cells through up-
regulation of ATF3. J Biol Chem, 2008. 283(44): p. 29795-801.

Syed, V., et al., Identification of ATF-3, caveolin-1, DLC-1, and NM23-H2 as putative
antitumorigenic, progesterone-regulated genes for ovarian cancer cells by gene profiling.
Oncogene, 2005. 24(10): p. 1774-87.

Lu, D., C.D. Wolfgang, and T. Hai, Activating transcription factor 3, a stress-inducible gene,
suppresses Ras-stimulated tumorigenesis. ) Biol Chem, 2006. 281(15): p. 10473-81.
Edagawa, M., et al., Role of Activating Transcription Factor 3 (ATF3) in Endoplasmic
Reticulum (ER) Stress-induced Sensitization of p53-deficient Human Colon Cancer Cells to
Tumor Necrosis Factor (TNF)-related Apoptosis-inducing Ligand (TRAIL)-mediated Apoptosis
through Up-regulation of Death Receptor 5 (DR5) by Zerumbone and Celecoxib. ) Biol Chem,
2014. 289(31): p. 21544-61.

Ameri, K., et al., Induction of activating transcription factor 3 by anoxia is independent of p53
and the hypoxic HIF signalling pathway. Oncogene, 2007. 26(2): p. 284-9.

Sato, A,, et al., Role of activating transcription factor 3 protein ATF3 in necrosis and apoptosis
induced by 5-fluoro-2'-deoxyuridine. FEBS J, 2014. 281(7): p. 1892-900.

Mashima, T., S. Udagawa, and T. Tsuruo, Involvement of transcriptional repressor ATF3 in
acceleration of caspase protease activation during DNA damaging agent-induced apoptosis.
J Cell Physiol, 2001. 188(3): p. 352-8.

St Germain, C., A. O'Brien, and J. Dimitroulakos, Activating Transcription Factor 3 regulates
in part the enhanced tumour cell cytotoxicity of the histone deacetylase inhibitor M344 and
cisplatin in combination. Cancer Cell Int, 2010. 10: p. 32.

Liu, J., et al., Role of ATF3 in synergistic cancer cell killing by a combination of HDAC inhibitors
and agonistic anti-DR5 antibody through ER stress in human colon cancer cells. Biochem
Biophys Res Commun, 2014. 445(2): p. 320-6.

Sooraj, D., et al., Activating Transcription Factor 3 Expression as a Marker of Response to the
Histone Deacetylase Inhibitor Pracinostat. Molecular Cancer Therapeutics, 2016. 15(7): p.
1726-1739.

156



394,

395.

396.

397.

398.

399.

400.

401.

402.

403.

404.

405.

406.

407.

408.

409.

410.

411.

Wilson, A.J., et al., Apoptotic Sensitivity of Colon Cancer Cells to Histone Deacetylase
Inhibitors Is Mediated by an Sp1/Sp3-Activated Transcriptional Program Involving
Immediate-Early Gene Induction. Cancer Research, 2010. 70(2): p. 609-620.

Zhang, C., et al., Transcriptional activation of the human stress-inducible transcriptional
repressor ATF3 gene promoter by p53. Biochem Biophys Res Commun, 2002. 297(5): p. 1302-
10.

St Germain, C., et al., Cisplatin induces cytotoxicity through the mitogen-activated protein
kinase pathways and activating transcription factor 3. Neoplasia, 2010. 12(7): p. 527-38.
Chen, L.-f,, et al., Duration of Nuclear NF-kB Action Regulated by Reversible Acetylation.
Science, 2001. 293(5535): p. 1653-1657.

Hamed, H.A., et al., Sorafenib and HDAC inhibitors synergize with TRAIL to kill tumor cells.
Journal of cellular physiology, 2013. 228(10): p. 1996-2005.

Faber, A.C,, et al., Assessment of ABT-263 activity across a cancer cell line collection leads to
a potent combination therapy for small-cell lung cancer. Proceedings of the National
Academy of Sciences, 2015. 112(11): p. E1288-E1296.

Kaefer, A., et al., Mechanism-based pharmacokinetic/pharmacodynamic meta-analysis of
navitoclax (ABT-263) induced thrombocytopenia. Cancer Chemotherapy and Pharmacology,
2014. 74(3): p. 593-602.

