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ABSTRACT

Decreased expression of Breast Cancer 1 protein BRCA1 in breast and
epithelial ovarian cancer patients has been correlated with increased overall
survival. The improved outcome of patients with BRCA1-defictent tumours has
been linked to their impaired ability to repair DNA damage induced by
chemotherapy, specifically platinum agents. Targeting the DNA repair protein
BRCAI1 using novel therapeutic approaches has the potential to enhance platinum
chemosensitivity in breast and ovarian cancer. Human ovarian and breast cancer
cell lines were treated for 24 or 48 hours with three standard chemotherapeutics
alone or in combination with three small molecule inhibitors that target DNA
repair activity. Treatment with a histone deacetylase inhibitor sensitized breast
and ovarian cancer cell lines to platinum agents. The HDAC:i significantly
decreased BRCA1 RNA and protein expression. The HDACi shows promise as a
therapeutic agent in combination with platinum therapy for breast and ovarian

cancer due to its ability to down-regulate BRCAI.
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1. INTRODUCTION

1.1 Epithelial ovarian cancer
Epithelial ovarian cancer (EOC) makes up more than 90% of all cancers
arising from the ovary and is the fifth leading cause of cancer deaths in women
behind breast, lung, colon, and stomach cancers (1, 2). This disease primarily affects
women between the ages of 60 and 65 years (3). It is the most lethal of
gynaecological cancers in North America, with a five-year survival rate of just 30%,
due to the lack of effective screening methods and the absence of symptoms at early
stages of the disease (1). Roughly 20% of patients are diagnosed with Stage 1 disease
_when the cancer is confined to the ovaries (1, 2, 3). Advanced stage disease indicates
the cancer has metastasized to pelvic organs beyond the ovaries (Stage 2), beyond the
pelvic organs to the abdomen (Stage 3), or beyond the peritoneal cavity (Stage 4) (1,
2). Roughly 70% of EOC cases are diagnosed at Stage 3 metastatic disease or higher
(1, 2). Metastatic disease 1s accompanied by nonspecific symptoms such as
gastrointestinal upset, anorexia, and abdominal distension, which are also shared by
several common gastrointestinal, gynaecological, and genitourinary problems (2). The
survival rate of EOC patients improves drastically to 90% if the disease is diagnosed
at Stage 1 (3). Disease stage is, therefore, the most important prognostic factor in the
management of EOC (1).
The pathogenesis and evolution of EOC is not well understood but malignant
transformation is thought to be caused by genetic, molecular, and hormonal
alterations that disrupt cell proliferation, apoptosis, senescence, and DNA repair

mechanisms (4). Alterations of the tumour suppressor genes p53 and the Breast



Cancer 1 protein (BRCA1) are known to play significant roles in the pathogenesis of
this disease (4).
1.2 Treatment of EOC

Standard first-line treatment of EOC involves a combination of cytoreductive
surgery and platinum- and taxane-based chemotherapy (1). Cisplatin [cis-diammine-
dichloroplatinum(II)] was initially discovered to have growth-inhibitory effects in
Escherichia coli in 1970 and it has been employed in the clinic for over 30 years
(Figure 1A) (5, 6). The cisplatin analog, carboplatin [1,1-
cyclobutanedicarboxylatodiamine-platinum(Il)} shares a common mechanism of
action and forms identical DNA lesions but contains a dicarboxylate leaving group as
opposed to cisplatin’s more labile chloride leaving groups (Figure 1A,1B) (6).
Cisplatin and carboplatin are the most commonly used platinum agents in the clinic,
used for the treatment of several types of cancer other than EOC, including testicular,
cervical, head and neck, lymphoma, and non-small cell lung carcinomas (6). There
are two less common platinum analogs, oxaliplatin [trans-(1,2-diammino-
cyclohexane) platinum(Il)] and satraplatin [bis(aceto)amminedichloro-(cyclohexyl-
amine) platinum(IV)], approved for clinical use, however these drugs act through
different mechanisms of action and elicit separate detoxification mechanisms and will
not be discussed herein (6).

Cisplatin and carboplatin are synthetic DNA crosslinking agents that are
aquated upon entering cells, a process that removes the chloride or dicarboxylate
leaving groups from the molecules. While the resulting positively charged molecule

can interact with nucleophilic molecules contained within the cell such as RNA,



™ X ﬁ’HbN

1

Lot |

HN

B
Cl... NH, HN o)
nr" I\‘1.,,1' \
/Pt\ /Pt\
Cl NH, HiN~  ©
] ] H,N -
- ¥ Pt ﬁ i
N
- G Hg Ge
. I ,OH A
ey
P G-
- 1| HN HN - HN G -
| Pt
- - H N G
DNA Monoadduct Intrastrand Crosslinks
HN.  HN
N/ -1
] Pt ]
Jod [~
SO S
- - P |
-~
L H,N™  THN| |

Interstrand Crosslink

DNA-Protein Crosslink



Figure 1: Chemical structures and platinum DNA adducts. A. The chemical
structure of the clinically relevant platinum agent cisplatin. B. The chemical structure
of the clinically relevant platinum agent carboplatin. C. The primary DNA adducts
created by platinum agents include monoadducts, interstand and intrastand crosslinks,
and DNA-protein crosslinks. (Adapted and manipulated from Rabik, C. A. and Dolan,
M. E. Molecular mechanisms of resistance and toxicity associated with platinating
agents. Cancer Treat Rev, 33:9-23, 2007.)



DNA, and protein, they preferentially bind DNA at the N7 atom of the imidazole ring
of guanosine and adenosine (6). Binding to DNA can cause DNA monoadducts,
intrastrand, interstrand, and DNA-protein crosslinks (Figure 1C) (6). Double strand
breaks (DSBs) are caused by the cell’s attempt to repair DNA interstand crosslinks
created by platinum agents, the accumulation of which contributes to the cytotoxicity
of these drugs (7). The majority (90%) of crosslinks formed are 1, 2 intrastrand
d(GpG) adducts. This chelation causes a 40 - 70° kink in the DNA helix, effectively
inhibiting DNA replication and transcription which is the primary cause of platinum
cytotoxicity (6). By forming DNA-protein crosslinks, these compounds can also
uncouple oxidative phosphorylation by the inhibition of mitochondrial ATPases (6,
8). Treatment with cisplatin can cause serious nephrotoxicity due to the inhibition of
renal Na*/K* -activated and Mg**-activated ATPases (8). Nephrotoxicity is not a side
effect of carboplatin, possibly due to the slower reactivity of its leaving groups;
therefore carboplatin is more commonly used in combination with paclitaxel in
conventional EOC treatment (1).

Paclitaxel (also known as taxol) is a member of the taxane family of
chemotherapeutics. It was initially isolated in 1971 from the bark of the Pacific yew
tree Taxus brevifolia (9). Paclitaxel was originally documented to have anti-mitotic
properties by Schiff er al in 1979 (10). Its mechanism of action involves the
promotion of tubulin polymerization and the stabilization of microtubules. This
inhibits the break-down of microtubules required for cell division and eventually
leads to cell death (10, 11). Paclitaxel is approved for treatment of solid tumours such

as those of the breast, ovarian, lung, and head and neck(12). Approximately 75% of



EOC patients respond favourably to this initial treatment regimen of cytoreductive
surgery, either before or after the combination regimen of platinum and taxane
chemotherapeutics (1, 2).

1.3 DNA repair and resistance to platinum-based chemotherapeutics in EOC

The development of platinum resistance after disease recurrence is a major
obstacle in the treatment of EOC. While three-quarters of patients respond to the first-
line regimen, response to treatment decreases drastically with disease recurrence (1,
13). In addition, if the relapse occurs within 12 months of cytoreductive surgery,
response to the same platinum and taxane chemotherapy regimen is approximately
70%. However, if the relapse occurs within only 6 months of the surgical procedure,
response to this treatment drops to only 10-15% (1). The development of platinum
resistance is multifactorial involving many cellular processes such as membrane
transport, glutathione inactivation, increased tolerance to DNA damage, and increased
DNA repair (6, 14). The primary factor contributing to the development of platinum
resistance is believed to involve the acquired tolerance to platinum-induced DNA
damage by increased function of critical DNA repair pathways and their components
(6, 14, 15).

The two primary pathways used by the cell to repair DNA adducts caused by
platinum agents are the nucleotide excision repair (NER) and mismatch repair
(MMR) pathways (14). The NER pathway is highly conserved and functions by
repairing lesions in the DNA strand leading to alteration of its helical structure and
inhibition of DNA replication and transcription. To begin, the DNA lesion must be

recognized and marked for repair. More than thirty proteins, including BRCAL,



converge to form a complex that unwinds the damaged portion of the helix (16). A
dimer consisting of the excision repair cross-complementation group 1 (ERCC1)
protein and the xeroderma pigmentosum complementation group F (XPF) excises the
lesion (14). Lastly, the excised portion of the DNA is resynthesized by DNA
polymerase (14, 16). Increased function of components within the NER pathway has
been correlated to increased resistance to the effects of cisplatin and carboplatin (6,
14). Targeting components of the NER pathway may be a viable therapeutic option to
sensitize platinum-resistant tumours by impairing the tumour cells’ ability to remove
DNA lesions.

The MMR pathway is a highly conserved, strand-specific DNA {eBair
process and is thought to mediate cisplatin- and carboplatin-induced apoptosis (17-
21). The MMR process is initiated by the recognition of a DNA lesion (mismatched
or unmatched DNA base pairs, or insertion-deletion loops) by the Mut proteins. The
complex of proteins that perform the excision has yet to be elucidated (14). The
excised portion of DNA is then resynthesized by DNA polymerase. It has been
determined that platinum complexes interfere with the normal function of MMR,
resulting in the accumulation of incompletely-repaired lesions, eventually leading to
apoptosis (14, 21, 22). However, if there is a deficiency in MMR the cells can
continue to proliferate in the presence of the platinum-induced lesions by bypassing
the lesions, preventing the aforementioned platinum-induced MMR lesions (14).
Tumours deficient in a functional MMR pathway have been found to be 2 — 3 fold
more resistant to platinum-based chemotherapeutics than those with a functional

MMR pathway (23).



Platinum-induced interstrand DNA crosslinks are known to cause the
accumulation of DSBs in rapidly proliferating tumour cells, inevitably resulting in
apoptosis (7). The cell has two complementary pathways to repair DSBs: homologous
recombination (HR) and non-homologous end-joining (NHEJ) (Figure 2) (4, 24). The
HR repair pathway is considered to be an error-free method of repairing DSBs
because the presence of sister chromatids is required for the accurate repair of the
lesion (4, 24, 25). To initiate the HR process, the exposed ends of DNA at the site of
the DSB are resected by a complex of DNA nucleases,

Rad50/MRE11/Nijmegen breakage syndrome-1 (NBS1) in the 5’ to 3° direction (24,
25). The resected ends are bound by Rad52, a DNA-end-binding protein, then Rad51
binds Rad52 creating a filament to facilitate the invasion of the double helix by a
homologous sister chromatid. DNA polymerase extends the 3’ tail using the
information from the homologous section. The DNA crossovers (Holliday junctions)
that result are resolved by DNA ligase to yield two homologous DNA double helices
(24).

The process of NHEJ is accepted as an error-prone method of DSB repair as
it does not use homologous sister chromatids to join the broken, sometimes slightly
degraded ends of the DNA strands (4, 24, 25). The exposed termini are bound by the
DNA-end-binding protein Ku, which recruits the DNA-dependent protein kinase
catalytic subunit (DNA-PKcs). The X-ray repair complementing defective repair in
Chinese hamster cells 4 (Xrcc4) protein and DNA ligase IV are then recruited to the
site to repair the lesion (24). The deficiency of genes involved in HR leads to the

activation of the error-prone NHEJ pathway which creates genomic instability and
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Figure 2: The cellular mechanisms of double strand break repair. The error-
prone process of NHEJ directly links the severed DNA strands. The end-binding
protein Ku recruits DNA-PK, XRCC4, and DNA ligase IV. Also believed to have a
role in NHEJ is the Mre11-RAD50-NBS (MRN) complex. The error-free HR repair
pathway involves the co-localization of BRCA1 and RAD51. RADS52 binds to the
free DNA strands and RADS1 polymerizes to form a filament along which the broken
3’ ends can invade the homologous duplex. To complete the repair, DNA polymerase
extends the DNA strand. (Adapted from Weberpals, J. 1., Clark-Knowles, K. V., and
Vanderhyden, B. C. Sporadic epithelial ovarian cancer: relevance of the BRCA1
pathways and its function in DNA damage and repair. J Clin Oncol, 26:3259 — 3267,
2008.)



cytotoxic stress, eventually leading to apoptosis (26). Hence, the increased expression
or function of genes involved in the HR pathway may result in the tumour’s ability to
resist the cytotoxic effects of platinum chemotherapeutics. Therefore, an option to
enhance sensitivity in platinum-resistant EOC may be targeting the HR machinery
using novel therapeutics.

1.4 BRCA1l

Of the oncogene and tumour suppressor genes that have been identified as
contributors to the pathogenesis of EOC, including P53, Kirsten Ras (KRAS) and c-
MYC, BRCAI is the most clinically relevant (4). BRCAI is a tumour suppressor
whose loss through germ-line or somatic mutations can lead to the formationv of breast
and ovarian tumours. In approximately 10% of EOC, inherited germ-line mutations in
the BRCAI gene play a role in tumour progression, while 90% of EOC cases occur
sporadically (13). In sporadic EOC however, the BRCA1 protein is frequently
dysfunctional, contributing to the pathogenesis of this disease (27, 28).

The BRCAI gene encodes a full-length protein of 1,863 amino acids with a
molecular weight of approximately 220 kDa (29). This large protein includes several
functional domains including the highly conserved NH, terminus containing a RING
finger domain with E3 ligase activity and two nuclear localization signals in exon 11
(30, 31). The BRCA! C-terminal domain (BRCT) from residues 1,646 to 1,863
contains a motif also present in proteins involved in DNA repair and genomic
stability (32). This motif has been identified as a phosphopeptide recognition domain,
binding phosphorylated proteins implicated in the DNA damage response (33, 34).

The BRCT domain also interacts with histone deacetylases (HDACs) 1 and 2 leading



to repression of transcription, as well as the Rb-binding proteins, RbAp46 and
RbAp48, implicating BRCA1 in growth inhibition through the binding of Rb (35).
BRCAL1 is known to interact with a variety of proteins in addition to those mentioned
above, involved in a wide range of cellular activities such as cell cycle regulation,
DNA damage response, stress response, apoptosis, transcriptional regulation, and
chromosomal stability (36, 37). However, it is unknown how a single protein such as
BRCAI is involved in such a diverse group of cellular processes.

There is a large amount of information supporting the critical role of BRCA1I
in the DNA damage response as supported by evidence indicating that the lack of a
functional BRCAL1 leads to the hypersensitivity of cells to various DNA damaging
insults. BRCA1 is accepted to be involved in all aspects of DNA repair which include
the recognition of damage, the prevention of replication during repair, and promotion
or inhibition of apoptosis based on the level of damage present (25). The interaction
between the BRCT and the HDACs indicates that BRCA1 may play a role in
chromatin remodelling, which can partially explain the role of BRCA! in the DNA
damage response (35). In addition to this interaction, BRCA1 has been shown to be a
component of the SWI/SNF chromatin remodelling complex and its coactivation
function with p53 is mediated through this complex (38). The BRCA1-SWI/SNF
complex may play a critical role in the activation of DNA damage response genes and
may play a direct role in activating HR repair through chromatin remodelling by
allowing the HR component access to sites of DNA damage (38). In fact, the
aforementioned role of BRCAI in the NER pathway can be explained by enabling the

loosening of the chromatin structure, allowing for access of NER machinery to the
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DNA lesion (25). In addition to NER, BRCA1 plays the role of a scaffolding protein
which colocalizes at sites of DNA damage in the error-free DNA repair mechanism of
HR and in MMR (25, 39-41). Its role as a scaffolding protein in both these DNA
repair pathways originates from the involvement of BRCAI in the genome
surveillance repair complex called the BRCA1-associated surveillance complex
(BASC). BASC is comprised of a number of proteins required for DNA damage
signalling, recognition, and repair such as the ataxia telangiectasia-mutated (ATM)
and ATM- and Rad3-related (ATR) kinases, MMR-specific MLH1, MSH2 and
MSHG6 proteins and HR-specific proteins Rad50, MRE11, and NBS1 (25, 42). The
recruitment of BASC and the resulting initiation ofDNA damage response begin with
the association of BRCA1 with Rad51 and BARD1 accumulating at sites of damaged
and replicating DNA, in response to BRCA1 phosphorylation in the presence of DNA
damaging agents (43). The hyperphosphorylation of BRCA1 and association with
BARDI and Radl recruits the components of BASC to the site of the DNA lesion (4).
In HR, BRCALI facilitates the activity of the 5’- to 3’-exonuclease complex
(Rad50/MREI11/NBS1) and also, is known to associate to the Rad51 protein (25, 44).
A process dependent upon the phosphorylation of BRCAT by chk?2 is the role of
BRCATI in promoting the error-free HR repair pathway over the error-prone NHEJ
(25, 44-46). This indicates that functional BRCAT is required for the maintenance of
genomic stability through the prevention of the loss of genetic material through error-
prone DNA repair mechanisms (25). The downregulation or loss of functional

BRCA1 may lead to the disruption of functional DNA damage response, resulting in
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genomic instability, cytotoxic stress, and dysfunctional DNA repair mechanisms due
to its ubiquitous role in DNA damage.

Transcriptional control of BRCAI expression is complex and largely
unexplored. In particular, signalling pathways which control negative regulation of
BRCA1I are unknown and there are several proposed mechanisms. Elucidating the
mechanism of BRCAI downregulation is critical to determine the role of BRCALI in
predicting response to chemotherapeutics in EOC. BRCAI can be mapped to
chromosome 17921 and contains 24 exons (29). Exon | of the BRCAI gene contains
an oestrogen responsive element (ERE) (47). The ERE is a positive regulatory
element controlled by oestrogen stimulation. BRCAT1 dysfunction is believed to
results in tumorigenesis in breast and ovarian tissues because cell growth and
proliferation in these tissue types is controlled by oestrogen stimulation (47, 48). The
BRCAI promoter region is bidirectional, with a few hundred basepairs (bp) separating
BRCAI from the NBR2 locus (49, 50). Within the promoter, approximately 230 bp
upstream from the transcriptional start site, is a highly conserved positive regulatory
region (PRR) containing a RIBS element (Figure 3) (51, 52). It has been shown that
the GA-binding protein o/ activates the transcription of BRCA/ by binding to ets
sites within the RIBS element (51). A CREB binding site is immediately downstream
of the RIBS element and contained within the PRR (Figure 3) (52, 53). Further
downstream, the promoter contains a CAAT box, Spl site, UP site which includes an
E2FA site, and finally, an E2FB site immediately upstream of the transcriptional start

site. The UP site and the E2F recognition site have been identified as repressor
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Figure 3: The BRCAI proximal promoter region. The sequence of the BRCA/
proximal promoter region is shown with boxes indicating the various motifs,
previously characterized. The sequence contained by the green arrows corresponds to
the PRR. The black arrow shows the BRCA1 transcriptional start site and the dark
grey box following the black arrow indicates Exon 1 of the BRCAI gene. The red
arrows represent the Forward and Reverse primers used in the ChIP assay protocol.
The amplicon produced by these primers is 129 bp in length. (Adapted and
manipulated from MacDonald, G., Stramwasser, M., and Mueller, C. R.
Characterization of a negative transcriptional element in the BRCAI promoter. Breast
Cancer Res, 9: R49, 2007.)
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elements (Figure 3) (52). A negative regulatory element was also located in the
minimal BRCAI promoter contained within intron 1 of the gene (54), while a negative
transcriptional repressor element identified within the first intron of NBR2 was found
to have no repressor activity on BRCAI (55). Interestingly, dynamic interactions
between the promoter region of the BRCA! gene, the introns, and the terminator
regions through gene loops have been reported to impact expression levels of the
gene, in response to oestrogen stimulation and lactational development (48).
Observations that the BRCAI promoter has a 56% cytosine and guanine content have
led to the conclusion that the promoter contains CpG islands that can be aberrantly
me{l‘L}/lated causing gene repression by the binding of methy! binding domain protein
2 (MDP2) (56-59).

An increase in the expression of BRCA1 has been linked to platinum
resistance in a wide range of cancers and is believed to be due to increased repair of
DNA lesions (60-63). In addition, a recent study showed that in recurrent, platinum-
resistant BRCA I-mutated ovarian tumours, genetic reversion had restored the wild-
type reading frame leading to functional DNA repair in the tumour cells (64).
Decreased expression of BRCA1 in EOC patients has recently been correlated with
increased overall survival compared to those patients with increased expression (28,
60). This finding has been extended to include patients with breast cancer and non-
small cell lung cancer, suggesting that BRCAT1 function plays a significant role in the
prognosis of a variety of malignancies (61, 65). Our group has found that higher

BRCAT1 expression was predictive of poorer overall survival (OS) in EOC patients
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with residual disease (RD) following cytoreductive surgery less than 2 cm (p = 0.03)
(Figure 4B) (13).
1.5 Targeting BRCA1 in combination with platinum chemotherapy

The improved outcome of patients with BRCA1-deficient tumours has been
linked to the impaired ability to repair DNA damage induced by chemotherapy,
specifically the platinum agents, leading to the accumulation of double strand breaks
and eventually apoptosis (37). Genomic instability and cytotoxic stress have been
observed in cells deficient in BRCAT that have activated error-prone DNA repair
pathways such as NHEJ (26). BRCA1-deficient mouse ovarian surface epithelial cells
also show improved response to platinum agents (66). Our group has recently
contributed to this field of evidence by showing that median OS was longer for EOC
patients with lower BRCA1 expression as compared to those with higher BRCA1
expression (46 vs. 33 months, p = 0.03) (Figure 4A) (13). BRCAL therefore, presents
itself as an attractive therapeutic target to sensitize tumours to the cytotoxic effects of
platinum chemotherapy in EOC as well as breast cancer. A number of novel small
molecule inhibitors thus present themselves as rational candidates for combination
with platinum chemotherapeutics because they may sensitize resistant tumours cells
to the platinum agents by targeting DNA damage repair and perhaps more
specifically, BRCA1 expression or function.

First, inhibitors of the poly (ADP-ribose) polymerase 1 (PARP1) enzyme are
thought to potentiate the effects of DNA damaging agents given that PARPI is an
integral component of the DNA strand break repair machinery (Figure 5) (37, 67). As

well, increased expression of PARPI has been correlated to poorer outcome in
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Figure 4: The predictive value of BRCA1 mRNA expression in EOC patients.
BRCA1 mRNA levels expressed as a dichotomous variable comparing 51 patients
divided in BRCA1-higher and BRCA1-lower groups. A. Overall survival (OS) for all
patients divided into higher (represented by the solid line) and lower groups
(represented by the dashed line). B. BRCAI-higher and BRCAl-lower groups
compared in terms of OS for patients with residual disease (RD) <2cm (n = 22).
(Adapted and manipulated from Weberpals, J. 1., Garbuio, K., O'Brien, A., Clark-
Knowles, K., Doucette, S., Antoniouk, O., Goss, G., and Dimitroulakos, J. The DNA
repair proteins BRCA1 and ERCC1 as predictive markers in sporadic ovarian cancer.
Int J Cancer, 124:806-815, 2008.)
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Figure 5: Novel small molecule inhibitors which may enhance platinum-induced
cytotoxicity by targeting BRCA1-regulated pathways. The PARPI inhibitor would
interfere with normal DNA repair mechanisms, which would then become
hypersensitive to DNA damaging agents. The Cdk2 inhibitor would prevent cell cycle
checkpoint controls. HDAC inhibitors would render tumour cells sensitive to DNA
damaging agents by interfering with chromatin remodelling. (Adapted and
manipulated from Yarden, R. I. and Papa, M. Z. BRCA1 at the crossroad of multiple
cellular pathways: approaches for therapeutic interventions. Mol Cancer Ther,
5:1396-1404, 2006.)
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ovarian cancer (68). PARPI is a 113 kDa multifunctional, nuclear zinc-finger enzyme
and has been documented to be involved in several cellular processes: DNA repair
and maintenance of genomic stability, transcriptional regulation, regulation of cellular
replication and differentiation, regulation of telomerase activity, activation of necrotic
cell death, functional modification of enzymes by the addition of poly (ADP-ribose)
polymers, and finally, the regulation of cytoskeletal organization (69). The enzymatic
activity of PARP1 increases greater than 500-fold upon its binding to DNA single-
and double-strand breaks (67, 69). PARP1 can detect DNA strand breaks caused by
many agents, including reactive oxygen species (ROS), ionizing radiation (IR), and
alkylating agents, as well as those strand breaks created during DNA repair processes
(37, 67). Upon the detection of a DNA strand break, PARP1 catalyzes the transfer
of ADP-ribose from co-enzyme nicotinamide adenine dinucleotide (NAD™) to
proteins involved in DNA metabolism and chromatin remodelling (67). Cells depleted
of PARP1 in vitro showed increased cytotoxicity following treatment with DNA
damaging agents, delayed DNA damage repair, and abnormal cellular morphology
and chromatin structure (67). A deficiency in PARPI causes the failure of the repair
of single strand breaks. DSBs will form when the DNA replication fork in an actively
dividing cell encounters an unrepaired single strand break (70, 71). In this study,
inhibition of PARPI by the compound 3-aminobenzamide, is anticipated to target
BRCAL function by interfering with the DNA repair machinery, thereby sensitizing
tumour cells to DNA damaging agents, such as cisplatin and carboplatin.

The enzyme cyclin-dependent kinase 2 (Cdk2) induces cell cycle arrest to

facilitate DNA repair before DNA replication occurs (Figure 5) (37, 72). Cyclin-

18



dependent kinases (CDKs) are a family of serine/threonine kinases required for cell
cycle regulation and are activated by cyclins (72, 73). Specific inhibitors of CDKs are
p21 and p27, which arrest cells in G; and G cell cycle phases, respectively (73). It
has been found that many human cancers, including those of the uterus and
endometrium, possess deregulated CDK activity (74-77). Specifically, Cdk2 is not
required for somatic cell division and its function in cell cycle regulation can be
performed by other kinases. Cdk2 has several non-cell cycle-associated substrates
which happen to function in DNA damage response, including BRCA1, BRCA2, p53,
and Ku70, a NHEJ component (78-81). In fact, the inhibition of Cdk?2 delayed the
activation of the DNA damage response and prolonged the existence of DSB,
effectively inhibiting DNA repair processes (72). A study by Deans et al. confirmed
that Cdk?2 can regulate both HR and NHEJ independently of cell cycle events (72).
Their study found that Cdk2 inhibition delayed the activation of p53 and its target
p21, as well as the phosphorylation of Chk1 following IR. This delay resulted in the
reduction of Rad51 foci formation at sites of DNA damage (72, 82). Therefore, Cdk2
may act upstream of Rad51 and the DNA damage response as many of its targets are
components in the protein complexes required for these pathways, including BRCA1
(72). Another study found that Cdk2 is present at chromosomal synapses during the
exchange of genetic material between sister chromatids during prophase (83).
BRCA1 is known to be involved in cell cycle checkpoints, and is activated by
phosphorylation by Cdk2 (72); therefore, inhibiting Cdk2 using the purine analog
2(bis-(hydroxyethyl)amino)-6-(4-methoxybenzylamino)-9-isopropyl-purine, could

mimic BRCAT1 inhibition.
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Finally, an emerging class of anticancer agents are the inhibitors of HDACs
(Figure 5) (37) The interaction between histone acetyl transferase (HAT) and HDAC
enzymes modulates chromatin structure and regulates transcription factor
accessibility 1n order to modify gene expression (84) Histones contained by
nucleosomes are acetylated by HATs and deacetylated by HDACs The substrate for
these enzymes 1s a e-amino group of lysine residues on the amino-terminal tails of the
histones and the deacetylation of this lysine restores a positive charge to the residue
which condenses the structure of the nucleosome (85, 86) Hence, silent genes are
associated with nucleosomes with low levels of acetyled histones, whereas genes that
are actively being transcribed are associated with nucleosomes with highly acetylated
histones (Figure 6) (85, 87-89) Chromatin remodelling 1s particularly active during
the DNA damage response, with rapid, localized unwinding of chromatin to allow for
the entry and assembly of proteins that form DNA repair complexes (90) During this
damage-induced remodelling HAT complexes work with ATP-dependent chromatin
remodelling complexes to facilitate repair Chromatin structure also influences the
susceptibility of a DNA strand to damage, with areas of loosely compacted, and hence
more transcriptional active chromatin incieasing the frequency of DSBs (90) HDAC
mhibitors promote the accumulation of acetylated histones, and therefore, are thought
to enhance platinum sensitivity by facilitating binding of DNA damaging agents to
the unwound DNA strand (91, 92) There are four classes of HDAC enzymes and of
these four classes, Class I enzymes have been found to be significantly overexpressed
1n ovarian tumour tissue versus normal ovarian tissue (93, 94) Intriguingly, when

Class | HDACS are suppressed using stRNA, ovarian cancer cell growth 1s inhibited

20



DNA

Deacetylated Histones vaeracty&zted Histone
l )

Transcriptional Repression Transcriptional Activation



Figure 6: The mechanism of action of HDAC inhibitors. Upon treatment with
HDAC inhibitors, histones become hyperacetylated (Ac) which loosens the DNA
tightly wrapped around the histone. This loosening of the chromatin structure around
acetylated histones allows transcriptional machinery access to the DNA which
activates the transcription of target genes. HDACs function to deacetylate histones
which would tighten the chromatin structure around the unacetylated histone,
therefore repression transcription. (Adapted and manipulated from Marks, P. A.,
Richon, V. M., and Rifkind, R. A. Histone Deacetylase Inhibitors: Inducers of
differentiation or apoptosis of transformed cells. J Natl Cancer Inst, 92:1210-1216,
2000.)
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which supports the use of HDAC inhibitors as therapeutic agents in the treatment of
EOC (93).

HDAC inhibitors have shown promise as anticancer agents, demonstrating
inhibition of cancer cell growth in vivo and in vitro (95, 96). HDAC inhibitors are
currently in Phase I and II clinical trials for advanced solid tumours and are approved
for the treatment of cutaneous T-cell lymphoma (97-99). HDAC inhibitors have also
demonstrated the ability to potentiate the effects of numerous chemotherapeutic
agents in a pre-clinical setting, such as topoisomerase inhibitors, and DNA-damaging
agents such as platinum compounds (92). It has been proposed that HDAC enzymes
are important for HR repair of DSBs and the assembly of Rad51 subnuclear foci, of
which BRCAL is also a component (100, 101). Zhang et al. have shown that the
HDAC inhibitor trichostatin A (TSA) delayed DNA damage response to IR by the
suppression of key genes, including BRCA (102). In addition, BRCAT1 has been
implicated in chromatin remodelling through its inclusion in the SWI/SNF chromatin
remodelling complex, and interactions with HDAC isoforms HDAC1 and HDAC2,
which are members of Class | HDAC group (35, 38, 94). HDAC inhibitors have
shown potential as a therapeutic option in ovarian cancer and their ability to target
BRCAI makes them a very attractive option for this disease (Figure 5) (37, 93, 103,
104). In summary, an investigation into the effects of HDAC inhibitors on BRCA1
expression and function while in combination with platinum agents is warranted.

This study proposes that chemoresistance is regulated by proteins involved in
key cellular pathways such as DNA damage response and repair, thus limiting the

efficacy of platinum-based drugs. The overall objective of this study will be to
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uncover therapeutic avenues to overcome chemoresistance in EOC and to provide the
pre-clinical experimentation to justify clinical evaluation of this therapeutic approach.
In addition, uncovering new factors regulating the expression of BRCA1 would make
a significant impact on the breadth of knowledge concerning this crucial gene, as well

as having wide implications on the lives of many cancer patients around the world.

Hypothesis: Targeting the critical DNA repair protein BRCA1 using novel

therapeutic approaches will enhance the chemosensitivity of EOC cells.

Objectives:

1. Identify novel agents which enhance the cytotoxicity of platinum
chemotherapeutics by targeting BRCA1-regulated pathways.

2. To investigate the mechanism of targeting BRCAT1 expression by HDAC

inhibitors.
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2. MATERIALS AND METHODS
2.1 Cell Culture

The A2780s and A2780cp cell lines were kindly provided by Dr. B. Vanderhyden
(Ottawa Hospital Research Institute, Ottawa, ON, Canada) and the T47D and
OVCAR-4 cell lines were donated by Dr. J. Bell (Ottawa Hospital Research Institute,
Ottawa, ON, Canada). MCF7 and HCC-1937 were purchased from the American
Type Culture Collection (Rockville, MD). All cell lines were maintained in
Dulbecco's-MEM (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine
serum (Wisent Inc., St-Bruno, Quebec, Canada) and 100 ug/ml penicillin-
streptomycin (Invitrogen, Carlsbad, CA). Unless otherwise described, cells were
treated for 24 hours with 2 pg/ml cisplatin (provided by the pharmacy at the Ottawa
Hospital Cancer Centre, Ottawa, Ontario, Canada) alone and in combination with the
HDAC inhibitor M344 (Biovision, Mountain View, CA}) at concentrations of 0.5, 1.0,
or 5.0 uM. Phase contrast images were collected using the 10x objective of a Nikon
Eclipse TE2000-U.
2.2 Cell Viability Assay

Cell viability was measured by the methylthiazolyldiphenyl-tetrazolium bromide
(MTT) rapid colorimetric assay. Approximately 4,500 cells were seeded into each
well of a 96-well flat bottom plate. The cells were incubated overnight to allow for
cell attachment and recovery. Cells were then treated with cisplatin in concentrations
of 0-8 pg/ml alone or in combination with 1 uM of the HDAC inhibitor M344, 50 uM
of the PARP inhibitor, 3-aminobenzamide (3-ABA), or 5 uM of the Cdk?2 inhibitor

2(bis-(Hydroxyethyl)amino)-6-(4-methoxybenzylamino)-9-isopropyl-purine (all from
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Calbiochem, EMD Biosciences, Inc San Diego, CA) Forty-eight hours following

treatment, 42 pl of a 5 mg/ml MTT substrate (Sigma-Aldrich, St-Louis, MO) solution

in phosphate buffered saline (PBS) was added and 1ncubated for up to 4 hrs at 37°C
The resulting violet formazan precipitate was solubilized by the 82 ul addition of a

0 01M HCV/10% SDS (Sigma-Aldrich) solution and plates were incubated overnight

at 379C The plates were then analyzed on an MRX Microplate Reader from Dynex
Technologies (Chantilly, VA) at 570 nm to determuine the optical density of the
samples
2.3 RNA isolation and RT-PCR

Total RNA was extracted from cell lines 1n sub-confluent 10 cm dishes using the
RNeasy® kit (Qragen, Germantown, MD) RNA concentration was quantified using a
NanoDrop ND-1000 spectrophotometer (Thermo Scientific Inc, Wilmington, DE)
Total RNA (1 pg) was reverse transcribed for polymerase chain reaction (PCR) as
previously described (105) The Applied Biosystems AB 7500 Real-Time PCR
system (Applied Biosystems, Foster City, CA) was used to detect amplification A
real-time PCR reaction was carried out 1n a total volume of 25 pl that contained 2 5 ul
of synthesized cDNA (42 ng), | 25 ul of TagMan Gene Expression Assay
Primer/Probe (20X) (Applied Biosystems, BRCA1, HS00173233), 12 5 ul of
TagMan Universal PCR Master Mix (2X) (Apphed Biosystems) and 8 75 ul of
RNase-free water for BRCA1 expression GAPDH (Applied Biosystems,
HS4333764-F) was used as an endogenous control Amplification conditions were
95°C for 5 min, 40 PCR cycles at 95°C for 15 sec, and 60°C for 1 min Three

independent reactions from separate RNA extractions were used to determine the
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average RNA expression and a standard error for each treatment condition. Technical
assistance was provided by Anna O’Brien, research technician with Dr. Johanne
Weberpals.
2.4 Western Blotting

Protein samples were collected in RIPA buffer (50 mM Tris-Cl pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 0.25% sodium deoxycholate, 0.1% sodium
dodecyl sulphate [SDS]) containing 1X Protease Inhibitor Cocktail (Sigma-Aldrich)
and protein content was quantified using a commercially available protein assay
(BCA Protein Assay Kit, Pierce, Rockford, IL.) and a Biomate3 Spectrophotometer
(Thermo Fisher Scientific, Waltham, MA). Samples were separated on 8-12% SDS
polyacrylamide gel and transferred to a PVDF membrane (Immobilon-P, Millipore,
Billerica, MA). Blocking was carried out with 5% milk in Tris-buffered saline with
Tween-20 (TBS-T). For all subsequent immunoblotting, antibodies were diluted to
the appropriate concentration in 5% milk in TBS-T. Blots were incubated with the
following primary antibodies for 1 hour at room temperature or overnight at 4°C;
mouse-anti BRCAT1 (1:200, D-9, Santa Cruz, Santa Cruz, CA), rabbit-anti acetylated
Histone 4 (acetyl H4) (1:1000, Upstate Cell Signaling now part of Millipore,
Billerica, MA) and mouse-anti actin (1:5000, Sigma-Aldrich). Following three
washes in TBS-T, blots were incubated with the appropriate horseradish peroxidase
(HRP)-labeled secondary antibody (goat-anti-rabbit-HRP, goat-anti-mouse-HRP,
1:5000, Jackson ImmunoResearch, West Grove, PA) for 1 hour at room temperature.
The chemiluminescent substrate used was Supersignal West Pico (Pierce) and the

visualization of the protein bands was performed using the GeneSnap image
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acquisition system followed by densitometry analysis with the GeneTools software
(Syngene, Frederick, MD).
2.5 Flow Cytometric Analysis of Apoptosis

Cells treated for 48 hours in 10 cm dishes were fixed in 80% ethanol for 1 hour.
Cells were then washed with PBS and resuspended in staining buffer (0.2% Triton X-
100, 1 mM EDTA in PBS pH 7.4) containing 25 pug/mL propidium iodide (Sigma-
Aldrich) and 100 ug/mL RNaseA (Sigma-Aldrich). Cells were incubated with
staining buffer in the dark for 1 hour prior to DNA quantification by the Coulter Epics
XL flow cytometer (Beckman Coulter, Fullerton, CA). Data analysis was performed
using ModFit LT (Verity Software House Inc., Topsham, ME).
2.6 Chromatin Immunoprecipitation (ChIP) Assay

Cells treated for 24 hours in 10 cm dishes were fixed with 1% formaldehyde
(BDH, VWR International, Mississauga, ON) for 20 min at room temperature in order
to cross-link the DNA and protein. The cross-linking was quenched by adding glycine
to a final concentration of 200 mM and incubating at room temperature for 5 min.
Cells were then washed twice with ice-cold PBS and harvested in 1 mL cold PBS by
centrifugation at 4°C for 5 min at 5,000 rpm. The pellet was resuspended in 90 pL
lysis buffer (50 mM Tris-HCI pH 8.0, 10 mM EDTA pH 8.0, 1% SDS) supplemented
with 1x Protease Inhibitor Cocktail (Sigma-Aldrich), I mM 1,4-dithio-DL-threitol
(DTT) (Sigma-Aldrich), and 1 mM phenylmethylsulfonyl fluoride (PMSF) (Sigma-
Aldrich). The lysates were sonicated using a Sonicator 3000 (Misonix, Farmingdale,
NY) for a total of 3 min with 10 sec pulses and 10 sec on ice between pulses to shear

DNA to an average size of 300 to 1000 bp. Sonicated lysates were cleared of debris
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by centrifugation for 15 min at 14,000 rpm at 4°C. Input controls were removed from
each sample and stored at -20°C. Sonicated lysates were divided into negative
controls and positive samples, then diluted ten-fold with dilution buffer (20 mM Tris-
HC1 pH 8.0, 150 mM NaCl, 2 mM EDTA pH 8.0, 1% Triton X-100) supplemented
with 1x Protease Inhibitor Cocktail (Sigma-Aldrich), | mM DTT (Sigma-Aldrich),
and 1 mM PMSF (Sigma-Aldrich). Positive sample cell lysates were
immunoprecipitated by overnight rotation at 4°C with rabbit-anti acetyl H4 (1:200,
Millipore) primary antibody. Negative controls were incubated overnight with
rotation at 4°C in the absence of primary antibody.

Immune complexes were collected by 2 hour rgﬁgtion at 4°C with the addition of
40 pL of protein A agarose/salmon sperm DNA 50% slurry (Millipore, Temecula,
CA) to both positive samples and negative controls. The agarose beads/immune
complexes were then pelleted gently by centrifugation for 1 min at 3,000 rpm at 4°C.
The beads were washed with 1 mL of the following buffers by rotation for 10 mins at
4°C, then pelleted gently by centrifugation for 1 min at 3,000 rpm at 4°C, discarding
the supernatant following each wash: Buffer A (low salt; 0.1% SDS, 1% Triton X-
100, 20 mM Tris-HCI pH 8.0, 2 mM EDTA pH 8.0, 150 mM NaCl) once, Buffer B
(high salt; 0.1% SDS, 1% Triton X-100, 20 mM Tris-HCl pH 8.0, 2 mM EDTA pH
8.0, 500 mM NaCl) once, Buffer C (1% NP-40, 1% sodium deoxycholate, 20 mM
Tris-HCI pH 8.0, 1 mM EDTA pH 8.0, 0.25 M LiCl) once, TE washing buffer (10
mM Tris-HCI] pH 8.0, 1 mM EDTA pH 8.0) twice. Freshly prepared elution buffer
(1% SDS, 100 mM NaCHO3) was added to all samples (input and negative controls,

and positive samples) to a final volume of 400 pL. and samples were rotated at room
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temperature for 30 mins. The agarose beads were removed from the samples by
centrifugation for 1 min at 3,000 rpm.

The DNA-protein cross-linking was reversed by overnight incubation with 5 pL.
proteinase K (20 mg/mL, Roche Diagnostics, Laval, Que.) at 65°C. The DNA was
purified using a QiaQuick PCR Purification Kit (Qiagen) according to the
manufacturer’s instructions. Purified DNA was eluted in 50 pL. ddH,O and samples
were stored at -80°C. Quantitative PCR was performed using a Roche LightCycler
Version 3 (Roche Diagnostics). Amplification conditions were 95°C for 30 sec, 40
PCR cycles of 95°C for 1 sec, 57 °C for 10 sec, and 72 °C for 5 sec, and finally, 61°C
for 40 sec. The binding of acetyl Hi to the BRCA1 proximal promoter region was
determined using the following primer pair: forward
TTTCCTTTTACGTCATCCGGG and reverse GCTAAGCAGCAGCCTCTCAGA
(Figure 3) (52, 106). PCR products were resolved on 1.6% agarose gels.

2.7 Statistical Analysis

The probability of significant differences was determined by analysis of variance
(ANOVA; multiple groups). Bonferroni’s posttest was used to determine significance
between specific treatments when whole group differences were detected by
ANOVA. For all analyses, significance was inferred at P<0.05 and P values were
two-sided. Analyses were performed using Graphpad Prism statistical software
(Graphpad Software, San Diego, CA). Technical assistance was provided by

Katherine Clark-Knowles.
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3. RESULTS

3.1 The inhibition of HDACs enhances platinum cytotoxicity in an ovarian
tumour cell line and its platinum-resistant clone in vitro.

The ability of small molecule inhibitors of PARP, Cdk2, and HDAC (see Section
1.5) to potentiate the cytotoxicity of platinum-based chemotherapeutics was evaluated
in vitro in an ovarian tumour cell line A2780s using the MTT cell viability assay.
There was no improvement in drug sensitivity when the PARP inhibitor and CDK?2
inhibitor were added to chemotherapy drugs (cisplatin, carboplatin, and paclitaxel)
(Figure 7). Only the HDAC inhibitor M344 significantly increased sensitivity of
A2780s and A2780cp cells to cisplatin and carboplatin cytotoxicity. There was no
effect of this inhibitor on the cytotoxicity of paclitaxel (Figure 7). This experiment
was also performed in the cisplatin-resistant A2780s-derived cell line clone A2780cp,
with similar results (data not shown).

3.2 The HDAC inhibitor M344 targets BRCA1 expression in an ovarian tumour
cell line in vitro.

The mechanism of enhancement of cytotoxicity by combining small molecule
inhibitors with platinum-based chemotherapy may involve targeting BRCA1 as
targeting BRCA expression can potentiate the cytotoxic effects of cisplatin (37, 66).
Quantitative, real-time, reverse-transcriptase polymerase chain reaction (RT-PCR)
was used to determine changes in BRCA1 expression at the transcriptional level in
the A2780s cell line. The A2780s control treatment was used as the calibrator for the

RT-PCR analysis of expression of mRNA. Upon exposure of the cell lines to
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Figure 7: The inhibition of HDACs enhances platinum cytotoxicity in an ovarian
tumour cell line and its platinum-resistant clone in vitro. A. MTT viability assays
comparing the responses of 0—8 pg/mL cisplatin, 0-500 uM carboplatin or 0—10 uM
taxol alone (represented by a black solid line) or with the co-administration
(represented by a red dashed line) of 50 uM PARPI inhibitor, 5 uM Cdk?2 inhibitor or
1 uM HDAC inhibitor in A2780s cells. Cell viability was assayed with the activity of
untreated cells taken to be 100%. B. *Combination of treatments in A2780s cells that
displayed significant differences in MTT activity compared to either agent alone (P <
0.01, Paired T-test). MTTs were analyzed at 48 hr consistent with the methodology
employed by the National Cancer Institute (107).
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cisplatin, carboplatin, and paclitaxel, there were subtle changes in BRCA1 mRNA
levels (Figure 8A). Treatment with the PARP and CDK2 inhibitors had relatively no
effect on BRCA1 mRNA transcripts. Western blot analysis was employed to evaluate
changes in BRCA1 protein expression in A2780s cells upon treatment with the
HDAC inhibitor (Figure 8B). There was a significant decrease in mRNA and protein
levels of BRCAL after treatment with the HDAC inhibitor M344, suggesting that this
compound can target DNA repair by modulating the expression of a key regulator of
this pathway (Figure 8). The level of acetylation of histone 4 (acetyl-H4) was
evaluated by western blot analysis as a positive control for the function of M344. The
observed increase of acetyl-H4 following treatment with M344 indicates that this
inhibitor is functional in these cells (Figure 8B). This experiment was also performed
in the cisplatin-resistant A2780s-derived cell line clone A2780cp, with similar results
(data not shown).
3.3 Basal expression of BRCAT1 in a panel of breast and ovarian cancer cell lines.
This study was expanded to include three breast cancer cell lines (MCF7, T-47D,
and HCC1937) and three ovarian cancer cell lines (A2780s, A2780cp, and OVCAR4)
which were analyzed for basal BRCA1 expression via western blot analysis (Figure
9). The breast carcinoma line MCF7 was used as a positive control and was used as
the calibrator for analysis of expression of protein levels and assigned an expression
value of 1.0. MCF7 cells displayed the highest levels of BRCA1 protein of the breast
cancer cell lines (Figure 9). The HCC1937 breast carcinoma cells did not display any
detectable BRCA1 protein (Figure 9). HCC1937 cells harbour the germline BRCA

mutation 5382insC, which results in a frameshift causing a premature stop codon and
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Figure 8: The HDAC inhibitor M344 targets BRCA1 expression in an ovarian
tumour cell line. A. Levels of BRCA1 mRNA analyzed by real time quantitative RT-
PCR following 24 hr treatments as indicated. Fold changes were calculated following
normalization to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) levels (AACt)
and expressed as means (4+/- SEM). B. Levels of BRCAT1, acetyl-H4, and actin protein
as loading control, following 24 hr HDAC:i treatment in A2780s cells.
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Figure 9: Basal expression of BRCA1 in a panel of breast and ovarian cancer cell
lines. A. Western blot analysis of basal expression levels of BRCA1 protein in a
panel of cell lines. Actin was used as a loading control. Numbers indicate protein
densitometry readings with MCF7 used as the calibrator and set to 1.0.
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resulting in a truncated non-functional protein product (108). A2780s expressed the
highest protein levels of the ovarian cancer cell lines, but only slightly more than their
cisplatin-resistant counterpart A2780cp cells (Figure 9). There was a lack of
detectable BRCAT protein in the OVCAR4 cell line in addition to the HCC1937 cell
line, despite its BRCAI status being known as normal (Figure 9). This group of cell
lines with variable levels of BRCAT1 protein expression corresponds to the variation
of BRCAL protein expression levels seen in the clinical setting (13, 60-65).