Roberts, A.\W., et al., Phase 1 Study of the Safety, Pharmacokinetics, and Antitumour Activity
of the BCL2 Inhibitor Navitoclax in Combination With Rituximab in Patients With Relapsed or
Refractory CD20+ Lymphoid Malignancies. British journal of haematology, 2015. 170(5): p.
669-678.

Cleary, J.M,, et al., A phase I clinical trial of navitoclax, a targeted high-affinity Bcl-2 family
inhibitor, in combination with gemcitabine in patients with solid tumors. Investigational New
Drugs, 2014. 32(5): p. 937-945.

Rudin, C.M,, et al., Phase Il Study of Single-Agent Navitoclax (ABT-263) and Biomarker
Correlates in Patients with Relapsed Small Cell Lung Cancer. Clinical cancer research : an
official journal of the American Association for Cancer Research, 2012. 18(11): p. 3163-3169.
Roberts, A.W., et al., Substantial Susceptibility of Chronic Lymphocytic Leukemia to BCL2
Inhibition: Results of a Phase | Study of Navitoclax in Patients With Relapsed or Refractory
Disease. Journal of Clinical Oncology, 2012. 30(5): p. 488-496.

Schoenwaelder, S.M., et al., Bcl-xL inhibitory BH3 mimetics can induce a transient
thrombocytopathy that undermines the hemostatic function of platelets. Blood, 2011.
118(6): p. 1663-1674.

Xargay-Torrent, S., et al., Vorinostat-induced apoptosis in mantle cell lymphoma is mediated
by acetylation of proapoptotic BH3-only gene promoters. Clin Cancer Res, 2011. 17(12): p.
3956-68.

Wiegmans, A.P., et al., Deciphering the molecular events necessary for synergistic tumor cell
apoptosis mediated by the histone deacetylase inhibitor vorinostat and the BH3 mimetic
ABT-737. Cancer Res, 2011. 71(10): p. 3603-15.

Bat-Erdene, A., et al., Synergistic targeting of Sp1, a critical transcription factor for myeloma
cell growth and survival, by panobinostat and proteasome inhibitors. 2016. 2016.

Gao, L., et al., Synergistic Activity of Carfilzomib and Panobinostat in Multiple Myeloma Cells
via Modulation of ROS Generation and ERK1/2. BioMed Research International, 2015. 2015:
p. 459052.

Kikuchi, S., et al., Class lla HDAC inhibition enhances ER stress-mediated cell death in multiple
myeloma. Leukemia, 2015. 29(9): p. 1918-1927.

Pei, X.-Y., Y. Dai, and S. Grant, Synergistic Induction of Oxidative Injury and Apoptosis in
Human Multiple Myeloma Cells by the Proteasome Inhibitor Bortezomib and Histone
Deacetylase Inhibitors. Clinical Cancer Research, 2004. 10(11): p. 3839-3852.

157



412.

413.

414.

415.

416.

417.

418.

419.

420.

421.

422.

423.

424,

425.

426.

427.

428.

429.

430.

431.

432.

Dai, Y., et al., Interactions between Bortezomib and Romidepsin and Belinostat in Chronic
Lymphocytic Leukemia Cells. Clinical Cancer Research, 2008. 14(2): p. 549-558.

Dai, Y., et al., BORTEZOMIB INTERACTS SYNERGISTICALLY WITH BELINOSTAT IN HUMAN AML
AND ALL CELLS IN ASSOCIATION WITH PERTURBATIONS IN NF-kB AND BIM. British Journal of
Haematology, 2011. 153(2): p. 222-235.

Zhou, W., et al., Proteasome inhibitor MG-132 enhances histone deacetylase inhibitor SAHA-
induced cell death of chronic myeloid leukemia cells by an ROS-mediated mechanism and
downregulation of the Bcr-Abl fusion protein. Oncology Letters, 2015. 10(5): p. 2899-2904.
Gao, M,, et al., Proteasome inhibitor carfilzomib interacts synergistically with histone
deacetylase inhibitor vorinostat in Jurkat T-leukemia cells. Acta Biochimica et Biophysica
Sinica, 2014. 46(6): p. 484-491.

Pitts, T.M., et al., Vorinostat and bortezomib exert synergistic antiproliferative and
proapoptotic effects in colon cancer cell models. Molecular cancer therapeutics, 2009. 8(2):
p. 342-349.