3.4 Treatment with the HDAC inhibitor M344 enhances the efficacy of cisplatin
treatment in breast and ovarian cancer cell lines in vitro.

Effects on cell viability by treatment of M344 in combination with cisplatin on the
six cell line panel were measured using the MTT cell viability assay. The addition of
M344 to cisplatin did not enhance the effect of cisplatin in the HCC1937 breast
cancer cells which have no detectable basal BRCA1 protein expression (see Section
3.3) (Figure 10). In MCF7 cells, cell viability was reduced with the addition of M344
to cisplatin treatment, but only at the lowest dose of cisplatin used (1 pg/ml, P < 0.05)
was the effect statistically significant (Figure 10). Cell viability of the T-47D cells
was significantly lower, by more than 50%, with the addition of M344 to cisplatin
treatment at all the concentrations of cisplatin used (P < 0.001 at all concentrations)
(Figure 10). Treatment with M344 enhanced the effect of cisplatin treatment in the
A2780s cells at concentrations of 1 and 2 pg/ml cisplatin (P < 0.05) (Figure 10). No
statistically significant effect was observed in the A2780cp cells, though M344 was
observed to increase the cytotoxicity of cisplatin slightly (Figure 10). An

enhancement of effect was only observed at a dose of 1 ug/ml cisplatin in the
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Figure 10: Treatment with the HDAC inhibitor M344 enhances the efficacy of
cisplatin treatment in breast and ovarian cancer cell lines in vitro. MTT viability
assays comparing the responses of a group of cell lines to 0-8 pg/ml cisplatin alone
(0) or with co-administration of 1 uM M344 (m). Cell viability was assayed with the
activity of untreated cells taken to be 100%. Numbers represent the mean +/- SEM
where n= 3 in triplicate. Differences between treatment with cisplatin alone versus
treatment with cisplatin and M344 were analyzed using 2-way ANOVA with
Bonferroni posttest. * indicates a significant difference where P<0.05, ** where
P<0.01, and *** where P<(0.001.
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OVCAR4 (P < 0.05) ovarian cancer cells, which have no detectable basal expression
of BRCAL1 protein (refer to Section 3.3) (Figure 10). These results indicate that the
HDAC inhibitor M344 showed a trend towards increasing platinum-induced
cytotoxicity in this group of cell lines.

3.5 Treatment with the HDAC inhibitor M344 in combination with cisplatin
increases apoptosis.

Cells from a representative breast cancer cell line (HCC1937) and a representative
ovarian cancer cell line (A2780s) were treated with M344 and cisplatin, alone or in
combination, for 48 or 24 hours respectively and then subjected to flow cytometric
analysis to confirm that the cytotoxicity observed in the MTT cell viability assay was
due to apoptosis. Treatment with M344 alone did not cause a dramatic increase in
apoptosis versus untreated cells (Figure 11A). Treatment with cisplatin alone resulted
in increased apoptosis in as compared to controls as shown by a slight increase in the
sub-G1 population (Figure 11A). Treatment of the A2780s cells with a combination
of M344 and cisplatin resulted in an increase in apoptosis levels above what was
observed with either agent alone which corresponds to the results shown by the MTT
cell viability assay in Section 3.4 (Figures 10 and 11A). There was no increase
observed in the HCC1937 cell line, which also corresponds to the MTT cell viability
assay results (Figures 10 and 11A). The A2780s cell line was too sensitive to cisplatin
single-agent and M344 combination treatment to be evaluated for apoptosis by flow
cytometry after 48 hours of treatment and thus was assessed after a 24 hour treatment.
An increase in apoptosis in response to the cisplatin+M344 combination treatment

was also seen by flow cytometry in the A2780cp and MCF7 cell lines (data not
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Figure 11: Treatment with the HDAC inhibitor M344 in combination with
cisplatin increases apoptosis. A. Flow cytometric profiles of A2780s and HCC1937
following treatment with 1.0 uM M344 alone or in combination with 2 pg/ml
cisplatin. B. 10x phase contrast images of A2780s cells following 24 hours of
treatment with 1.0 uM M344 alone or in combination with 2 pg/ml cisplatin.
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shown). The A2780s cells were used to obtain 10x phase contrast images following a
24 hour treatment period. These images show significant characteristics of apoptosis
such as rounding up and lifting off of the culture plate in the cisplatin+M344
combination treatment (Figure 11B). The results from these experiments support that
the cytotoxicity observed in the cisplatin+M344 combination treatment is due to the
induction of apoptosis.

3.6 Treatment with the HDAC inhibitor M344 reduces BRCA1 protein and
mRNA expression in breast and ovarian cancer cell lines.

The mRNA and protein levels of BRCA1 were assessed following exposure to
M344 alone or in combination with cisplatin by RT-PCR and Westemktilot analysis,
respectively. In the breast cancer cell lines examined, treatment with M344 alone
resulted in a significant decrease in BRCA1 mRNA expression at the highest
concentration as compared to DMSO-treated controls (Figure 12). With the exception
of MCF7, BRCA1 mRNA levels were increased with cisplatin treatment alone as
compared to untreated control in the two breast cancer cell lines (Figure 12). The
addition of M344 1o cisplatin treatment resulted in a decrease in BRCA1 mRNA
levels in the two breast cancer lines (Figure 12). BRCAT1 protein levels were found to
decrease after treatment with M344 alone as compared to DMSO control and were
also found to decrease after treatment with cisplatin in combination with M344 as
compared to cisplatin alone in all the breast cancer cell lines examined (Figure 13).
Due to their mutant BRCAT status, BRCAT1 protein was not detectable in the
HCC1937 cells and thus protein levels in response to treatment were not assessed in

these cells.
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Figure 12: Treatment with the HDAC inhibitor M344 reduces BRCA1 mRNA
expression in breast and ovarian cancer cell lines. BRCA1 mRNA levels in a panel
of cell lines analyzed by real time quantitative RT-PCR following 24 hours of
treatment with 0.5, 1.0, or 5.0 uM M344 either alone or in combination with 2 png/ml
cisplatin. Numbers represent the mean +/- SEM of three separate experiments.
Differences between treatments were analyzed using 1-way ANOVA with Bonferroni
posttest. Statistically significant differences, when present, between 5 pM M344 and
DMSO control or 2 pg/ml cisplatin + 5 pM M344 and 2 pg/ml cisplatin alone are
indicated by * where P<0.05, ** where P<0.01, and *** where P<0.001.
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Figure 13: Treatment with the HDAC inhibitor M344 reduces BRCA1 protein in
breast and ovarian cancer cell lines. Western blot analysis of BRCA1 in a panel of
cell lines following 24 hours of treatment with 0.5, 1.0, or 5.0 uM M344 either alone
or in combination with 2 png/ml cisplatin. Numbers represent densitometry readings
with untreated control used as the calibrator and set to a value of 1.0.
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When BRCA1 mRNA levels were examined in the ovarian cancer cell lines, it
was found that treatment with M344 alone decreased expression in all of the cell lines
as compared to DMSO control, with the most significant decreases observed in the
A2780s (Figure 12). Combination treatment of cells with cisplatin and M344 resulted
in a significant decrease in BRCA1 mRNA levels with the highest concentration of
M344, as compared to treatment with cisplatin alone, in all of the cell lines with the
exception of A2780s, where no decrease was observed (Figure 12). Treatment with
cisplatin resulted in an increase in BRCA1 protein levels, reflective of the
engagement of the DNA damage response (Figure 13) (109, 110). Protein levels of
BRCA1 were assessed orLly in the A2780s and A2780cp cells, as protein was not
detectable by western blotting in the OVCARA4 cells (see Section 3.3). Contrary to the
mRNA results, BRCAI protein levels were decreased after treatment with M344
either alone or in combination with cisplatin in the A2780s cells (Figure 13). This was
also observed in the A2780cp cells (Figure 13). Therefore, taken together, these
results demonstrate that BRCAT1 represents a novel target of HDAC inhibitors
through inhibition of its expression. Combining agents that induce DNA damage, like
cisplatin, with HDAC inhibitors may represent a novel therapeutic approach.

3.7 Treatment with the HDAC inhibitor M344 causes decreased binding of
acetylated Histone 4 to the BRCA proximal promoter region.

The mechanism by which the HDAC inhibitor M344 can down-regulate BRCA1
expression was investigated through the use of the chromatin immunoprecipitation
(ChIP) assay. This assay was employed to determine whether the decrease in BRCAL

mRNA expression by HDAC inhibition was controlled at the transcriptional level.
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Cells from the MCF7 breast carcinoma cell line were treated for 24 hours with M344
and cisplatin individually and in combination. MCF7 showed decreased levels of
BRCA1I proximal promoter DNA bound to acetyl-H4 (AcH4) following treatment
with M344 alone relative to the control sample (Figure 14). The level of DNA bound
to AcH4 increased in the samples treated with cisplatin alone (Figure 14).
Importantly, BRCAI proximal promoter DNA levels bound to AcH4 decreased to
levels below that seen in the single agent M344 treatment, in response to treatment
with M344 and cisplatin in combination (Figure 14). These results indicate that the
down-regulation of BRCAT expression in response to M344 alone or in combination
with cisplatEl may occur at the transcriptional level. This experiment was also
performed in the ovarian carcinoma cell line A2780s, with similar results.

3.8 The clinically approved HDAC inhibitor SAHA decreases BRCA1 protein
expression in vitro.

The HDAC inhibitor M344 is effective in down-regulating BRCA1 expression and
also increasing platinum-induced cytotoxicity. It is however, not approved for use in
the clinic. Recently, the HDAC inhibitor suberoylanilide hydroxamic acid (SAHA,
also known as vorinostat) has been approved for the treatment of cutaneous T-cell
lymphoma (99). The down-regulation of BRCAI expression, if any, following 24
hour SAHA treatment was analysed by western blot in A2780s cells. At all treatment
concentrations, SAHA decreased BRCA1 protein levels as compared to the untreated
controls (Figure 15F). Treatment with 1.0 uM SAHA was less effective in decreasing
BRCAT protein expression as compared with the same concentration of M344 (Figure

15F). At 5.0 uM, SAHA treatment decreased BRCA1 protein expression to
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Figure 14: Treatment with the HDAC inhibitor M344 is associated with
decreased acetylated Histone 4 at the BRCAI proximal promoter region. A. Real-
time PCR products were run on a 1.6% agarose gel. Three samples of each treatment
are seen: the input controls which have not been exposed to either agarose beads or
AcH4 antibody, the Beads control samples to which agarose beads have been added
in the absence of AcH4 antibody, the AcH4 to which agarose beads and AcH4 has
been added. This final sample is the ChIP sample. B. MCF7 cells treated with an
HDAC inhibitor alone or in combination with cisplatin (CDDP) show reduced
amounts of BRCAI promoter DNA bound to acetylated histone 4 as quantified by
real-time PCR suggesting a decrease in transcription of the BRCA/ gene.
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Figure 15: The clinically approved HDAC inhibitor SAHA decreases BRCA1
protein expression in vitro. A comparison of the chemical structures of the HDAC
inhibitor TSA (A), HDAC inhibitor used for in vitro experiments in this study, M344
(B), and the HDAC inhibitor approved for clinical use, SAHA (D). C. The basic
chemical structure shared by all three of these compounds consists of an enzyme
binding region, a spacer region, and an enzyme inhibiting group. (Adapted and
manipulated from Remiszewski, S. W., Sambucetti, L. C., Atadja, P., Bair, K. W_,
Cornell, W. D., Green, M. A, Howell, K. L., Jung, M., Kwon, P., Trogani, N., and
Walker, H.Inhibitors of Human Histone Deacetylase: Synthesis and enzyme and
cellular activity of straight chain hydroxamates. ] Med Chem, 45:753-757, 2002. and
Jung, M., Brosch, G., Kolle, D., Scherf, H., Gerhauser, C., and Loidl, P. Amide
analogues of trichostatin A as inhibitors of histone deacetylase and inducers of
terminal cell differentiation. J] Med Chem, 42:4669-4679, 1999.) E. The
hyperacetylation of histone 4 in Friend leukemic cells following treatment with the
indicated HDAC inhibitors. (Adapted and manipulated from Jung, M., Brosch, G.,
Kolle, D., Scherf, H., Gerhauser, C., and Loidl, P. Amide analogues of trichostatin A
as inhibitors of histone deacetylase and inducers of terminal cell differentiation. J
Med Chem, 42:4669-4679, 1999.) F. Levels of BRCA1 and acetyl-H4 (AcH4) protein
as analyzed by Western blot following 24 hour treatments as indicated in A2780s
cells.
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undetectable levels which appears to be more effective than the same concentration of
M344 (Figure15F). Therefore, the clinically approved HDAC inhibitor SAHA

appears to down-regulate BRCA1 expression in vitro.
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4.  DISCUSSION

Ovarian cancer is the leading cause of death from gynaecologic malignancies
(111). Poor prognosis is generally due to the development of chemoresistance to
standard platinum-based therapies (112). Discovering chemotherapeutics that enhance
response to platinum therapy is essential to aid in improving the 5-year survival rate
of this disease, a dismal 30-40% that has not changed in decades (1). The purpose of
this study was to enhance platinum-induced cytotoxicity in EOC by targeting BRCA1
using novel therapeutic approaches. Studies have shown that ovarian cancer patients
with BRCAI germline mutations demonstrate improved response to platinum-based
chemotherapy and improved overall survival as compared to those without the
mutation (113). As BRCA1 is a critical component of the DNA-damage recognition
and repair machinery, the inability of deficient tumour cells to repair the damage
induced by platinum treatment results in increased apoptosis, translating into
improved response. Results presented here demonstrate that the addition of an
inhibitor of HDAC activity, M344, potentiates cisplatin treatment in a panel of breast
and ovarian cancer cell lines via the targeting of the BRCAI tumour suppressor gene.

The first objective of this study was to identify a small molecule inhibitor that
sensitizes EOC cells to platinum-induced cytotoxicity. None of the three small
molecule inhibitors tested showed any activity when combined with the control
chemotherapeutic agent, paclitaxel. Neither the inhibitor of the PARP1 enzyme nor
the Cdk2 kinase showed any activity in combination with either platinum agent, as
shown by the cell viability assay. In an IHC study of PARP1 expression in a cohort of

ovarian serous carcinomas, strong PARP1 expression was demonstrated in 76% of
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cases and this higher level of expression correlated with a poorer outcome compared
to patients with comparatively low expression (68). The DNA lesions created by the
inhibition of PARP1 require functional BRCA1 for recognition and repair (114).
Therefore, if BRCA1 is present in cells, the lesions will be repaired. PARP1 is a
rational therapeutic target in BRCA1-deficient cancer cells since BRCA1 dysfunction
sensitizes cells to PARP1 inhibition by causing the accumulation of DSBs resulting in
cell cycle arrest in G, phase, followed by apoptosis (68, 114, 115). In the present
study, both A2780s and A2780cp cell lines exhibited relatively high levels of BRCA1
expression. Therefore, it is not unexpected that treatment with a PARP inhibitor did
not demonstrate in vitro cytotoxicity. Although, an immunofluorescence assay
visualizing DSBs by probing for phosphorylated H2AX would be a positive control
experiment to confirm the function of the PARP inhibitor. Similarly, the inhibition of
CDKSs has shown increased levels of toxicity in cells deficient in components of DNA
repair such as BRCA1 and ATM. Cells deficient in genes like BRCA1, commonly
present in familial breast cancer cases, are up to 4-fold more sensitive to CDK
inhibition (72). Cancers with mutated BRCA1 have been shown to select for
activation of Cdk?2 activity through the loss of the Cdk2-inhibiting p27 (116, 117). It
has been suggested that Cdk2 inhibitors be specifically used in the clinic on patients
with BRCA 1-deficient tumours (72). Therefore, the inactivity of the Cdk2 inhibitor
when in combination with the platinum agents in the BRCAl-expressing A2780s and
A2780cp cell lines is not unexpected. In addition, analysis by flow cytometry could
determine whether the Cdk?2 inhibitor is functional by visualizing the cell cycle

profile of the cells following treatment.
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DNA repair pathways are frequently defective in malignant cells and targeting
such defects seems to be a more rational therapeutic approach than direct gene
therapy (118, 119). HDAC inhibitors are a promising new class of anticancer
therapeutics that have been tested in phase I and phase II clinical trials (97-99). The
interaction between HATs and HDAC enzymes regulates gene expression by
modifying chromatin transcription in various malignancies, and BRCA1 is known to
play a role in altering chromatin structure (38). HDAC inhibitors have shown some
promise as single agent therapies for EOC, though they may be most useful as an
addition to standard therapies. There is also evidence that HDAC inhibitors could
function in part via targeting BRCA1 expression through BRCA1 involvement in
chromatin remodelling (38). The cell viability assay used in this study showed a trend
towards increased cytotoxicity with the addition of an HDAC inhibitor to cisplatin
and carboplatin in the paired A2780s and A2780cp EOC cell lines. The mechanism
by which HDAC inhibition is thought to enhance platinum-induced cytotoxicity is
through chromatin relaxation, allowing for increased DNA damage in
transcriptionally active DNA regions (91). This study demonstrates that in addition to
this mechanism, the HDAC inhibitor M344 may sensitize the A2780s and A2780cp
cells to platinum by decreasing the mRNA and protein expression of BRCAI, as
shown by quantitative RT-PCR and Western blot analysis. This represents a novel
mechanism of action of this class of agents whereby the HDAC inhibitors can target
expression of the DNA repair protein, BRCA1 in combination with platinum agents.

This phenomenon requires further investigation to determine its scope in a variety of
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human cancers and to delineate its mechanism with respect to targeting BRCA1
expression.

In order to expand the observations of the HDAC inhibitor activity in combination
with platinum agents, a panel of three breast carcinoma (T47-D, MCF7, and
HCC1937) and three ovarian carcinoma cell lines (A2780s, A2780cp, and OVCAR4)
were included in this study. Variable levels of BRCA1 mRNA and protein were
observed in this ovarian and breast cancer cell line panel when analyzed by
quantitative RT-PCR and western blot analysis. This is consistent with the range of
expression levels our group and others have observed in ovarian and breast tumour
specimens (4, 13, 28, 120). HCC1937 cells harbour the germline BRCA1 r}lEtation
5382insC, which causes in a frameshift creating a premature stop codon and resulting
in a truncated non-functional protein product (108). As anticipated, the HCC1937
breast carcinoma cells did not express any BRCA1 protein. HCC1937 cells did have
detectable levels of BRCAT mRNA, though it was lower than the other breast cancer
cell lines examined, which is in keeping with previous observations that tumours from
germline mutation carriers express mRNA levels significantly lower than those seen
in sporadic tumours (121). Of all cell lines examined, OVCARA4 exhibited the least
BRCA1 mRNA when analyzed. The protein amount was also comparatively low. The
aforementioned variable levels of basal BRCA1 mRNA and protein expression would
be useful to assess the role, if any, of this gene in the activity of the HDAC inhibitors
when in combination with platinum agents.

Studies conducted both in vitro and in vivo have demonstrated some cytotoxic

efficacy of HDAC inhibitors in ovarian cancer models (93, 104, 122-126) A recent
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clinical study however, have shown minimal value of these compounds as a single
agent treatment in this disease (127). HDAC inhibitors have also been shown, in
ovarian and other cell types, to enhance the effect of radiotherapy and some types of
chemotherapy (103, 128, 129); however, the molecular mechanism behind this effect
is not well understood. The work presented here has shown that co-treatment of the
ovarian cancer cell lines A2780s and A2780cp with the HDAC inhibitor M344
increased sensitivity to cisplatin. Upon further investigation, this study confirmed that
the cisplatin + M344 co-treatment of a panel of ovarian and breast cancer cell lines
was more effective than treatment with either agent alone in the cells. Both the breast
(T-47D) and the ovarian (A2780s) lines with higher BRCAIﬁ l-evels displayed the
greatest increase of cisplatin cytotoxicity with the addition of M344. No effect was
observed in the BRCA1-deficient HCC1937 cells and little to no effect in the low-
expressing OVCAR4 cells. Flow cytometry confirmed the increased apoptosis seen in
the cisplatin + M344 combination treatment with the cell viability assay. Considering
the panel of cell lines, cells with low levels of BRCA1 were, in general, more
sensitive to single agent cisplatin treatment than those with higher levels, consistent
with the clinical observation that BRCA1 levels in tumours are predictive of
chemoresponse in ovarian cancer (13, 60). Thus, co-treatment with an HDAC
inhibitor was able to potentiate the effect of cisplatin in breast and ovarian cancer
cells that displayed minimal response to cisplatin treatment alone, which could be a
result of targeting of BRCA1 by M344.

The BRCAI1 tumour suppressor gene plays a major role in the detection and repair

of DNA damage (39, 40, 130). Without functional BRCAI1 activity, cells demonstrate
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an increase in irreparable DNA double-strand breaks in response to DNA-damaging
agents, such as chemotherapeutics, due to a shift from the HR pathway to the more
error prone NHEJ pathway (4). In order to determine if treatment with M344 was
affecting BRCA1 mRNA and protein levels, the panel of ovarian and breast cancer
cell lines was treated with M344 alone or in combination with cisplatin and
expression levels were assessed via quantitative RT-PCR and western blotting.
BRCATI protein levels were found to be decreased by treatment with M344 alone in
the entire cohort of cell lines examined. The effect was more pronounced in cells with
higher BRCAT1 protein levels. Treatment with cisplatin caused an increase in BRCAI
protein expression, reflective of the engagement of the DNA damage response
triggered by the DSBs caused by this treatment (109, 110). Treatment with M344 in
conjunction with cisplatin reduced BRCA1 protein levels in all cell lines assessed,
thus counteracting the effect of cisplatin treatment alone. In the ovarian cancer cell
lines, a significant decrease was observed in 2 of the cell lines OVCAR4 and
A2780cp, with the exception being the A2780s cells. A2780s cells have wildtype p53
status and are exquisitely sensitive to cisplatin treatment, whereas A2780cp are
mutant for pS3 and minimally sensitive to cisplatin. OVCAR4 cells are quite sensitive
to cisplatin treatment, but are also mutant for pS3 (131). Thus, in ovarian cancer cells,
p53 status may be an important determinant of the ability of an HDAC inhibitor to
target BRCAL1 in the presence of DNA-damaging agents, and is a phenomenon that
warrants further investigation. The targeting of BRCA1 expression by HDAC

inhibitors was first reported by Zhang et al, who observed that the HDAC inhibitor
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TSA sensitized resistant human squamous carcinoma cells to radiation-induced DNA
damage and apoptosis (102).