Adachi, M., et al., Synergistic Effect of Histone Deacetylase Inhibitors FK228 and m-
Carboxycinnamic Acid Bis-Hydroxamide with Proteasome Inhibitors PSI and PS-341 against
Gastrointestinal Adenocarcinoma Cells. Clinical Cancer Research, 2004. 10(11): p. 3853-3862.
Dimopoulos, M., et al., Vorinostat or placebo in combination with bortezomib in patients
with multiple myeloma (VANTAGE 088): a multicentre, randomised, double-blind study. The
Lancet Oncology, 2013. 14(11): p. 1129-1140.

Micel, L.N., et al., Role of Ubiquitin Ligases and the Proteasome in Oncogenesis: Novel
Targets for Anticancer Therapies. Journal of Clinical Oncology, 2013. 31(9): p. 1231-1238.
Sun, Y., E3 Ubiquitin Ligases as Cancer Targets and Biomarkers. Neoplasia (New York, N.Y.),
2006. 8(8): p. 645-654.

McGrath, J.P., S. Jentsch, and A. Varshavsky, UBA 1: an essential yeast gene encoding
ubiquitin-activating enzyme. The EMBO Journal, 1991. 10(1): p. 227-236.

Rajkumar, S.V., et al., Proteasome Inhibition As a Novel Therapeutic Target in Human Cancer.
Journal of Clinical Oncology, 2005. 23(3): p. 630-639.

Imajohohmi, S., et al., Lactacystin, a Specific Inhibitor of the Proteasome, Induces Apoptosis
in Human Monoblast U937 Cells. Biochemical and Biophysical Research Communications,
1995. 217(3): p. 1070-1077.

Shinohara, K., et al., Apoptosis induction resulting from proteasome inhibition. Biochemical
Journal, 1996. 317(Pt 2): p. 385-388.

Orlowski, R.Z., et al., Tumor Growth Inhibition Induced in a Murine Model of Human Burkitt's
Lymphoma by a Proteasome Inhibitor. Cancer Research, 1998. 58(19): p. 4342-4348.
Crawford, L.J., B. Walker, and A.E. Irvine, Proteasome inhibitors in cancer therapy. Journal of
Cell Communication and Signaling, 2011. 5(2): p. 101-110.

Crawford, L.J., et al., Proteasome proteolytic profile is linked to Bcr-Abl expression.
Experimental Hematology, 2009. 37(3): p. 357-366.

Rastogi, N. and D.P. Mishra, Therapeutic targeting of cancer cell cycle using proteasome
inhibitors. Cell Division, 2012. 7: p. 26-26.

Palombella, V.., et al., The ubiquitinproteasome pathway is required for processing the NF-
&#x3ba;B1 precursor protein and the activation of NF-&#x3ba;B. Cell, 1994. 78(5): p. 773-
785.

Barnes, P.J. and M. Karin Nuclear Factor-kB — A Pivotal Transcription Factor in Chronic
Inflammatory Diseases. New England Journal of Medicine, 1997. 336(15): p. 1066-1071.
Orlowski, R.Z. and A.S. Baldwin, Jr., NF-kappaB as a therapeutic target in cancer. Trends Mol
Med, 2002. 8(8): p. 385-9.

Adams, J., et al., Proteasome Inhibitors: A Novel Class of Potent and Effective Antitumor
Agents. Cancer Research, 1999. 59(11): p. 2615-2622.

158



433.

434,

435.

436.

437.

438.

439,

440.

441.

442.

443,

444,

445,

446.

447.

448.

449,

450.

451.

452,

Frankel, A., et al., Lack of Multicellular Drug Resistance Observed in Human Ovarian and
Prostate Carcinoma Treated with the Proteasome Inhibitor PS-341. Clinical Cancer Research,
2000. 6(9): p. 3719-3728.

Hideshima, T., et al., The Proteasome Inhibitor PS-341 Inhibits Growth, Induces Apoptosis,
and Overcomes Drug Resistance in Human Multiple Myeloma Cells. Cancer Research, 2001.
61(7): p. 3071-3076.

Orlowski, R.Z., et al., Phase | Trial of the Proteasome Inhibitor PS-341 in Patients With
Refractory Hematologic Malignancies. Journal of Clinical Oncology, 2002. 20(22): p. 4420-
4427.

Richardson, P.G., et al., A Phase 2 Study of Bortezomib in Relapsed, Refractory Myeloma.
New England Journal of Medicine, 2003. 348(26): p. 2609-2617.

Richardson, P.G., et al., Bortezomib or High-Dose Dexamethasone for Relapsed Multiple
Myeloma. New England Journal of Medicine, 2005. 352(24): p. 2487-2498.

Kane, R.C., et al., Velcade®: U.S. FDA Approval for the Treatment of Multiple Myeloma
Progressing on Prior Therapy. The Oncologist, 2003. 8(6): p. 508-513.

Raedler, L., Velcade (Bortezomib) Receives 2 New FDA Indications: For Retreatment of
Patients with Multiple Myeloma and for First-Line Treatment of Patients with Mantle-Cell
Lymphoma. American Health & Drug Benefits, 2015. 8(Spec Feature): p. 135-140.

Chauhan, D., et al., Proteasome inhibitor therapy in multiple myeloma. Molecular Cancer
Therapeutics, 2005. 4(4): p. 686-692.

Li, Z.-W., et al., NF-kB in the pathogenesis and treatment of multiple myeloma. Current
Opinion in Hematology, 2008. 15(4): p. 391-399.

Ling, S.C.W., et al., Response of myeloma to the proteasome inhibitor bortezomib is
correlated with the unfolded protein response regulator XBP-1. Haematologica, 2012. 97(1):
p. 64-72.

RI, M., Mechanism of action of bortezomib in multiple myeloma therapy. International
Journal of Myeloma, 2016. 6(1).

Waskiewicz, A.J. and J.A. Cooper, Mitogen and stress response pathways: MAP kinase
cascades and phosphatase regulation in mammals and yeast. Curr Opin Cell Biol, 1995. 7(6):
p. 798-805.

Roger J, D., Signal Transduction by the JNK Group of MAP Kinases. Cell, 2000. 103(2): p. 239-
252.

Roux, P.P. and J. Blenis, ERK and p38 MAPK-Activated Protein Kinases: a Family of Protein
Kinases with Diverse Biological Functions. Microbiol. Mol. Biol. Rev., 2004. 68(2): p. 320-344.
Lu, D., J. Chen, and T. Hai, The regulation of ATF3 gene expression by mitogen-activated
protein kinases. Biochemical Journal, 2007. 401(Pt 2): p. 559-567.

Ling, Y.-H., et al., PS-341, a Novel Proteasome Inhibitor, Induces Bcl-2 Phosphorylation and
Cleavage in Association with G2-M Phase Arrest and Apoptosis. Molecular Cancer
Therapeutics, 2002. 1(10): p. 841-849.

Brooks, A.D., et al., Bortezomib sensitizes human renal cell carcinomas to TRAIL apoptosis via
increased activation of caspase-8 in the death-inducing signaling complex. Molecular cancer
research : MCR, 2010. 8(5): p. 729-738.

Pellom, S.T. and A. Shanker, Development of Proteasome Inhibitors as Therapeutic Drugs.
Journal of clinical & cellularimmunology, 2012. Suppl 5: p. 5-5.

Granato, M., et al., INK and Macroautophagy Activation by Bortezomib Has a Pro-Survival
Effect in Primary Effusion Lymphoma Cells. PLoS ONE, 2013. 8(9): p. €75965.

Pérez-Galan, P., et al., The BH3-mimetic GX15-070 synergizes with bortezomib in mantle cell
lymphoma by enhancing Noxa-mediated activation of Bak. Blood, 2007. 109(10): p. 4441-
4449,

159



453.

454,

455.

456.

457.

458.

459.

460.

461.

462.

463.

464,

465.

466.

467.

468.

469.

470.

471.

Fernandez, Y., et al., Differential Regulation of Noxa in Normal Melanocytes and Melanoma
Cells by Proteasome Inhibition: Therapeutic Implications. Cancer Research, 2005. 65(14): p.
6294-6304.

Wang, F., et al., A novel dithiocarbamate analogue with potentially decreased ALDH
inhibition has copper-dependent proteasome-inhibitory and apoptosis-inducing activity in
human breast cancer cells. Cancer letters, 2011. 300(1): p. 87-95.