It is possible that the decrease in BRCA1 mRNA expression as seen in the
quantitative RT-PCR experiments could be due to decreased mRNA stability
following treatment with the HDAC inhibitor. To eliminate this possibility and
determine whether this effect is due to transcriptional regulation as controlled by the
accumulation of acetylated histones, a ChIP assay was performed on cells treated with
each agent alone and in combination. As previously mentioned, genes actively being
transcribed are known to be associated with nucleosomes with high levels of
acetylated histonesEnd silent genes are associated with nucleosomes with low levels
of acetylated histones (87-89). It would be expected then, that the results seen earlier
with the decrease in BRCA1 mRNA and protein expression following HDAC
inhibitor treatment alone and in combination with cisplatin would be due to the
BRCAT1 promoter DNA being associated with fewer acetylated histones. The results
of the ChIP assay confirm this hypothesis and mirror the pattern of BRCA1 mRNA
and protein expression following these treatments. The amount of BRCA1 promoter
DNA bound to acetylated histone decreased in the M344 single agent treatment
relative to controls, which indicates that transcriptional repression may be occurring.
The amount of BRCA DNA bound to acetylated histone increased following
cisplatin treatment, indicating that the increase in BRCA] mRNA and protein
expression is due to transcriptional up-regulation as caused by being associated with
acetylated histones. These results are in keeping with the previous observation that an

increase in BRCAT expression is reflective of the activation of the DNA damage
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response triggered by the platinum agents (109, 110). In the HDAC inhibitor —
cisplatin treated cells, the amount of BRCA1 DNA bound to acetylated histone was
decreased. Therefore, the ChIP assay supports that the decrease in BRCA1 expression
following HDAC inhibitor treatment, either alone or in combination, may be
transcriptionally regulated.

HDAC inhibitor treatment could be affecting the regulation of BRCA1
transcription by the role of acetylated histones in modulating chromatin structure.
HDAC inhibitors promote the accumulation of acetylated histones within the
nucleosomes. This leads to the loosening of the chromatin structure and actively
transcribed genes because the loosened structure allows access for the transcriptional
machinery (84, 87-89). The ChIP assay results indicate that by decreasing BRCA1
promoter DNA bound to acetylated histones, this section of chromatin is more
condensed and therefore, less transcriptionally active. The primers used in this
particular study amplify a small stretch of the BRCA1 proximal promoter region for
DNA fragments approximately 1 kb in size and while the PCR fragment does not
encompass the negative transcriptional element contained within this region (the UP
site), the entire BRCA promoter would be analyzed by this approach (Figure 3) (52,
106). HDAC inhibitor treatment may allow for the expression of an as yet,
undetermined repressor protein which targets the BRCA1 gene. Recently, metastasis-
associated tumour antigen 1 (MTA1) has been identified as a transcriptional repressor
of BRCA1 (132). Molli et al showed that MTAL, as a component of the nucleosome
remodelling and deacetylating (NuRD) complex, targeted the ERE contained within

exon | of the BRCAI gene, which implicates MTA as a novel transcriptional
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repressor of BRCA1 (132). However, their results show that following treatment with
the HDAC inhibitor TSA, MTA1-mediated BRCAI repression was relieved, which
indicates that MTA1 may not be the mechanism by which HDAC inhibitors are
targeting BRCA1 as observed in the work published by our group as well as others
(13, 102, 132). Hence, it is most likely that the primary effect of the HDAC inhibitor
treatment combination in the cell lines analysed in this study is the condensation of a
section of chromatin containing the proximal promoter region, resulting in repression
of BRCA1 expression through an as yet unknown mechanism.

The results which have been shown here present a possible alternative to the
current platinum- and taxane-based therapeutic regimen in the clinic. However, the
HDAC inhibitor which has shown successful and safe activity in the clinic is a
structural analogue of TSA and M344, SAHA (Figure 15A - C) (112, 122, 133-135).
SAHA is approved for the treatment of cutaneous T-cell lymphoma (112). It was
imperative to confirm activity of SAHA in a model of EOC and results shown here
indicate that the targeting of BRCA1 expression may be a common mechanism of
action of HDAC inhibitors, as supported by the work presented by Zhang et al with
TSA (102). It was expected that SAHA would have slightly weaker activity in vitro
due to toxicological and chemical data regarding TSA, M344, and SAHA (133-135).
The observed inhibitory activity of SAHA is thirty-fold weaker than that of TSA
(136). In comparison, a thirty-fold greater concentration of M344 is required to
achieve histone acetylation levels comparable to that of TSA (Figure 15E) (134). The
HDAC inhibitor M344 is structurally related to both TSA and SAHA, where M344

possesses an enzyme binding region similar to TSA and a spacer region as well as
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enzyme inhibiting group similar to SAHA (Figure 15A — D) (134, 135). There are
currently clinical trials recruiting ovarian cancer patients to assess combinatorial
treatment with carboplatin and SAHA. It would be of great interest to observe
whether tumour BRCAL1 levels influence outcome in this treatment setting.

In the future, there are several avenues available to expand on the observations
made in this study. An experiment in which a wild-type BRCA1 is ectopically
expressed in the BRCA1- deficient HCC1937 cell line would determine if the
potentiation of platinum-induced cytotoxicity by the HDAC inhibitors is due to its
ability to target BRCA1. Zhang et al observed that while TSA had no effect on the
radiosensitivity of the BRCA1-null HCC1937 cell line, TSA treatment increased the
radiosensitivity of HCC1937 cells ectopically expressing wild-type BRCA1, which
implies that the TSA-induced sensitization effect is due to its ability to target BRCA1
(102). The opposite experiment could also prove useful. The effect of silencing this
gene through BRCA1-targeted RNA interference on the HDAC inhibitor-induced
potentiation of platinum sensitivity in a BRCA1 expressing cell line could be used to
confirm whether the activity of the HDAC inhibitor is dependent on its targeting
BRCAL. A cell line such as A2780s or MCF7 could be used for this purpose. In
addition, the regulation of BRCAT1 transcription by HDAC inhibition remains to be
deciphered. Whether the HDAC inhibitor treatment causes the down-regulation of
BRCAT1 expression by chromatin remodelling or indirectly resulting in its down-
regulation by providing access of BRCA1-targeting transcriptional repressors to the
gene would be worthy of investigation. Identification of this mechanism could not

only lead to the development of BRCA1-specific targeted therapies and have far-
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reaching implications in the treatment of BRCA1-related tumours, but also reveal the
mechanisms dictating the expression of this crucial DNA repair gene. In addition, the
HDAC inhibitors discussed here (TSA, SAHA, and M344) are broad spectrum
inhibitors, which means they target HDAC enzymes of all four classes (94). It is
known that BRCA1 interacts with HDAC1 and HDAC?2 which are HDAC isoforms
of Class I which in turn, have been shown to be overexpressed in ovarian tumour
tissues (93, 94). The use of a Class I-specific inhibitor such as MS-275 or even the
HDAC1/HDAC?2-specific inhibitor depsipeptide in combination with the platinum
agents would be of great importance in determining the role of HDACs and perhaps,
their interaction with BRCAT in EOC. In hindsight, the analysis of HDAC expression
levels in the group of cell lines in this study, in addition to that of BRCAI, was
imperative to interpreting the effects of the HDAC inhibitors in combination with the
platinum agents.

The overall objective of this study was to uncover novel therapeutic avenues to
overcome chemoresistance in ovarian cancer. In summary, HDAC inhibitors show
promise as therapeutic agents in combination with platinum-based drugs in the
treatment of breast and ovarian cancers due to their ability to down-regulate BRCA1
expression. This study has shown that the inhibition of HDACS sensitizes ovarian
cancer cells to platinum chemotherapeutics but not taxane chemotherapeutics.
Inhibition of Cdk2 or PARP does not sensitize cells to either family of
chemotherapeutics. A novel finding of this study suggested that HDAC inhibition
effectively targeted mRNA and protein expression of BRCA1 in vitro, both alone and

in combination with platinum agents. This study also demonstrates that in breast and
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ovarian cancer cell lines, HDAC inhibition showed a trend towards increasing
platinum-induced cytotoxicity. HDAC inhibitor treatment appeared to cause
decreased binding of acetylated histone to the BRCA1 proximal promoter region,
which may be leading to the down-regulation of BRCA1 expression. In vitro
experiments presented here show that the clinically relevant HDAC inhibitor, SAHA,
is effective in targeting BRCA1 protein expression. This is significant as lower
BRCAL1 levels have been shown to be a positive predictive marker of progression-free
survival and overall survival in ovarian cancer (13). Thus, co-treatment with an
HDAC inhibitor and a platinum-based agent may provide an effective novel treatment

for ovarian cancer via the targeting of BRCAI.

58



REFERENCES

10.

Weberpals, J. Ovarian cancer: Lack of early-stage symptoms is a hallmark of this
insipid disease. Parkhurst Exchange, 14: 142-146., 2006.

Bast, R. C., Jr., Hennessy, B., and Mills, G. B. The biology of ovarian cancer:
new opportunities for translation. Nat Rev Cancer, 9: 415-428, 2009.

Berek, J. Chapter 11: Ovarian Cancer. /n: B. JS and H. NF (eds.), Practical
Gynecologic Oncology, pp. 443 - 511: Lippincott Williams & Wilkins, 2005.

Weberpals, J. 1., Clark-Knowles, K. V., and Vanderhyden, B. C. Sporadic
epithelial ovarian cancer: clinical relevance of BRCAT inhibition in the DNA
damage and repair pathway. J Clin Oncol, 26: 3259-3267, 2008.

Rosenberg, B., VanCamp, L., Trosko, J. E., and Mansour, V. H. Platinum
compounds: a new class of potent antitumour agents. Nature, 222: 385-386, 1969.

Rabik, C. A. and Dolan, M. E. Molecular mechanisms of resistance and toxicity
associated with platinating agents. Cancer Treat Rev, 33: 9-23, 2007.

Frankenberg-Schwager, M., Kirchermeier, D., Greif, G., Baer, K., Becker, M.,
and Frankenberg, D. Cisplatin-mediated DNA double-strand breaks in replicating

but not in quiescent cells of the yeast Saccharomyces cerevisiae. Toxicology, 212:
175-184, 2005.

Daley-Yates, P. T. and McBrien, D. C. The inhibition of renal ATPase by
cisplatin and some biotransformation products. Chem Biol Interact, 40: 325-334,
1982.

Wani, M. C,, Taylor, H. L., Wall, M. E., Coggon, P., and McPhail, A. T. Plant
antitumor agents. VI. The isolation and structure of taxol, a novel antileukemic
and antitumor agent from Taxus brevifolia. ] Am Chem Soc, 93: 2325-2327,
1971.

Schiff, P. B, Fant, J., and Horwitz, S. B. Promotion of microtubule assembly in
vitro by taxol. Nature, 277: 665-667, 1979.

59



I1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Kumar, N. Taxol-induced polymerization of purified tubulin. Mechanism of
action. J Biol Chem, 256: 10435-10441, 1981.

Chabalier, C., Lamare, C., Racca, C., Privat, M., Valette, A, and Larminat, F.
BRCA1 downregulation leads to premature inactivation of spindle checkpoint and
confers paclitaxel resistance. Cell Cycle, 5: 1001-1007, 2006.

Weberpals, J., Garbuio, K., O'Brien, A., Clark-Knowles, K., Doucette, S.,
Antoniouk, O., Goss, G., and Dimitroulakos, J. The DNA repair proteins BRCA1

and ERCC1 as predictive markers in sporadic ovarian cancer. Int J Cancer, /24:
806-815, 2009.

Martin, L. P., Hamilton, T. C., and Schilder, R. J. Platinum resistance: the role of
DNA repair pathways. Clin Cancer Res, /4: 1291-1295, 2008.

Stewart, D. J. Mechanisms of resistance to cisplatin and carboplatin. Crit Rev
Oncol Hematol, 63> 12-31, 2007.

Friedberg, E. C. How nucleotide excision repair protects against cancer. Nat Rev
Cancer, /: 22-33, 2001.

Kunkel, T. A. and Erie, D. A. DNA mismatch repair. Annu Rev Biochem, 74:
681-710, 2005.

Jascur, T. and Boland, C. R. Structure and function of the components of the
human DNA mismatch repair system. Int J Cancer, //9: 2030-2035, 2006.

Karran, P., Offman, J., and Bignami, M. Human mismatch repair, drug-induced
DNA damage, and secondary cancer. Biochimie, 85: 1149-1160, 2003.

Obmolova, G., Ban, C., Hsieh, P., and Yang, W. Crystal structures of mismatch
repair protein MutS and its complex with a substrate DNA. Nature, 407: 703-710,
2000.

Aebi, S., Kurdi-Haidar, B., Gordon, R., Cenni, B., Zheng, H., Fink, D., Christen,
R. D., Boland, C. R., Koi, M., Fishel, R., and Howell, S. B. Loss of DNA
mismatch repair in acquired resistance to cisplatin. Cancer Res, 56: 3087-3090,
1996.

60



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Plumb, J. A, Strathdee, G., Sludden, J., Kaye, S. B., and Brown, R. Reversal of
drug resistance in human tumor xenografts by 2'-deoxy-5-azacytidine-induced
demethylation of the h(MLH1 gene promoter. Cancer Res, 60: 6039-6044, 2000.

Stojic, L., Brun, R., and Jiricny, J. Mismatch repair and DNA damage signalling.
DNA Repair (Amst), 3: 1091-1101, 2004.

Khanna, K. K. and Jackson, S. P. DNA double-strand breaks: signaling, repair and
the cancer connection. Nat Genet, 27: 247-254, 2001.

Mullan, P. B., Gorski, J. J., and Harkin, D. P. BRCA1--a good predictive marker
of drug sensitivity in breast cancer treatment? Biochim Biophys Acta, 1766: 205-
216, 2006.

Bau, D. T., Mau, Y. C., and Shen, C. Y. The role of BRCA1 in non-homologous
end-joining. Cancer Lett, 240: 1-8, 2006.

Hilton, J. L., Geisler, J. P., Rathe, J. A., Hattermann-Zogg, M. A., DeYoung, B.,
and Buller, R. E. Inactivation of BRCA1 and BRCA2 in ovarian cancer. J Natl
Cancer Inst, 94: 1396-1406, 2002.

Thrall, M., Gallion, H. H., Kryscio, R., Kapali, M., Armstrong, D. K., and
DelLoia, J. A. BRCA1 expression in a large series of sporadic ovarian carcinomas:

a Gynecologic Oncology Group study. Int J Gynecol Cancer, 16 Supp! 1: 166-
171, 2006.

Miki, Y., Swensen, J., Shattuck-Eidens, D., Futreal, P. A., Harshman, K.,
Tavtigian, S., Liu, Q., Cochran, C., Bennett, L. M., Ding, W., and et al. A strong
candidate for the breast and ovarian cancer susceptibility gene BRCA1. Science,
266. 66-71, 1994,

Lorick, K. L., Jensen, J. P, Fang, S., Ong, A. M., Hatakeyama, S., and Weissman,
A. M. RING fingers mediate ubiquitin-conjugating enzyme (E2)-dependent
ubiquitination. Proc Natl Acad Sci U S A, 96: 11364-11369, 1999.

Paterson, J. W. BRCAI: a review of structure and putative functions. Dis
Markers, 13: 261-274, 1998.

61



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Bork, P., Hofmann, K., Bucher, P., Neuwald, A. F., Altschul, S. F., and Koonin,
E. V. A superfamily of conserved domains in DNA damage-responsive cell cycle
checkpoint proteins. Faseb J, 17: 68-76, 1997.

Manke, 1. A., Lowery, D. M., Nguyen, A., and Yaffe, M. B. BRCT repeats as
phosphopeptide-binding modules involved in protein targeting. Science, 302:
636-639, 2003.

Yu, X., Chini, C. C., He, M., Mer, G., and Chen, J. The BRCT domain is a
phospho-protein binding domain. Science, 302: 639-642, 2003.

Yarden, R. 1. and Brody, L. C. BRCAT1 interacts with components of the histone
deacetylase complex. Proc Natl Acad Sci U S A, 96: 4983-4988, 1999.

Deng, C. X. BRCAL: cell cycle checkpoint, genetic instability, DNA damage
response and cancer evolution. Nucleic Acids Res, 34: 1416-1426, 2006.

Yarden, R. I. and Papa, M. Z. BRCA1 at the crossroad of multiple cellular
pathways: approaches for therapeutic interventions. Mol Cancer Ther, 5: 1396-
1404, 2006.

Bochar, D. A., Wang, L., Beniya, H., Kinev, A., Xue, Y., Lane, W. S., Wang, W_,
Kashanchi, F., and Shiekhattar, R. BRCA1 is associated with a human SWI/SNF-

related complex: linking chromatin remodeling to breast cancer. Cell, 102: 257-
265, 2000.

Lee, J. S. and Chung, J. H. Diverse functions of BRCA1 in the DNA damage
response. Expert Rev Mol Med, 20017: 1-11, 2001.

Scully, R., Xie, A., and Nagaraju, G. Molecular functions of BRCAI in the DNA
damage response. Cancer Biol Ther, 3: 521-527, 2004.

Wang, Q., Zhang, H., Fishel, R., and Greene, M. I. BRCA1 and cell signaling.
Oncogene, 19: 6152-6158, 2000.

Wang, Y., Cortez, D., Yazdi, P., Neff, N, Elledge, S. J., and Qin, J. BASC, a
super complex of BRCA 1-associated proteins involved in the recognition and
repair of aberrant DNA structures. Genes Dev, 74: 927-939, 2000.

62



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Scully, R., Chen, J., Ochs, R. L., Keegan, K., Hoekstra, M., Feunteun, J., and
Livingston, D. M. Dynamic changes of BRCA1 subnuclear location and
phosphorylation state are initiated by DNA damage. Cell, 90: 425-435, 1997.

Zhang, J., Willers, H., Feng, Z., Ghosh, J. C., Kim, S., Weaver, D. T., Chung, J.
H., Powell, S. N., and Xia, F. Chk2 phosphorylation of BRCA1 regulates DNA
double-strand break repair. Mol Cell Biol, 24: 708-718, 2004.

Kim, S. S., Cao, L., Li, C., Xu, X., Huber, L. J., Chodosh, L. A., and Deng, C. X.
Uterus hyperplasia and increased carcinogen-induced tumorigenesis in mice

carrying a targeted mutation of the Chk2 phosphorylation site in Brcal. Mol Cell
Biol, 24: 9498-9507, 2004.

Zhuang, J., Zhang, J., Willers, H., Wang, H., Chung, J. H., van Gent, D. C.,
Hallahan, D. E., Powell, S. N., and Xia, F. Checkpoint kinase 2-mediated

phosphorylation of BRCA1 regulates the fidelity of nonhomologous end-joining.
Cancer Res, 66: 1401-1408, 2006.

Xu, C. F., Chambers, J. A., and Solomon, E. Complex regulation of the BRCA1
gene. J Biol Chem, 272: 20994-20997, 1997.

Tan-Wong, S. M., French, J. D., Proudfoot, N. J., and Brown, M. A. Dynamic
interactions between the promoter and terminator regions of the mammalian
BRCAT1 gene. Proc Natl Acad Sci U S A, 105: 5160-5165, 2008.

Brown, M. A., Xu, C. F., Nicolai, H., Griffiths, B., Chambers, J. A., Black, D.,
and Solomon, E. The 5" end of the BRCAI gene lies within a duplicated region of
human chromosome 17q21. Oncogene, /2: 2507-2513, 1996.

Xu, C. F., Brown, M. A., Nicolai, H., Chambers, J. A., Griffiths, B. L., and
Solomon, E. Isolation and characterisation of the NBR2 gene which lies head to
head with the human BRCA1 gene. Hum Mol Genet, 6: 1057-1062, 1997.

Atlas, E., Stramwasser, M., Whiskin, K., and Mueller, C. R. GA-binding protein
alpha/beta is a critical regulator of the BRCA1 promoter. Oncogene, /9: 1933-
1940, 2000.

MacDonald, G., Stramwasser, M., and Mueller, C. R. Characterization of a
negative transcriptional element in the BRCA1 promoter. Breast Cancer Res, 9:
R49, 2007.

63



53.

54.

55.

56.

57.

58.

59.

60.

61.

Thakur, S., Nakamura, T., Calin, G., Russo, A., Tamburrino, J. F., Shimizu, M.,
Baldassarre, G., Battista, S., Fusco, A., Wassell, R. P., Dubois, G., Alder, H., and

Croce, C. M. Regulation of BRCALI transcription by specific single-stranded
DNA binding factors. Mol Cell Biol, 23: 3774-3787, 2003.

Suen, T. C. and Goss, P. E. Identification of a novel transcriptional repressor
element located in the first intron of the human BRCA1 gene. Oncogene, 20: 440-
450, 2001.

Suen, T. C., Tang, M. S., and Goss, P. E. Model of transcriptional regulation of
the BRCA1-NBR2 bi-directional transcriptional unit. Biochim Biophys Acta,
1728: 126-134, 2005.

Rice, J. C. and Futscher, B. W. Transcriptional repression of BRCA1 by aberrant
cytosine methylation, histone hypoacetylation and chromatin condensation of the
BRCA1 promoter. Nucleic Acids Res, 28: 3233-3239, 2000.

Rice, J. C., Massey-Brown, K. S., and Futscher, B. W. Aberrant methylation of
the BRCA1 CpG island promoter is associated with decreased BRCA1 mRNA in
sporadic breast cancer cells. Oncogene, /7: 1807-1812, 1998.

Magdinier, F., Billard, L. M., Wittmann, G., Frappart, L., Benchaib, M., Lenoir,
G. M., Guerin, J. F., and Dante, R. Regional methylation of the 5' end CpG island
of BRCA1 is associated with reduced gene expression in human somatic cells.
Faseb J, 14: 1585-1594, 2000.

Auriol, E., Billard, L. M., Magdinier, F., and Dante, R. Specific binding of the
methyl binding domain protein 2 at the BRCA1-NBR2 locus. Nucleic Acids Res,
33:4243-4254, 2005.

Quinn, J. E., James, C. R,, Stewart, G. E., Mulligan, J. M., White, P., Chang, G.
K., Mullan, P. B., Johnston, P. G., Wilson, R. H., and Harkin, D. P. BRCA1
mRNA expression levels predict for overall survival in ovarian cancer after
chemotherapy. Clin Cancer Res, /3 7413-7420, 2007.

Taron, M., Rosell, R., Felip, E., Mendez, P., Souglakos, J., Ronco, M. S., Queralt,
C., Majo, J., Sanchez, J. M., Sanchez, J. J., and Maestre, J. BRCA1 mRNA

expression levels as an indicator of chemoresistance in lung cancer. Hum Mol
Genet, 13: 2443-2449, 2004.

64



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Quinn, J. E., Kennedy, R. D., Mullan, P. B., Gilmore, P. M., Carty, M., Johnston,
P. G., and Harkin, D. P. BRCA1 functions as a differential modulator of
chemotherapy-induced apoptosis. Cancer Res, 63: 6221-6228, 2003.

Langer, R., Specht, K., Becker, K., Ewald, P., Bekesch, M., Sarbia, M., Busch, R.,
Feith, M., Stein, H. J., Siewert, J. R., and Hofler, H. Association of pretherapeutic
expression of chemotherapy-related genes with response to neoadjuvant
chemotherapy in Barrett carcinoma. Clin Cancer Res, 71: 7462-7469, 2005.

Swisher, E. M., Sakai, W., Karlan, B. Y., Wurz, K., Urban, N., and Taniguchi, T.
Secondary BRCA1 mutations in BRCA1-mutated ovarian carcinomas with
platinum resistance. Cancer Res, 68: 2581-2586, 2008.

Lambie, H., Miremadi, A., Pinder, S. E., Bell, J. A., Wencyk, P., Paish, E. C.,
Macmillan, R. D., and Ellis, I. O. Prognostic significance of BRCA1 expression in
sporadic breast carcinomas. J Pathol, 200: 207-213, 2003.

Clark-Knowles, K. V., Garson, K., Jonkers, J., and Vanderhyden, B. C.
Conditional inactivation of Brcal in the mouse ovarian surface epithelium results
in an increase in preneoplastic changes. Exp Cell Res, 313: 133-145, 2007.

Dantzer, F., Schreiber, V., Niedergang, C., Trucco, C., Flatter, E., De La Rubia,
G., Oliver, J., Rolli, V., Menissier-de Murcia, J., and de Murcia, G. Involvement
of poly(ADP-ribose) polymerase in base excision repair. Biochimie, 81: 69-75,
1999.

Farmer, H., McCabe, N., Lord, C. J., Tutt, A. N., Johnson, D. A., Richardson, T.
B., Santarosa, M., Dillon, K. J., Hickson, 1., Knights, C., Martin, N. M., Jackson,
S. P, Smith, G. C., and Ashworth, A. Targeting the DNA repair defect in BRCA
mutant cells as a therapeutic strategy. Nature, 434: 917-921, 2005.

Virag, L. and Szabo, C. The therapeutic potential of poly(ADP-ribose)
polymerase inhibitors. Pharmacol Rev, 54: 375-429, 2002.

Dantzer, F., de La Rubia, G., Menissier-De Murcia, J., Hostomsky, Z., de Murcia,
G., and Schreiber, V. Base excision repair is impaired in mammalian cells lacking
Poly(ADP-ribose) polymerase-1. Biochemistry, 39: 7559-7569, 2000.

Hoeijmakers, J. H. Genome maintenance mechanisms for preventing cancer.
Nature, 471: 366-374, 2001.

65



72.

73.

74.

75.

76.

77.

78.

79.

80.

Deans, A. J., Khanna, K. K., McNees, C. J., Mercurio, C., Heierhorst, J., and
McArthur, G. A. Cyclin-dependent kinase 2 functions in normal DNA repair and
is a therapeutic target in BRCA1-deficient cancers. Cancer Res, 66: 8219-8226,
2006.

Coley, H. M., Shotton, C. F., Kokkinos, M. L., and Thomas, H. The effects of the
CDK inhibitor seliciclib alone or in combination with cisplatin in human uterine
sarcoma cell lines. Gynecol Oncol, 105: 462-469, 2007.

Nikitakis, N. G., Lopes, M. A, Bailey, J. S., Blanchaert, R. H., Jr., Ord, R. A,,
and Sauk, J. J. Oral leiomyosarcoma: review of the literature and report of two
cases with assessment of the prognostic and diagnostic significance of

immunohistochemical and molecular markers. Oral Oncol, 38: 201-208, 2002.

Dobashi, Y., Noguchi, T., Nasuno, S., Katayama, K., and Kameya, T. CDK-
inhibitors-associated kinase activity: a possible determinant of malignant potential
in smooth muscle tumors of the external soft tissue. Int J Cancer, 94: 353-362,
2001.

Milde-Langosch, K., Riethdorf, L., Bamberger, A. M., and Loning, T. P1I6/MTS1
and pRB expression in endometrial carcinomas. Virchows Arch, 434: 23-28,
1999.

Bamberger, A. M., Riethdorf, L., Milde-Langosch, K., Bamberger, C. M.,
Thuneke, 1., Erdmann, 1., Schulte, H. M., and Loning, T. Strongly reduced
expression of the cell cycle inhibitor p27 in endometrial neoplasia. Virchows
Arch, 434: 423-428, 1999.

Ruffner, H., Jiang, W., Craig, A. G., Hunter, T., and Verma, I. M. BRCAI is
phosphorylated at serine 1497 in vivo at a cyclin-dependent kinase 2
phosphorylation site. Mol Cell Biol, 19: 4843-4854, 1999.

Esashi, F., Christ, N., Gannon, J., Liu, Y., Hunt, T., Jasin, M., and West, S. C.
CDK-dependent phosphorylation of BRCAZ as a regulatory mechanism for
recombinational repair. Nature, 434: 598-604, 2005.

Wang, Y. and Prives, C. Increased and altered DNA binding of human p53 by S
and G2/M but not G1 cyclin-dependent kinases. Nature, 376: 88-91, 1995.

66



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Diederichs, S., Baumer, N, Ji, P., Metzelder, S. K., Idos, G. E., Cauvet, T., Wang,
W., Moller, M., Pierschalski, S., Gromoll, J., Schrader, M. G., Koeffler, H. P.,
Berdel, W. E., Serve, H., and Muller-Tidow, C. Identification of interaction
partners and substrates of the cyclin A1-CDK2 complex. J Biol Chem, 279:
33727-33741, 2004.

Sorensen, C. S., Hansen, L. T., Dziegielewski, J., Syljuasen, R. G., Lundin, C.,
Bartek, J., and Helleday, T. The cell-cycle checkpoint kinase Chk1 is required for
mammalian homologous recombination repair. Nat Cell Biol, 7: 195-201, 2005.

Ashley, T., Walpita, D., and de Rooij, D. G. Localization of two mammalian
cyclin dependent kinases during mammalian meiosis. J Cell Sci, 174: 685-693,
2001.

Martinez-Iglesias, O., Ruiz-Llorente, L., Sanchez-Martinez, R., Garcia, L.,
Zambrano, A., and Aranda, A. Histone deacetylase inhibitors: mechanism of
action and therapeutic use in cancer. Clin Transl Oncol, /0: 395-398, 2008.

Marks, P. A., Richon, V. M., and Rifkind, R. A. Histone deacetylase inhibitors:
inducers of differentiation or apoptosis of transformed cells. J Natl Cancer Inst,
92:1210-1216, 2000.

Davie, J. R. Covalent modifications of histones: expression from chromatin
templates. Curr Opin Genet Dev, 8: 173-178, 1998.

Grunstein, M. Histone acetylation in chromatin structure and transcription.
Nature, 389: 349-352, 1997.

Kornberg, R. D. and Lorch, Y. Twenty-five years of the nucleosome, fundamental
particle of the eukaryote chromosome. Cell, 98: 285-294, 1999.

Kouzarides, T. Histone acetylases and deacetylases in cell proliferation. Curr
Opin Genet Dev, 9: 40-48, 1999.

Pandita, T. K. and Richardson, C. Chromatin remodeling finds its place in the
DNA double-strand break response. Nucleic Acids Res, 37: 1363-1377, 2009.

Garber, K. HDAC inhibitors overcome first hurdle. Nat Biotechnol, 25: 17-19,
2007.

67



92.

93.

94.

95.

96.

97.

98.

99.

100.

Nolan, L., Johnson, P. W., Ganesan, A., Packham, G., and Crabb, S. J. Will
histone deacetylase inhibitors require combination with other agents to fulfil their
therapeutic potential? Br J Cancer, 99: 689-694, 2008.

Khabele, D., Son, D. S., Parl, A. K., Goldberg, G. L., Augenlicht, L. H.,
Mariadason, J. M., and Rice, V. M. Drug-induced inactivation or gene silencing

of class I histone deacetylases suppresses ovarian cancer cell growth: implications
for therapy. Cancer Biol Ther, 6: 795-801, 2007.

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

Yoshida, M., Kijima, M., Akita, M., and Beppu, T. Potent and specific inhibition
of mammalian histone deacetylase both in vivo and in vitro by trichostatin A.J
Biol Chem, 265: 17174-17179, 1990.

Yoshida, M., Hoshikawa, Y., Koseki, K., Mori, K., and Beppu, T. Structural
specificity for biological activity of trichostatin A, a specific inhibitor of
mammalian cell cycle with potent differentiation-inducing activity in Friend
leukemia cells. J Antibiot (Tokyo), 43: 1101-1106, 1990.

Ramalingam, S. S., Parise, R. A., Ramanathan, R. K., Lagattuta, T. F., Musguire,
L. A., Stoller, R. G., Potter, D. M., Argiris, A. E., Zwiebel, J. A., Egorin, M. J.,
and Belani, C. P. Phase I and pharmacokinetic study of vorinostat, a histone
deacetylase inhibitor, in combination with carboplatin and paclitaxel for advanced
solid malignancies. Clin Cancer Res, /3: 3605-3610, 2007.

Siu, L. L., Pili, R., Duran, 1., Messersmith, W. A., Chen, E. X., Sullivan, R.,
MacLean, M., King, S., Brown, S., Reid, G. K., Li, Z., Kalita, A. M., Laille, E. J.,
Besterman, J. M., Martell, R. E., and Carducci, M. A. Phase I study of
MGCDO103 given as a three-times-per-week oral dose in patients with advanced
solid tumors. J Clin Oncol, 26: 1940-1947, 2008.

Olsen, E. A., Kim, Y. H., Kuzel, T. M., Pacheco, T. R., Foss, F. M., Parker, S.,
Frankel, S. R., Chen, C., Ricker, J. L., Arduino, J. M., and Duvic, M. Phase IIb
multicenter trial of vorinostat in patients with persistent, progressive, or treatment
refractory cutaneous T-cell lymphoma. J Clin Oncol, 25: 3109-3115, 2007.

Karran, P. DNA double strand break repair in mammalian cells. Curr Opin Genet
Dev, 10: 144-150, 2000.

68



101.

102.

103.

104.

105.

106.

107.

108.

109.

Adimoolam, S., Sirisawad, M., Chen, J., Thiemann, P., Ford, J. M., and Buggy, J.
J. HDAC inhibitor PCI-24781 decreases RADS1 expression and inhibits
homologous recombination. Proc Natl Acad Sci U S A, 104: 19482-19487, 2007.

Zhang, Y., Carr, T., Dimtchev, A., Zaer, N., Dritschilo, A., and Jung, M.
Attenuated DNA damage repair by trichostatin A through BRCA1 suppression.
Radiat Res, 168: 115-124, 2007.

Ozaki, K., Kishikawa, F., Tanaka, M., Sakamoto, T., Tanimura, S., and Kohno,
M. Histone deacetylase inhibitors enhance the chemosensitivity of tumor cells
with cross-resistance to a wide range of DNA-damaging drugs. Cancer Sci, 99:
376-384, 2008.

Strait, K. A., Warnick, C. T., Ford, C. D., Dabbas, B., Hammond, E. H., and
IIstrup, S. J. Histone deacetylase inhibitors induce G2-checkpoint arrest and
apoptosis in cisplatinum-resistant ovarian cancer cells associated with
overexpression of the Bcl-2-related protein Bad. Mol Cancer Ther, 4: 603-611,
2005.

Therasse, P., Arbuck, S. G., Eisenhauer, E. A., Wanders, J., Kaplan, R. S.,
Rubinstein, L., Verweij, J., Van Glabbeke, M., van Oosterom, A. T., Christian, M.
C., and Gwyther, S. G. New guidelines to evaluate the response to treatment in
solid tumors. European Organization for Research and Treatment of Cancer,
National Cancer Institute of the United States, National Cancer Institute of
Canada. J Natl Cancer Inst, 92: 205-216, 2000.

Ghosh, S., Lu, Y., and Hu, Y. A Role of CREB in BRCA1 Constitutive Promoter
Activity and Aromatase Basal Expression. Int J Biomed Sci, 4: 260-265, 2008.

Shoemaker, R. H. The NCI60 human tumour cell line anticancer drug screen. Nat
Rev Cancer, 6: 813-823, 2006.

Tomlinson, G. E., Chen, T. T., Stastny, V. A, Virmani, A. K., Spillman, M. A,
Tonk, V., Blum, J. L., Schneider, N. R., Wistuba, II, Shay, J. W., Minna, J. D.,
and Gazdar, A. F. Characterization of a breast cancer cell line derived from a
germ-line BRCA1 mutation carrier. Cancer Res, 58: 3237-3242, 1998.

Andres, J. L., Fan, S., Turkel, G.J., Wang, J. A., Twu, N. F., Yuan, R. Q.,
Lamszus, K., Goldberg, 1. D., and Rosen, E. M. Regulation of BRCA1 and
BRCAZ2 expression in human breast cancer cells by DNA-damaging agents.
Oncogene, 16: 2229-2241, 1998.

69



110.

I11.

112.

113.

114.

115.

L16.

117.

118.

Husain, A., He, G., Venkatraman, E. S., and Spriggs, D. R. BRCA1 up-regulation
is associated with repair-mediated resistance to cis-diamminedichloroplatinum(II).
Cancer Res, 58: 1120-1123, 1998.

La Vecchia, C. Epidemiology of ovarian cancer: a summary review. Eur J Cancer
Prev, 10: 125-129, 2001.

Katsaros, D., Fracchioli, S., Arese, P., Enria, R., Cassinelli, P., Mingrone, K.,
Piccinno, R., Rigault de la Longrais, I. A., and Massobrio, M. [Chemoresistance
in ovarian cancer. State of the art and future prospects]. Minerva Ginecol, 51:
483-499, 1999.

Boyd, J., Sonoda, Y., Federici, M. G., Bogomolniy, F., Rhei, E., Maresco, D. L.,
Saigo, P. E., Almadrones, L. A., Barakat, R. R., Brown, C. L., Chi, D. S., Curtin,
J. P., Poynor, E. A., and Hoskins, W. J. Clinicopathologic features of BRCA-
linked and sporadic ovarian cancer. Jama, 283: 2260-2265, 2000.

Gudmundsdottir, K. and Ashworth, A. The roles of BRCA1 and BRCA2 and
associated proteins in the maintenance of genomic stability. Oncogene, 25: 5864-
5874, 2006.

Bryant, H. E., Schultz, N., Thomas, H. D., Parker, K. M., Flower, D., Lopez, E.,
Kyle, S., Meuth, M., Curtin, N. J., and Helleday, T. Specific killing of BRCA2-
deficient tumours with inhibitors of poly(ADP-ribose) polymerase. Nature, 434:
913-917, 2005.

Deans, A.J., Simpson, K. J., Trivett, M. K., Brown, M. A., and McArthur, G. A.
Brcal inactivation induces p27(Kip1)-dependent cell cycle arrest and delayed
development in the mouse mammary gland. Oncogene, 23: 6136-6145, 2004.

Turner, N., Tutt, A., and Ashworth, A. Hallmarks of 'BRCAness' in sporadic
cancers. Nat Rev Cancer, 4: 814-819, 2004.

Tait, D. L., Obermiller, P. S., Redlin-Frazier, S., Jensen, R. A., Welcsh, P., Dann,
J., King, M. C., Johnson, D. H., and Holt, J. T. A phase I trial of retroviral
BRCA1sv gene therapy in ovarian cancer. Clin Cancer Res, 3: 1959-1968, 1997.

Tait, D. L., Obermiller, P. S., Hatmaker, A. R., Redlin-Frazier, S., and Holt, J. T.
Ovarian cancer BRCA1 gene therapy: Phase I and II trial differences in immune
response and vector stability. Clin Cancer Res, 5: 1708-1714, 1999.

70



120.

121.

122.

123.

124.

125.

126.

127.

128.

Rakha, E. A., El-Sheikh, S. E., Kandil, M. A., El-Sayed, M. E., Green, A. R., and
Ellis, I. O. Expression of BRCA1 protein in breast cancer and its prognostic
significance. Hum Pathol, 39: 857-865, 2008.

Kainu, T., Kononen, J., Johansson, O., Olsson, H., Borg, A., and Isola, J.
Detection of germline BRCA1 mutations in breast cancer patients by quantitative
messenger RNA in situ hybridization. Cancer Res, 56: 2912-2915, 1996.

Takai, N., Ueda, T., Nishida, M., Nasu, K., and Narahara, H. M344 is a novel
synthesized histone deacetylase inhibitor that induces growth inhibition, cell cycle

arrest, and apoptosis in human endometrial cancer and ovarian cancer cells.
Gynecol Oncol, 101: 108-113, 2006.

Takai, N. and Narahara, H. Human endometrial and ovarian cancer cells: histone
deacetylase inhibitors exhibit antiproliferative activity, potently induce cell cycle
arrest, and stimulate apoptosis. Curr Med Chem, 74: 2548-2553, 2007.

Sonnemann, J., Gange, J., Pilz, S., Stotzer, C., Ohlinger, R., Belau, A., Lorenz,
G., and Beck, J. F. Comparative evaluation of the treatment efficacy of
suberoylanilide hydroxamic acid (SAHA) and paclitaxel in ovarian cancer cell
lines and primary ovarian cancer cells from patients. BMC Cancer, 6: 183, 2006.

Qian, X., LaRochelle, W. J., Ara, G., Wu, F., Petersen, K. D., Thougaard, A.,
Sehested, M., Lichenstein, H. S., and Jeffers, M. Activity of PXD101, a histone
deacetylase inhibitor, in preclinical ovarian cancer studies. Mol Cancer Ther, 5
2086-2095, 2006.

Ueda, T., Takai, N., Nishida, M., Nasu, K., and Narahara, H. Apicidin, a novel
histone deacetylase inhibitor, has profound anti-growth activity in human
endometrial and ovarian cancer cells. Int ] Mol Med, /9: 301-308, 2007.

Modesitt, S. C., Sill, M., Hoffman, J. S., and Bender, D. P. A phase II study of
vorinostat in the treatment of persistent or recurrent epithelial ovarian or primary

peritoneal carcinoma: a Gynecologic Oncology Group study. Gynecol Oncol,
109: 182-186, 2008.

Munshi, A., Kurland, J. F., Nishikawa, T., Tanaka, T., Hobbs, M. L., Tucker, S.
L., Ismail, S., Stevens, C., and Meyn, R. E. Histone deacetylase inhibitors
radiosensitize human melanoma cells by suppressing DNA repair activity. Clin
Cancer Res, /1. 4912-4922, 2005.

71



129.

130.

131.

132.

133.

134.

135.

136.

Chen, C. S., Wang, Y. C, Yang, H. C., Huang, P. H., Kulp, S. K., Yang, C. C,,
Lu, Y. S., Matsuyama, S., and Chen, C. Y. Histone deacetylase inhibitors
sensitize prostate cancer cells to agents that produce DNA double-strand breaks
by targeting Ku70 acetylation. Cancer Res, 67 5318-5327, 2007.

Hartman, A. R. and Ford, J. M. BRCA1 induces DNA damage recognition factors
and enhances nucleotide excision repair. Nat Genet, 32: 180-184, 2002.

Ikediobi, O. N., Davies, H., Bignell, G., Edkins, S., Stevens, C., O'Meara, S.,
Santarius, T., Avis, T., Barthorpe, S., Brackenbury, L., Buck, G., Butler, A.,
Clements, J., Cole, J., Dicks, E., Forbes, S., Gray, K., Halliday, K., Harrison, R.,
Hills, K., Hinton, J., Hunter, C., Jenkinson, A., Jones, D., Kosmidou, V., Lugg,
R., Menzies, A., Mironenko, T., Parker, A., Perry, J., Raine, K., Richardson, D.,
Shepherd, R., Small, A., Smith, R., Solomon, H., Stephens, P., Teague, J., Tofts,
C., Varian, J., Webb, T., West, S., Widaa, S., Yates, A., Reinhold, W., Weinstein,
J. N., Stratton, M. R., Futreal, P. A., and Wooster, R. Mutation analysis of 24
known cancer genes in the NCI-60 cell line set. Mol Cancer Ther, 5: 2606-2612,
2006. _

Molli, P. R., Singh, R. R., Lee, S. W_, and Kumar, R. MTA1-mediated
transcriptional repression of BRCA1 tumor suppressor gene. Oncogene, 27: 1971-
1980, 2008.

Finnin, M. S., Donigian, J. R., Cohen, A., Richon, V. M., Rifkind, R. A., Marks,
P. A., Breslow, R., and Pavletich, N. P. Structures of a histone deacetylase
homologue bound to the TSA and SAHA inhibitors. Nature, 401 188-193, 1999.

Jung, M., Brosch, G., Kolle, D., Scherf, H., Gerhauser, C., and Loidl, P. Amide
analogues of trichostatin A as inhibitors of histone deacetylase and inducers of
terminal cell differentiation. J Med Chem, 42: 4669-4679, 1999.

Remiszewski, S. W., Sambucetti, L. C., Atadja, P., Bair, K. W., Cornell, W. D,
Green, M. A., Howell, K. L., Jung, M., Kwon, P., Trogani, N., and Walker, H.
Inhibitors of human histone deacetylase: synthesis and enzyme and cellular
activity of straight chain hydroxamates. ] Med Chem, 45: 753-757, 2002.

Richon, V. M., Webb, Y., Merger, R., Sheppard, T., Jursic, B., Ngo, L., Civoli, F.,
Breslow, R., Rifkind, R. A., and Marks, P. A. Second generation hybrid polar
compounds are potent inducers of transformed cell differentiation. Proc Natl Acad
Sci U S A, 93: 5705-5708, 1996.

72



APPENDICES

73



Histone deacetylase inhibition targets BRCA1 expression: Potential
novel therapeutic implications

Johanne 1. Weberpalsyl’z, Kyla D. Garbuioz, Anna M. O’Brienz, Katherine V. Clark-
Knowles? and Jim Dimitroulakos’.

The Ottawa Hospital, Division of Gynaecologic Oncology' and the Ottawa Hospital
Research Institute, Centre for Cancer Therapeuticsz, Ottawa, Ontario, Canada.

Keywords: BRCA1, ovarian cancer, breast cancer, HDACi
Short Title: Targeting BRCA1 expression

Abbreviations: OC: ovarian cancer, HDAC:i: histone deacetylase inhibitor, BRCAT:
breast cancer 1,

Supported by a Gynecological Cancer Research Award from the Mitchell Family
Fund, National Ovarian Cancer Association and Cancer Care Ontario (J.W.), the
Canadian Institute for Health Research (J.D.) and the Ottawa Regional Cancer
Foundation (J.W. and J.D.)

“Corresponding author/reprint address
The Ottawa Hospital, General Campus
Division of Gynaecologic Oncology
Room 8130, 501 Smyth Road

Ottawa, Ontario, K1H 8L6

Canada

Tel.: 613-737-8899 x 71223

Fax: 613-737-8828

Email: jweberpals @ottawahospital.on.ca

74


mailto:jweberpals@ottawahospital.on.ca

Abstract

The improved outcome of Breast-Cancer 1 (BRCAT1)-deficient breast and ovarian cancer
1s linked to their impaired ability to repair DNA damage Targeting BRCA1 expression
can sensitize tumour cells to platinum-based chemotherapies However, therapeutically
relevant agents that target BRCA1 expression have not been 1dentified Here we explore
the effect of histone deacetylase inhibition (HDAC1) on BRCA1 expression and platinum
sensitivity in a panel of breast and ovarian cancer cell lines BRCA1 mRNA and protein
expression was determined by Q-PCR and Western blot The efficacy of HDAC: to
potentiate the cytotoxicity of platinum-based chemotherapeutics was evaluated using the
MTT wiability assay and flow cytometry The effect on DNA damage was measured by
immunofluorescence staining and flow cytometry for YH2A X foci Baseline BRCA1
expression was variable in three breast (MCF7, T47D and HCC1937) and three ovarian
(A2780s, A2780cp and OVCAR4) cancer cell lines Expression of BRCA1 protein
decreased in response to the HDAC1 M344 1n the cell Iines that expressed detectable
levels of BRCAT1 by Western blot BRCA1 mRNA levels decreased with the addition of
M344 1n all cell hines evaluated Treatment with M344 incieased the sensitivity to
cisplatin and carboplatin tieatment 1n the cell lines with higher BRCA1 levels Expression
of BRCAI piotein and mRNA was decreased 1n cells treated with the HDAC1 and
cisplatin  A2780s cells subjected to combination plaunum and HDAC: treatment
demonstrated increased levels of DNA damage This study supports a novel mechanism
of BRCAT targeting with the potential to sensitize breast and ovanan cancer cells to

platinum treatment
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Introduction
Chemoresistance 1s primary obstacle in the management of advanced epithelial
ovarnan cancer (OC) and novel therapies are required to enhance standard platinum-based
treatment and to improve the poor prognosis In various in vitro and retrospective clinical
studies, 1t has been suggested that the Breast-Cancer 1 (BRCA1) protein 1s a marker of
chemoresistance and that BRCA1-deficient tumors predict for a better overall survival
after standard platinum-based chemotherapy (1-3) The improved outcome 1n BRCA1-
deficient tumors 1s believed to be due in part, to an increased sensitivity to DNA
damaging chemotherapeutics, such as cisplatin, as a result of the induction of irreparable
DNA double strand breaks (DSB) through the homologous recombination repair (HR)
pathway Thus, BRCAIl has been regarded as a rational therapeutic target to help
overcome platinum resistance 1n advanced and recurrent OC  While phase I and phase 11
chinical tnals of direct gene therapy to inhibit BRCA1 expression were not promising (4,
S), mm an era of evolving molecular inhibitors, new therapeutic strategies merit

consideration
BRCAT 1s involved 1n a number of cellular processes including the repair of DNA
damage, usually through the error free mechanism of HR (6, 7) BRCAI functions as a
scaffolding protein, colocalizing with complexes of other DNA damage repair proteins at
sites of damage (8) Cells deficient in BRCAT1 resort to more error-prone mechanisms of
repair such as non-homologous end-joining (NHEJ) which predisposes to genomic
instability and renders cells susceptible to cytotoxic stress (9) Ovarian cancer patients

with germline BRCA1 mutations display an mmproved response to DNA-damaging
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platinum based therapy (10, 11), as do Brcal-deficient mouse ovarian surface epithelial
cells (12).