Naumann, K., et al., Noxa/Mcl-1 balance influences the effect of the proteasome inhibitor
MG-132 in combination with anticancer agents in pancreatic cancer cell lines. Anti-Cancer
Drugs, 2012. 23(6): p. 614-626.

Ponder, K.G,, et al., Dual inhibition of Mcl-1 by the combination of carfilzomib and TG02 in
multiple myeloma. Cancer Biology & Therapy, 2016. 17(7): p. 769-777.

Shanker, A, et al., Treating Metastatic Solid Tumors With Bortezomib and a Tumor Necrosis
Factor—Related Apoptosis-Inducing Ligand Receptor Agonist Antibody. Journal of the
National Cancer Institute, 2008. 100(9): p. 649-662.

Tani, E., et al., Proteasome inhibitors induce Fas-mediated apoptosis by c-Myc accumulation
and subsequent induction of FasL message in human glioma cells. FEBS Letters, 2001. 504(1-
2): p. 53-58.

Su, M., et al., HDACG6 requlates aggresome-autophagy degradation pathway of a-synuclein in
response to MPP+-induced stress. Journal of Neurochemistry, 2011. 117(1): p. 112-120.
Rodriguez-Gonzalez, A., et al., Role of the Aggresome Pathway in Cancer: Targeting Histone
Deacetylase 6-Dependent Protein Degradation. Cancer Research, 2008. 68(8): p. 2557-2560.
Kawaguchi, Y., et al., The Deacetylase HDAC6 Regulates Aggresome Formation and Cell
Viability in Response to Misfolded Protein Stress. Cell, 2003. 115(6): p. 727-738.

Batchu, Sri N., Angela S. Brijmohan, and A. Advani, The therapeutic hope for HDAC6
inhibitors in malignancy and chronic disease. Clinical Science, 2016. 130(12): p. 987-1003.
Salemi, L.M., et al., Aggresome formation is requlated by RanBPM through an interaction
with HDAC6. Biology Open, 2014. 3(6): p. 418-430.

Buglio, D., et al., The class-I HDAC inhibitor MGCD0103 induces apoptosis in Hodgkin
lymphoma cell lines and synergizes with proteasome inhibitors by an HDAC6-independent
mechanism. British journal of haematology, 2010. 151(4): p. 387-396.

Hui, K.F. and A.K.S. Chiang, Combination of proteasome and class | HDAC inhibitors induces
apoptosis of NPC cells through an HDAC6-independent ER stress-induced mechanism.
International Journal of Cancer, 2014. 135(12): p. 2950-2961.

Baradari, V., et al., Histone deacetylase inhibitor MS-275 alone or combined with bortezomib
or sorafenib exhibits strong antiproliferative action in human cholangiocarcinoma cells.
World Journal of Gastroenterology : WIG, 2007. 13(33): p. 4458-4466.

Johann Zimmermann, D.E., Isabelle Lalande, Rita Grossenbacher, Maria Noorani, Peter Fiirst,
Proteasome inhibitor induced gene expression profiles reveal overexpression of
transcriptional regulators ATF3, GADD153 and MAD1. Oncogene, 2000. 19(25): p. 2913-
2920.

Hu, J., et al., Activation of ATF4 mediates unwanted Mcl-1 accumulation by proteasome
inhibition. Blood, 2012. 119(3): p. 826-837.

Park, G.H., et al., The induction of activating transcription factor 3 (ATF3) contributes to anti-
cancer activity of Abeliophyllum distichum Nakai in human colorectal cancer cells. BMC
Complementary and Alternative Medicine, 2014. 14: p. 487.

Mann, B.S., et al., Vorinostat for Treatment of Cutaneous Manifestations of Advanced
Primary Cutaneous T-Cell Lymphoma. Clinical Cancer Research, 2007. 13(8): p. 2318-2322.
Garcia-Manero, G., et al., Phase 1 study of the histone deacetylase inhibitor vorinostat
(suberoylanilide hydroxamic acid [SAHA]) in patients with advanced leukemias and
myelodysplastic syndromes. Blood, 2008. 111.

160



472.

473.

474.

475.

476.

477.

478.

479.

480.

481.

482.

483.

484,

485.

486.