The interaction between histone acetyl transferase (HAT) and histone deacetylase
(HDACs) enzymes modulates chromatin structure and regulates transcription factor
accessibility to regulate gene expression (13). Chromatin remodeling is particularly
active during the DNA damage response, with rapid, localized unwinding of chromatin to
allow for the entry and assembly of proteins that form DNA repair complexes (14).
During this damage-induced remodeling, HAT complexes work with ATP-dependent
chromatin remodeling complexes to facilitate repair. Chromatin structure also influences
the susceptibility of a DNA sequence to damage, with areas of loosely compacted, and
hence more transcriptionally active chromatin increasing the frequency of DSBs (14).

The BRCA1 tumour suppressor gene also plays a role in chromatin remodeling. The
BRCT domain of BRCAI1 gene associates with both HDAC1 and HDAC?2 and it is
thought that this association directly represses transcription (15). BRCA1 has been shown
to be a component of the SWI/SNF chromatin remodeling complex, and its coactivation
function with p53 is mediated through this complex (16). It is thought that the BRCA1-
SWI/SNF complex may be essential for the activation of genes involved in the DNA
damage response and that it could also play a more direct role in homologous repair by
enabling access to sites of damage via chromatin remodeling (16).

HDAC inhibitors (HDAC1) promote the accumulation of acetylated histones, which
results in a relaxed chromatin structure (17), potentially allowing better access to DNA
damaging agents. They have shown promise as anticancer agents, demonstrating

inhibition of growth of cancer cells both in vitro and in vivo (18, 19), and recently the
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HDAC: suberoylanilide hydroxamic acid (SAHA, also known as vorinostat) has been
approved for the treatment of cutaneous T-cell lymphoma (20). Because of their ability to
relax chromatin structure and hence render DNA more vulnerable to potential assaults,
HDACIi are being evaluated as combination therapies in conjunction with standard
cytotoxic treatments. A number of HDAC inhibitors are reported to increase radiation
sensitivity in various tumor types (21-23) and it is suggested that HDAC inhibitors work
in part by inhibiting DNA repair. Evidence exists that HDAC enzymes are important for
homologous recombination repair of DNA double-strand breaks and the assembly of
RADS1 subnuclear foci (24). The BRCA1-deficient breast cancer cells, HCC1937
demonstrated increased sensitivity to IR (25). In the same cell line, Zhang et al have
shown that trichostatin A exposure delayed DNA damage repair in response to IR by the
suppression of key genes including BRCA1 (23). HDACIi have also demonstrated the
ability to potentiate the effects of numerous chemotherapeutic agents in a pre-clinical
setting, such as topoisomerase inhibitors, and DNA-damaging agents such as platinum
compounds (17).

HDACIi have shown potential as a therapeutic option in ovarian cancer and their
ability to target BRCA1 makes them an even more attractive option for this disease (26-
28). Our group has recently demonstrated that HDACi also sensitize A2780 OC cells to
platinum by decreasing the expression of BRCA1 (3). In this study, we observe the effect
of the HDACi M344 on the cytotoxicity of various breast and ovarian cancer cell lines in

combination with platinum compounds.
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Materials and Methods

Cell Culture. The A2780s and A2780cp cell lines were kindly provided by Dr. B.
Vanderhyden (Ottawa Hospital Research Institute, Ottawa, ON, Canada) and the T47D,
BT-549, and OVCAR-4 cell lines were donated by Dr. J. Bell (Ottawa Hospital Research
Institute, Ottawa, ON, Canada). MCF7, HCC-1937 and SKOV-3 were purchased from
the American Type Culture Collection (Rockville, MD). All cell lines were maintained
in Dulbecco's-MEM (Media Services, Ottawa Regional Cancer Centre, ON, Canada)
supplemented with 10% fetal bovine serum (Wisent Inc., St-Bruno, Quebec, Canada) and
100ug/ml penicillin-streptomycin (Invitrogen, Carlsbad, CA).  Unless otherwise
described, cells were treated for 24 hours with 2 pg/ml cisplatin (provided by the
pharmacy at the Ottawa Hospital Regional Cancer Centre, Ottawa, Ontario, Canada)
alone and in combination with the HDAC inhibitor M344 (Biovision, Mountain View,
CA) at concentrations of 0.5, 1.0, or 5.0 uM .

RNA isolation and RT-PCR. Total RNA was extracted from cell lines in sub-confluent
10cm dishes using the RNeasy® kit (Qiagen, Germantown, MD). RNA concentration
was quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific Inc,
Wilmington, DE). Total RNA (lpg) was reverse-transcribed for polymerase chain
reaction (PCR) as previously described. The Applied Biosystems AB 7500 Real-Time
PCR system (Applied Biosystems, Foster City, CA) was used to detect amplification. A
real-time PCR reaction was carried out in a total volume of 25 ul that contained 2.5 ul of
synthesized ¢cDNA (42ng), 1.25 pl of TagMan Gene Expression Assay Primer/Probe
(20X) (Applied Biosystems, BRCA1, HS00173233), 12.5 ul of TagMan Universal PCR

Master Mix (2X) (Applied Biosystems) and 8.75 pl of RNase-free water for BRCA1
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expression. GAPDH (Applied Biosystems, HS4333764-F) was used as an endogenous
control. Amplification conditions were 95°C for 5 min, 40 PCR cycles at 95°C for 15
sec, and 60°C for 1 min. Three independent reactions from separate RNA extractions
were used to determine the average RNA expression and a standard error for each
treatment condition.

Western Blotting. Protein samples were collected in RIPA buffer containing 1X
Protease Inhibitor Cocktail (Sigma-Aldrich, St-Louis, MO) and protein content was
measured using a commercially available protein assay (BCA Protein Assay Kit, Pierce,
Rockford, IL) and a Biomate3 Spectrophotometer (Thermo Fisher Scientific, Waltham,
MA). Samples were separated on 8-12% SDS polyacrylamide gel and transferred to a
PVDF membrane (Immobilon-P, Millipore, Billerica, MA). Blocking was carried out
with 5% milk in Tris-buffered saline with Tween-20 (TBS-T). For all subsequent
immunoblotting, antibodies were diluted to the appropriate concentration in 5% milk in
TBS-T. Blots were incubated with the following primary antibodies for 1 hour at room
temperature or overnight at 4°C; mouse-anti BRCA1 (1:200, D-9, Santa Cruz, Santa
Cruz, CA), rabbit anti-p53 (1:1000, FL.-393, Santa Cruz), rabbit-anti acetylated Histone 4
(acetyl H4) (1:1000, Upstate Cell Signaling, Lake Placid, NY) and mouse-anti actin
(1:5000, Sigma-Aldrich). Following three washes in TBS-T, blots were incubated with
the appropriate HRP-labeled secondary antibody (goat-anti-rabbit-HRP, goat-anti-mouse-
HRP, 1:5000, Jackson ImmunoResearch, West Grove, PA) for 1 hour at room
temperature. The chemiluminescent substrate used was Supersignal West Pico (Pierce)

and the visualization of the protein bands was performed using the GeneSnap image
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acquisition system followed by densitometry analysis with the GeneTools software
(Syngene, Frederick, MD).

Cell Viability Assay. Cell viability was measured by the methylthiazolyldiphenyl-
tetrazolium bromide (MTT) rapid colorimetric assay. Approximately 4,500 cells were
seeded into each well of a 96-well flat bottom plate. The cells were incubated overnight
to allow for cell attachment. Cells were then treated with cisplatin in concentrations of 0-
8 ug/ml alone or in combination with 1 pM of the HDAC inhibitor M344. Forty eight

hours following treatment, 42ul of a 5mg/ml solution in phosphate buffered saline of the

MTT substrate (Sigma-Aldrich) was added and incubated for up to 4 hrs at 370C. The

resulting violet formazan precipitate was solubilized by the addition of 82ul of a 0.01M

HCV/10% SDS (Sigma-Aldrich) solution and plates were incubated overnight at 379C.
The plates were then analyzed on an MRX Microplate Reader from Dynex Technologies
(Chantilly, VA) at 570 nm to determine the optical density of the samples.

Flow Cytometric Analysis of Apoptosis. Cells treated for 48 hours in 10cm dishes were
fixed in 80% ethanol for 1 hour. Cells were then washed with PBS and resuspended in
staining buffer (0.2% Triton X-100, 1 mM EDTA in PBS, pH7.4) containing 25ug/mL
propidium iodide (Sigma-Aldrich) and 100 ug/mL RNaseA (Sigma-Aldrich). Cells were
incubated with staining buffer in the dark for 1 hour prior to DNA quantification by the
Coulter Epics XL flow cytometer (Beckman Coulter, Fullerton, CA). Data analysis was
performed using ModFit LT (Verity Software House Inc., Topsham, ME).
Immunofluorescence. Cells were fixed on gelatin-coated coverslips in cold methanol at -
20°C for one hour, followed by three washes in 1X PBS. The cells were then

permeabilized via incubation with 0.2% Triton-X-100 in PBS for 10 min, followed by 3
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washes in PBS. Blocking was carried out for 30 min at room temperature with 5% normal
goat serum in PBS. Cells were incubated with mouse anti-H2A.X (ser139) (1:100 in PBS,
Millipore) for one hour, followed by three PBS washes. Secondary antibody, anti-mouse
Alexa Fluor 488, (Invitrogen, 1:400 in PBS) was applied for one hour, followed by 3
washes in PBS. Following a rinse with ddH2O, coverslips were mounted on glass slides
using Vectashield mounting medium with DAPI (Vector Laboratories, Burlington, ON,
Canada). Fluorescence was assessed using the Axioskop 2 MOT (Carl Zeiss
Microlmaging, Thornwood, NY) microscope.

Flow Cytometric Analysis of y-H2A.X Expression. Following treatment, cells were
trypsinized, washed in PBS and fixed on ice with 1% paraformaldehyde for 15 min.
Following centrifugation, the cell pellet was resuspended in 500 pl of PBS and
transferred to a tube containing 4.5 ml of cold 70% ethanol and kept at -20°C for a
minimum of 2 hours. Cells were centrifuged and then washed twice in BSA-T-PBS (1%
bovine serum albumin and 0.2% Triton-X-100 in 1X PBS). Following the second wash,
the cell pellet was resuspended in BSA-T-PBS containing mouse anti-H2A.X (ser139)
(Millipore) primary antibody at 1:100 and incubated overnight at 4°C. Cells were then
washed 1X in BSA-T-PBS and resuspended in BSA-T-PBS containing anti-mouse Alexa
Fluor 488 (Invitrogen) secondary antibody at 1:400 and incubated at room temperature in
the dark for one hour. Cells were washed 1X in BSA-T-PBS and resuspended in PBS
containing 50 pl/ml] propidium iodide (Sigma-Aldrich) and 5pul/ml RNAse A (Sigma-
Aldrich). Cells were analyzed on a Coulter Epics XL flow cytometer (Beckman Coulter)

and the resulting data was assessed using ModFit software (Verity Software House).

Statistical Analysis. The probability of significant differences was determined by
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analysis of variance (ANOVA; multiple groups). Bonferroni’s posttest was used to
determine significance between specific treatments when whole group differences where
detected by ANOVA. For all analyses, significance was inferred at P<0.05 and P values
were two-sided. Analyses were performed using Graphpad Prism statistical software

(Graphpad Software, San Diego, CA).

Results

Expression of BRCA1 and p53 in a panel of breast and ovarian cancer cell lines.
Four breast cancer cell lines (MCF7, T-47D, BT549, and HCC1937) and four ovarian
cancer cell lines (A2780s, A2780cp, SKOV3, and OVCAR4) were analyzed for BRCA1
protein expression via Western blot (Figure 1A) and mRNA expression by gPCR
(Figure 1B). HCC1937 cells harbour the germline BRCA1 mutation 5382insC, which
results in a frameshift causing a premature stop codon and resulting in a truncated non-
functional protein product (29). The breast carcinoma line MCF7 was used as a positive
control and was used as the calibrator for analysis of expression of both mRNA and
protein levels and assigned an expression value of 1.0. Relative to itself, MCF7 cells
displayed the highest levels of BRCA1 protein of the breast cancer cell lines. Predictably
HCC1937 cells did not display any detectable BRCA1 protein. A2780s expressed the
most protein of the ovarian cancer cell lines, but only slightly more than their cisplatin-
resistant counterpart A2780cp cells. T-47D cells displayed the highest levels of BRCAI
mRNA expression of the breast lines, with almost twice the levels of the MCF7 cells.

HCC1937 cells did demonstrate detectable levels of BRCAT mRNA, comparable to those
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of MCF7. A2780s cells expressed the most BRCA1 mRNA of the ovarian cells, with

twice the expression level of its cisplatin-resistant pair.

Treatment with the HDAC inhibitor M344 enhances the efficacy of cisplatin
treatment in breast and ovarian cancer cell lines. Effects on cell viability of treatment
with M344 alone or in combination with cisplatin were measured using the MTT cell
viability assay. Addition of M344 to cisplatin treatment did not enhance the effect of
cisplatin in either the HCC1937 or the BT549 breast cancer cells (Figure 2). In MCF7
cells, cell viability was significantly reduced with the addition of M344 to cisplatin
treatment, but only at the lowest dose of cisplatin used (1 pg/ml, P < 0.05) (Figure 2).
Cell viability of the T-47D cells was significantly lower, by more than 50%, with the
addition of M344 to cisplatin treatment at all the concentrations of cisplatin used (P <
0.001 at all concentrations, Figure 2). Treatment with M344 enhanced the effect of
cisplatin treatment on cell viability in the A2780s cells at concentrations of 1 and 2 pg/ml
cisplatin (P < 0.05). No effect was observed in the A2780cp cells (Figure 2). An
enhancement of effect was only observed at a dose of 1 pg/ml cisplatin in the OVCAR4

(P <0.05) and the SKOV3 (P < 0.01) ovarian cancer cells (Figure 2).

Treatment with the HDAC inhibitor M344 in combination with cisplatin increases
apoptosis. Cells were treated with M344 and cisplatin, alone or in combination, for 48
hours and then subjected to flow cytometric analysis. Treatment with M344 alone did not
cause a dramatic increase in apoptosis versus control cells. Treatment with cisplatin alone

resulted in increased apoptosis in all cells examined as compared to controls. Treatment
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of the cells with a combination of M344 and cisplatin resulted in an increase in apoptosis
levels above what was observed with either agent alone, with the exception of MCF7
cells, where no such increase was observed (Figure 3). A2780cp cells demonstrated the
highest levels of apoptosis in response to combination treatment with M344 and cisplatin.
A2780s cells were too sensitive to cisplatin to be evaluated for apoptosis by flow

cytometry after 48 hours of treatment and thus were not assessed.

Treatment with the HDAC inhibitor M344 reduces BRCA1 protein and mRNA
expression in breast and ovarian cancer cell lines. mRNA levels of BRCA1 were
assessed following exposure to M344 alone or in combination with cisplatin. In all of the
breast cancer cell lines examined, treatment with M344 alone resulted in a significant
decrease in BRCA1 mRNA expression at the highest concentration as compared to
DMSO-treated controls (Figure 4). With the exception of MCF7, BRCA1 mRNA levels
were increased with cisplatin treatment alone as compared to untreated control in all of
the breast cancer cell lines. The addition of M344 to cisplatin treatment resulted in a
decrease in BRCA1 mRNA levels in all of the breast cancer lines, though the result was
not significant in the BT549 cells (Figure 4). BRCAI protein levels were found to
decrease with treatment with M344 alone as compared to DMSO control and were also
found to decrease with treatment with cisplatin in combination with M344 as compared to
cisplatin alone in all the breast cancer cell lines examined (Figure 5). Due to their mutant
BRCAI1 status, BRCA1 protein was not detectable in the HCC1937 cells and thus protein

levels in response to treatment were not assessed in these cells.
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When BRCA1 mRNA levels were examined 1n the ovarian cancer cell lines, 1t was found
that treatment with M344 alone decreased expression 1n all of the cell lines as compared
to DMSO control, with the most significant decreases observed 1n the A2780s and the
SKOV3 cells (Figure 4). Combination treatment of cells with cisplatin and M344
resulted 1n a sigmficant decrease in BRCA1 mRNA levels with the highest concentration
of M344, as compared to treatment with cisplatin alone, 1n all of the cell lines with the
exception of A2780s, where no decrease was observed (Figure 4) Protein levels of
BRCA1 were assessed only in the A2780s and cp cells, as protein was barely detectable
by western blotting 1n the SKOV3 and OVCARA4 cells Contrary to the mRNA results,
BRCAT1 protein levels were decreased with treatment with M344 either alone or in
combination with cisplatin 1n the A2780s cells (Figure 5) This was also observed, to a

lesser degree, 1n the A2780cp cells (Figure 5)

Treatment with the HDAC inhibitor M344 in combination with cisplatin results in
an increase in DNA damage as assessed by YH2A.X foci formation. A2780s cells were
tieated with M344 alone or in combination with cisplatin and the impact of DNA damage
levels, as assessed by YH2A X foci formation, were evaluated both by direct
immunofluorescence and by flow cytometry Cells treated with DMSO as a control did
not display any YH2A X foc1 Foci were observed 1n a small number of cells with
treatment with 5 OM M344 The majority of cells displayed many foct when treated with
cisplatin either alone or in combination with M344 (Figure 6A) Following treatment,
cell samples were also sorted via flow cytometry after being incubated with a fluorescent-

labeled ant1 YH2A X antibody (Figure 6B) Cells which were not treated with primary
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antibody were used as a control. Minimal labeling of cells treated with M344 alone was
observed. Cells treated with cisplatin alone displayed both labeled and unlabeled
populations. The majority of cells treated in combination with both M344 and cisplatin

were labeled for YH2A.X, indicating an increase in DNA damage.

Discussion

Ovarian cancer is the leading cause of death from gynecologic malignancies (30).
Poor prognosis is generally the result of the development of chemoresistance to standard
platinum-based therapies (31). The discovery of chemotherapeutics that enhance
response to platinum therapy is essential to aid in improving the 5-year survival rate of
this disease, a dismal 30-40% that has not changed in decades. Studies have shown that
ovarian cancer patients with BRCA1 germline mutations demonstrate improved response
to platinum-based chemotherapy and overall survival as compared those without this
mutation (10). As BRCA1 is a critical component of the DNA-damage recognition and
repair machinery, the inability of deficient tumour cells to repair the damage induced by
platinum treatment results in increased apoptosis, translating into improved response.
Direct inhibition of the BRCAT1 gene has failed to show clinical value, thus alternative
methods to target its expression must be found. HDAC inhibitors have shown some
promise as single agent therapies for EOC, though they may be most useful as an addition
to standard therapies. There is also evidence that HDAC inhibitors could function in part
via targeting BRCA1 expression. In this study we demonstrate that the addition of an
inhibitor of HDAC activity, M344, potentiates cisplatin treatment via targeting of the

BRCAT tumour suppressor gene.
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Variable levels of BRCA1 mRNA and protein were observed in the ovarian and breast
cancer cell lines we analyzed. This is consistent with the range of expression levels we
and others have observed in ovarian and breast tumour specimens (2, 3, 32, 33). As
anticipated the HCC1937 breast carcinoma cells did not express any BRCA1 protein, as
they possess a germline BRCA1 mutation resulting in protein truncation (29). They did
have detectable levels of BRCA1 mRNA, though it was lower than the other breast
cancer cell lines examined, which is in keeping with previous observations that tumours
from germline mutation carriers express mRNA levels significantly lower than those seen
in sporadic tumours (34).

Studies conducted both in vitro and in vivo have demonstrated some cytotoxic efficacy
of HDAC: in ovarian cancer models (26, 28, 35-39). Recent clinical studies however,
have shown minimal value of these compounds as single agent treatments in this disease
(40). HDAC! have also been shown, in ovarian and other cell types, to enhance the effect
of radiotherapy and some types of chemotherapy (27, 41, 42); however the molecular
mechanism behind this effect is not well understood. We have previously shown that co-
treatment of the ovarian cancer cells A2780s/cp with the HDACi M344 increased
sensitivity to cisplatin (3) and here we show that co-treatment of ovarian and breast
cancer cell lines with M344 and cisplatin was more effective than treatment with either
agent alone in the cells which displayed higher levels of BRCAT1 protein and mRNA.
Both the breast (T-47D) and the ovarian (A2780s) lines with the highest BRCA1 levels
displayed the greatest potentiation of cisplatin cytotoxicity with the addition of M344. No
effect was observed in the BRCA1-deficient HCC1937 cells and little to no effect in the

low-expressing OVCAR4, SKOV3, and BT549 cells. Cells with low levels of BRCA1
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were, in general, more sensitive to cisplatin than those with higher levels, consistent with
the clinical observation that BRCA1 levels in tumours are predictive of chemoresponse in
ovarian cancer (1, 3). Thus, co-treatment with an HDACi was able to potentiate the
effect of cisplatin in breast and ovarian cancer cells that displayed minimal response to
cisplatin treatment alone, which could be a result of targeting of BRCA1 by M344. There
are currently clinical trials recruiting ovarian cancer patients to assess combinatorial
treatment with carboplatin and SAHA. It would be of great interest to observe whether
tumour BRCALI levels influence outcome in this treatment setting.

In order to determine if treatment with M344 was affecting BRCA1 mRNA and
protein levels, ovarian and breast cancer cell lines were treated with M344 jlone or in
combination with cisplatin and expression levels were assessed via quantitative RT-PCR
and western blotting. BRCAT protein levels were found to be decreased by treatment
with M344 alone in the entire cohort of cell lines examined. The effect was more
pronounced in cells with higher BRCAI protein levels. Treatment with cisplatin, as well
as other DNA-damaging agents, has been found to result in an increase in BRCA1
protein, reflective of the engagement of the DNA damage response triggered by the DSBs
caused by this treatment (43, 44). Treatment with M344 in conjunction with cisplatin also
reduced BRCA1 protein levels in all of the cell lines assessed, thus counteracting the
effect of cisplatin treatment alone. At the mRNA level, treatment with M344 alone, at the
highest concentration examined, resulted in a significant decrease in BRCA1 expression
in all of the cell lines examined. Treatment with M344 in combination with cisplatin

resulted in a decrease in BRCA1 mRNA expression as compared to treatment with

cisplatin alone in all of the breast cancer cell lines. This decrease was not statistically
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significant in the BT549 cells, which displayed low baseline levels of BRCA1, however
there was a significant decrease observed in the BRCA1-mutant HCC1937 cells. In the
ovarian cancer cell lines, a significant decrease was observed in all of the lines, with the
exception of the A2780s cells. A2780s cells have wildtype p53 status and are exquisitely
sensitive to cisplatin treatment, whereas A2780cp and SKOV3 cells are mutant for p53
and minimally sensitive to cisplatin. OVCAR4 cells are quite sensitive to cisplatin
treatment, but are also mutant for p53 (45). Thus, in ovarian cancer cells, pS3 status may
be an important determinant of the ability of an HDAC inhibitor to target BRCA1 in the
presence of DNA-damaging agents, and is a phenomenon that warrants further
investigation. B

The BRCA1 tumour suppressor gene plays a major role in the detection and repair of
DNA damage (6, 7, 46). Without functional BRCA1 activity, cells demonstrate an
increase in irreparable DNA double-strand breaks in response to DNA-damaging agents
such as chemotherapeutics due to a shift from the HR pathway to the more error prone
NHEJ pathway (32). A hallmark of DNA DSBs is the formation of YH2A.X foci,
resulting from the rapid phosphorylation of YH2A.X at sites of DSBs (47). The extent to
which foci formation is observed can be used to assess levels of DNA damage. When we
examined A2780s cells treated with M344 alone or in combination with cisplatin for
vyH2A.X foci formation via direct immunofluorescence as well as by sorting via flow
cytometry, minimal foci formation was observed with M344 treatment alone, indicating
that treatment with this HDAC inhibitor as a single agent was not sufficient to induce

significant amounts of DNA damage. Treatment with M344 in addition to cisplatin

resulted in an increase in the level of DNA damage as compared to cisplatin alone,
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demonstrating that the addition of M344 to cisplatin treatment enhances levels of DNA
damage. As BRCAI1 levels are being reduced by this treatment, this increase in DNA
damage is likely a result of a failure in damage repair resulting from decreased BRCA1
expression, though the precise mechanism behind this warrants further investigation.
We have shown that treatment of ovarian and breast cancer cells with the HDACi
M344 enhance the cytotoxicity of cisplatin therapy, particularly in cells with higher
baseline expression of the tumour suppressor BRCA1. We have also demonstrated that
this treatment combination results in a decrease in BRCA1 expression levels, indicating
this HDAC1 may effectively target BRCA1. This is significant as lower BRCAT1 levels
have been shown to be a positive predictivegrllarker of progression-free survival and
overall survival in ovarian cancer. Thus co-treatment with an HDAC]i and a platinum-
based agent may provide an effective novel treatment for ovarian cancer via the targeting

of BRCAIL.
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Figure 1: A) Western blot analysis of basal expression levels of BRCA1 protein in a
panel of cell lines. Actin was used as a loading control. Numbers indicate protein
densitometry readings with MCF7 used as the calibrator and set to 1.0. B) Basal levels of
BRCA1 mRNA analyzed by real time quantitative RT-PCR. Fold changes were
calculated following normalization to GAPDH levels and expressed as the mean +/-

SEM.

Figure 2: MTT viability assays comparing the responses of a panel of cell lines to 0-8
pg/ml cisplatin alone (m) or with co-administration of 1 M M344 (A). Cell viability was
assayed with the activity of Bntreated cells taken to be 100%. Numbers represent the
mean +/- SEM of where n= 3 in triplicate. Differences between treatment with cisplatin
alone versus treatment with cisplatin and M344 were analyzed using 2-way ANOVA
with Bonferroni posttest. * indicates a significant difference where P<0.05, ** where

P<0.01, and *** where P<0.001.

Figure 3: Percentage of apoptotic cells in a panel of cell lines following 24 hours of
treatment with 1.0 pM M344 alone or in combination with 2 pg/ml cisplatin as assessed

by flow cytometry.

Figure 4: Western blot analysis of BRCAI in a panel of cell lines following 24 hours of
treatment with 0.5, 1.0, or 5.0 uM M344 either alone or in combination with 2 pg/ml
cisplatin. Numbers represent densitometry readings with untreated control used as the

calibrator and set to a value of 1.0.
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Figure 5: BRCA]1 mRNA levels in a panel of cell lines analyzed by real time quantitative
RT-PCR following 24 hours of treatment with 0.5, 1.0, or 5.0 pM M344 either alone or in
combination with 2 png/ml cisplatin. Numbers represent the mean +/- SEM of three
separate experiments. Differences between treatments were analyzed using 1-way
ANOVA with Bonferroni posttest. Statistically significant differences, when present,
between 5 uM M344 and DMSO contro! or 2 pg/ml cisplatin + 5 pM M344 and 2 pg/ml
cisplatin alone are indicated by * where P<0.05, ** where P<0.01, and *** where
P<0.001.

Figure 6: A) Cells were subjected to treatment with DMSO control, cisplatin or M344 or
both for 24hrs and then stained with a fluorescence-labelled antibody for yH2A. X B)
Following treatment, cells were probed with an anti-yH2A.X antibody and sorted via

flow cytometry.
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Abstract

The mechanisms underlying the pro-apoptotic effect of the chemotherapeutic agent,
cisplatin, are largely undefined Understandmgz the mechamsms regulatmg cisplatin
cytoloxicity may uncover stiategies to enhance the efficacy of this important therapeutic
agent This study evaluates the role of Activating Transcription Factor 3 (ATF3) as a
mediator of cisplatin-induced cytotoxcity. Cytotoxic doses of cisplatin and carboplatin
treatment: ccusistently induced ATF3 expression in five tumowr denwed cell lines
Charactenzation of this mdunction revealed a p33. BRCAL, and integrated stress response
{ISR). mdependent mechanism ali previouslv impiicated i stress medated ATES
mduction. Analysis of MAPKinaze pathway nvolvement mn ATE3 indocton by c1splatin
revealed a MAPKinase dependent mechamsm  Cisplahn treatment combimed with
specific inhibitors to each \APKinase pathway {INK. EEK md p38). resulited m
decreased ATF3 induction at the protem level P38 pathway inhibation led to decreased
ATF3 mRNA expression and a reduction i the cytotoxic effects of cisplatin as measured
by MTT cell viability assay. In A349 hung carcinema cells, targeting ATF3 with specific
shRWAs also attermated the cytotoxic effects of cisplatin.  Similarly. ATE3 -- MFEFs
were shown to be less semsiive to cisplatn mduced cytotoxacrty as compared with
ATF3++~ MEEs. This study 1dentifies cisplatin as a MAPKmase pathway dependent

mducer of ATF3. whose expression mfluences cisplatn’s cytotowuc effects.

Abbrevianens:  ATF.  achvating  wanscmphion facter:  cisplabm . s
Dumnunedichloroplabmom(I), ISE. miegrated stress respomse; MAPKinase. mutogen-
achvared protemn kipase; MEFs. munne embryvome fibreblasts: cisplatm . cs-
Diamminedichleroplatmm(if}
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Intioduction

cis-Diammmedichloroplatmem(If} (cisplatm) 13 ameng the most active anh-
tumour agent used m Iuman chemotherapy Cisplatn and its denvahve, carboplatin, are
widely used agents n wvanous tumour types mecludimg lung and ovaman cancers [1).
Acquired resistance and toxacities associated with treatment are major impediments
mbubiting thewr efficacy [2] Understanding the mechamsms regulating tumour cell
cytotoxicity may uncover novel therapeutic strategies to enhance the efficacy of these
platmum-based chemotherapeuties. Cisplatin and carboplatin are pnmanly considered as
DNA-damamng anticancer drugs forming different types of bi-functiomal zdducts m
reaction with cellular DNA [1] Cisplatin and carboplaom become activated mfra-
cellularly by the aquation of ome of two chlonde leavinz sroups. and subsequently
covalently bmnd to DNA. formmg DNA adducts [3] Carboplatin 15 a less towe
compound with a more stable leaving group than chlonde which lowers toxaty. and
reduces nephrotoxicrty. without affechng ant-tumour efficacy [4] The final cellular
outcome of DINA adduct formaton s generally apoptotic cell death, thought to oceur
through haltmg of cellular processes such s replicaton and transcnphon leadmg to
prelonged G2 phase cellcyele arrest and deregulation of signal transduction patbrways
mvolved 1n growth. differentiaton, and stress responses [1. 3] Ceilular mechantsms of
Tesistance to plahmum-based chemotherapeutics are mmlb-factonal and contmbute to
severe lumitation m their use n climeal prachce They mchide molecnlar events mhibiang
drug-DNA mteraction. such as a reduction m casplatin accurnulation mside cancer cells or
mactivation bv thiol-comtaming species [2] Other mmportant mechamsms acrng

downstream to the mital reaction of cisplanm with DNA  wmelude an merease m adduct
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repalr and a decrease in imnduction of apoptosis [2]. Although DNA 15 the primary target
of cisplatin and carhoplatin activity, there soill remaims gaps m our understanding of the
process that translates cisplatin induced DNA damage into its therapeutically beneficial
process of apoptosis. Two sipnificant cellular patinways have been demonstrated to play
key mles m platin-mduced apoptosis/cytotoxcity, the mitogen activated protein kinase
cascades (MAPKinase) and the tumor suppressor p53 [3, 8], An understanding of the
mode of action 1s indead desirable in refining therapeutic approaches that fisrther enhance
the anti-tumour achvity of plaimam based chemotherapeutics.

Actrvating tramscniption factor 3 (ATF3) 1s 2 member of the basic region-lencme
Zipper proteins criginally 1dentified for thew ability to bind the cAMP responsive element
{ATE/CRE} site (TGACGTCA} 7] While ATF3 mRNA and protem levels are not
detectable under basal conditons m mwost cells. a larze bedy of ewidence shows that
AZI’F#B 15 incucad by a wide vanety of stress causing sgents including kypoxia, metabolic
stress and DNA damage [8]. ATE3 15 also induced in times of physiologmcal stress such
as liver regeneration [9], brain seinge [10], 1chenua reperfusion of the heart [11] and
nerve damage (12, 13]. ATF3 has been demeonstrated to play a role in apoptosis and
proliferation. rwo cellular processes cmtical for cancer pregression [14-17]. ATF3 can
either promote or suppress these processes For example. over expression of ATF3 in the
sense onentation in colorectal cancer cells led to decreased focus formation in witre and
reduced the size of mouse hanow xenografts m vivo [14]. Divergence m functon of
ATE3 befween a pro-and anfi-spoptotic factor m cancer models 13 likely dependent on
both cellular model and state of maliznancy [17. 18] ATF3 15 also 2 member of the

Actvating Protem—1 (AP-1) transcmipuon facters which comsist of homodimers and

107



heterodimers of the basic remon-lencme zpper protens that belong to the Jun (c-Jun, v-
Jun, JunB, JunD), Fos {c-Fos, v-Fos, FosB, Fral, Fm2) and the related achvating
transcnptron factor (ATE2. ATF3/LRF1. B-ATF) subfambes {19] Actvation of ATE3
by a made amay of stress signaling pathways have been demonstrated mcluding DNA
reparr pathway components p33 [20, 21] and potennally BRCA1 [15. 22], the infegrated
stress response that 13 pnnerpally activated by hypoxia and metabolic strese [23], and the
stress mduced MAPKinase cascades {SAPRK/INK. p38 and ERK) [24, 25] Of mterest,
p33 and MAPKmase cascades have also been shown to play roles m regulating cisplatin-
induced cytotoxacrty However the downstream effectors that regulate cisplatin-induced
cytotoxicity have not been established

In ths study. we evaluated the potenhal of cisplatn to mduce ATE3 and
determumned the pathway regulating thus induchon Furthermore. we determined the role of

ATF3 as a mediater of the cytotoxie effects of cisplatin

108



Moaterial and Methods

Tissue Culture. The A5S49. PC3, and MCF-7 cell Iines were obtamed from Amerncan
Type Culture Collechon (ATCC, Rockuwille, MD) Cell hnes SKOV-3 and A2780-cp
were kimdly provided by Dr Barbara Vanderhvden, Ottawa Hospital Research Institute
{OHRI), Ottawa, Canada. The MEFs used m thas study were denved from wild type and
knockout muce from ATE3, ATF4 and ATF2 models (kmdly provided by D Park
{University of Outawa, Ottawa, Ontamo) and L. Ghimcher (Harvard Medical School,
Boston, MA) All cell lines were mamtamed in DMEM (Media Services, Ottawa
Regional Cancer Centre} supplemented with 10%5 fetal bovine semum (FBS. Medicorp,
Montreal, Canads) and 100 wuts pemcillim and 100ug shreptomyein (GIBCO, Burkington.
ON) mil of media Cells were exposed to cisplann. carboplahn and taxol (provaded by
the pharmeacy at the Ottawa Hospital Regional Cancer Centre Oftawa) alene or m
combnation with the p38 mhbitor SB203380 (Calbiochem Gibbstown. NJ} JNK
wmhatitor JINK minbitor I {SPE00125) {Calbiochem, Gibbstown. NJ) or ERK mlubstor
L0126 {Calbiochem, Gibbstown, NJ) diduted m DASO  Adenovirus pS3wt and LacZ
conmol were kindly provided by Dr Bruce McKay (Oftawa Hospatal Research Insntute,

Ottawa. Canada)}

3-(4.5-Dimeths Ithinzel-2-31}-2 5-Diphens lietrazolimmn  Bromide (ALTT) Assay. In a
96-nell flat-bottomed plate Nunc Naperville. IL}~5 000 cells 130 pL of cell suspension
were used to sead each well The cells were mcubated overmght to allow for cell
artachrnent and recovery Cells were reated with mdicated drugs and mcubated for 48 h
ar 37 Followmmg treament. 42 ul of 2 5> mgml solutzon in PBS of the MIT

tetrazolnum substrate { S1gma) was added te each well and meubated for - 20 mun at 37°C
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The resulting wiolet formazan precipitate was solubihzed by the additon of 82 pl of a
001 molL HCI10% SDS (Sigma) solution, and allowed to further mcubate at 37°C
overmight The plates were then analyzed or an MRX Microplate Reader from Dynex
Technologres (West Sussex, United Kingdom) at 570 nm to deterpune the absorbance of

the samples

Flow Cytometry. Cells were plated at 1 X 10% 7 10 cm dish and allowed to grow
overnght and subsequently treated wath cisplatn for 48 b Smngle cell suspensions were
labelled with 50 pg'ml propidum 10thde (Sigma) and approximately 10° cells m 1 ml
analyzed by flow cytometry Ten thousand cells were evaluated and the percentage of
cells i sub -2N phase determmed usmg the Modfit LT program (VentySoftware House,

Tepsham, Mane)

Immunocytochemistry. MCF-7 and PC3 cells grown to 30% confluence were seeded on
2 x 15cm platesitreatmentblock with no treatment or with cisplatim Sug/mi) for 24 h
Cells were washed twice m. PBS harvested i 10 ml PBS/ plate and combined with 20
ml of 20% Neutral Buffered Formaln (Sigma) Cells were fixed at 4°C for 1 b spm
down at 1600rpm. for 10mm 2t £° C and cells were washed once m PBS Formahn-fixed
cells were paraffin embedded, cut mro 5 wm sections and allowed o dry 3t room
tentperature ovenught Sechons were deparaffimsed by washing i toluepe (3 X 3 mun)
follovred by absolute aleohol (2 X 1 mun) Sections were washed with water (3 num)
followed bv Tns Buffered Saline (TBS) and loaded on the mtelllPAT FIX automated
shde stamer Automated shde stmmer was programmed with the following treatments

3°5 Ha0s 1n TBS for 10 mun. nnsed mn TBS for 5 min. blocked wath unn ersal hlockine

110



agent Background Smeper (Biocare Medical: Brampton, ON, Canada) for 20 min at room
temperzture, incubated with ATF3 antibody (1:200 ditutton in DaVincl universal diluent
{Biocare Medical)) for 1 h at room tempersture, ninsed with TBS for 5 min, incubated
with universal mouse probe (Biocare Medical Mach 4 wmiversal polymer detection kat)
for 5 pun, ninsed with TBS for 5 min, incubated with Rabbit HRP Polymere (Biocare
Medical Mach 4 universal polymer detection kit) for 10 min at room femperature, rinsed
with TBS, and developed for 5min with DAB RTU (Biocare Medical Betazoid DAB
chromatogen kit) and rinsed with water. Shides were counterstained in hematoxylin for {
nun, washed in running water, 0.2% HC1 i 70% alcohel for 3 dips, washed in running
water 1 min. dipped once in 2% agueous saturated lithium carbonate, washed m running
water 5 min dehydrated in absohite alcohol, cleared in toluene and mounted on cover

slips wath permoumnt

Adenovirus Infection PC3 cells were plated at 2.5 X 107 cells Awell (6-well dish) and
mfected with p33™ or LacZ control adenovimus (provided by Dr. B. McKay, Ottawa
Hospital Research Instihite, Ottawa) at 23 plague-forming units per nmihbitre (pfu)cell.
Following a § h infechon penod, media was removed from the cells and replaced with
media containing cisplaon (10ug/ml} or taxol @3uM) for 24 b Cellz were then

harvested and analyzed by Western blothng as descnbed below.

Design and expression of small hairpin RNAs. The two 19mer sequences targenng
ATF3 mwRNA  are; #1-5-GCCAAAGAATATICCATIT-3 and #2- 3
GGGAGGGCCTGCAGTGATT-3" to pSuper vector from Oligoenmine small haupin

RINA (=hRNA} {#1. mucleohdes 1324.1542. GenBank accession mmmber
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NM_001030287 #2 miclectides 1270-1289, GenBank accession mumber
NM_001030287) target sequence As comfrols, we used the GFP-targeted ohigonncleotide
SCATGCGTCCACTCTECCTC-3 with accesnion mmmber NC 011521 These sequences
were BLAST confirmed for specificity The forward and reverse synthehc 60 nt
obgomicleotides (Integrated DNA Technologes, Coralwille, IA) were designed, annealed,
and mserted mio the Bglll/Hmdlll sites of pSUPER refro puro vector, followmg the
mamafacturer's mstruchons (Oligoengine, Seattle. WA) These constructs express a
19mer targeting two mdependent locaton within A7FF mRNA o1 GFP (control shRNA)
mPNAs Retroviral packaging cell lme RetroPack PT67 (Clonstech Labarotomes,
Moumam View, CA) was used for stable wius producton according to e
mamfacturer s mstructions Bnefly, packaging cells were transfected with ATF3-shRNA
plasnmds=l #2 or GFP-shRNA usmg FuGENE® HD Tramsfechon Reagent (Roche,
Mssissauga ON) After generabion of stable clones and determumation of wiral faiter, A549
cells were infected with viral supematant uzmng 4 pg/ml polybrene Stable tramsfected

clones expressing shENAs were selected nsing 3pig/ml puromycm.

Western Blot Analysis  Cells plated at 07 X 10°, 60 mm dish were allowed to grow
overmght and treated with indicated drug for 24 h  Protem samples were collected m
RIPA buffer (50 s Tns-CL pH 75 130 mM sodwm chlonde, 1mhi EDTA 1%
Toten-X-100 023 % scdmm deoxycholate, 01%. SDS) contmmng 50 mbf sodnmn
fluonde, ImM sodmm orthovapadate 10 mM P-glvcerolphosphate and 1X Protease
Inlubstor Cochtall (Sigma-Aldnch. St Lows MO} Protein concentratons were assayed

wimg Bio-Fad Protein Assay (MMlisussauga. Ontano Carada) and a Biomate 3

Spectrophotometer (Thermo Fisher Scientific Waltham MA)  Protemn exwacts

112



representing 60 pg were separated on a 12% SDS-PAGE gel and electrophoretically
fransferred to a polyvinmylidene diftuonide membrane (Immobilon-P, Millipore, Billerica.
MA)  Membranes were blocked m 3% skim milk powder m Tns-buffered saline
contaiung 10% Tween-20 (TBS-T) for 1h at room tempersture followed by meubstion
with primary antibody diluted in 5% skim milk in TBS-T with shaking overnight at 4°C.
Polyclonal antibody ATF3, ERK and phospho-ERK (Tyr204) were purchased from Santa
Cruz, Santa Cmz, CA. Monoclonal anti-actin was purchased from Sigma-Aldnch. St
Lowms, MO, and monoclonal anti-p33 {(Ab-6) from Calbiochem San Diego, CA
Polvelonal antibodies Jun, phospho-Jun (Ser73), p38, phospho-p38 (Thri8¢:Tyr182} and
Parp were purchased from Cell Signalling Technology, Beverly, MA.  Polyclomal
antibodies against hsp?7 and phospho-hep27 (Ser78) were purchased from Stessgen. Ann
Arbor, MI. Following washes in TBS-T, blots were incubated with the appropriate HRP-
labelled secondary antibody for 1 hr at room temperafure. Visuzhzanon of protein bands
was performed using the Supersignal West Pico Chepuhmunescent Subsirate (Pierce,

Rockford, IL) exposed on Kodak film in a Konica Minolta SRX-101A tabletop processor.