Nawrocki, S.T., et al., Aggresome Disruption: A Novel Strategy to Enhance Bortezomib-
Induced Apoptosis in Pancreatic Cancer Cells. Cancer Research, 2006. 66(7): p. 3773-3781.
Sato, A,, et al., Suberoylanilide hydroxamic acid (SAHA) combined with bortezomib inhibits
renal cancer growth by enhancing histone acetylation and protein ubiquitination
synergistically. BJU Int, 2011.

Davie, J.R., Inhibition of Histone Deacetylase Activity by Butyrate. The Journal of Nutrition,
2003. 133(7): p. 24855-2493S.

Doetzlhofer, A., et al., Histone Deacetylase 1 Can Repress Transcription by Binding to Sp1.
Molecular and Cellular Biology, 1999. 19(8): p. 5504-5511.

St. Germain, C,, et al., Cisplatin Induces Cytotoxicity through the Mitogen-Activated Protein
Kinase Pathways and Activating Transcription Factor 3. Neoplasia (New York, N.Y.), 2010.
12(7): p. 527-538.

Huang L, S.Y., Sakai T, Pardee AB., Activation of the p21WAF1/CIP1 promoter independent of
p53 by the histone deacetylase inhibitor suberoylanilide hydroxamic acid (SAHA) through the
Sp1 sites. Oncogene, 2000. 19(50): p. 5712-5719.

Xiao, H., T. Hasegawa, and K.-i. Isobe, Both Sp1 and Sp3 are responsible for p21waf1
promoter activity induced by histone deacetylase inhibitor in NIH3T3 cells. Journal of Cellular
Biochemistry, 1999. 73(3): p. 291-302.

Waby, J.S., et al., Sp1 acetylation is associated with loss of DNA binding at promoters
associated with cell cycle arrest and cell death in a colon cell line. Molecular Cancer, 2010. 9:
p. 275-275.

Huang, W., et al., Trichostatin A Induces Transforming Growth Factor 8 Type Il Receptor
Promoter Activity and Acetylation of Sp1 by Recruitment of PCAF/p300 to a Sp1-NF-Y
Complex. Journal of Biological Chemistry, 2005. 280(11): p. 10047-10054.

Swingler, Tracey E., et al., MMP28 gene expression is requlated by Sp1 transcription factor
acetylation. Biochemical Journal, 2010. 427(3): p. 391-400.

White, N.R., et al., Sodium Butyrate-Mediated Sp3 Acetylation Represses Human Insulin-Like
Growth Factor Binding Protein-3 Expression in Intestinal Epithelial Cells. Journal of Pediatric
Gastroenterology and Nutrition, 2006. 42(2): p. 134-141.

Qiu, T., et al., Effects of treatment with histone deacetylase inhibitors in solid tumors: a
review based on 30 clinical trials. Future Oncology, 2013. 9(2): p. 255-269.

Olsen, E.A,, et al., Phase IIB Multicenter Trial of Vorinostat in Patients With Persistent,
Progressive, or Treatment Refractory Cutaneous T-Cell Lymphoma. Journal of Clinical
Oncology, 2007. 25(21): p. 3109-3115.

Whitecross, K.F., et al., Defining the target specificity of ABT-737 and synergistic antitumor
activities in combination with histone deacetylase inhibitors. Blood, 2009. 113(9): p. 1982-
1991.

Nakajima, W., et al., Combination with vorinostat overcomes ABT-263 (navitoclax) resistance
of small cell lung cancer. Cancer Biology & Therapy, 2016. 17(1): p. 27-35.

161



University Library

o o A gateway to Melbourne's research publications

Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Tse, Janson W. T.

Title:
Investigating the mechanisms by which histone deacetylase inhibitors induce apoptosis in
cancer cells

Date:
2017

Persistent Link:
http://hdl.handle.net/11343/192923

File Description:
Investigating the mechanisms by which histone deacetylase inhibitors induce apoptosis in
cancer cells

Terms and Conditions:

Terms and Conditions: Copyright in works deposited in Minerva Access is retained by the
copyright owner. The work may not be altered without permission from the copyright owner.
Readers may only download, print and save electronic copies of whole works for their own
personal non-commercial use. Any use that exceeds these limits requires permission from
the copyright owner. Attribution is essential when quoting or paraphrasing from these works.