RT-RNA isolation and RT-PCR. MCF-7 cells plated at 08 X 10° cells per 10 cm dish
were meubated at 37°C overmght. The next day cells were treated with aisplatn (in the
absence or presence of SB203380) for 24 b Total RNA was extracted from cell samples
usmg the ENeasyl kit {Cuagen MD) RNA concentrations were guantfied using a
NanoDrop ND-1000 spectrophotometer (Wilmungton. DE). One microgram of total RNA
was reverse-ranscnibed to complementary DNA for gquantitapve. real-tume. reverse-

transcriptase polymerase cham reaction (RT-PCR) as previously descmbed [26] The
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Applied Bicsystems AB 7500 Real-Time PCR system {Applied Biosystems, Foster
City,CA) was used to detect amplification. A real time PCR reaction was carmied ouf in a
total volume of 25 pl thst contained 2.5 ul of synthesized cDNA (42 ng), 1.25 ul of Tag
Man Gene Expression Assay Primer/Probe (30X) (Applied Biosystems, ATF3,
HS00231069), 125 pl of Taq Man Umversal PCR Master Mix (2X) (Apphed
Biosystems, 4304437) and 8.75 jl of ENase-free water for ATF3 expression. The
endogenous control for ATF3 was the housekeeping gene, human GAPDH (20X)
{Applied Biosystems, HS4333764-F). Amplification conditions were 95°C for 5 min, 40
PCR cycles at 95°C for 15 sec and 60°C for 1 pmn. Three mdependent experiments were

performed to determine the average gene expression and standard deviation.
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Results
Cisplatin and carboplatin cyviotoxicity is associated with ATF3 induction
We analyzed the cytotoxac effects of cisplatn and carboplatin trextment on a number of
hman tumowr cell lmes, MCF-7 (breast adenocarcinoma), A549 (hung carcinoma),
SKOV-3 (ovanan carcmmema), PC3 (prostate carcmnoma; and A2780-cp (ovanan
carcmoma), uang the MTT cell wabihity assay and flow cytometry (Figure 1) In A9,
PC3 and A2780-cp cell lines lngher doses of asplatin lead to 100 % cytotoxacaty (Figure
1A) whereas the MCF-7 and SKOV-3 cell lines appeared more resistant as determined by
the MTT cell viabahity assay Resistance to the cytotoxac effects of casplatn in the MCF-
7 and SKOV-3 cell lmes was evidenced by a platesu patterning at higher doses of the
treatment a pattern previcusly suggested to be telated fo defictency 1 pro-apoptohic
factors [2] Figare 1A) Indeed, the MCF-7 cell e is caspase-3 deficient [27]
Carboplatn also mduced cell cytotoxicity m all cell hines and sinnlar to cisplatm. MICF-7
and SKOV-3 displayed the greatest resistance to the cytotoxic effects (Figure 1By We
further employed flow cytometry analyses to determine the potential for apoptosis
mducton by the plahmun-based chemotherspeunics m the AS49 and SKOV-3 cell hnes
Apoptosis was visualized as a sub-IN peak that 1dennifies apoptotic bodies resulting from
celhidar fragmentation [28. 29] Cisplabn treatment resulted m 1019 °% and 8 42% of
cells m the sub-3N fachon m A349 and SKOV-3 cell lmes respectively (Fagure 1C)
Cuarboplatin treatment resulted m 23 44 % and 11 33%, of cells m sub-2N m A349 and
SKOV-3 cell limes. respectively (data not showm)

Previcusly our lab had identfied lovactatn. a potent mhubitor of mevalonate

synthesis as an mducer of the ISR pathway and subsequent mediator of lovastatn-
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mduced apoptosis [30] Downstream effectors of the ISR pathway activated by lovastahin
mcluded members of the Activating Transcnphon Factor (ATFE) fanuly, ATF4 and ATF3

A role for the siress inducible gene. ATF3, in himourgenesis has been demonstrated and
can act as erther 2 tumour suppressor or oncogene depending on cell comtext. Smce
vanous stress pathways that mduce ATF3 expression have also been shown to regulate
cytotomeity. we first evaluated the potenhal of cisplatin and carboplatn to affect ATF3
expression Indeed we found that ATF3 was sigmficantly mduced at the protem level
when treated for 24 h wath cytotoxic concentrabons of cisplabm (10pg/ml) and
carhoplatin (100 and 300 M) 1 a panel of tuman cancer cell ines (Figure 2A) These
higher concentrations of drug treatment mduced sigmficant cytotomcity at 48 h
treatments as demonstrated by MTIT assay apalyas (Figure 14)  Immunocytochermeal
analvsis of ATF3 expression m cisplatin (Sug/mi) reated MCE-7 and PC3 cells for 241
showed that while untreated cells did not express ATF3. a agmficant proporion of
cisplatm treated cells showed expression and muclear localizahon of $h: franscnpten
factor {Figwe 2B} Time course amalysis of ATF3 mnduction by c13- and carbo-platin
revealed maximal mduchon levels occumng at 12 and 24 h m the MCE-7 cell hre
{Figure 2C) Furthermore 1t was demonstrated that cisplatin could sigmficantly mduce
the levels of ATF3 mENA (Figure 3D}  In summary, ATF3 15 lughly mnduced at the

protem and mENA level by casplatin i luman cancer cell hines

Induction of ATF3 by cisplatin is independent of a p53. BRCAL or ISR mechanizms
ATF3 mRNA and protem levels are readily induced by a wade range of ctress

causmg agents [§] The mechamsm(s) of stress mduced ATF3 has been previcusiy well
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documented (Figure 3A) and 1 thus study, we evaluated these regulatory mechamsms
with respect to cisplahn mmducton of ATF3  Smee the tumowr suppressor p53 had been
previously 1mphicated m ATF3 regulation [20, 21] we determned its role m cisplatin
mduction of ATF3 ATF3 was mduced by cisplatin 1n the p53 funchonally mull cell hnes
SKOV-3 and PC3, wlich suggested a p33-mdependent mechamsm (Figure 1A) To
further mveshgate a possible regulatory role, we virally expressed p33 m the PC3 cell
lme. treated the cells with asplatin or taxol a mucrotubule depolam~ng agent, and
determuped ATF3 expression levels ATF3 mducton by osplatm was unchanged
between LacZ vector control and pS3 contammng viral mfecton under cisplatm treatment
further confimmung a p53-mdependent mechamsm (Fimure 3B muddle panel) Taxol
treatment had no effect cn ATF3 expresnion levels (Figure 3B, bottom panel) We next
looked at the poasible mflvemeut of the DNA damage response factor BRCAL 1n the
regulation of ATF3 mducton by planmum-based chemodmigs smce previcus reports
sugzested that BRCAT could transcniptiopally regulate ATE3 expression (15 22] In
order to determmne whether BRCAT plaved 3 role m ATE3 mduchon by cis-or carbo-
platin. ATF3 mduction was commasted m cell hnes expressing and null for BRCAL
MCF-7 and 1937, respectively  As shown i Figure 3C no difference m ATE3 induction
levels was observed between the two cell imes with either feament suggesting that
mducton of ATF3 by the chemodrugs 15 mndependent of BRCAL expression  Next we
evalusted the role of the ISE pathway i mediatine ATF3 induchen since ATF 15 a
downstream effector of the pathwav [23] We tested the ability of cisplatn and
carboplatn to mduce ATF3 expresmon m mmmonabized heterozvgous or ATF4 mull

MEFs the upstream mmducer of ATF3 expresnon m the ISR pathwav  Figure 3D
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demonstrates the absence of ATF4 had no affect on ATF3 mduced by cis- and carbo-

platin zuggestmg an ISR mdependent mechamsm as well

MAPKinase pathways regulate ATF3 induction by cisplatin.

Recent charactenzation of ATF3 mnduction by amsonyycin revealed a MAPKmase
dependent mechamsm [35], therefore, we mveshgated the mdidual MAPKmase
pathways for potential regulation of ATF3 expression by platinum-based chemodrugs.
First we determned whether the pathways were acavated under the drug treatments m
the MCF-7 cell hne Time cowrse amalysis of INK pathway achvation followmg
treatment with platmum-based chemodrugs as measured by the phosphorvlahen status of
c-Jun, & downstream effector of the JNK pathway cascade revealed a shght mcrease m
phospho-c-fum at 12 and 24 h which comnided vath maximal ATF3 nduction by both
cisplatin and carboplann (Faigure 4A left panel) To determune the role of the JNK
pathway m ATE3 mducton by cisplatn and carboplat, MCFE-7 cells were treated wath
18- o1 carbo-platn for 24 h mn the presence of a JNK specific mhubator, JNK Inhibator I
SPS00L25 (SP), which revealed effective blockage of the pathway as meamured by
phospho-c-Jun levels (Figure 4A. nght panel) ATFS mduchon levels were found to be
reduced under cisplatin treatment m the presence of JNK mhubuter but not with
carhoplatin, suggeshng & tole for the JNK pathway m mediatng ATF3 mducton by
cisplate (Figure 4A. nght panel) Next we evaluated the role of the ERK pathway m
ATE3 induction by ois- and carbo- plann  Tame course treatment with chemodnugs
revealed activanion of the EPK pathway as measured b the phosphorvlanon status of

ERK at 4h under cisplatin. and 4 and 8h under carboplann geament (Figure 4B, left
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peeel). Phosphorylated ERK was not detected at 12 and 24 hrs under either treatment
(Figure 44, Jeft panel). To determune the role of the ERK pathway in ATF3 induction
by cigplabin and carboplatin, MCF-7 cells were treated with cis- or carbo-platin n the
presence of the specific inmbitor to the ERK pathway, U0126, which was effactive in
blocking of the pathway as measured by phospho-ERK levels (Figure 4B, nght panel).
Treatment with ERK inhibitor i the presence of cis- and carbo-platin revealed a dose
dependent decrease in ATF3 expression levels suggesting a role for the pathway in
mediating induction by the chemodrugs (Figure 4B, nght panel). Lastly, we determined
the activahon of the p38 pathway in MCF-7 cells following treatment with cis- or carbo-
platn at @ and 24 h ttme pomts. Indesd 1t was observed that the pathoway was active at
these tzme polnt a5 measured by the phesphorylation status of p38, which correlated with
ATE3 induction levels (Figure 4C, left panel) To mvestigate the role of p38 pathwayv m
the mduchon of ATF3 by s and carbo-platn MCE-7 cells were treafed with
chemodmgs in the presence of the specific p33 whibitor. SB203380 {SB), for 24 . This
p38 mbubitor was shown to effectively block the pathway as measwred by the
phosphorylaton status of the Heat Shock Protein 37 (hep27). a downstream target of p38
(Figure 4C. nght panel). ATF3 expression levels were also shown to be decressed by the
mhsbitor in a dose dependent manner suggesting & regulatory role of the p38 pathway in
chemodrug mnduchen of ATF3 (Figare JC, right panel). We next chamctenzed the
wmvolvement of the MAPKinase pathways m the tumowr dersved cells lines SKOV-3.
PC3. and A430 and found that indeed all inhibitors aganst the three MAPKimase
pathways had vanable degrees of mhition of ATF3 mduction by cisplatm mplicatmg

all three pathways m the mechamshe mduction of ATF3 by aglatn {Fagure 3A).
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Intereshingly. the pattern of reduced ATF3 mduction by aisplatn m the presence of
MAPKmase mhiabitors was consistent between all four cancer cell lmes with the p38
pathway mhibstor showmg the greatest mhibihon of ATEF3 mduction and the ERK
pathway minbator showmg the least (Figure 5A) We also showed that the p38 mhibator
could down-regulate cisplabin mduchon of ATF3 mRNA levels by approximately 5-fold
{Figure 5B) Taken together these results idenffy the MAPKinase pathwavs as

regulators of ATF3 mductien by platunm-based cytotoxic dmgs

ATF3 regulates, in part, the cytotoxic effects of cisplatin

Sice ATF3 has been previously shown to play a pro-apoptonc rele m cancer
models, we wveshgated the role of ATF3 mduchon by asplatm m regulating the
ovtotorac effects of cisplatim Treatng AS49 cells with increasing comcentratiens of
cisplatim 1 the presence or absence of SB203380 (10uM) the cytotoxic effects of
cisplatin was observed to be attenuated by approxamately 20 o as measured by MIT
assay (Figure 6A)  Sumlar results were obtained m the PC3 cell line {data not thown)
Inhitition of ATF3 expression levels umder cisplatin treatment m the presence of p38
mbubitor was also observed m the A319 cell Ime (Fizure 6A. bottom mset) The cleavage
status of Parp, » marker of apoptosis. was determimed m the AS549 cell hne followmg
treatment with cisplatm m the presence of MAPKmase inhubutors Indeed. PARP
clezvage mduced by cisplatin was reduced m the prezence of MAPKmase inhihitors to all
three patlnvays (Figure 64 top mset}  To further demonstrate ATES s role as a factor m
the cytotoxic affects of cisplatin stable expression of shRNA against two separate areas

of ATF3-mENA and GFP a negative control. were emploved in the AS49 cell ine Cells
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expressing both shATE3 and treated with cisplatin showed a sigmficant decrease m ATF3
expression as compared with the GFP control (Figure 6B, msef) MTT analysis of the
three cell Imes treated with a range of casplatim concentratons revealed attenuation of the
cytotoxic effects of the drug in the shATF3 cell lmes as conpared with GFP control
{Figure 6B) Lastly, we conirasted the cytotoxic effects of mcreasing casplatin treatments
on MEF cells expressmg and knocked out for ATFY ATF3 (++) MEFs were more
sensifive to cytotoxac effects of cisplatin as compared wath ATF3 (+-) MEFs (Figure 6C)
Cisplatin treatment mduced ATF3 expression m the ATF3 (+/~) MEFs but not m the
ATF3 () MEFs (Figure 6C. msety The differences m cytotoxic effects of cisplann
chserved m ATF3 (+/4) and {-*-) METs were conirasted in MEFs {+++) and (--) for the
ATE? famly member No differences m the effect of cisplatin cytotoxicity was observed
betmeen ATF2 (-4} and ATEDY (-9) MEF: (Fimre ED) Taken together this study
provides evadence that the cvtotoxic effects mvoked by cisplatin can m part be comelated

to the dmig s abihty to mnduce ATE3 expression as regulated by MAPKmase pathways
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Discussion

In summary, this study has idenhfied the plahmum-based chemocytotoxic drug,
cisplatm, as an mducer of the stress inducible gene, ATF3. at both the mENA and proten
level Through ehmunaton of potenhal ATEF3 regulatory mechamsms namely, p33,
BRCAI1, and ISE, we identfied ATF3 mducton by cusplatin as regulated by the
MAPKmase psttnvays JINK. ERX and p32 Inhabition of the MAPKmnase pathway with
the p38 minbtor SB203580 m aisplatin treated cells resulted in the greatest decrease m
ATF3 mnduction at the protem level in a1l of the buman cancer cells analyzed Increased
ATF3 expression was associzted with cisplatim-mduced cytotoxicity as evidenced by
artenmation of ATE3 expression and cytotoxmicaty with treatment of the p38 pathway
miubitor and m shATE 3 knockdown cells compared wath control. Furthermore, ATF3 -~
MEFs were more resistant to cisplatn cytotoxienty as compared with ATF3 ++ MEFs
Taken together these re'sults provide stong evidence that ATF3 15 2 regulator of
plahmum-based chemotherapeutic mnduced cytetesuerty  Idemtifying ATF3 as a cisplatin
mduced gene through MAPKinase patiway activation may have therapeunic relevance
Inducers of the MAPKmmaze pathways or other cell siress patinways that ephance ATF3
expression may augment the cytotowic effects of cisplann For example two agents that
mduce ATF3 expression thromgh different mechamims. salubmnal and proteosome
mhuhitors. have demonstrated synermste cytotemicity i myeloma cells and may
represent a novel combmanonal therapeutic approach f31 32]

It 15 well charactenzed that the comumencement of the anh-cancer effects of
cisplahn mvolves DINA adduct formaton resulting m apoptotic cell death if the DNA

damage cannot be adequately repared [1] However the specific mechamsm(si
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downstream of cisplatin mduced DNA damage which leads to the apoptotic responsze are
poorly defined. In this stedy we show that cisplatin and its denvative, carboplatin. could
reacily mdnce ATE3 expression. A role for ATF3 m tumoungenesis has been implicated
through its abihity to affect the transcption of a number of regulators of apoptosis and
cell probferafion mcludmg CHOP and cychin D1. respectively [33, 34] Depending on
the cell type and the type and seventy of the cell stressor ATF3 has been mphceated as
both a proto-onrcogene or tumour suppressor For example. over-expresston of ATEF3
mhbited probferaton and mduced cell cycle arrest in luman cancer cells [13], whereas
loss of ATE3 m a Ras tansformed model resnlted 1n higher probferaton rates and
mcreased Gl to S phase ransthon efficiency [16] Treating our panel of human cancer
cell lines with a hugh and low dose of cisplatin or carboplahin revealed an increase m
ATE3 protem expression which was acsociated with the lugh cytotoxic doses of these
drigs mphicating a role for ATF3 mn regulating platn-mduced cytotoxaciy Simce ATE3
has been mmplicated as a biomarker for cell death m cancer medels based on these results
expression levels of ATF3 with respect to plahin response in pahents should be evaluated
Followmg the :dentficabon of ATF3 as a cisplahn induced gene. the major
objectrve of this study was to systematicallv wdentfy the mechamsm of mducton of
ATE3 A nmmber of cellular stress pathways have been shown to regulate the expression
of ATF3 The DNA damage responze factors p33 and BRCAL had previously been
linked to ATF3 regulation Likewise ATF3 15 a known downstream effector of the ISE
induced by ER. hypoxsa, waral and metabolic stressors [23] Thas studv showed that
neither BRCAL p33 nor the ISE were factors in ATF 3 induction by cisplain Instead the

mechamsm of mduction of ATF3 by cisplatin was fourd to be larzely MAPKinase
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pathway dependent Loolang at the mvolvement of the ERX, JNK and p38 pathways we
found all three pathways. when mhibited, lead to decreased mducton of ATE3 by
cisplahn  Although the mlubiion of ATF3 mduchion by cisplatn m the presence of
MMAPKinase pathway mhbitors was sigmficant. i was not complete suggesting that other
regulatory mechamsmy(s) may exist

In conclusion, we determuned the funchonal relevance of ATF3 expression m
regalating cisplatin mduced cytotoxicaity Recent htersture has implhicated the MAPKinaze
padoways m the regulanon of siress mduoed ATE3 apoptosis Sumlar to our results, that
nbotoxic stress mduction of ATE3 was shown to be mediated through the p38 pathway
and ATF3 expression was shown as a pro-apoptonc factor m Hela cells [23] Another
recent study reported that casplatin could induce ATF3 1n T98G glioblastoma cells at both
the protem and mBINA level [24] In confrast to our results, this report showed that the
mductnon of ATF3 by cisplatin was anh-apoptonic  Discrepancies between our results
and others could stem from dafferences m cellular model or status of cell hne mahgmancy
both of which have previously been suggested to determune ATF3's role as an amh-or
pro-apoptofic factor [18. 17]

The Literature has previously reperted that cisplatin treatment results i the
actrvanon of MAPKmases [35] Reports showmg achivanon of the p38 pathway by
cisplatin has been exclusively correlated with pro-apoptohic outcomes mn a number of cell
lmes whereas activahon of the JNK and ERK pathwavs are comelated with both anti-
and pro- death cutcomes [33] Inhubition of the p38 pathway with speaific mhibitors has
been previously chown to mcreace resistance to cisplatm [36. 37] Likewise reduced

activation of the p38 pathwav has been dentified as a mechamsm comelated wsth
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cisplatin resistance [?]. Although the activation of MAPKinase pathways by cisplatin
treatment has been documented the signallmg pathways downstream of activahon whach
determines cell fate are poorly mmdemstood. This study idemfifies ATF3, previously
defined as a factor capable of influencing cellular fate, as a novel target of the
MAPKmase pathways when activated by cisplatin treatment. This study suggests ATE3
inducfion by cisplatin may identify a novel factor responsible for mediating the
established hnk between cisplatin induced MAPKinase pathwvay activation and cell
cytotoxic owtcomes. Whether ATF3 is directly activated by the MAPKinase pathway or
is mdoced downstream of knowr MAPKinase pathway transcription factor targets
remains to be determuned Defiming the specific mechamsm{s) responsible for the anfi-

tumour affects of cisplatin may lead to novel and mmproved therapeutic approaches.
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Figmie Legends

Figure 1 Cisplatin and carboplatin treatment mnduce cytotoxicity and apeptosis m a panel
of lngnan cancer cell hmes A Cell limes SKOV-3 MCF-7, A2780—<p, PC3 and A549
were treated with cisplatin (A} or carboplatin (B) for 48 h. and cell viabality was assessed
25 measured by MTT acavity Data 15 Tepresented as a percentage of MTT activaty where
untreated cells were taken to be 100°% TEmor bars are representative of six mdividual
reated samples € Flow cytometry analyms of SKOV-3 and A34Q cell hines treated

with cisplatim for 48 h

Figure 2 ATF3 15 induced by c15- and carbo-platin A ATE3 protem expression levels
followang eatment with low and high doses of cisplatm (1 and 10pg/ml) and carboplamm
{10 and 500udD) mm SKOV-3 MCF-7 PC3 A2780-cp and AS49 cell lmes B
Immumocytochemstry analysis of ATE3 expression {brown) i MCF-7 and PC3 cell hnes
m non-trezted cells {control} and ciiplatm treatment for 24 b Methylene blue stan 15
used as the puclear stam C Time cour-e analysis of ATF3 expression m MCEF-7 cells
treated wath cisplanm (10pg/ml) or carboplatn (100uM) at 4.8 12 and 24 h tume points
D ATF3 mENA quantfied by RT-PCR m MCF-7 cells untreated. treated with 2 and
10pzml cisplatm for 24 b Errer bars are representative of quanfified mRINA from three
independent expenments In all blots achn 15 used as a loading control

{*} 100 uM was uced as the lngh dose for the A2780-cp cell hne

Figure ¥ ATF3 inductien by cisplatin 13 mdependent of a p>3 BRCAL and ISR

mechamemy A Schematic representation of the potential mecharsme v olved in ATE3
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mduction by cisplabn B ATF3 detection m PC3 cells fransduced wath no virus (mock).
LacZ vector control (LacZ). or p53’“ {p53) contammng adenovinis for § h followmg no
treatment {control) {top panel). cusplabn (10ug/ml) (ouddle panel). or taxol QM)
{bottom panel) for 24 h C ATF3 expression detected m MCF-7 and 1937 (BRCA1 mnll}
cells untreated (control) or treated with cisplatin (1 and 101g/ml) or carboplatm (10 and
S00uMD) for 24 b D ATE3 detechon in ATF4 - - and —- MEF; unfreated (control) or
treated with cisplatin (1pg‘ml) and carboplatin (10uM) for 24 h  In all blots actm 15 used

as a loading control.

Figure 1 ATF3 mductien bv cisplahn ic mediated by MAPKmase pathways m »ICF-7?
cells A MCF-7 cells treated with no treatment (control), amsentyem (20ubl) for 1 b
ina ci1splatin (10pgml} or carbopiatm 1L 100p0) for 4 8, 12 and 24 I ome pomts were
analvzed by westem blothng for detectien of ATF3, schn. phospho-c-jun ‘p-c-pn) tota.
c-p {left pmel} MCF-7 cells reated wath esplatn (10pgiml) or carboplann (100p0 D)
m the absence {0} or presence of INK pathway mbibitor (SP 25 and 30w} for 24 hwere
aralvzed for the detechon of ATE3, actin. p-c-jun and total c-jun wnght panel} B MCE-
7 cells treated with no treatment {control), amsemycem C0pMy for 1 b and cisplatm
{10pg'ml) or carboplanm (100pM) for 4 8 12 and 24 h tume pomts. were analyzed by
western blothng for detecnon of ATF3, actin. phospho-ERK (p-ERK) and total ERK (left
panel}  MCE-7 cells reated with cisplaon (10ug'ml} or carboplatm 1100uhf) m the
absence () or presence of ERK pathway inhsbator (L0128, 10 and 25ubd ) for 24 hwere
analyzed for the detection of ATF3 and actin. and at 4 b for p-ERK and total ERX (nght

paell € MICF-7 cells untreated scontrelt treated wath TNF-« (20ng ml} for 13 and 20
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run, and casplatin (10pg‘ml) or carboplatn (100uM) for 9 and 24 h time pomfs, were
analyzed by westemn blotimg for detechon of ATF3. actin, phospho-p38 (p-p38), and total
p38 (eft panel) MCF-7 cells treated with casplatin (10pug/ml) or carboplain (100phM)
the absence (0) or presence of p38 whibrtor. SB2035380 (SB, 5 and 10uM) for 24 h were
analyzed for the detechon of ATF3, actin phospho-hspd7 (p-hsp27), and total hsp27
{night panel)

Figure 5 Induction of ATF3 by cisplatin 15 mediated by MAPKinase pathways m a panel
of mman cancer cells A SKOV-3, MCF-7. PC3 and A549 cells vntreated  and treated
with cisplatn {10ug/ml} for 24 h m the absence (control} or presence of MAPKinase
pathway mhibtors (SP600125 (S0uM). UO126 (25uMl). SBI03580 (10uM)) and
analyzed by weitern bloting for ATF3 and actim. B ATF3 mRNA quannfied by RT-
PCE 1 MCE-7 cells untreated treated with cisplatm (10pg/ml) or cisplatm i the
pregence of SB203530 {10uMd} for 24 b Error bars are representative of gquanhfied

mRNA from three mdependent expenments

Figure 6 ATE3 expression mediates. m part. the cytotoxic effects of cisplatm A A349
cells treated with cisplatin (0-10pgrml) in the presence {closed squares) or absence (open
cucles} of SB20338G for 48 h was assessed for cell cyvtotoxacity as measured by MTT
actvity Data 1s represented as a percentage of MT T activity where untreated cells were
taken to be 100°s Emor barc are representative of mipheates of two independent
expermients Western blot analyms for ATF3 actm p-hsp2? and total bsp27 m ASS9

cells treated with 10uz:ml of cisplatin for 24 h 1n the absernce () or presence of SB (3

135



and 106uM) (bottom mset). A349 cells treated with no freatment (untreated) and cisplatin
n the presence of MAPKinase mhibitors (SP, UO126 and SB) and analyzed by westem
blotting for Parp and achin (top msef). B. AS549 cells stably expressing short hairpin
RNA against two separate ATF3 mRNA regions (shATF3-1 and shATF3-2) and GFP
{negative control) were treated with cisplatin for 48 h and analysed for MTT actvity.
Western blotting analysis of ATF3 and actnm m GFP, shATF3.1 and shATF3.2
expressing cell lines following 10pe/ml treatment for 24 b (inset) C. ATF3 ( --) and
{(+/+) MEFs freated with cisplatin {0-8ug/ml) and anatysed for MTT activity. Westem
blot analysis for ATF3 and actin in ATE3 (-/-) and (+/) MEFs mmeated with 10pug'ml of
cisplatm for 24 h (inser). Actin was used as a loading control. D. ATF2 {-/-} and {(+/+)

MEFs treated with cisplatin (0—8ug/ml) and analysed for MTT activity.
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